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Ldnitary hes
THE 200 Tuntbo

His™ s A RESULTS
PURPOSE

This studv summarizes a nine year program conducted for the Defense
Civil Preparziiess Agency to determine the blast resistance of wail panals
tvpicaliy found in existing.structures. The cbiective was to determine
the blast sheitering capabilities of the structures in the National Shelter
Survey inventory and to obtain information which could de us=d to upgrade
these structures. 7he results of this study are presented in five volumes
{bound as one}

Volume 1 describes the shock tunnel facility used for the experimentai
testing of full-scale wall panels. Included is a summary of the capebiii-
ties of the shock tuniel for dynamic loading and response studies and brief
summeries of variocius experimental preograms conducted in the shack tunnel

which were not related to the wall panel test program.

Volume 2 of this report presents the results obtained from the experi-
mental program conducted in the sheck tunrel to determine the loadings which
are received hy wall panels mounted in the test section.

Velume 3 is concerned with the dynamic response ana failure of full-
scale wall panels. Included are the deve’opment of theories of wall panel
response and the results obtained from the tecting of full-scale wall panels
in the shock tunnel.

Volume 4 describes “he static test program conducted to deternmine the
physical properties of the wall panels and to assist in the davelopaent
of failure theories and test pradictions for wall parels,

o
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the static test data in Velume 4.

Ona of the most interesting results of this study
a

e pressure chart. These are shown in Figs.

ical and experiwental results covered in Volums 3 and

was Lo sumnarize

11 the brick and concrete block wall panel resylts in a

1 and 2 af this
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PREFACE

I-. 1921 Congress zpproved the construction of a ccastal defense gun
emplace:ment on the Marin Headlands at the entrance to San Francisco Bay.
This emplacement containing two 16 in. guns was conpleted in 1540 and was
named Battery Townsley in horor of Major General Clarance Page Townslev,

who commanded the 30th Infantry Division during Lorld War I,

Battery Townsley remained active until 1948 when it was closed and
the guns removed. It remained unused until 1967 when it was suggested to
the Office of Civil Defense (now the Defense Civil Preparedness Agency)
that because of its massive, unique construction, it offered the opportunity
for the development of an inexpensive test facility for full scale testing
of the loading and response of structural elements and Civil Defense equip-

ment.

Due to the persistence and farsightedness of Dr. M.A. Pachuta of DCPA,
initial funding was obtained and the Shﬁck Tunnel was put into operation.
The Shock Tunnel remained in operation until November 1976 when Battery
Townsley was turned over to the Golden Gate Recreation Bistrict of the
Mational ‘Park System; it will eventually become a museum cr interpretive

center.

Thus, in a sense, this report is an epitaph to a unique facility which
contributed much to our knowledge of the blast resistance of structures and
equipment. Many questions still remain unanswered and the loss of the
facility will create a void in reliable full-scale experiment2i methodol-
ogy. Its loss will be great in its impact on shock and d,iamic analysis.

The purpose of this report which presents a review of the Shock Tunnel
construction, operaticn, etc., however, is not to lool back, but to look
ahead and, as such, has two objectives. It seemed highly desirable to
describe the more unique features of the construction and operation of the

.i
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Taci’ity to help the designers and rperators of arp ew test facilitiec,
Secord, i1t is a#nticipated that the vast quantity
i

eloned

i b

of iaformetion
A

in the Shack Tuanel may bes used for many svears iikel s For numevous

purpeses cther than those which were originaily intended. An uncerstanding
of the facility and iis coerativn will allew the use and nrevent the s

MiIsuse
of ity data.
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ABSTRACT

This is Volume | of a five velume report which summarizes the results of
a program conducted by the Defense Civii Preparedness Agency to determine
blast resistance of wall panels typically found in existing structures. The
objective of this program was to determine the blast sneltering capability
of structures in the National Fallout Sheiter Survey inventory and toc obtain

information which could be used to upgrade these structures.

This volume uescribes the shock tunnel facility used for the experimer-
tal testing of full-scale wall panels. Included is a sumnary of the capabilities
of the shock tunnel for dynamic loading and response studiec and brief summaries
of various experimental programs conducted in the shock tunnel which were not
related to the wall panel test prcgram.

Volume 2 of this report presents the resultscbtained from the experimental
prcgram corducted in the shock tunnel to determine the loadings which are
received by wall panels mounted in the test secticn.

Volume 3 of this report is concerned with the dynamic response and failure
of full-scale wall panels. Included are the development of theories of wall
panel resronse and the results obtained from the testing of full-scale wal
paneis in the shcck tunnel.

Volume 4 of this report describes the static test program conducted to
determine the physical properties of the wall panels and to assist in the
development of failure theories and test predictions for wall panels.

Volume 5 summarizes the predicted failure pressures for wall panels based
on the theoretical and experimental results covered in Vol. 3 and the static
test data in Vol. 4.
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Section 1

INTROGDUCTION
This volume describes the shock tunne] facility used for the experimental
testing of full-scale wall panels. Section 2 reviews the design, construction,
operation, and evaluation of this unigue facility. Section 3 surmarizes tLhe
cepabilities o7 the shock t.niel and its application for a varioty of dynamic
loading anc response studies. 3ection 4 <ummarizes various ttudies conducted
in the sheck tunnel which were not velated to the wa'® panel test program, the

Dasic subject ¢f this overall report.
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Section 2

CEVELOPMENT OF THE SHOCK TUHNEL
DESCRIPTION OF SHOCK TUNNEL AREA OF THE COASTAL DEFENSE BATTERY

A cutaway view of the shock tunnel area of the Coastal Defense Battery
is shown in Fig. 1 and a plan view in Fig. 2. The basic tunnel is 163-¢t-
long and includes a 63-ft-long section A, 8-ft-wide and 8.5-ft-hign, used
for the compression chamber; an 8-ft-long transition section B; and a
92-ft-lung section C, 12-ft-wide and 8.5-ft-high, used for the expansion
chamber. At the mouth uf the tunnel is an 8-ft-long angled section D,
which opens inte tire casemate E, 52-ft-wide, 36-ft-long and 15-ft-high.

There are eight cide openings into the basic tinnel: five 6-ft-wide,
7-ft-high doorways, wnich lead to the two power roons and to the storeroom;
two 15-ft-wide, 8.5-ft-hign openings co the shell rooms; and a 16-ft-wide,
13-ft-high opening at the rear of the casemate.

The wail thicknesses range from 8 to 12 ft on th2 west side of the tunnel
and are typically 3-ft-thick on the east side. The ceiling is 7.5-ft-thick.
A1l concrete is reinforced with 1/2-in.-thick square steel reinforcing bars
typically 8-in. apart.

TUNNEL CONVERSION

To convert the basic tunrel into a shock tunnel required the following
modifications:
0 Removal of shell-handling facilities,
o Reinforcing and closing the end of the comnression chamber
area (Section A in Fig. 2).
o Installation of closures for (he openings in the east wall of
the tunn=1.

0o Installation of an instrumentation system.

2
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The reinforcing and closing of the compression cha~ber area was the most
aifficult part of the tunnel conversion. Preliminary calculations made at
the start of the program had indicated that a peak incident shock overpres-
sure of about 12 psi in the expansion chamber would be sufficient as an upper
1imit for the majority of tests of structural building panels. Based on work
by previous investigators (Ref. 1) a peak incident shock overpressure ¢f
12 psi would require approximately 50 psi in the compression chamber,

It was originally planned to use the comprescion chamber section of the
tunnel essentially as it was, with the only modifications being the provision
of an end closure and several side closures for coorways which opened ontn
this section of the tunnel and the reinforcement of the 3-ft-thick wall
along one side ~¢ the turmel. It scon became evident, however, that an ex-
tensive amourt of work would be required to anchor the end closure and to
reinforce the 3-ft-thick wall for the design load of 50 psi and that the simplest
end mest economical solution would be to insta!l a steel liner in the cnm-
pression chamber section of the tunnel. Accordingly, a 3/8 in.-thick,7-ft,
8-in. diameter steel tube, 63 ft Tong with a 1/2 in.-thick domed end closure,
was installed.

For the first proof tests, which were conducted at Tow pressure levels,
the compression chamber tube was fastened to the tunnel by ceiling brackets,
which were held in place by both epoxy cement and bolts {left after removal
of a shell handling track) and by heavy steel channels, which were welded
ori the side of the tube and fit snugly into the two powder room docrs on
the east side of the tube. To prevent collapse of the compression tube on
rebound, 12 screw jacks were installed in the tube. The jacks were install-
ed in pairs. 90 degrees apart, and were spaced every 10 ft down the tube.
The ends of the screw jacks pushed against 4- by 6- in. timbers running the
full length of the tube. The space around the mouth of the tube - between
the tube shell and the concrete walls, floor, and ceiling - was sealed with
sandbags.

This method of fastening and sealing of the compression tube was

5
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sufficient for the proof-testing and calibration series, but was not con-
sidered suitable for a continuing panel test program. The sandbag seal arcund
the tube, for example, was largely destroyed during each test, was a source

ot dust, and took considerable time and manpower to replace. In addition,
there was soiie concern tnat the cei1iing brackets and steel channels =might not
be sufficient to hold the tube in place at the higher pressure levels requir-
ed for some of the panel tests.

Accordingly, an investigation was conducted into various methods of re-
straining the tube, and a rather novel approach was selected which consisted
of filling the space between the tube shell and the concrete walls of the
tunnel with foamed-in-place rigid urethane foam. This method was very appeal -
ing in that it provided a continuous elastic support around and along the
ertire tube to prevent tube collapse. Also it supplied the necessary hold-
down strength and a iarge amount of damping on the tube to facilitate HaKINg
pressure ineasurements on the walls of the tube. As a furiner side venefit,
it reduced noise and vibration throughout the facility. Since this was a
new application for this materi ', it was necessary to run 3 series of tests
to determine if the foam would ond to the tube shell and t. the concrete
wall and if the foam would expand in the cold atmosphere ¢ tre shack tunnel
facility. It had “een determined from calcuiations that a bcnd ctrength of
10 psi tensile and 10 psi shear would be required. These *ost; showed Lhat
tensile bond strengths of 28-35 psi and shear bond strengths ¢ 25-23 psi
could be obtained if the tunnel and shell were washed witn water and the
tunnel and tube warmed to at least 70 degrees.

A number of small holes were cut in the tube shell tc tacilitate place-
ment of the foam, the tube and tunnel walls were washed with a fire hose,
and a series of heaters was placed in the tube shell. At an ambient temn-
erature of 70 to 80 degrees in the tunnel, approximately 2200 1b of ur.thane
foam were pumped through the holes in the tube shell. The resulting in-pl.ce
density of the foam was approximately 2 Ib/cu ft. A thin steel collar was
installed around the mouth of the tube to protect the feam from air blas®.

N
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A 24 in. diametei access way with a blast door was installed in the domed
end of the tube to allow access to the compression chamber for installing the
explosive charges after the tunnel was blocked with a test specimen and to

pro'ide ventilation in the tunnel.

The installation of the compressicn tube eliminated three openings in
the tunnel. The five remaining openings in the east wali; the two shell
room openings, the two doorways to the powder rooms,and the opening to the
casemate were closed by timber barricades. The two shell room openings and
the powder room doors were provided with a front wall of 16-in.-thick timbers
extending tc the far wall of the powder and shell rooms. The casemate closure
was constructed from 12-in. by 12-in. timbers set in a groove in the concrete
floor and braced at the top by a steel frame. A 5-ft section of the clocure
was made into a sliding door to allow access to the casemate and tunnel areas

from the panel storage area.

It 1s quits satisfying to note that the shock tunnel was in operation
for cver 7 years and that duying this period ~ 1000 tests were run with no
observable damage to any part of the basic facility. These included tests
which generated shock waves with incident overpressures as high as 10-11
psi, subjecting the compression tube to thrusts of well over a million pounds.

TEST SECTION HARDWARE

A variety of test section hardware was developed for the various pro-
grams cenducted in the shock tunnel. The major items inciuded:

A - for the panel test program support hardware to pevmit sir.lation of
the following mountirg conditions:

- simpie beam

- simple plate

- preloaded beams

S N e

- arched beams and plates
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8 - for evaluation of shock tunnel characteristics and Inading studies:
- a nonfailing wall with removable sections and pressure gauge

instrumentation

C - for interior loadings ana flow studies in rooms:
- 3 second non-failing wa:l with removable sections whicn could be

lTocated from 4 to 15 ft behind the other nen-failing wall.

Typical examples of his hardware are shown in Figs. 3, 4, and 5. Their
detailed characteristics are discussed in the other volumes of this report in
connection with the programs for whinh they were used.

SHOCK TUNNEL INSTRUMENTATION

Fne basic sheck funnel instrumentation inclugad: air blast gauges mount-
ed in the tunnel wail for moriitoring the input loading wave; load cells for
measuring the lcad transferred #rom a test specimen to its support frame
during the loading cycle; strain Jauge and air pressure instrumentation for
the test spocimens; and high-speed cameras in blast-protected mounts far
recording the response of the test specimen and the effects of shock flows.
Other instrumentaticn was added as needed for particular tests.

A block diagram of the basic instrumentation systen is presented in
Fig. 6. The locations of the air blast gauges in the tur=el walls are shown
in Fig. 7.

OPERATING CONCEPT

The tunnel was operated as a shock tube by means of the volume detonation

technique, with Primacord as the explosive material. In this mode of nperation,

the Primacord is distributed symnetrically throughout a section of the compres-
sion chamber portion ot the tunne!. On detornation of the Primarcrd (which pro-
ceeds at a rate of about 20,000 ft/sec), a quasi-static pressure is kuiit up
very rapidly throughout the entire compression chamber. The enpansicn of this
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Fig. 7. Plan View of Shock Tunnel Facility.
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high-pressure gas into the remaining part of the tunnel generates the desired
shock wave. The charge density used ranged frocm one strand cf Primacord,
containing approximately 0.00625 1b explosive/ft, to eight strands of Prima-
cord, containing approximately 0.05 1b of explosive/ft. The Primacord strands
were mounted lonaitudinally in the compression chamber on a pipe "X" frame as
shown in Fig. 8. In most of the tests, the Primacord was initiated at the
closed end of the compression chamber, however, a few tests were conducted
with initiation at other positions.

Unlike conventional compressed-gas shock tubes, it is rot necessary to
separate the compression chamber form the expansion chamber vwith a frangible
diaphragm. The detonation of the Primacord is sufficiently rapid that the
pressure build up in the compression ctamber is affected very little by the
small amount of expansion of the gases out of the chamber during the build up
process.

COMPARISON OF THE SHOCK TUNNEL DATA WITH SHOCK TUBE THEORY

To better underctand the shock tunnel operation it is nelpful to first
consider the shock pulses which would be obtained if the tunnel operated as
a simgle, uniform-cross-section, cold-gas shock tube with a conventional dia-
phragm. On rupture of the diaphragm a uriform pressure shock wave would pro-
pagate down the expansion chamber and a rarefaction wave bark towards the end
of the compression chamber. Providing the expansion chaiber is long enough
a side-on pressure gauge downstream from the diaphragm wou'd reccrd a uniform
pressure shock wave until the rarefaction wave reflects from the end of the
compression chamber and returns to the gauge location and starts to reduce the
pressure.

In the case of the shock tunnel, the expansion chamber is relatively
short compared to the compression chamber so that the nature of the termina-
tion of the expansion chamber also has a major effect on the nature of the
pulses recorded. With the tunnel end open the shock wave reflects at the open

14
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end as a rarefaction and this rarefaction returns back up the expansicn chamber,
When it arrives at the gauge location it will start reducing the recorded pres-
sure below the incident flat topped value., When the tunnel is compietely closed
by a non-failing wall, the side-on pressure gauges would measures the peak inci-
dent overpressure, followed after some time interval by reflected overpressure
created by reflection of the shock wave by the ron-failing wall. This time in-
terval corresponds to the sum of the transit times for the shock wave from the
gauge location tc the wall, and the return of the reflected wave. When the
tunnel is partially open, the refiected wave is weakened and an eguilibrium
value related to the flow through the opening is established. Idealized pres-
sure traces corresponding to these conditions are snown in Fig. 9 for certain

of the gauge lIncations indicated in Fig. 7.

The actual shock tunnel, however, has some important differences from the
idealized case described above. It's cross section does not remain constant,
but rather expands from the approximately 8-ft diameter circular cross section
in the compression chamber to an 8-% by 12-ft rectangular cross section of
the expansion chamber in an 8-ft transition section. Also, the compression
chember pressure results from a volume detonation process using Primacord as
a charge. Both of these differences can be expected to produce significant
modifications in the idealized wave shapes. One of the major observations is
a weak rarefaction wave starting from about 15 msec after the shock front, as
illustrated in an idealized fashion in Fig. 10. As noted in this figure, the
magnitude of the rarefaction relative to the peak value appears to decrease
with increasing overpressure. The source of this rarefaction was not firmly
iaentified, but seemed most likely to be due to the transition section or
possibly to a significant time lag in reaching equilibrium in the driver sec-
tion of the tunnel.

A second major difference betwe':n the actual pressure pulses and the ideal-
ized ones is the presence of high freduency oscillations on the shock tunnel
records which have a period on the order of 2 msec and a magnitude on the order
of 15% of the signal size. This phenomenon is illustrated in Fig. 11, pressure
time puises from Stations 7 and 9 for a four strand test. This noise is

16

ot ——— ———— e ——

B e L e T T T —

g |



ey

“(BUUNL ¥O04S Byl UL SUOL3BI07 Pa}I3LAS 30 S3IPU] BUNSSAUG pazi|eap] ‘6 ‘HL4

J43quiey) uotss adwoy of

e e S P U -

A A A
I I/_.|L|I 1 ~ j [ uoijels
G r/|_‘_|| G ./|||_||n guolje3s
[ uolLjels
T H : \ e hW
\\ N340 )
ATIVI1dvd d3so1 N340
tauung Jo puj usdp
J 4 Y

17



Fig. 10.

— 6 Strands

4 =] 4 Strands

=1 X 3 Strands
_\ : ——? Strands

PRESSURE - psi
[p%)

TIME - msec

Major Positive-Phase Pulse Shapes for a Range of Overpressure as
Measured at Tunnel Wall Station 1
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Fig. 11. Pressure-Time Pulses from Sta. 7 and 9 from a Four Strand Test.
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attributed to the local shock waves that radiace “rom the Primacord line-crarges
and then interact with each other and the compression chamber walls. This high
frequency oscillation had iittle effect on the recponse of the structural elenents
tested because it's period was much shorter than the response period of the 2le-
nents.

Sh .~k Tunnel Calibration

When first put intc operation (in 1967), the shock tunnel performance was
investigated by conducting approximately 50 tests in which variables of charge
density, charge location, charge length, method of aetonation, and tunnel
geometry (both open and closed) were investigated (Ref. 2). These tests in-
dicated that shock overpressures increase with increasing charge density and
to some extent with increasing charge length and that the pulse shape varies
with charge arrangement and length. For example, when a nuicer of Primacord
strands were placed together at the center of the tube, a somewhat classical
peaked shock wave was obtained. When the strands weve distributed throughout
the cross section of the tube, as shown in Fig. 8, shipes that were essentially
flat-topped are obtained. For the distributed charge arrangement, pulse dura-
tions increased with increase in charge length, with typical duraticns aporoxi-
mately 80 to 100msec for a 60-ft charge. The duration of the flat-topped
portion of the latter pulses ranged from 30 to 50 msec.

Based on these results a standard operating mode was selected which used
the maximum length possible of the Primacerd strands (60 ft), the distributed
charge arrangement, and detcnation at the closed end of the compression
chamber. The relation between side-on or peak incident overpressure and the
number of strands of Primacord used for this standard mode is shown in Fig. 12
and typical pulse shapes in Fig. 13. Statistical analysic of samples of
calibration tests used in derivirg Fig. 12 showed that the tast tg test
standara deviation of incident pressure was about 10% for three strands of
Primacord and about 15% for 2% strands or less. This means that 95% of the
time incident pressure should be within: 20% of the mean value for 3 or more
strands and ¢+ 30% of the mean for for 7% or less strands.

20
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[

NUMBER OF STRANGS §r PRIMACORD, 60 FT LENGTHS

Fig. 12. Shock-Front Incident Cverpressure as a Function of the Number of
Parallel Strands of Primacord Detonated Simultaneously in the
Compression Chamber.
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Similar analysis of the gauge to gauge variability in a given test showed
a standard deviation of 5% or 95% limits of ¥ 10%.

Limited investigations were also maue of the variability of the over-
pressures across the shock front near the test section (Ref. 3). Both the
basic expansion process from the compression chamber to the expansion chamber
and the non symmetrical nature of the expansion (see Fig. 2) suggested the
likelihood of some nonuniformities. These results indicate that this vari-
ability was on the order of + 10% from the mean value.

During late 1972 and 1973 after installation of improved instrumentation
and data analysis systems another detailed evaluation of the shock tunnel air
blast characteristics was carried out with a series of 18 tests with the tunnel
end open configuration and 14 with the tunnel closed with the original non-
failing wall (Ref. 4). The results for the tunnel end open are given in
Fig. 14. These results are then compared with the earlier data in the Table
given beiow.™

Number of Peak Overpressure psi/Strand Primacord

Strands 1967 1973 1967 1973
1 - 1.0 - 1.0
2 1.64 2.0 0.82 1.0
3 3.00 3.5 1.00 1.17
4 4.15 4.9 1.04 1.22
5 - 6.0 - 1.20
6 7.30 7.2 1.22 1.20

It can be seen that the agreement is reasonably good but there is a clear
tendency for the more recent data to be about 15% higher at the lower pres-
sures. This difference is somewhat larger than would be expected from the
statistical analysis of the first set of calibration data. It is believed
that this Jifference was due to the fact that different lots of Primacord were
used in the two test serias since they were conducted some 6 years apart. In

* The 2' strand data from the 1967 tests were not used because it was found
that the % strength Primacord was unreliable.
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Fig. 14. Shock-Front Incident Overpressure as a Function of the Number of
Parallel Strands of Primacord Detonated SimuTtaneously in the
Compression Chamber. Data from 1967 and 1973.

24



- ~rr et st (b ey — - PO e—

the production of Primacord the variable of interest is the velocity of deto-
nation and not the unit quantity of explosive.

The peak reflected overpressure data from the 14 closed tunnel tests are
given in Fig. 15 and compared with peak reflected overpressures calculated
from the peak incident values given in Fig. 14. The agreement is very good.

Sample pulse shapes for open end operation are given in Fig. 11, Sample
pulse shapes for closed end operation are given in Figs. 16-19 with Fig. 20
being a long time recording of a singie gauge showing the multiple pulses
obtained as the decayed shock wave reflects back and forth in the shock
tunnel. In the closed end case the measurements were made at 4 positions in
the face of a nonfailing wall as shown in Fig. 21.

It can be seen that for the tunnel closed situation total pulse durations
(which provide the best meastre of true loading duration because they are not
influenced by the return of the rarefaction from the open end of the tunnel)
are on the order of 100 msec with flat topped secions varying from about 50
to 80 msec.

25
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Fig. 15. Peak Reflected Overpressure as a Function of the Number of Parallel
Strands of Primacord Detcnated Simultaneously in the Compression
Chamber.
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Non-failing wall

B15 B14 B13

B-12

Blast
Wave

EAST
NONFAILING WALL GAUGES
GAUGE DISTANCE FROM DISTANCE FROM WEST
FLOOR WALL OF TUNNEL

B-12 51" 14-%"

B-13 51" 47"

B-14 51" 95.4"

B-15 51" 127-%"

Fig. 21. Gauge Locations for Closed Tunnel Tests.
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Section 3

SHOCK TUNNEL CAPABILITIES AND APPLICATIONS

CAPABILITIES
The shock tunnel capability of primary interest can be simply stated:

It provided controlled significant strength shock
wave loadings over a large rectanqular cross
sectional area (8% x 12 ft) and these loadings
simulated quite closely those from megaton
nuclear wearcons for approximately 50-100 msec

of time.

The shock waves generated had total pulse durations varying from 9C o 110
msec with an initial approximately flat topped section of 50 to 80 ms=c. Peak
. ~ident cverpressures up to 11 psi were used for open tunnel confiqurations
and up to 8 psi for cloced tunnel configurations. The latter provided peak
reflected overpressures of 20 psi.

As would be expected because of the nature of Primacord driven shock
tubes and the need to have an area expansion between the compression and
expansion chambers in order to fit the shock tunnel into the existing tunnel
complex, the shock waves had scme variations from a classical shock tube wave.
These variations included:

1. A sag in the tai} of the flat topped section of the wave of less than

20% of the flat topped value.

2. A 2 msec period high frequency oscillation of tpe pulse of about 10%

to 15% of the average value.

3. A shot to shot standard deviation in averpressure of 10% using the

same lot of Primacord.

4. A cross sectional nonuniformity in pressure of about 10%.

The shot to shat variability was not of much concern since the sheck over-
pressures were measured on each test. The high frequency oscillations were
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also generally not sericus since their period was very short compared to the
duration of the loading pulses and to the natural period of rcsponse of the

structural elements of concern. Taking all factors intg account, it was de-
termined that the variations between shock tunnel blast waves and classica)
shock tube waves were unimportant.

APPLICABILITY OF THE SHOCK TUNMNEL

The shock tunnel was applicable for a wide variety of bplast 1sadings and
response studies. These are summarized below.

Full-Scale Simulation Tests

The flat-topped portion of the shock wave closely approximated the
initial portion of the blast wave from a mega’on-range weapon. Thus a close
simulation of actual field Toading and response conditions was achieved in
the shock tunnel for the following ti.0 general classes of target and loading
conditions:

1. Targets whose natural pericds are such that the times tg maximum

deflection (including failure) are less than the duration of the
flat-topped portion of the wave.

2. Targets whose effective Toading duration in & nuclear blast environ-
rnent would be Timited by the clearing times of the reflzcted pres-
sure wave rather than by *+-e actual free-field positive-phase
duration. Exampies of su. . targets could be structural elements
on the front faces of structures. Typical front-face clearing
times for structures with a minimum dimension (height or half-width)
of 30 ft would be about 65 msec.

It should be noted that wall panels are one of tha most important classes
of targets which fit within both ¢f these conditions.

For targets and loading conditions which did not satisfy either of the
above two conditions, the use of the shock tunnel as a direct full-scale simulant

was somewhat limited, since the maximum durations were less than those from a
1-kt weapon.
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Scale-Model Tests

e general concepts discussed for the full-scale simulation tests aliso
apply for scale-model tests; however, the pulse duration limitations were of
even less concern. The naturail period of scale-model cobjects and, thus the
time to maximum deflection, is significantly shorter so that even a larger
number of target-lcading conditions were satisfied by cne of the two criteria
discussed earlier. CZven when these criteria were not satisfied, the total

pulse duration corresponded to that from a much larger weapon.

Response-Mechanism Tests

The basic purpose of this type of testing is to improve our understanding
of the response mechanisms of various objects to the type of dynamic loading
produced by blast waves. It was not necessary tn be as specific about the
loading requirements for this type of testing, since if the response mechanisms
of a given element or system can be understood, for a given loading, then this
understanding can be extended t. the wider range of more complax loadincs of
a nuclear weapon environwent. It is clear, however, that qualitatively, there
were certain test capabilitiey which were very desirable.

One of the most important of these was the ability to handle full-scale,
or at least large-scale, test objects. The respense of most objects tu cdynamic
Toading is quite cghp1icated, and there is always some uncertainty in working
with a scaie model as to whether the made of response has been properly scaled,
in fact, it a'most requires knowledge of the behavio- being investigated to be
sure that such is the cas- The degree of uncertainty, huvwever, decreaszs the
closeir the model appry :s the full scale. 7The shork tuane) heving such a
la~ge rectangular cross-sectional area well satisfied this requirement. An-
other capability is to have complete destruction of test samples witnout
demage to the test facility.

Test Object Size Limitation

For any tyne of testing in the shock tunnel, one restriction, of churee,
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was that objects fit within the test section of the itunnel (8% x 12 ft in
cross section) and that by their presence they did not significantl- disturb
the blast wave. The size of the objects that could have haen tected withe ot
disturbance depended on the me%hod of mounting and expusing the objects. In
the face-on orientaticn, ihe test panels were essentia’ly the sire of thre
tunnel cross section, since the entire section has to he block - off “n any
car 2.

The biggest size limitation was on objects whizh it w2s desired to
subject to all-around loading. Ideaily, for this ﬁode of loading, the
object's cross-sectional area presented to the flow should be small compared
to che total cross section. However, it has been shown that tect objects
having a cross-sectional area as large as 20-25% of the tuhe cross section do
not create very much of a disturbance (Ref. 5). With this critericn the shock
tunnel was capable of handling test objects having as much as 20 to 25 sq ft
of cross section for all-arourc toading.

Cost

Probably one of the most important advantages of the shock tunrel wis
its capability of failure testing large, full-size test specimens at 3
minimum cost. Per test costs for such tests including as many as 12 channels
of data, data reduction and analysis, theorezica] and structural analysis,
and reporting ranged from $1,000 to $2,000 during the seven years of opera
tion.
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Section 4

REVIEW OF OTHER SHOCK TUNMEL TEST PROGRAMS

As noted earlier, the prime motivation for development of the shock tunnel
was Jor the purpose of studying the loading and response, including debris pro-
duction, of wall panels. However, as discussed in Section 2 of this volume
the facility was useful for a wide range of applications and during the period
when it was operating a number of other blast related test programs were con-
ducted. These studies are listed below and in the following a brief summary
is given of the scope of each program including objectives, nature of tests
conducted, types of data obtained, and where feasible, significant results
ana cenclusions.

Air Blast Tests of OCD Ventilating Equipment

Air Blast Tests of OCD Snelter Supplies

Object Translation Experiments

Shock Tunnel Studies of Flow Fields in Enclosed Spaces
Effects of Air Blast on Urban Fires

The Ignition Hazard to Urban Interiors. During Nuclear Attack
Due to Burning Curtain Fragments Transpcrted by Blast

Debris Generation Tests of Simply Supported Timber Stud Walls
Debris from Trees Subject to Blast '
Shock Tunnel Tests of Aluminum Hull Panels

Shock Tunnel Ship Model Tests

Blast Loadings of Radomes

QO O O o o o

o O O o O

AIR BLAST TESTS OF OCD VENTILATING EQUIPMENT (Ref. 6, Appendix B)
This was a limited scope test series to investigate the effect of air. blast

on Office of Civil Defense shelter ventilating equipment.  The equipment tested
consisted of the Kearny Ventilator, A-Frame Ventilator, exhaust duct, and bicycle
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ventilator. For this test series, two nonfailinrg walls were installed in the
test section of the shock tunnel. This arrangement created a room 12 fi wide,
8s ft high, and 15 ft deep. Sections of each nonfailing wall were removed to
create doorways. One test was conducted for each item of equipment with a
peak incident overpressure of = 4 psi.

In the tests, all of the OCD shelter ventilation equipment was damaged
beyond repair. In addition, a Targe number of potentially dangerous missiles
were produced by the Kearny ventilator and the A-frame ventilator, and signifi-
cant velocities were achieved by the doorway ventilator and the bicycie.

AIR BLAST TESTS OF OCD SHELTER SUPPLIES (Ref. 7)

This was a more extensive series of tests of JCD shelter supplies which
included water and biscuit containers, radiation and sanitation kits, and ven-
tilators both packaged and deployed. Again, two nonfailing walls were instalied
in the shock tunnel to create a room, the front wall of which had a doorway
opening on one side, and the back wall of which was either made solid, to create
dead-end conditions, or incorporated another doorway opening, to allow flow-
through conditions in the room. Four tests were conducted, all at incident
pressures of about 5 psi, with the supplies placed in various locations in the
room.

As in the previous series, the deployed Kearny pump was virtually destroyed
and served as a source of dangerous missiles. The pedal ventilator survived
in "protected" location in the room. Most cther supplies survived the tests,
though some were moved and toppled when subject to high velocity flows.

The tests led to recommendations for re-design of the Kearny pump, and
recormendations for placement of other supplies in shelters.
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OBJECT TRANSLATION EXPERIMENTS (Ref. 3)

This was a test program conducted as part of an overall study for DCPA
to analyze the effect of shelter opening or hlast protection. I1ts basic
purpose was to verify calculated values of the flow process and of the trans-
lation of sheltered objects (such as people) and to determine if the inclusion
of sheltered objects significantly affected the flow process and thus the
potential for translation of sheltered objects.

The tests were conducted using a roum geometry with the front wail having
a door and the rear wal: solid. In scme tests blocks representing chelterees
were installed in the room with various densities. Measurements were made of
the incident overpressures and of the pressures at various points on the walls
of the room. High-speed photography of table-tennis balls was used for the
flow evaluation.

The experimental results are presented in terms of pressure-time profiles
at the various measuring positions, positions and velocities of the table-tennis
bails at selected times, and the motions and posttest positions o0f the blocks.
These results are discussed in Tight of existing flow theory and theoretically
calculated values. It is shown that the calculated pressure-time profiles
agree well with the measured ones and that the presence of tha blocks does
not alter significantly the pressure time profiles. It is also shown, however,
that a high density of objects within the shelter can significantly disturb the
flow field.

SHOCK TUNNEL STUDIES OF FLOW FIELDS IN ENCLOSED SPACES (Ref. 8)

This was a test program conducted in support of an overall study for OCPA
to investigate the effects of air blast on urban fire response. The principal
objectives were to gain insight into (1) flow fields generated in enclosed spaces
by external blast loading and (2) the translational responses of representative
room contents of urban structures.
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A series of six tests was conducted with incident overpressures in the
range of 3 to 4 psi. One test was conducted with the tunne| unobstructed,
three with a single non-failing «all with a duar {<imulating a very lorg room),
and two with a second non-failing wall having nc opening. located 10 ft
downstream from the first wall {small room). Measurements made on the tests
included wall overpressures, high-spead photography of the motions of the
table-tennis balls and typical room contents, and posttest still photographs
of the locations of the room contents.

The results for the simulated room tecls are presented in the form of
plots of positions of the table-tennis balls at various time increments up
to 100 msec and in descriptions of the motions of the room contents. Some
problems were encountered in photographing late time phenomena because of
obscuration by smoke from the detonation of the Primacord.

EFFECTS OF AIR BLAST ON URBAN FIRES (Ref. 9)

This was a test program conducted as part of an overall study for DCPA to
investigate the effects of air blast on urban fires. The objective was to
determine the nature and magnitude of the effects of blast-fire interactions
by experimentally exposing typical urban fuel arrangements to fire and then
exposing the burning fuels to air blast. The tests were conducted using full-
scale test rooms having a window in the wall facing the blast. Room furnish-
ings simulated a typical Tiving room, bedroom, and office. Incident over-
oressures in the range from 1 to § psi were used. The fire-blast interactions
were documented by conventional and high-speed motion picture photography and
by post test photography and recorded observation.

It was found that the threshhold values of incident blast overpressure
necessary to extinguish ail flames in the test rooms occurred in the range
between 1 psi and 2.5 psi. The debris of interior fuels that was capable of
supperting smouldering combustion continued to smouider, in most cases, after
extinguishment of flame, and frequently rekindled into flaming combustion.
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In Ref. 10,a 1imited series of somewhat similar tests were carried out
with incident overpressures from 5 to 9 psi. In this case an open tunnel con-
figuration was used, i.e., no rooms. The results were essentially the same
as for the above study.

THE IGNITION HAZARD TO URBAN INTERIORS DURING NUCLEAR ATTACK DUE TO BURNING
CURTAIN FRAGMENTS TRANSPORTED BY BLAST (Ref. 11)

This was a test program for DCPA conducted to investigate the propensity
of burning curtains, carried into typical urban interiors by blast waves, to
cause ignitions witnin the interiors capable of leading to flash-over.

The tests were conducted using a full-scale test room having a window in
the wall facing the blast. Three different weights of curtain material, having
different burning times, were used in the experiments. Curtains were ignited
by propane gas jet manifclds arranged on the upstream side of the curtains
with the jets directed toward the curtains. All tests were conducted at a
nominal incident blast overpressure of 1 psi since it had been fcound that
incident overpressures much higher than this invariabiy extinguish fire in
burning curtains.

Seventeen tests were conducted. Severe hazard of room ignition resulted
from 7 of the 17 experiments, while a small hazard of room ignition occurred
in 4 cases. Tests resulting in severe hazard of roum igniticn corresponded
closely to cases in which the blast wave arrived at an optimum stage in
combustion of the curtains (when they were fully aflame but only partially
concumed). In cases *n wnich curtains were not fully ignited at blast arrival,
the curtain fragments tended to smoulder, and to induce smouldering fires in
the test room. Where curtains had passed the optimum stage of flaming
combustion, charred remnants distributed throughout the test room lacked
sufficient remaining fuel value to serve as efficient secondary ignition
sources,
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The hazard of secondary ignitions due to blast-transported burning curtain
fragments appear< tc depend critically, in each case, on the burning time of
the curtains relative to the time to blast arrival,

DEBRIS GENERATION TESTS OF SIMPLY SUPPMRTED TIMBER STUD WALLS (Ref. 12)

This was a test prugram of limited scope designed to obtain information
on the type and quantity of debris which wculd be genzrated from the breakup
of a timber stud wall under blast loading. Tne results of these tests were
required for the planning o7 the Bell Telephone Laboratories building
fragmentation tests in Operation Prairie Flat at the Defense Research
Establishment, Suffield, in August 1968.

Two tests were conducted at an incident overpressure of approximately
6 psi. Data obtained from these tests consisted of high-speed moticn picture
films, debris surveys, pre and posttest still photographs, and overpressure
data. Cumulative debris distribution curves (frequency vs. weight) are given
for each test. These show a normal distribution and good agreement between
the two tests.

DEBRIS FROM TREES SUBJECTED TO BLAST (Ref. 13)

This was a test program corducted as part of an overall studv for Bell
Telephone Laboratories to examine the characteristics of debris from trees
subjected to air blast. It consisted of 5 tests in which approximately 8-ft
segments sawn from 30-40 ft high trees were exposed to incident overpressures
of 10-11 psi. Both broad leaf and conifers were tested. Test data collected
for each test included the incident overpressure, total load on the tree
segment, high speed photographs of the tree motions, and a posttest debris
survey.

The results are given in *terms of a time sequenced description of the

response of the tree segment, a description of the resultant debris including
its mass distribution, and the measured loads.
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SHOCK TUNNEL TESTS OF ALUMINUM HULL PANELS (Ref. 14)

This wzs test program of the response of aluminum hull panels to blast
icading conducted for the Naval Ship Research and Development Center, Bethesda,
Maryland. Each of three types of panels was statically loaded, tested <or
natural period, then subjected to a blast wave with an incident overpressure
of about 3 psi followed by one with an incident overpressure of about 5 psi.
The panels were 7-ft, 6-in. high, 11-ft, 6-in. wide, and each was instrumented
with eight strain gauges and a velocity sensor. Pressure transducers were
mounted in the sidewall of the tunnel near each panel and, in two cases, on
the panels themselves. Photographic coverage included two high-speed cameras
and pre- and post-blast still photography.

None of the panels showed significant distress after the 3 psi test, but
the Type I panel was virtually destroyed after the 5 psi test. Panel Typas
IT and III fared better under the high pressure loading but both showed a
permanent deflection of about 2 in. near the center of the panel.

SHOCK TUNNEL SHIP MODE. TESTS (Ref. 15)

This was a test program of the response of a model Surface Effects Ship
(SES) to blast loading conducted for the Naval Ship Research And Development
Center (NSRDC), Bethesda, Maryland. Its purpose was to acquire experimental
data to compare with NSRDC predictions of ship motions due to blast waves
with incident pressures of 1 to 2 psi. For the tests a pool, 15 in. deep,
25 ft long, and 12 ft wide was built into the shock tunnel. It was equipped
with ramps at the leading and trailing edges to minimize turbulence from
shock wave passage.

The model, 7 ft long, 3 ft wide, and 1 ft deep, was a 1/33 scale of a
proposed 200-ton SES. It included an electric fan so it could hover at the
surface of the water during the blast tests. It was instrumented with pressure
transducers on the extericr surfaces, accelerometers in the structure and a
roll, pitch, yaw meter. Pressure transducers were located in the side wall of
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the tunnel near the model. Photographic coverage included two high-speed
cameras and pre- and post-blast still photography.

BLAST LOADINGS OF RADQOMES

This was a test program of the response of a radome prototype to blast
loacing conducted for ANCOM (the radome manufacturer).

Two 4.5-ft diameter prototypes were tested. Each was equipped with a
pressure transducer to monitor blast loading, and other pressure transducers
were mounted in the side wails of the tunnel. Photographic coverage included
two high-speed cameras and pre- and post-blast still photography.

The prototypes were exposed to blast waves with incident pressures of
1.5 and 4 psi. With the higher pressure, the first of the prototypes was
virtually destroyed. The simulated reflector motor came out of its mount,
and the face of the radome delaminated. The second prototype was a strenqgth-
ened version of the first. The simulated motor was torn Joose under the high
pressure loading, but the radome itself did not delaminate.
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ABSTRACT

This is Volume 2 of a fTive volume repor. which summarizes the results of
a program conducted by the Defense Civi] Preparedness Agency to determine
blast resistance of wall panels typically found in existing structures. The
objective of this program was to determine the blast sheltering capability
0f struc tures in the National Fallout Shelter Survey inventory and to obtain
information which could be used to upgrade these shelters.

This volume presents the resylts obtained frem the experimental program
concucted *n the shock tunnel to determine the Toadings which are received
by wall panels mounted in the test section.

Volume 1 of this report describes the shock tunnej facility used for the
experimental testing of full-scale wall panels. Included is a summary of the
capabilities of the shock tunnel for dynamic loading end response studies and
brief summaries of various experimental programs conducted in the shock tunnel
which were not related to the wall panel test pregram.

Volume 3 of this report is concerned with the dynamic response and failure
of full-scale wall panels. Included are the development of thecries of wal]
panel resronse and the results obtained from the testing of full-scale wall
panels in the shock tunnel.

Volume 4 of this report describes the static test program conducted to
determine the physical properties of wall panels including estimates of the.-
statistical distribution, and to assist in the development of failure theor: s,
and test predictions for wall panels,

Volume 5 surmarizes the predicted failure pressures for wall panels based
on the theoretical and experimental results covered in Vol. 3 and the static
test data in Vol. 4.
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Section 1
INTRODUCTION

This volume presents the results obtained from a series of tests conduct-
ed in the shock tunnel to determine the Toadings which would be received by
wall panels when they are mounted in the test facility. This information was
needed for the correct design and evaluation of the wall panel test program
described in Volume 3.

The generai development, operation, and evaluation of the shock tunne]
are described in Volume 1 of this series. In brief, the tunnel, shown in a
Cutaway drawing in Fig. 1-1, consisted of a 63-ft long, 8-ft diameter steel
cylinder, closed on one end (the “comprescion chamber"); an 8-ft long tran-
sition section; and a 92-ft long rectangular tunnel section 85 ft high and
12 ft wide (the "expansion chamber").

The tunnel was operated as a shock tube by means of the volume detonation
technique with Primacord as the explosive material. In this mode of operaticn,
Primacord is distributed symmetrically throughout a section of the compression
chamber portion of the tunnel. On detonation of the Primacord (which proceeds
at a rate of about 20,000 ft/sec), a quais-static pressure 1s built up rapidly
throughout the entire compression chamber. The expansion of this high-pressure
gas into the remaining part of the tunnel generates the desired shack wave.

The strength of the shock wave was varied by varying the numbers of strands of
Primacord from one to eight.

Section 2 of this volume briefly summarizes the blast wave characteris-
tics obtained from the basic calibration tests of the shock turnel without any
test walls (open tunnel zonfiguration). These results are presented in detail
in Volume 1 and are summarized here for comparison purpcses with results obtairn-
ed from various closed tunnel configurations, i.e., those with walls mounted in
the test sectinn.
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Section 3 of this volume presents the results for the loading on a solid
non-failing test wall mounted in the test section of the tunnel.

Sections 4 and 5 cover loadings on non-failing walls with doorways and
window openings respectively.

Section 6 covers the loading conditions for a room with a window in the
upstream wall (facing the blast) and a solid wall on the downstream side.

Section 7 summarizes the application of the loading study to the overall
program.



Section 2
OPEN TUNNEL TESTS

As described in Volume 1, at the time the shock tunnel was constructed
and at intervals thereafter, open tunnel tests were conducted to document
the type of pulses generated, and to calibrate tne facility. Tests were con-
ducted in which the length, number, and location of strands of Primacord were
varied.

The standard operating mode used for the wall panel program was 60-ft
strands c¢f Primacord uniformly distributed throughout the compression chamber.
The calibration tests for this mode showed that the shock waves generated had
total pulse durations varying from 90 tc 110 msec with an initial approxi-
mately flat topped section of 50 to 80 msec.

The incident overpressure in this approximately flat topped section
varied with the number of strands used (v 1 to 1.2 psi/strand) as shown by
the data given in Fig. 2-1.*

As would be expected because of the nature of Primacord driven shock
tubes and the need to have an area expansion between the compression and ex-
pansion chambers, in order to fit the shock tunnel into the existing tunnel
complex, the shock waves had some variations from a classical shock tube wave.
These variations included:

1. A sag in the tail of the flat topped seciion of the wave of less
than 20% of the flat topped value.
2. A 2 msec period high frequency oscillation of the pulse of about
g 10% to 15% of the average value.
3. A shot to shot standard deviation in overpressure of 10% us1ng
the same lot of Primacord.
4. A cross sectional nonuniformity in pressure of about 10%.

* The differences between the two calibration curves conducted six years apart
is attributed to the use of different lots of Primacord.
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The shot to shot variability was not of much concern since the shock over-
pressures were measured on each test. The high frequency oscillations were also
not serious since their period was very short compared to the duration of the
loading pulses and to the natural period of response uf the structural elements
of concern. Typical traces generated by explosiors of two, four, and six strands
of Primacord, are shown in Fig. 2-2; the location of the gauge stations from
w#hich the records were taken (7 & 9) are shown in Fig. 2-3.
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Section 3
LOADING ON A NCON-FATILING SOLID WALL

The basic purpose of these tests was to document the loadings that would
be received by solid test walls completely blocking the test section of the
shock tunnel. Theoretically, the loadings on such a wall can be computed from
a knowledge of the incident shock wave characteristics and the theory of shock
reflection. However, since there are some differences between the shock tunnel,
shock waves, and ideal shock waves, it seemed best to experimentally determine
the loading values. Furthermore, essentiaily the same test arrangement could
be used for measuring loadings on non solid walls (having doorways or window
openings) for which theoretical calculations of loading are very uncertain.

EXPERTMENTAL ARRANGLMENT

The loading tests were conducted using instrumented, non-failing walls.
One of the two walls used during the program is shown in Fig. 3-1. 1t consists
of a frame of four vertical and two horizontal steel I beams and 20 removable
panels (termed modular panels) nominally 1% ft high by 3 ft wide which fit
between the vertical I beams. Each modular panel is made of 4% in. thick
plywood in a steel frame that can be mounted on either face of the wall with
special fastening plates.

The moduTar panels are interchangeable, and any of them can be removed.
Fig. 3-1 shows a configuration in which four paneis have been removed to simu-
late a window opening. In another configuration, all panels between two of
the vertical I beams were removed to simulate a wall with a doorway. {The
tests with these two geometries are described in Sactions 4 and 5.) The
second non-failing wall was of similar construction except that the steel-
framed, laminated plywood modular panels were replaced with 4 in. x 6 in.
timbers.

The basic non-failing wall panel mounting system is shown in Fig. 3-2.

e Te Laan.
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Non-failing Wall.

Fig. 3-1.
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It consists of two massive steel plate girders, each 4% in. thick, 4 ft deep,
and 12 ft wide, weighing about 2600 (b and supported by wall blocks. Two
complete sets of wall blocks and girders were fabricated. With one set of
blocks mounted at Location A of Fig. 2-3, and the other set at Location B,
the equivalent of a rocm up to 15 ft Tong could be created in the tunrel by
mounting walls on girders at two locations. (Tests with this geometry are
described in Section 6.)

The instrumentation used during the loading studies consisted of pressure
transducers, mounted both on the removable modular panels of the non-failing
walls and in tunnel walls themselves, and load cells between the girders and
wall Blocks.

The general test configuration and gauge locations employed in these tests
are snown in Fig. 3-3. Twc separate test series were run with slightly differ-
ent wall Jocations. In Series A, the wall was mounted on the upstream edge of
the plate girders on the wall blocks furthest from the compression chamber of
the tunnel; in Series B, it was mounted on the downstream edge of thesa girders,
about five feet further from the compression chamber. The tabular entries on
the figure shuw the gauge locations for each test series.
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NON-FATLING WALL GAUGES
DISTANCE FROM DISTANCE FROM WEST
GAUGE. NO. FLOOR (in.) WALL OF TUNNEL (in.)
lSeries A Series B
B-12 51 14.3 14.3
B-13 51 47.0 47.0
B-14 51 75.3 95.3
B-15 51 132.5 127.5
TUNNEL WALL GAUGES
, DISTANCE FROM DISTANCE FROM NON-
GAUGE NO. FLOOR (in.) FAILING WALL (in.)
Series A Series B
Westwall-7 45 37.8 156
Westwall-9 45 52.3 116
Eastwall-11 49 110.4 174

Fig. 3-3. Solid Wall Test Confiquration.
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TEST RESULTS

Tests in these geometries were run using one, tkree, and five strands
of Primacord, and typical pressure pulses recorded are shown in Fig. 3-4,
from a Series A test using three strands of Primacord. The top two records
of the figure are from gauges located i1 the tunnel side wall (Fig. 3-3)
upstream from the non-failing wall. Clzarly evident in these records is a
period of constant pressure, the generally flat topped region about 14 ms
leng at Sta 7 and about 8 ms long at Sta 9 immediately behind the shock
front of the incident pressure pulse. Thereafter, when the front of the
shock wave that reflected upstream from the non-failing wall passed these
two gauge stations, it caused a second step rise to a value something over
twice the incident pressure step.

The lower three traces in Fig. 3-4 are from gauges located on the "test"
wall head on to the blast wave. While the gauges in the side wall first
experienced pressure from the incident wave, these gauges experienced the
incident and reflected waves simultaneously. Thus, the traces exhibit only
a single step, about the magnitude of the two steps of the traces from Sta 7
and Sta 9.* The remainder of the p “<es until the time ~¢ which pressure
decreases to ambient values are generaliy similar to those of Fig. 2-2.

While there are some differences among the lower three traces, they are
generally similar. Analysis of many records indicated that pressure differen-
ces across the face of a wall vary no greater than 10%.

Because of this relative uniformity, average pressure on walls was derived
from all gauges on the wall. Individual records such as those of Fig. 3-4 were
digitized and computer plotted. The results of this process are given in
Appendix A (Fig. A-1 through A-9).
¥ 0f some interest in Fig. 3-4 is the sharp step on the right-hand side of the

lower three traces about 225 ms after initial shock front arrival. This

step marks the re-arrival of the pressure pulse which initially reflecied
(Footnote continued on bot<om of page 16.)
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Typical averaged traces from three and five strand tests are shown in
Fig. 3-5 and for one strand tests, in Fig. 3-6. It can be seen that the wave
shapes for the one strand tests are somewhat different than for the other
cases. Most importantly the front of the wave does rot exhibit a sharp rise
-- it takes some 8 msec to reach peak value. This finite rise time has some
effects on the response of the test walls as discussed in the next volume.

* (continued from page 14) from the non-failing wall, travelled upstream until
it reflected frum the closed (rear) end uf the compression chamber, then
travelled downstream until it arrived at the wall again. This process of
reflecting and re-reflecting continued so that on records with a longer
duration six (and more) reflections could be identified.
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Three and Five Strands of Primacord.
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Section 4
LOADING ON A WALL WITH A DOORWAY

GENERAL

Removing all the modular panels between two adjacent vertical I beams
of the non-failing wall created a panel containing an 18% in. wide doorway
which occupied some 17.5% of the total area of the wall.

The open doorway provides a means for pressure to "leak" to the down-
stream side of such walls, thus reducing the net force tending to make the
wall fail. To document the net loading on these walls, it was necessary to
make measurements on both wall faces. This was done with paired gauges
located near the horizontal centerline of the wall, as shown in Fig. 4-1.
As in other loading studies, pressures were also monitored with gauges
located in the tunnel side walls.

Tests were made with one, three, and five strands of Primacord, anc a
typical set of pressure traces at gauge stations identified in Fig. 4-1 are
shown in Fig. 4-2 from a test employing three strands of Primacord.

As in Fig. 3-4 (from the solid wall tests), the first two traces are from
gauges located in the tunnel side walls, which are closer to the wall than for
the solid wall case. The effect of this can be seen immediately by comparing
the Station 7 trace of Fig. 3-4 with that of Fig. 4-2. In the former case,
incident pressure persisted for about 14 ms before the reflected shock arrived
at the station; in the latter case it persisted for only about 3 ms. Note
that the gauge of Sta 11, on the side of the tunnel nearest the doorway shows
an increase in pressure starting about 6 ms after shock arrival, but because
of its proximity to the opening it is not nearly as sharp fronted, nor as high
as that from the gauges at Sta 7 in the opposite turnel wall.

The remainder of the traces are from gauges on both the upstream and

19




Fig.

4-1.

Non-failing wall
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of the Wall.

T TR T

NON-FATLING WALL GAUGES

GAUGE NO. DISTANCE FROM DISTANCE FRNM
rLOOR (in.) EDGE OF DOQR (in.)
A-H* 51 12
B-G* 51 24
C-F* 51 50
D-E* 51 108

Gauges E through H are an Back of the Wall

TUNNEL WALL GAUGES

GAUGE NO. DISTANCE FROM DISTANCE FROM
FLOOR (in.) WALL (in.)

Westwall-7 45 21

Eastwall-11 19 38
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Wall With a Doorway Test Configuration.
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downstream faces of the test wall. Refer first to the ‘races from Sta A

and B, those closest to the doorway on the upstream face of the wall. These
traces differ in two respects from those in similar Jocations on the solid
wall. First, the eariy time pressure variations are larger; second, the
average pressure at early times is about 75% of that on a solid wall,

Time variation of pressure on the downstream face of a wall with a
doorway strongly influences the instantaneous net force at each point on
the wall. The totality of integrated net forces at any time defines the net
'oading on the wall. Downstream fa_2 pressures can be complex as is illus-
trated by the trace from Sta H (nearest the doorway) of Fig. 4-2. Backface
pressure (downstream) first rises slightiy, later here than it does at its

upstream counterpart Sta A, bit then suddenly falis to below ambient pressure.

Pasitive backface pressure reduces net force acting in the downstream direc-
tion; negative backface pressure increases net downstream force.

It is thought that the negative pressure observed on the downstream
face is associated with a2 vortex which forms at the edge of the doorway,
spreads out (thereby weakening) and propagates acrcss the downstream face,
This appears to be borne out by the record from Sta G, which also shows 2

pressure drop, but not as distinct a one as Sta H.

There is also a distinct pressure drop at Sta E, furthest from the
doorway, which might be enhanced by reflection of the vortex-induced rare-
faction from the tunnel wall.
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LOCALIZED NET PRESSURE

Average localized net pressures were derived for each paired gauge loca-
tion (A-H, B-G, D-E). This was done by first digitizing the basic pressuire
traces such as those given in Fig. 4-2. Then the digitized data were averaged
for each station from all repeat tests conducted with the same number of Prima-
cord strands. Finally, the average pulse from the downstream station of each
pair was subtracted from that from the upstream station (e.g., the pulse from
Sta H was subtracted from that from Sta A -- see Fig. 4-1). Net pressures
at the several measuring stations so determined for tests with one, three, and
five strands of Primacord are given in Appendix A (Figs. A-6 to A-8). The
pulse from tests with three strands are reproduced as Fig. 4-3.

For comparison purposes the average pressure loading from the solid wali
tects discussed in Section 2 is included on each graph. For the solid wall
case this average pressure loading is equivalent to the net pressure,

From this figure it can be seen that:

0 The net pressure traces from the wall with a doorway show an
in1tial pulse whose peak is essentially peak reflected pressure
(pressure on solid wall}, followed by a tall-off pressure cssen-
tially to incident values. The net pressure then rose again tn
values higher than incident, but generally lower than reflected.

o There is significant variability in the details of the pulse
shapes from station to station on the wall with a doorway. For
example, at the gauge locations furthest from the doorway net
pressures remained al about peak raflectad pressure for almost
10 msec, while at the other gauge pairs net pressure was down to
almost incident vaiue in about 5 sec.
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o The average net pressures throughout the first 50 msec are sig-
niticantly lower for the wall with a doorway than for the solid
wall.
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NET IMPULSE

The early-time parts (up to 25 ms) of net Eressure-time records, such
as these of Fig. 4-3, were integrated to derive a net impulse as a function
of tihe at the locations of the paired geuges. The results for one, three,
and five-strand tests are shown in Fig. A-9, Appendix A; the plot from the
three-strand test is reproduced as Fig. 4-4.

From Fig. 4-4 it can be seen that there are some variations in net

impulse at early times as a function of distance from the doorway with the
net impulse decreasing as the distance from the doorway decreecses.
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Section 5
LOADING ON A WALL WITH A WINDCY OPENING

GENERAL

Two basic window sizes were used: the first, 38 in. high and 62 in.
wide, occupied about 17% of the wall area; the second, 64 in. high and
62 in. wide, occupied'about 27% of the wall area. The window configura-
tions and locations of gauges used for the two cases are shown in Figs. 5-1
and 5-2, ana typical traces from a test with the small window opening, in
which three strands of Primacord were used, are shown in Fig. 5-3.

The traces from the gauges in the tunnel side walls (Sta 7 and 11) are
the Tlowermost ones in Fig. 5-3. As with the previous tests with solid
walls and walls with a doorway, the arrival at Sta 7 and 11 of the pulse
reflected from the wall can readily be identified, and the remainder of the
traces suggest that the wall experienced a complex net loading pattern.

The traces from the upstream stations ( A, C, and D) are relatively simple,
generally resembling the open channel pulses at least until pressure in

the pulse falls to ambient values. Average pressure values at Sta A and C
are about 75% of peak reflected pressure, while the average at Sta D (nearest
the floor) is close to peak reflected -- though it does show relatively

wider pressure fluctuations.

The traces from the downstream stations (E, G, and H) are quite
different, however. At Sta £, early-time pressures are positive (i.e., di-
rected upstream) and relatively uniform, but they become strongly negative
Just after pressures on the side of the wall begin to drop off. The trace
from Sta G shows a similar pattern, though pressure fluctuations are

greater; with pressures becoming ecual or close to ambient pressure a number
of times. The trace from Sta H (the station nearest the floor) kas much

different characteristics. It drops below ambient values very early, as at
Sta H in Fig. 4-3, but remains negative or close to ambient pressure for the
remainder of the pulse. It is suspected that this trace is anomalous.

28



Al ¥

//'\“‘f\ ,
‘ _
Non-failing wall \\\

—— 62" ———my

1'1 ® 0(6) t?
Cal o B
T 7
Blast
Wave

{ ) Gauges are on the Downstream Face
of the Wall

NON-FAILING WALL GAUGES

GAUGE NO. DISTANCE rROM DISTANCE FKOM
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A-E* 51 24
C-G* 27-1/2 6-1/2
D-H* 14-1/2 19-1/7

* Gauges E, G and H are on the Back of the Wall.

TUNNEL WALL GAUGES

GAUGE NO. DISTANCE FROM DISTANCE FROM
FLOOR (in.) WALL (in.)
7 45 21
11 49 38

Fig. £-1. Configuration for Tests on a Wall with a 38-in. x 62-in. (17%)
Window Opening.
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Fig. 5-2.
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D-H* 14 7

* Gauges E, G and H are on 3dack of the Wall.

TUNNEL WALL GAUGES
GAUGE NO. DISTANCE FROM DISTANCE FROM
FLOOR (in.) WALL (in.)

Westwall-7 45 21
Eastwall-11 49 38

Configuration for Tests on a Wall with a 64-in.

Window Opening.
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LOCALIZED NET PRESSURES

The net pressures, derived as before, from digitized records are given
in Appendix A (Fig. A-10 through A-15), for tests using one, three, and
five strands of Primacord.

Typical samples of these results are given in Fig. 5-4 which show the
net pressure pulses for position C-G for both the small and large window
openings for chree strand tests. For comparison purposes a similar record
obtained from the solid wall tests discussed in Section 2 is included on
each graph. These results are typical of all other results for three and
five strand loading with one exception.* Results from single-strand tests
do not display an initial high peak, undoubtedly reflecting the rounded nature
of the one-strand shock tube pulses generated in the shock tunnel as shown
in Fig. 3-6 discussed earlier.

From Fig. 3-4 it can be seen that at the time of the shock wave arrival
the pressure is approximately the peak reflected value but that the pressure
drops within about 5 msec to some lower and roughly constant value for the
first 50 msec of loading.

The effect of window size manifested itself mostly in the general net

pressure level at times between 5 and 50 msec. With the small (17%) window
opening, the net pressure level was about 55% of peak reflected pressure;

with the large (27%) opening, the level was about 35%of peak reflected pres-
sure. The lower average net Toading value for the larger window reflects the
fact that more of the incident shock wave can pass through the window to load
the back (downstream) side of the wall, thus reducing net loadings on the wall.

* The one exception is from the three-strand test with a small window, traces
from which are shown in Fig. 5-3. The record from gauge pair D-H follows
the initial pattern of a rapid drop from peak reflected pressure but it
then rises again to a value greater than initial peak reflected pressure.
This shows the effects of the early negative pressures recorded at Sta H.
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Although the data are rather limitad it ig interesting to plot the
toading pressures (as a percent of peak reflected pressure) versus window area
(as a function of total wall area) on semi-log paper as shown in Fiq. 5-5. It
can be seen that a simple exponential equation fits the data. The line in
Fig. 5-5 is dashed past the last data point to indicate Tack of certainty
in the extrapolated values. Up to about 50 msec, Fig. 5-5 can be used to
estimate net pressure on a wall with a window as a percentage o0f peak reflect-
ed pressure. As noted before, the information would be usef:l for calculating

wall motions that are insensitive to short-time transients.
NET IMPULSE

As with the wall with a docrway, calculations were made of net impulses
at the locations of the front and back face pairs of staticns around the windew.
These are given in Figs. A-16 and A-17 of Appendix A, with the curves from the
three-strand tests being reproduced in Fig. 5-6. These data illustrate the
decrease in loading with increased window area and similarity of results

between the various measuring positions for a given window area.
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EFFECT OF GLASS IN WINDOW OPENINGS

In the Toading study test series involving window cpenings a few tests
were devoted to assessing the effect of the presence of glass in windows.
Ordinary window glass was placed in the large window opening for one test
with three strands of Primacord (peak incident pressure 3.3 psi, peak re-
flected pressure = =7 psi), ard two tects with five strands {peak incident
pressure =6 psi, peak reflected pressure =14 p3i). The early-time (<12 msec)
effect of the glass on the backface was truly impressive. Fig. 5-7 shows
pressure-time records from gauge H (opposite gauge D, see Fig. 5-2) taken
during tests involving five strands of Primacord. une curve presents dcta
from the tests with glass in the windows, and one is from tests without
glass. The first pressure peak with glass (~1.5 psi) is almost a factor of
three less than the pressure veak without glass (~4.3 psi), and occurs about
5 msec later. Thus, initial net force on the wall (the difference between
pressures on the upstream and downstream faces) could be 30 to 40% higher
for a window opening with glass in place than for one without glass, even if
pressure on the upstream face of the wall were identical in the two cases.
Impulses would be similarly affected. The impulse calculated from Fig. 5-7
up to a time of 10 msec is 53% less with glass in the window than without
glass. Up to 15 msec, the difference is 307%.
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Section 6
LOADING ON WALLS OF A ROOM WITH A WINDOW

GENERAL

By placing two walls across the tunnel a 15-ft long room was created
with a window opening facing the blast wave source. Two separate test series
were conducted with this configuration, both of which used an upstream (front)
wall with a window opening of about 20% of th. wall area, and a solid down-
stream (rear) wall.

Details of the test arrangements are shown in Fig. 6-1. The rear wall
gauge arrays on the two series were somethat different, though the location
of gauge stations D-2 and D-3 of the first series were essentially the same
as Stations W and Y of the second series. In addition, the second serics
incorporated two gauge pairs A-H and B-G on the upstream and downstream faces
of the front (window) wall. Both series also included gauge Stations 7 and
11 in the tunnel side walls upstream from the frcnt wall, and on the first
series, gauge Station 10, in the tunnel side wall but within the room, was
also used.

Typical traces from one of the second series of tests in which turee
strands of Primacord were used are shown in Fig. 6-2. The traces clearly
reveal the effects of various reflecting surfaces. As before, the step rise
near the front of the pulse from Sta 7 is due to the arrival of the wave
reflected from the front wall at the station. The more gradual steps 25-30
m>ec after the first recorded pressures at Sta G and H are due to the ar-
rival at the upstream face of the front wall of the wave reflected from the
rear wall, and there is a hint of a third step in each trace representing
a second arrival of a shock reflected from the rear wall. The gradual steps
in the traces from Sta W, X, and Y are due to the re-arrival at the rzar
wall of the wave that first reflected from that wall then from the front wall,

As might be expected, the time difference between the arrival of the incident
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shock wave at the front wall {Sta A and B) and at the rear wall (Sta W, X,
and Y) -- about 13.5 ms -- is essentially one-half the time difference be-
tween the steps on the traces from Sta G and H (on the interior face of the
front wall) and from Sta W, X, and Y (on the rear wall). The steps after the
first in these last five traces represent the arrival ef shock waves that
have traversed the room twice.

The traces from Sta A, B, and 7 indicate that 1ittle shock wave energy
propagated upstream from the window wall after the shock had traversed the
room once. The traces from these stations are generally similar to those
from the equivalent stations in tests which involved only a single wall with
a window opening. (See traces from Sta A, C, D, and 7 in Fig. 5-3.)
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NET PRESSURES

As with the other loading study series, the traces from tests involving
a room with a window were digitized at 1 msec intervals and results from a
number of tests and stations were averaged. The records from all rear wall
stations indicted general uniformity, so that records from these stations
taken during both test series were averaged.

Rear wall and side wall data from tests with one through five strands
of Primacord are shown in Figs. A-18 through A-21 of Appendix A. Net loading
information from the gauge pairs on the front wall, from tects with one, three,
and four strands are shown in Figs. A-22 2nd A-23 of Ar-endix A. Results from
tests with three strands of Primacord are reproduced in Figs. 6-3 and 6-4. For
comparison purposes a similar record obiained fromthe solid wall tests is in-
cluded on each graph.

The plots in Fig. 6-3, from gauges on the solid walls of the room, (that
is, the rear and side walls) show effects of the shock wave snreading out
after it passes through the window and reflecting from various interior surfaces.
At the rear wail, initial pressures appear to be somewhat below incident, and
they rise -- during the early part of the pulse -- to values between 35% and
50% higher than incident, well below the more than twice incident values that
would be experienced by a solid wall exposed directly to a blast wave. Pres-
sures then increase again when the wave within the room, first reflected from
the rear wall and now reflected from the front wall, arrives at the rear wall.

The side wall gauge within the room (Fig. 6-3) first registers a very low
pressure which then rises to a value some 35% below incident pressure. The
pressure increases sharply as the shock reflected from the rear wall arrives
at the station, after which the pulse appears to gradually increase at least
until the pressure in the main Toading wave decreases.

The importance of room geometry is perhaps most clearly apparent in the
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net pressure pulses of gauge pairs (Fig. 6-4). Data from paired gauges in
similar locations on the wall r-ntaining a similar window opening (Fig. 5-4)
showed an initial sharp drop from zero-time peak reflected pressure to a
value close to incident pressure at 10 ms. The net pressure then remained
at about this value until the main loading wave started decreasing in pres-
sure,

In contrast, the net loading on the window wall which is part of a
room, shows not only the same initial sharp drop, but a continuing drop to
zero and below (net force actually directed upstream) well before pressure
in the incident main loading pulse begins to decrease. The cause is clearly
the shock wave reflecting from the rear wall of the room, which -- as noted
before -- changes the Joading on the interior face of the window wall sub-
stantially, but has 1ittle effect on the exterior face.
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Section 7
SUMMARY

The loading study series was important to the overall program in a number
of ways.

Studies with an instrumented non-failing solid wall which blocked the
shock tunnel confirmed the uniformity of the loading generated across the
shock tunnel and furnished loading data which was used in the computer
analysis of wall panel failure prediction and also was used in the design
of the test program conducted with structural wall panels.

-The test series with instrumented walls with window and doorway openings
was probably the most important series in that it provided experimental data
on net loadings, i.e., the actual load a wall with an opening will see, taking
into account the frontface loading and the backface loading caused by blast
leakage through the opening. This is one of the few sources of this data and
was extremely valuable in the development of failu-e predictions for complex
walls with opening geometries.

The room geometry tests were equally important to the program in that
they supplied data on loading that would be experienced by interior walls in
a typical room configuration.

When using this loading study data for purposes other than this program,
it should be recalled that the Toading pulses generated in the shock tunnel
are only an adequate simulation of the early-time portion (50 msec) of the
blast from a megaton-range nuclaar weapon. This suggests that the loading
study data has the greatest utility for:

1. Targets whose natural pericds are such that the times to maximum

deflection (including failure) are less than the duration of the
flat topped portion of the wave.

47



2. Targets whose effective toading duration in 3 nuclezr Hlass cnviron-

C
ment would be limited hy the clearing times of the rerlected pressure
wave, rather than by the actual free-field positive-phase duration.
Examples of such targets could be structural elements on the front
faces of structures. (Typical frontface clearing times for structures
with a minimum dimensicn height of half-width of 30 ft would be about

65 msec.)

It should be noted that wall panels are one of the most important classes

of targets which fit within both of these conditions,
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Appendix A

Included in Appendix A are the supplemental data plots which are
called out in the text.
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THE SHOCK TUNNEL:
HISTORY AND RESULTS
Volume 111
WALL PANEL ANALYSIS AND TESTS



ABSTRACT

This is Volume 3 of a five volume report which summarizes the results
of a program conducted by the Defense Civil Preparedness Agency to determine
blast resistance of wall panels typically found in existing structures. Such
information was needed to determine the blast sheltering capability of struc-
tures in the National Fallout Shelter Survey inventory and to develop means
for upgrading these structures.

This volume is concerned with the dynamic response and failure of full-
scale wall panels. Included are the development of theories of wall panel
response and the results obtained from the testing of full-scale wall panels
in the shock tunnel.

Volume 1 of this report describes the shock tunnel facility used for the
experimental testing of full-scale wall panels. Included is a summary of the
capabilities of the shock tunnel for dynamic loading and response studies and
brief summaries of various experimental programs conducted in the shock tunnel
which were not related to the wall panel test program.

Volume 2 presents the results obtained from the experimental program
conducted in the shock tunnel to aztermine the loadings which are received
by wall panels mounted in the test section.

Volume 4 describes the static test program conducted to determine the
physical properties of the wall panels, and to assist in the development of
failure theories.

Volume 5 summarizes the predicted failure pressures for wall panels
based on the theoretical and experimental results covered in Volume 3 and
the static test data in Volume 4.
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Section 1
INTRODUCTION

This program, to investigate the dynamic response and failure of walls
subjected to blast loadings, involved the development of theories of wall
response and failure, and tests on full-scale walls to verify -- and provide
information for -- the theories. The majority of the effort was devoted to
walls of unreinforced masonry, because an analysis of the characteristics of
buildings in the National Fallout Shelter Survey showed that the preponder-
ance of shelter spaces were in buildings with such walls (Ref. 1),

Mounting and configuration of walls were varied. Represented among
these were bearing walls, curtain walls, infill walls, solid walls and some
containing window or doorway openings. Most effort was devoted to walls
supported on two edges, thus resembling beams, though walls supported on
four edges (p]ate—mounted) were also treated.

Two basic types of support conditions were investigated; mountings
which permitted free rotation of the wall elements about the supports
(termed "pinned" or "simple" supports); and mountings in which rotation about
the support was restricted (termed "moment resisting" supports). For the
latter an additional restriction was occasionally adopted, viz, that displace-
ments of the supports in a direction parallel to the plane of a wall face
were prohibited. This added constraint converts the moment resisting supports
to so-called "rigid" supports,

Effort was concentrated on walls with pinned suppori conditions, because
these are more ccmmon in real structures. In some cases, however, "rigid"
Suprort conditions can be closely approached in structures (as witn infill
wall in massive frames), so that special consideration of this condition was
merited. Walls with "rigid" supports that prevent in-plane wall motion even
after flexural cracking occurs (generally at the edges and center of the wall)
are teimed "arching walls", because fractured portions wedge themselves
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between frame members and develop substantial resistance to out-of-plane forces
(cuch as with blast loads).

The blast tests on full-scale walls were conducted in the shock tunnel,
the general development and operation of which are detailed in Volume 1 of
this series. In brief, the tunnel, shown in a cutaway drawing in Fig. 1-1,
consisted of a 63-ft long, 8-ft diameter steel cylinder, closed at one end
(termed the "compression chamber"); an 8-ft Tong tramsition section; and a
92-ft long rectangular, concrete-walled, tunnel section 8% ft high and 12 ft
wide (termed the "expansion chamber") near the end of which test walls were
placed.

The tunnel was operated as a shock tube by means of the volume detonation
technique with Primacord as the explosive material. In this mode of operation,
Primacord is distributed symmetrically throughout a section of the compression
chamber portion of the tunnel. On detonation of the Primacord (which proceeds
at a rate of about 20,000 ft/sec), a quasi-static pressure is built up rapidly
throughout the entire compression chamber. The expansion of this high-pressure
gas into the remaining part of the tunnel generates the desired shock wave.

The strength of the shock wave was varied by varying the numbers of strands of
Primacord from one to eight. The loadings received on the test valls for the
various test arrangements used are given in Volume 2.

Details of wall construction, transportation, and mounting techniques
used for these tests are given in Appendix A. Instrumentation included
pressure gauges for monitoring loading, load cells for measuring load trans-
mitted from the panels to fixed supports, gauges for determining time of
cracking of walls, displacement and velocity gauges for measuring wall motions,
and high speed photography for monitoring overall response. The basic
instrumentation system is described in Volume 1.

Three different computer codes were used to predict wall panel behavicr
under blast Toading. All three used the so-called "Finite Element" method
in which a continuous structure is modeled (mathematically) by an assemblage
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of individual elements of various shapes and sizes, interconnected at a finite
number of points kncwn as nodal points or nodes. Based on the material prop-
erties of the structural materials, matrices are then written to obtain element
stresses and node displacements under the forces imposed on the structure.

With judicious selection of element size and node locations, the behavior
of the model will closely approximate the behavior of the real structures
under the applied loads, and within the limits of the theory used. In the
analyses conducted for this progvam, oniy linear elastic theory was employed,
thus information on panel behavior generated by the computer analyses was
restricted to the Tinearly elastic domain.

The initial computer effort was directed *oward developing dynamic
response information on both beam- and plate-mounted, non-arching walls.
That effort employed one of the pioneer finite element codes, SAMIS, the acro-
nym for Structural Analysis and Matrix Interpretive System. SAMIS was de-
veloped by Philco Corporation, Western Development Laboratories, with R.J.
Melosh serving as project engineer (Ref. 2).

Two different codes were used in the analysis of arching walls. The
first -- the Mechanical Analysis of Continuously Elastic Systems (MACE), avail-
able on the Tymeshare System -- is of modest capability, and it only provides
nodal displacements from static loads. It is very fast, however, (and thus
economical) and was used to deveop analytic information to aid in the analysis
of the first tests on arching wall panels.

The second code, STARDYWNE, developed by the Mechanics Research Institute
and accessible through Control Data Corporation on their CYBERNET service Sys-
tem, is a considerably more sophisticated code, with a much broader range
than MACE. Only limited STARDYNE analyses were carried out, however,

Descriptions of the capabilities of the three codes, and of the mathe-
matical models which they used are given in Appendix B.
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Section 2 of this volume summarizes the work on solid walils supported
as beams, and includes discussions of the blast resistance of preloaded wall
panels; of the dynamics of wall behavior to the point of flexural failure;
and of wall behavior after flexural failure (except for arching walls). It
concludes with a description of the experimental results, and a comparison
of these results with theory developed during the course of the program,.

Section 3 deals with walls with windows and Section 4, with those with
doorways. Both sectijons contain a discussion of dynamics of wall behavior
up to the point of flexural failure, and a description of experimental results
of tests on such walls.

Section 5 treats walls supported as plates. Calculations of wall behavior
are presented for the same range of conditions treated for beams and comparisons
are made with the experimental results for the one condition studied in the
shock tunnel, a solid, pin-mounted wall.

Arching walls are discussed in Section 6, which includes a description
of arching theory developed during the program, and a comparison of theoreti-
cal predictiuns with results of tests on wall panels specifically designed
to arch.

The Tast section of this volume briefly summarizes work done on other
wall types and mounting conditions to which limited effort was devoted during

the program.

Note that, because of their large number, all figures in Sections 2
through 6 are put at the end of each section,
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capapie of r=sisiing moments: or pineel {as with a wall supserting a floor

or roof structure, but not rigiz.y atrached o it). Ix May also support

only its own weight -- a non bearing wall -- or b= preloaded by the weight
of walls and other structurai =loments on *us of 5 -- 3 Searing wall.
(Effects of preload a-e discussed in the next part of this sectian anc the

special case of beam-mounted walls that permit archina 15 discussed in
Section 6.)

In the case of uniform loading normal *o a face, fas would occt,~ when
a blast wave strikes a wall head-on), a beam-mounted wall will bend. Wwhen
the maximum tensile stress exceeds the wall material's tensile strepctn
the wall will develop tensile cracks. For this case, the place on the wall
at which maximum tensile stress occurs prior to flexural crackiny depends on
type of wall support and not on the magnitude of the load. With pinned sup-
ports, maximum tensile stress would occur halfway between supports. With
either fixed-pin, or fixed-fixed supports, the maximum stress would occur at
the supports. Immediately after flexural cracking occurs at a fixed support,
however, it becomes essentially a pin support. Thus, both fixed-fixed, and
fixed-pin supported walls can converi to pin-pin mounted walls, with subsequent
flexural cracking occuring at the center of the walls.

After flexural cracking, the wall's motion is influenced by the fact
that no tensile stress can be carric® across a crack. [f, for example, a
wall had two pin-type supports and cracxed in flexure at its center, it
would subsequently behave as two distinct, though possibly touching, wall
elements. Because of built up s:rains in the wall during its pre-cracking
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32, toe ‘adiviaual eloments might oscillate immediately after cracking,
out for aii practical purposes, the wall's resistance to olast thereafter
would be provided by vertical in-plane forces, namely the weight of the wall

elements, and any preload.

The general behavior of two walls of this type is illustrated in Fig.
2-1. The walls first bend (initial elastic phase), crack at the supports
(secondary elastic phase), and finally crack at the center becoming two
separate elements, touching at the center. (Bending is exaggerated in Fig. 2-1
for clarity.)
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EFFECTS OF PRELOAD

The most general form of a wall is the preloaded wali, i.e., a wall that
supports vertical load of upper walls, floors, and roof in addition to its
owr weight. (A non-bearing wall can be considered to be a special case cf a
preloaded wall, with preload equal to zero.) As is evident from Refs. 3 & 4,
prelcads can be applied at many different points between two faces of a wall.
The maximum stabilizing effect of preload, however, occurs when it is applied
to the downstream face of a wall.

The preload effect is nost easily seen witih a so-called curtain wall,
in which individual stories cf wall support only the weight of upper stories
of the same wall.* A three story curtain wall is illustrated in Fig. 2-2.
The first two stories of the walls in that figure arc continuous both top and
bottom, thus they may be visualized as walls with “fixed-fixed" type supports.
The tup story is continuous only at the bottom, and thus, it may be visualized
as a wall with "fixed-pin" supports{essentially a propped cantilever).

Rcsistance to Statically Applied Loads

The important steps in the response of preloaded walls can be seen in
Fig. 2-3 -~ plots of resistance of two fixed-fixed walls to statically
applied loads as a function of displacement at the centerlines of the walls.
The curves are for walls with preloads of 2 w (the first story in Fig. 2-2),
and of zero, and with flexural strengths, S of 150 psi. In eézch case,
during the first two phases of motion, (i.e., prior to cracking at the center-

line), the walls are still behaving elastically, and maximum Jisplacement is

* Tn general, prelcaded walls aiso support floor and roof loads, but the basic
cesponse of such walls can be masked by extraneous details such as the response
of the various types of connections that may be used. Loads imparted by floors
and roofs, however, are of the same order as those that will be considered.

In heavy construction (e.g., concrete joist/floor) loads are on the order of
100 1bs per linear inch of wall width, which is equivalent to about the weight
of two stories of 8-in. thick brick curtain walls. Lighter timber construc-
tion and roof systems impart preloads on the order of 25 1b/in., equivalent

to about a half story brick curtain wall.
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maximum bending of an elastic beam. After fracture at the centerline, maxi-
mum displacement can no longer be determined from elastic theory. Displace-
ments during the two elastic phases are very small. They are shown in the
figure in an inset with an expanded displacement scale.

Fig. 2-3 shows that wall resistance to cracking at the center was less
than resistance to crackingat the base. For very weak walls, however, the
opposite can occur; resistance to center cracking can be larger than resist-
ance to base cracking. It was shewn in Ref. 5, however, than even when this
occurs, elastic strain energy stored in such a wall prior to its cracking at
the base is frequently capable of causing a dynamic excursion adequate to
crack the wall at its center withno additional load applied.

In Fig. 2-3, the effect of preload on resistance during the two elastic
phases is slight, changing the resistance at which cracking occurs, either
at the base or at the center, by less than 10%. This is principally because
comprassive stress created by the preload (about 14 psi) is relatively small
compared with the wall tensile strength in flexure ( o, = 150 psi) used to
derive the figure.

Even a relatively small preload appears to have a substantial effect
during the third, post-fracture phase, however. After the wall cracks at
both the base and the centerline, only the preload and the weight of the
wall resist blast loading. When the preload is applied at the downstream
edge of the wall, it is twice as effective in generating resistance as the
wall weight (concentrated at the wall center). The preload used in Fig., 2-3
is twice as large as the wall weight itself, and thus contributes substan-
tially to wall resistance during this phase. In the figure, however, the
post-fracture resistances of both preloaded and unpreloaded walls are far
smaller than their elastic phase resistance. Thus a pulse whose pressure
was adequate to crack these walls, would certainly cause their failure if its
duration were long enough, failure being defined as movement of the wall
centerline great enough to cause wall instability under gravity alone. For
this to occur, the upstream edge of the centerline crack must move one wall

thickness,
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With weaker walls pre-fracture resistance can be smaller than post-
fracture resistance. With 0 = 50 psi, for example, a fixed-pin wall subject
to a preload of w would crack at the base with p = 0.40 psi while its post-
fracture resistance would be 0.56 psi.

Another facet of preloaded walls considered in the program (Refs. 5 & 6)
is the failure of systems of bearing and/or curtain walls. The important
conclusion of that study is that the strength of the system of walls can
approach the strength of the weakest wall as a jower bound.

Resistance to Dynamically Applied Loads

A uniform loading applied suddenly to one face of a wall supported as a
beam, will cause it to deflect further than it would under the same Toading
statically applied. The maximum fiber stress generated by these deflections
will also be larger for suddenly applied loadings than for static loadings,
and thus the resistance of 4 wall to a particular value of loading will be
smaller.

The ratio between maximum defiections under dynamic and static loading
is termed the dynamic load factor, or DLF. If a wall behaves as a simple un-
damped elastic systen, a step load -- that is, a constant load applied with
a rise time of zero -- would cause a maximum deflection twice as large as
that caused by a static load. For rise times between static and step load-
ings, the OLF (as well as the time required to attain maximum deflection)
depends on the magnitude of the rise time of the loading relative to the
natural period of the wall, in the manner shown in Fig. 2-4 (from Ref. 7).

The maximum fiber stress generated by loadings applied to preloaded,
beam-mounted walls with pin-pin supports is given by:

s = BDs? P+ W2 (2-1)
8zL ty
where: p = loading pressure
D = dynamic load factor
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wall height

wall length

wall thickness

wall section modulus = t2/6
preload per unit length of wall

wall weight per unit length of wall.
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DYNAMICS OF WALL BEHAVIOR PRIOR TO FLEXURAL FAILURE

Appendix B contains a description of the computer program (SAMIS) used
to develop predictions of the behavior of solid, beam-mounted walls under
blast loading before they cracked in flexure. In the following material, some
of the more important results of these calculations are presented. In all
cases, the loading is a single step Toading similar to that shown in Fig. B-1A,
but with its maximum value normalized to 1 psi.

The results of SAMIS calculations for beam-mounted, solid walls are sum-
marized in Figs 2-5 through 2-9. In each figure the "A" plot is for walls
with pin-pin supports, and the "B" plot, for walls with fixed-fixed supports.
The displacement and velocity vs time of a single node (360) near the center-
Tine of the wall are shown first, followed by a comparison of displacements
vs time of three nodes (10,160, and 310) along the horizontal centerline of
the wall, and a contour display of the maximum downstream displacement of the
entire wall. Stress* vs time at one triangular element (9) near both the
edge of the wall and its horizontal centerline is then shown, followed by a
contour plot of stress over tre entire wall at the time of maximum downstream

displacement.

Fig. 2-5A for a wall pinnedat both top and bottom indicates that, under
a 1 psi load, the maximum displacement of a node near the wall center is about
0.05 in. ard occurs at a timeof about 17 msec (when velocity at that point
goes through zero and reverses direction). The differences in response caused
by replacing the pinned supports with fixed supports can readily be seen by
comparing Fig. 2-5B with Fig. 2-5A. The maximum displacement of the wall
with fixed-fixed supports is less than one quarter that of the wall with pin-
pin supports (about 0.012 in. vs 0.050in.), and it occurs in less than half
the time (about 8 msec vs 17 msec). Clearly the fixed-fixed wall is far
stiffer than the pin-pin wall, with a natural frequency about twice as great.

* Direction of the principal stress at element 9 can be found in Ref. 8.
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The same btasic natterns are seen in Fig. 2-6, piots of displacements
at three different points on the wall. In addition, however, Fig. 2-6A
shows that for a pin-pin wall, there is a high degree o uniformity of dis-
placement as a function of time all along the horizontal centerline of the
wall; for a node at the wall edge (10), one at quarter point (160), and one
at the center (310), the displacement curves lie almost one atop the other.
This is not quite the case for the fixed-fixed wall (Fig. 2-88), in which
the maximum displacement at the center of the wall is about 20% larger than
the displacement at the wall edge.

The contours of maximum displacement in Fig. 2-7 show the differences
in patterns of displacements at various points on the wall. Fig. 2-7A shows
the substantial uniformity of maximum displacement with the pin-pin wall
suggested by Fig. 2-5A. Except at the very edges of the wall near the center-
line, the contours are very nearly parallel to each other. Fig. 2-7B indi-
cates a greater relative variation in maximum displacement across the face
of the fixed-fixed wall than across the face of the pir-pin wall (though the
absolute value of maximum displacement is still only about one quarter as
large)*. In addition, the greatest displacement occurs at the center of the
fixed-fixed wall, but at tne edges along the horizontal centerline of the pin-pinwall.

Stresses in the wall follow patterns similiar to those of wall displace-
ments. As can be seen in Fig. 2-8, stress in an element of the fixed-fixed
wall has about one quarter the maximum magnitude, and about twice the natural
frequency as that in the same element of the pin-pin wall. Similarly, the
maximum stress contours of Fig. 2-9 show a greater uniformity of stress across
the face of the pin-pin wall, than across the face of the fixed-fixed wall.

For Teading pressures other than 1 psi, at any time prior to the oc-
currence of flexural cracking, displacements can be found from Figs. 2-5 and
2-6, and stresses from Fig. 2-8 by multiplying the displacements and stresses

* Note that the slight "hollowing effect", i.e. greater displacement at the
center than the edge is caused by the flexibility of the girder and the
Poissons Ratio effect.
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given on those figures by the actual step loading pressures in psi. In
addition, Fig. 2-8 can be used to determine at what time a particular wall
will begin to crack under a given loading if the flexural strength of the
wall is known. If , for example, a wall with pin-pin supports has a flexural
strength of 120 psi and is subjec: toablast loading of 3 psi, it would be
expected to begin to crack at a time of about 5 msec, i.e., when the stress
from a 1 psi loading is 40 psi. At that time, the stress from a 3 psi load-
ing pulse would be 120 psi, the flexural strength of the wall.

Note that the loading that would just cause cracking to occur in this
wall is about 0.55 psi, (the loading that wouid lead to maximum stress in
Fig. 2-8A of 120 psi instead of about 220 psi). Thus, a 3 psi lpading is
about 5.5 times that at which cracking would be initiated.



WALL BEHAVIOR AFTER FLEXURAL FAILURE

After a blast-loaded, beam-mounted wall with pinned supports cracks in
flexure, the individual wall elements, stil) being accelerated by the blast
load, continue their overall motion downstream.* (The response of walls with
fixed supports after their flexural failure is discussed later in the arching
wall section.) As long asthe elements remain in contact with the wall Suppr s
and each other, their weight and any preload borne by the wall before blast
loading modify the tendency of the blast load to overturn the elements or
accelerate them downstream. To bound the problem, calculations of wall
motion after flexural failure were made first for the case in which preload
contributes to wall stability to the maximum extent possible (preload applied
in the plane of the downstream face of the wall), and second, for the case in
which it contributes most to wall instability (preload applied in the plane
of the upstream face). A free-body diagram for the casz in which preload
adds to wall stability is shown in Fig. 2-10.

Assuming that the wall elements stay in contact with their supports
immediately after they crack in flexure, the angular rotation o, and the
rotationai velocity w, as functions of time, t, for either half of the wall
of Fig. 2-10 up to the point at which the centerline of the wall has moved
one wall thickness can be written as:

6 = 6 kt?2/2 m? and w =12 kt/mg2 (2-2)

In these equations, for the walls preloaded in the plane of the tension
face, k = [(pe/2) -(P~+w/2)eo] and for walls preloaded in the plane of the
compression face, k = {(pe/2)] where ¢, p, W and 6, are as given in Fig. 2-19,
and m = the wall's mass per unit area.

* The elastic strain energy stored up by the individual elements during the
wall's bending (flexure) phase, manifests itself as oscillations of the
elements, which may still be in contact with their supports, and thus trans-
mitting loads to them. The nature and effects of these oscillations are
discussed in Ref. 9.
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For 8-in. thick brick walls and for blast icading pressures of 4 psi
and above (incident blast pressure = 2 psi) it was shown in Ref. 10 that the
errors in angular velocity would be less than 10% if preload and wall weight
were both neglected. Eqs. 2-2 then become

8 = 3 pt?/imyg and w = 3 pt/2me (2-2a)

As was noted earlier, preloaded walls in the shock tunnel were both
supported and preloaded halfway between tension and compression faces.
Equations of wall motion for such walls, however, are identical to Egs. 2-2.

After walls have failed completely (that is, after the wall centerline
has moved one wall thickness, rendering the wall elements unstable under
their own weight) the two halves of the wall can be considered to be free of
their supports. While still rotating, they would be accelerated downstream
by the blast wave (if the duration of the blast were Tong enough). It was
shown in Ref. 10 that for incident blast waves of 2 £s1 and above, the total
horizontal velocity impariad to the upper wall element whose thickness is "s"
ve = [/8)% + (1/3)%] [ps/m)™] = 1.44 (ps/m)* o)
in which [(3/4)(ps/m)]LE is the velocity acquired by the wall element prior
to wall failure (approx1mate1y the velocity of its center of mass from Eqgs.
2-2a) and [(1/3)(ps/m)]2 is the velocity acquired after wall failure.



EXPERIMENTAL RESULTS

A total of 23 solid, non-reinforced, masonry walls with simple beam
supports were subjected to 32 separate tests in the shock tunnel. Nineteen
of the walls were of brick, two of concrete block, and two of clay tile.

A summary of the types of tests conducted, and of their general results is
given in Table 2-1.

Massive Brick Walls
Three walls (50, 51, and 52) nominally 12 in. thick, were tested. Walls
No. 50 and 51 were tested at peak loading pressures of 4.0 and 4.3 psi re-

spectively, and failed.*

Wall No. 52, however, was subjected to a series of four tests, three at
peak loading pressures of 1.5 psi. These tests were conducted to determine
the wall's natural period and to look for possible presence of “Tow-Tevel
fatigue" effects, that is, effects of multiple loadings prior to wall failure,
(See Ref. 11 for a discussion of low-Tevel fatigue.) No signs of failure
could be detected after any of these low pre.sure tests. On the fourth test
a loading pressure of 4.2 psi was applied and the wall collapsed. The
bottom half of the wall rotated until it struck the floor; the top half
rotated approximately 90 degrees and landed on the bottom half. (Pre and
posttest photographs of the wall are shown in Fig. 2-11.) A plot of displace-
ment of the wall centerline as a function of time is given in Fig. 2-12.

* In discussing the shock tunnel test results in this volume, loading
pressure -- that is, the pressure actually experienced by a wall -- is
employed in place of incident pressure -- the pressure in a blast wave
before it stikes a test wall. For a solid wall, the loading pressure is
the same as reflected pressure. For walls with windows and doorways,
only the initial loading pressure is reflected pressure. Actual differ-
ences between incident, reflected, and loading pressures for other cases
are discussed as needed in the appropriate sections.
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Table 2-1

Summary of Tests on Non-Reinforced Masonry Walls
Without Openings Supported as Simple Beams

Wall No. Loading Maximum | Natural | Crack Gauge Initial Wall
Pressure Total Period Readings Preload Behavior
(psi) Load {msec) (msec) (kip)
(kip)
Massive Brick Walls {12-in. Thick)
50 40 13 Failed
51 4.3 15 "
52a 38 No Sign of
Failure
52b 1 38 "
52c 1. 38 "
52d 4.2 74.0 12.5, Failed
13.2
Interior Walls (8-in. Thick Concrete Block)
58a 9, 15 Cracked
58b 1.5 11.6 Failed
59a 30-35 No Sign of
Failire
59b 1.5 10.5 15.3, Failed
19.3,
20.4
Interior Walls (6-in. Thick Hollow Clay Tile)
62a 37 No Sign of
Failure
62b 1.5 9.8 Failed
63a - No Sign of
Failure
63b 1.5 12.2 18, Failed
22.5,
23

'
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Table 2-1 (

cont.)

Summary of Tests on Non-Reinforced Masonry Walls
Without Openings Supported as Simple Beams

Wall No. Luading Maximum | Natural | Crack Gauge Initial Wall
Pressure Total Period Rcadings Preload Behavior
{psi) Load {msec) (msec) (kip)
(kip)
Preloaded Walls (8-in. Thick Brick)
64a 1.6 i7.5 62,87,100 16.5 Cracked
64b 1.6 6.8 - 16.5 Failed
65 1.6 11.5 19,25,25 16.5 Failed
66 1.6 6.0 18,24 ,66 23.5 Cracked
&7 6.1 64 8,8, 9.5 23.5 Failed
81 1.6 7.2 25,31,40 28.5 Cracked
82a 1.6 8.4 20,21,24 28.5 Cracked
82b 4.0 - Failed
Debris Tests (8-in. Thick Brick
1 3.0 Failed
2 3.4 !
3 3.4 =
5 3.6 =
7 3.6 "
21 3.4 "
4 10.0 Failed
6 16.0 !
20 10.1 .
22 10.0 .

2-14

S ik Bk =¥

e Ak




Interior Walls

Two walls of concrete block, and two of hollow clay tile were jnstalled
in the tunnel 15 ft downstream from a wall containing a window opening, 62 in.
wide and 54 in. high (i.e., occupying about 23% of the wall area). The win-
dow wall was specially designed not to fail under blast loading. The general
test arrangement is shown in Fig. 2-13.

Although a significant portion of the incident blast wave was reflected
from the solid portion of the window wall, by the time the remainder of the
wave reached the test wall it had a relatively sharp front (a rise time of
about 8 msec), and the wall experienced an almost flat-topped loading pressure
of 1.5 psi, essentially the same as the pressure that would have been experi-
enced by a solid wall at the window wall's location. (Pressures at the test
wall location resulting from stronger shocks incident on the window wall were
significantly smaller than they would have been on a solid wall at the window
wall's location. See Volume 2 for more information about the characteristics
of loading pulses.)

A1l four walls were first exposed to the very weak blast wave from a
short length of Primacord for the purpose of determining their natural per-
jods. The two concrete block walls (designated Numbers 58 and 59) were tested
first. On the first test of Wall No. 58, a 10-ft long strand of PFimacord
was used, and its blast wave damaged the wall, causing it to crack along its
horizontal centerline. No usable information on natural period was obtained.
On the first test of Wall No. 59, a 2-ft long strand of Primacord was used.
The resultant blast wave caused no visible damage to the wall, but its in-
tensity was so low that only an approximate value for natural period could
be obtained.

As noted earlier, a second test with a loading pressure of about 1.5 psi
was conducted on each wall. They both failed, scattering pieces as far as
30 ft from the walls' original location. Fig. 2-14 contains a pretest photo-
graph of Wall No. 58 and a posttest photograph of the debris from that wall.
(The debris from Wall No. 59 was scattered in similar fashion.) The non-
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failing window wall can be seen in the posttest photograph. Fig. 2-15 gives
the displacement of the centarlines of each wall as a function of time from
blast arrival.

The two clay tile walls (designated Numbers 62 and 63) were subjected
to similar tests, with similar results. The low level blasts from 2-ft long
strands of Primacord were applied to find the walls' natural period (though
none could be determined for Wall No. 63). When subjected to tests with load-
ing pressures of 1.5 psi, both walls failed, scattering debris as far as 30
ft from the walls' original location. Fig. 2-16 shows the debris from Wall
No. 62, and Fig. 2-17 shows the displacement of the two centerlines of each
wall as a function of time. The displacements of the lower parts of the two
curves suggest that the arrival time of one or the other is in error (by
about 2.5 msec). Such a difference becomes negligible, of course, at tines
on the order of 50 msec and more, thus the two curves merge at these later
times.

Preloaded Walls
Preloaded walls may oe either interior or exterior. Using the mechanism

described in Appendix A of this volume, six solid, 8-in. thick walls were
subjected to preloads ranging from 16.5 to 28.5 kips, approximately the equi-
valent of the weight of two to three and one half test walls (i.e., 2W to
3.5W ). Five of the walls (64, 65,.66, 81, and 82) were subjected to blast
loads of about 1.6 psi. Of the five, Nos. 64 and 65 had initial preloads of
about 2W, No. 66 about 3W and Nos. 81 and 82 about 3.5W.

Four of thesewalls (64, 66, 81, and 82) cracked, but did not collapse
upon initial Toading. Walls 64 and 82 were loaded a second time in order to
obtain load and displacement data for theoretical analysis. Wall Ho. 64 was
reloaded to the same level as the initial loading (1.6 psi) and collapsed.
Wall No. 82 was reloaded to 4.0 psi and also collapsed. Wall No. 67 received
an initial loading of 6.1 psi and collapsed in catastrophic fashion, with
some debris coming tu rest more than 40 ft downstream from its original
location.
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Centerline displacement gauges were emplayed on all the tests. In
addition, on the tests with Walls 4] and 82, a load cell was placed at the
bottom of the walls to monitor the actual preload imparted tc the walls.

The general pretest layout and the type of debris formed when the walis
failed are snown in the photographs of Figs. 2-18 and 2-19. Two of the delris
photographs are of walls subjected to 1.6 psi blast loads (64 and 65); the
third is of a wall subjected to a 4.0 psi foading. The debris from the three
walls is very similar, it is characterized by very large pieces, with much
of the material confined to the immediate vicinity of the walls’ original
location. Wall No. 67, loaded to 6.1 psi, did not appear to break up differ-
ently from Walls 64 and 65, but the debris was somewhat more widely scattered.

The recordings of displacement of the walls' centerlines as a function
of time are given on Figs. 2-20 and 2-21. Tne four records from walls sub-
Jected to a ?oadihg of 1.6 psi are shown in Fig. 2-20, and the two records
from walls subject to stronger loadings (6.1 psi, for Wall No. 67, 4.0 psi,
for the second test with Wall No. 82) are shown on Fig. 2-21. As with the
displacement records of interior walls, the large departures of the Tower
part of the curve for 1'all No. 65 from the others on Fig. 2-20 suggest an
er-or in arrival time, which virtually disappears at later times. In Fig.
2-21, the effect of the higher loading pressure on Wall Mo. 67 than on Wall
No. 82 is clearly evident.

Debris Studies

In the early part of the programt, attention was focused on the type,
Guantity, and distribution uf debris produced by brick wall panels that
failed under blast loading. As a result, on tests with 10 of the 19 walls,
extensive surveys of the quantity (weight) and location of posttest devris
were made, in addition to measurements of air blast pressures on the walls.

A1l ten "debris" walls were 2-in. thick brick with simple beam supports.
S:4 of them were subject to blast loading pressures of between 3 and 3.6 psi,
four to loading pressure of about 10 psi. A1l the panels faiied under these
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loadings with initial cracking occurring at or near the horizontal mid-1line,

Virtually all debris from the low pressure tests came to rest within
about 30 ft of the original wall locations, with the majority -- including
some very large pieces that weighed as much as 2400 1b -- remaining very
close to the walls' original location. The debris frcm the walls subject to
the high loading pressures was scattered to a much greater degree. Individ-
ual pieces were generally smalier than pieces found on the Jow pressure tests,
but some sizeable pieces remained intact.

A photograph of the debris from one of the low pressure tests, and a
bar chart giving the distribution of debris by total weight and distance for
another low pressure test are given in Fig. 2-22. A similar photograph and
chart from two of the high pressure tests are shown in Fig. 2-23. Included
within the bars on both charts are numbers showing the weight of the largest
unbroken piece of wall found in the distance range covered by the bar.

The differences in debris distribution between the two types of tests
are immediately apparent. On the low pressure tests, the lower half of the
walls did 1ittle mora than fall over and move a small distance downstream.
The upper half was propelled a bit further downstream, but all debris remain-
ed within 30 ft, ard much of it in very large pieces. As can be seen, with
Wall No. 7, the largest piec2 weighed more than a ton; it contained some 300
bricks. Motion picture films indicated that some pieces were even larger
when projected from the wall, final breakup occurring only after a piece
struck the tunnel floor,

On the high pressure tests, debris was projected to far greater distan-
ces with little of it remaining in the vicinity of the wall. Relatively
large pieces were projected to great distances. In the case of Wall No. 20,
for example, the third largest piece found came to rest just under 80 ft
from the wall's original Tocation. In another case (Wall No. 22), a piece
weighing more than 750 1b containing almost 100 bricks was the most distant
piece of debris found on the test, about 70 ft from the wall's original
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Tocation. As with the low pressure tests, final breakup of some of the wal]
elements did not occur until they struck the tunnel floor.




COMPARISON OF EXPERIMENTAL RESULTS WITH THEORY

Massive Brick Walls
The tests on the three 12-in. thick walls (Nos. 50, 51, and 52) dis-
cussed earlier showed that

0 One wall exhibited no damage when subjected to three successive
tests with a 1.5 psi loading pressure

0 This same wall and the other two walls all failed completely
when subjected to Toading pressures of 4.2, 4.0, and 4.3 psi
respectively.

The SAMIS calculations (Fig. 2-8A) show that 3 Toading pressure of 1 psi
generates a maximum flexural stress of 220 psi for an 8-in. thick brick wall.
For a 12-in. thick wall, the equivalent stress is 98 psi, i.e., 220 psi
multiplied by (8/12)%. The static test data for the Statistical distribution

of flexure strength of brick beams (discussed in Volume 4) are given in Fig. 2-24.

These data show that the mean flexural strength is 176 psi and that+80% of the
results fall between : 30% of this value* Using these values and the 98 psi
from SAMIS gives the mean expected Toading pressure for failure as 1.8 psi
with80% of the walls expected to fail between 1.3 psi and 2.3 psi.

Thus the fact that one wall survived tne 1.5 psi loading and that all
three walls failed at a loading pressure of about 4 psi is consistent with
the above predﬁctions.

Another check between theory and experiment was made by comparing

* As discussed in Volume 4, these data correlate well using the distribution
from extreme probability theory which, in contrast to a normal distribution,
is heavily skewed to the lower side from the modal value. For the purpose
of simplifying the presentation of the statistical scatter, a measure of
the dispersion from minus one reduced variate to plus two reduced variates
about the mode was selected. This included a range from 7 to 88% of the
data, is generally symmetric about the mean, ‘and -- for brick beams --
extends over a range of +30% about the mean.
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predicted and measured centerline wall displacements for Wall No. 52. The
predictions were made using Eq. 2-2a assuming that cracking occurred when the
wall displacement was greater than 0.05 in. From this comparison, which is
given in Fig. 2-25, it can be seen that the measured and predicted motions

are in good agreement.

Interior Walls
The tests on the two 8-in. concrete block walls showed that:

0 A 1.5 psi Toading pressure caused massive failure of both walls
(No. 58 and No. 59) \

0 A special test for determining natural frequency using 10 ft of
Primacord caused cracking (but not failure) of one wall (No. 58)

The static test data (from Yolume 4, Fig. 3-2) show a mean flexural] strength of
130 psi, and 80% of the results fall between * 50% of this value. Using
these values and the tailure theory, the mean expected failure loading is
0.6 psi with 80% of the walis expected to fail between 0.3 psi and 0.9 psi.
These predictions are consistent with the massive failure of both walls at
1.5 psi loading. Relatively 1ittle can be said about the cracking caused
by the 10 ft Primacord test since the Toadings were not sufficiently well
documented. However, since some walls would be expected to fail at 0.3 psi,
that is, only one fifth of the Toading pressure obtained from the 60-ft long b
strand of Primacord used to generate the 1.5 psi loading, the result is
certainly not surprising,

Another check between theory and experiment was made by comparing pre-
dicted and measured centerline vall displacements for Wall No. 58 subjected
to the 1.5 psi loading. The predictions were made using Eq 2-2a and, since
the wall was already cracked, no additional assumptions were necessary about
the disptacement necessary for cracking. From this comparison, which is
given in Fig. 2-26, it can be seen that the predicted values are somewhat
higher than the measured ones, particularly at early times. It is believed
that this difference is primarily due to the fact that the predicted loading
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assumes a sharp-fronted loading pulse while the front of the actual loading
pulse for the 1.5 psi toading is somewhat rounded (see Volume 2).

The experimental tests with the clay tile walls showed that both failed
completely under 1.5 psi loadings, a not unexpected result because such walls
dre expected to be weaker thar an equivalent concrete block wall.

Preloaded Walls

In the experimental program on preloaded walls, five walls with varying
degrees of preload wer=2 subjected to 1.5 to 1.6 psi loadings and all cracked,
however, only one of these failed (collapsed) on the first test.* The fact

that four of the walls did not collapse is quite interesting when it is real-
ized that the walls, if initially cracked, could only resist a maximum loading
force of 0.9 psi. ** As shown by the following discussion of the time
sequence of wall cracking, it is believed that, though the walls did not
collapse, the loading was near the threshold value <or collapse.

The measured period of the 8-in. thick brick walls was about 32 msec,
a value that compa-es favorably with the pradicted value from SAMIS (about
34 msec). It has already been noted, in Volume 2, that the 1.5 psi loading
pulse, while essentially flat-topped, had a rise time of about 8§ msec, i.e.,
about one quarter the nétura1 period of the walls. With simple elastic sys-
tems this would result in a Dynamic Load Factor of about 1.9 (see Fig. 2-4).
The Tower plot of that figure indicates that the time to reach maximum deflec-
tion is about three times the ramp rise time tr’ which in this case is about
T/4. Thus, if the walls behaved essentially as simple elastic systems, they
would attain maximum deflection in a time of 3T/4 = 24 msec (in place of
T/2 = 16 msec, the time to attain maximum deflection from a step load).

* ATT preloaded wall were treated as a group since the calculated ef ect of
preload using Eq 2-1 showed the maximum reduction in fib: - stress from the
least preload (2W) to the maximum preload (3.5W) was less than 4%.

** One wall, which cracked on first loading, but did not fail, was loaded
a second time to 1.6 psi and failed completely.
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With three of the four walls that cracked but did not fail, crack gauges
recorded initial cracking on or before 18, 20, and 25 msec, which indicates
that they cracked near the time they attained maximum deflection. This sug-
gests a reason for their stability even under Toadings that could have caused
them to fail after cracking: namely, that the walls had already begun to
move upstream on the second half of their initial elastic phase oscillation
before their cracking was completed and they ceased behaving elastically.
This clearly happened with two of the three walls on which the last crack
gauges to register did so at 40 to 66 msec. The third wall's last crack
gauge registered at 124 msec (its first gauge registered at 20 msec), which
suggests that its stability was really borderline. Another wall exhibited
a similar crack history (first and last gauges recording at 19 and 25 msec)
and it aid fail.

The Tast wall that remained stable had first and last cracks recorded
at 62 and 100 msec. This can only mean that this wall did not crack during
its first oscillation at or near a crack gauge, but during some later oscil-
lation.

In interpreting these results, it should be recalled that after crack-
ing, a steady state Toading of 0.9 psi would be sufficient to collapse the
walls. Thus, if the flat-topped loading in the shock tunnel had been signifi-
cantly longer, it can be assumed that the walls would have collapsed. Clear-
1¥, the pulse durations from megaton range nuclear weapons are much longer
than the shock tunnel puises, although, in some cases,* the actual loading
duration or a wall panel of a building exposed to such a pulse need not neces-
sarily be longer.

Since it is impractical here to consider all such geometries, it was

* Loading duration depends on the location of the wall on the building and
the size of the building. For example, the loading on a panel on the front
face of a building would initially be the peak reflected pressure, however,
the pressures would be reduced significantly by the time “clearing" of the
reflected pressure on the front face occurred. Typical front face clear-
ing times for structures with a minimum dimension -- height or half width
-- of 30 ft would be about 55 nsac,
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conservatively assumed that the real durations would be much Tonger so that
cracking of the walls implied that failure would occur under blast loads from
megaton range weapons.

On this basis it can be said that the upper bound for the ‘ailure loading
for the preloaded brick beams is 1.5 psi with the estimated mean value not
much Jower than this. A safe lower bound would be the 0.9 psi needed to
fail a zero strength preloaded wall.

The calculated failure loading from SAMIS for unloaded wails is (.8
+ 0.2 psi. Adjusting for the average effect of preload and the effect of the
rounded nature of the wave front would increase the failure loading to 0.9
+ 0.3 psi. This calculated range, from 0.6 - 1.2 psi, although lower than
the 0.9 - 1.5 psi range determined experimentally is not inconsistent since
the ranges overiap significantly

Displacements of the centerline of the wall as a function of time (after
the walls have cracked) predicted from Eq. 2-2a compare quite well with
measured values. This is shown in Fig. 2-27 for the second tests on Walls
No. 64 and No. 82, each of which cracked during its first test at 1.6 psi.
Wall No. 64 was reloaded with a 1.6 psi pressure; Wall No. 82 was exposed the
second *ime to a 4 psi Toading pressure.
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Wall with Pinned and Fixed Supports Top and Bottom.

2-31



“PoxXld Sul J0j} JUSWIL] PISSIUAIS WNUILXBY Y] J0U SL § “ON Juawa |3 930N
do) sj.oddng paxi4 pue pauuld yjim L(BM PL|OS ® uo g

Mo

sOA A

S.30eaNs T3¢14

F—op T

=17°

Ve

*ALuQ ucsidedwo) acy - 9Py PaxiLy

2 <t Y B

g S

‘1:0310g pue
"ON JUBWS|J 404 BUWL) SA SSIUIS

) shiny

‘g-2 "bi4



| T [ [ A A S B

- - =
INNARE NN AR
L Lot el L L]
INAZEENE AR
i A
F] Lo ]

| [ AL |

D Db W i tu 100 pas D-m to 1% pst L5150 20 200 pet r_j 200 L 220 pst

A FIHRLL SOPE Oty

AHU osl a A [_Jﬂ to 1% pai [.l 20 Lo )9 ps! D 40 1n 59 pyt LJ b ta 10 pyl [ean)

8 Tiap SrmAls

Fig. 2-9. Stress Contours at Time of Ma.imum Displacement on the Downstream
Face of a Solid Wall with Pinned and Fixed Supports Top and Bottom.

-33

no



Fig. 2-10. Free-Body Diagram Showing Forces Acting on a Preload Wall, with
Preload Applied in the Plane of the Downstream (Tension) Face of

the Wall. For Small Values of 8 and 8,5 H = (N/4)(e0 -6 ).
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Fig. 2-16.
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Weight of Debris (1b)

Fig. 2-22.
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Photograph ¢f Debris, and a Debris Distribution Chart from Tests
on €-in. Thick Brick Walls, Mounted as Simnle Beams, and Subject
to Blast Loading Pressures of 3.6 psi. The Numbers on the Charts
Repesent the Weight of the Largest Piece of Debris Found in the
Distance Range in 1b.
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Section 3
WALLS WITH WINDOWS SUPPORTED AS BEAMS

GENERAL BEMAVIOR

The basic behavior of a beam-mounted wall with a wincow opening is
similar to that of a similarly mounted solid wall. That is, with a uniform
pressure pulse applied normal to its face, a wall wii' bend until, at some
point dependent on the type of suppert (and in this case on the charzcteris-
tics of the windows), a tensile stress will occur that excerds the tensile
strength of thewalis. When this happens, the wall will crack, and if the
continuing loading is large enough, it will fail.

The loading on the window wall is less than that on a solid wall for two
reasons. First, as the blast wave passes through the window, rarcfaction
waves are generated which reduce the loading on the front surface of the wall.
Second, the blast wave after passing through the window diffracts and applies
a loading to the rear surface of the wall. The effective net Joading on the
wall is the difference between these two loadings. As shown ‘n Volume 2 the
net Toading pulses on the window wall are characterized by a rapid rise to
peak reflected pressure followed by a rather rapid drop to a constant value
well below the initial value. (See Fig. B-1B.) In contrast, the solid
wall pulse (Fig. A-1A) remains essentially at the peak reflected value for
the duration of the flat-topped part of the blast wave.

As for the influence of the wall configuration itself, the rectangular
window opening considered here tends to induce points of stress concentra-
tion at the corners of the windows. This causes a tendency for cracks to form
at the window corners and propagate across the face of the wall. Thus, the
windows in these walls introduce areas of weakness not present in solid wails.

The effects of preload on such walls are broadly similar to those on
soiid walls, that is, preload would increase the resistance of the walls to
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flexural cracking. Ffor the same value of preload, the actual increase in
tensile strength in flexure at mid height of a wall with a centered window,
will be larger than that of a solid wall with the same overall dimensions.
(Preload places the walls in compression and the compressive stress due to the
preload on the wall with a window opening will be greater hecause of the re-
duced cross section at mid height supporting the preload.) But as with a
solid wall, the importance of preload in resisting blast loadings depends
largely on the initial strength of the wall materials. If the walls were
inherently strong (as with the brick walls built for test), the relative
increase in strength due to preload would be small. If the walls were in-
herently weak (as with the concrete block or clay tile walls), the relative
increases could be significant.
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DYNAMICS OF WALL BEHAVIOR

As with the solid walls, the computer program SAMIS was use< to make
predictions of the behavior of walls with window openings -- at least until
flexural cracking occurs. Some results of the SAMIS calculations are shown in
in Figs. 3-1 through 3-5, a set of figures similar to those for solid walls
(Figs. 2-5 through 2-9). The first three figures deal with wall deflections
(displacements); the last two with wall stresses. Each figure has two
parts; the "A" part being for a pin-pin wall; the "B" part for a fixed-fixed
wall.

Figs. 3-1 and 3-2 show that the fixed-fixed supports result in a much
higher frequency than the pin-pin supports, a phenomenon also observed witl,
solid walls. In addition, for ancde on the horizontal centerline near the edge
of the wall, Fig. 3-1 shows that the displacement for the two types of mountings
are of the same order with window walls, where with solid walls, the disp 1. -~
ments differed by more than a fa..or of four (see Fig. 2-6). There is al:o
a strong displacement reversal of anode on the horizontal centerline of the
fixed-fixed wall with a window, while only downstream dispiacements occur with
a fixed-fixed solid wall,

Fig. 2-2 contains plots of predicted displacements of nodst at some distance
from the horizontal centerline. In the case of the pin-pin wall, displacements
of these nodes are smaller than those of nodes on the horizontal centerline,

(the maximum for a node on the vertical centerline being on'v about one half

as great) but they are otherwise similar. Ir the case of the fixe.-fixed wal's,
both the maximum nodal displacements and the patterns of the displacements differ.
The maximum of those away from the horizontal centerline are far smaller {cnly
about 20% as large) as those on the centerline.

The contours of displacement, at times near the maximum of the two rreceding
figures are shown in Fig. 3-3. Displacements, in the case of the fixed-fixed
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wall are less uniform and about one fourth as large as those of the pin-pin
wall.

The patterns of stress vs time in Fig. 3-4, and stresses near the time
of maximum deflection in Fig. 3-5 generally follow the displacement histories.
A concentration of stress in the vicinity of the window corners is especially
noticable in the pin-pin stress contour map shown in Fig. 3-5A.

SAMIS also produced information on directions of stress in the various
elemeits. From this information it was possible to predict the probable
direction which a crack would take from the corner of the window assumirg
that the brick-mortar assemblages were homogeneous). This prediction is
shown in Fig. 3-6. Note that tne crack extends almost horizontally from the
window.
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EXPERIMENTAL RESULTS

Shock tunnel tests were conductaed on a total of #ight non-srching noun-
reinforced masonry walls supported as pin-pin beams, and containing a windew
opening. Four of these were of brick and four of concrete biock, 311 nomi-
nally 8-in. thick. Two of the orick, and twd cf the concrete biock walls
were provided a preload of 22,500 1b, the equivalent of ahout three stories
of identical walls in the caze of the brick walls and about six stories in
the case cf the concrete block walls Fig. 3-7 contains pretest photographs
(looking upstream) of tvpical brick and block walls in the shock tunrel.
Both windows were nominally 38 in. high and 62 in. wide. Note that cne of the
crack gauges on each wall (the ver:ical strips on the wall faces) is located
quite close to the window opening.

Most walls were subjected to more than one blast wave from either ape
or two strands of Primacord. In the cases of the two ron-preloaded zoncrete

block walls, the initial tests -- conducted to acquire information on the
natural frequencies of the walls -- employed only 10-ft jong strands of
Primacord.

At the end of the series of tests run on each wall, in 211 but ore case
the wall had collapsed, with the largest amourt of debris Tanding within 10 ft
of the initial wall position, though with smaller pieces of debris being ihrown
as far as 30 ft. Photographs of debris from two of the t  * serjes are shown
in Fig. 3-8. With all eight walls, cracking first took place atv the corners
of the windows, and progressed horizontally across the wall face.

Brick Walls

Walls 56 and 57 had no preload; Wails 69 and 70 were preloaded with 22,500
1b using the preload mechanism described in Appendix A. Wall Mo. 56 was expos-
ed to a nominal peak reflected pressure =4.0 psi. It failed completely with
the top portion landing atop the bottom portion. One window sids panel
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remained a:tached to the top until it impacted the floor.

Wall Mo. 57 was tested four times, the first three times using a nominal
peak reflected pressure = 1.3 psi. The wall cracked on the first test, (with
the first crack being recorded 19 msec after initial loading) and the cracks
enjarged during the succeeding two tests. In the fourth test, a rominal peak
reflected pressure of 4.1 psi was used and the wall collapsed in much the
same manner as did Wall No. 56.

Both preloaded brick walls were subjected to two tests, the first using
a nominal peak reflected pressure of 1.6 psi; the second using 4.3 psi. In
both cases, the first tests caused no apparent damage. HWith Wall No. 69,
the second test caused cracking at the top of he window opening (the earli-
est crack occurring 7 msec after the initial roading), but =12 wall did not
fail. With Wall No. 70, the second test caused wall failure, as shown in
Fig. 3-8A. A plot of displacement at the horizontal centerlines of Walls
No. 56, 57, and 70 (the three walls that fajled) is shown in Fig. 3-9.

Concrete Block Walls

The two wall panels without preload were Numbers 60 and 61; the two panels

preloaded with 22,500 1b were Numbers 72 and 73. As already noted, the initial
tests or Walls No. 60 and No. 61 used a single strand of Primacord only 10 ft
long. The purpose of these low level tests was to establish a natural fre-
quency for the walls, which appeared to be on the order of 30 msec, about one
half that of brick walls as predicted by SAMIS.

Despite the low loading pressure, and the very short duration of the load-

ing pulse, each wall cracked during its first test. Each wall was then sub-
jected to a nominal peak reflected pressure of 1.5 psi, and Wali No. 60 col-
lapsed. Wall No. 61 did not, though the cracks caused by the blast from the
short Tength of Primacord enlarged. It was then loaded again at the same
level, and this time, it too collapsed as shown in Fig. 3-8B. Fig. 3-10A
shows displacement of the two walls {measured at the horizontal centerline)
as a function of time during the tests wiich caused wall collapse.
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The two preloaded walls first withstood a nominal peak raflected pressure
of 1.6 psi, then collapsed on a second test when exposed to 4.3 psi. Figq.
3-108 shows the downstream displacements along the horizontal centerline as
a function of time during the second tests of these two walls.

3-7

e R




COMPARISON OF EXPERIMENTAL RESULTS WITH THEORY

The tests on the two brick walls without preload showed that:

0 One wall did not collapse under three successive tests with a
peak loading pressure of 1.3 psi although cracking occurred.

0 This wall and the other failed completely for peak loading
pressures of 4.0 and 3.8 nsj respectively.

In applying the above information it is necessary again to consider the
significance of a crack without collapse. As discussed earlier for solid
preloaded walls, the occurrence of a crack (without wall collapse) was taken
as a measure of failure, since after cracking the wall was much weaker, and
if the pulse duration was much longer the wall would have collapsed. This
same argument does not hold for a window wall because of the different nature
of the loading. For the solid wall an essentially uniform loading eaual to

2 peak reflected pressure is appiied for the duration of the loading pulse.
For the window wall, however, (as discussed earlier) only the initial effective
net loading is the peak reflected value. This rapidly (in about =5 msec) de-
Creases to a value significantly less than peak reflected. Since the window
wall does not experience peak reflected pressure loading after ¢racking, but
a significantly lower value, cracking was not taken to mean failure (collapse)
for window walls. Thus, 1.3 psi can be taken as the lower bound and 3.9 psi as

the upper bound for the experimentally determined peak i0ading pressure necessary
for failure.

The calculated failure loading pressure is given by SAMIS and the static
test data predict mean failure pressures of 1.6 + 0.4 psi. As for previous
brick wall data the results are not inconsistent with each other, with the
calculated value tending to be lower than the experimental value.

The tests on the two brick walls with preload showed that:
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0 Neither wall showed damage for an incident peak loading of 1.6
psi.

o Ore wall failed and the o‘her crached for a peak loading pressure
of 4.2 psi.

The SAMIS calculation predicts a mean failure pressure of 1.8 + 0.6
Psi (this includes a 17% correction for the effect of the preload in reduc-

ing wall stress). Again the experimental and calculated ranges overlap with
the calculated values being Jower.

The two tests on the concrete olock walls without preload shcwed that:
o One wall collapsed with a peak Toading pressure of 1.5 psi.

0 A second wall suryived one Toading with a peak reflected pres-
sure of 1.5 psi, but failed on a second similar loading.

These results indicate that 1.5 Psi is a reasonable estimate of the Joad-
ing for failure. The SAMIS calculation gives 1.2 + 0.7. The experimental
result is somewhat higher, but well within the uncertainty vand.

The two tests on preloaded concrete block walls showed that:

¢ Both walls showed some damage, but did nct fail with a peak load-
ing pressure of 1.5 psi.

0 Both walls failed under a peak loading pressure of 4.3 psi.

These results give bounds of 1.6 - 4.3 psi with the estimated value
Tikely tending towards the Tower Timit. The SAMIS calculation gives a value
of 1.4 + 0.8 psi. Again there is overlap between the experimental and theo-
retical ranges with the theoretical values being Tower.
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Section 4
WALLS WITH A DOOPWAY SUPPORTED AS BEAMS

GENERAL BEHAVIOR

The basic failure mode of a beam-mounted wall with a doorway that extends
the full height of the wall, is similar to that of a solid wall. in that a
uniform load applied to one face causes the highest stresses and greatest
displacements to occur at the horizontal centerline of the wall. If these
stresses exceed the tensile strength in flexure of the wall materials, failure
at this centerline will occur.

Details of this behavior, however, differ in the two cases principally
because the loading on the wall with a doorway is far more complex than that
on a soiid wall. On a solid wall, a flat-topped incident pressure pulse
generates a uniform, flat-topped loading pressure on the wall equal to peak
reflected pressure. On a wall with a doorway, this same flat-topned incident
puise results in a Joading pattern that changes with time and with location
on the wall.

As shown in Volume 2, shock and rarefaction waves propagating across both
upstream and downstream faces of the wall cause the net loading pulse at a
particular point to decrease from its initial peak reflected pressure at a
time related to the distance of the point from the doorway. At & later time,
the pulse again increases with the result that net loadings across the face
of the wall become highly non-uniform. (See Fig. B-2.) Th2 result of this
non-uniform Joading is a wall response which, while symmetrical in the verti-
cal direction, is unsymmetrical in the horizontal directicn.

The preload effects on a wall with a doorway should be similar to those
on solid walls, Leing relatively unimportant for walls that are inherently
strong (e.g., the brick walls built for test), but of possible significance
for inherentiy weak walls (concrete block or clay tile walls).
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DYNAMICS OF WALL BEHAVIOR

Predictions of the dynamic behavior in the elastic range (i.e., with no
flexural cracking occurring) of a wall with a docrway were made using the com-
puter program SAMIS. Some results of the SAMIS calculations are shown in
Figs. 4-1 through 4-4 for walls with both pin-pin supports and fixed-fixed

supports.

As with the solid wall, the fixed-fixed supports cause a much higher
natural frequency but much lower displacement (F1g. 4-1) and stress {Fi1g. 4-3)
than pin-pin supports. Maximum displacements and stresses with the fixed-
fixed supports are only about one third as great as those with the pin-pin
supports.

The effect of a non-uniform loading across the face of the wall is mout
apparent in Fig. 4-2, displacement contours drawn for the times when displace-
ment at the doorway was near its maximum (= 17 msec for pin-pin walls;
= 7 msec for fixed-fixed walls. CSee Fig. 4-1). Both parts of Fig. 4-2 show
a symmetry of displacement about the horizontal centerline, but an asymmetry
about the vertical, a result quite consistent with the observed loading
patterns. It is interesting to note that at the times of the two parts of the
figure, the wall with pin-pin supports has its maximum displacement at the
doorway, while the wall with fixed-fixed supports has its minimum displacement
at the doorway.

Not apparent in Fig. 4-2 is the manner in which the changing loading
across the face of the wall changes wall resnonse as a function of time.
This can be seen in Fig. 4-5, plets of displacement countours at three differ-
ent times after Toading. The changing loading is clearly causing a wave-iike
respons2, with the displacement maximum along the horizontal centerline
shifting from one side of the wall to the other. At a time of 13 msec, the
maximum is almost uniform across the entire wall face.
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EXPERIMENTAL RESULTS AND COMPARISON WITH THEORY

Tests were made on four beam-mounted, pin-pin supported walls with a door-
way, in the geometry sketched and photographed in Fig. 4-6. Wall No. 44 was
subjected to the blast wave from four 60-ft strands of Primacord (peak re-
flected pressure =10 psi). It failed catastrophically, breaking into
many pieces scattered well down the tunnel. Wall No. 46 was subjected to the
blast wave from two strands of Primacord (peak reflected pressure =4 psi).

It, too, failed, but the debris consisted of large pieces in the immediate
vicinity of the initial position of the wall.

Halls No. 45 and No. 48 were tested more than once. With Wall No. 45,
a single 12-ft iorg strand of Primacord was used to provide a Tow-lesvel load
with which the wall's natural period could be determined. This was measured
as about 33 msec, censistent with the natural period which could be inferred
from the SAMIS results (Fig. 4-1). No Jamage was oubserved. The wall was
then exposed to a Toading with a peak reflected pressure =4 psi. It
collapsed, initially breaking intoc two pieces at the horizontal centerline.
The lower half rotated until it struck the floor; the upper half rotated 90
degrees and landed directly atop the lower half.

Wall No. 48 was subjected to five separate tests. In the first with a
10-ft strand of Primacord, the wail's natural period was determined to be
33 msec, identical with that of Wall No. 47. The wall did not appear to be
damaged. The next three tests were conducted at a nominal peak reflected
pressure of about 1.7 psi. Again, no damage was observed from any of these
tests.

On the fifth test, with peak reflected pressure =4 psi, the wall failed
in a manner similiar to that of Wall No. 45, Fig. 4-7 shows the debris from
the final tests on Walls No. 45 and No. 48, Fig. 4-8 is a plot of waii dis-
placement at the horizontal centerline as a function of time, recorded
during these last tests. The displacement-time plots are similar,
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though it appears that Wall No. 48 slowed between 10 and 20 msec, while
Wall No. 45 appears to have sped up a bit during the same period.

The experimental results showed that:

0 One wall survived thrze successive tests with a peak loading
pressure of 1.5 psi and exhibited no damage.

0 This wall and two others failed with peak loading pressure of
3.5 to 3.7 psi.

The SAMIS calculations for this configuration predict the failure load-
ing pressure as 1.3 + 0.4 psi. Although there is overlap between the experi-
mentally and theoretically determined ranges of failure pressure, the theo-
retical values again are Tower.
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Section 5
WALLS MOUNTED AS PLATES

The response to blast waves of walls supported on all four edges (plate
type supports) is substantially different from that of walls supported on
but two ecges (beam type supports). Displacements and stresses at those
edges of the walls which would have been free if the walls were mounted as
beams, are reduced essentially to zero, and even maximum displacements and
stresses (e.g., at the wall center in the case of a solid wall) are consider-
ably reduced.

The computer program SAMIS was used to predict the behavior of the same
six types of walls which have been previously discussed in their beam-mounted
condition. (The three different wall gecuetries -- solid, with a window, and
with a doorway -- were first assumed to have pinned supports, then to have
fixed supports.) Only solid walls with pinned cupports on all sides were sub-
Jected to blast waves in the shock tunnel.

SOLID WALLS

Predicted Behavinr

Deflections of solid walls with both pinned and fixed supports on all
sides are shown in Fig. 5-1, and stresses for the same types of walls in
Fig. 5-2. Parts A andCof Fig. 5-1 show the deflections at .hree nodes as
functions of time for the two support conditions, and Parts B and 0 are deflec-
tion contoui , at a time close to that at which ma<:mum defiections occur.
Parts A and C of Fig. 5-2 show  -ess vs time on one wall eli:ment, and Parts
B and D are stress contours a time close to thal at which mrximum defiec-
tions czcur.

As before, the walls with fixed supports have shorter natural pericds,

smaller deflections and smaller stresses than the walls with pinned supnorts.
The Aifferences in behavior between beam-mounted and plate-mounted walls are
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inmediately apparent from the deflection plots (Fig. 5-1 for plate-mounted
walls, Figs. 2-5, 2-6 for beam-mounted walls). In the beam-mounted condition,
the plotted maximum deflections were all essentially the same for ali threo
rodes. In the plate-mounted condition, however, node 10 « :arest -he wal|

edge has virtually zero deflection, and the deflection of node 140, halfway
between the wall edce and its center, is much smaller *::in that =F node 219
at the wall center. These differences are manifest in the twe -.ntou Jots.
In the beam-mounted condition, the wall bends uniformly about the two 23ge
supports, with the maximum deflection occurring along the horizontal center-
line, which is essentiaily a line about which deflections .re symetr-ical.

The plate-mounted vialls assume a dished shape with the maximum deflection
occurring at the wall center, a pcint about which deflections are symmetrical.

The stress contour plots which are also symmetrical 2bout the center of
the wall, include arrows showing the direccions of stresses at various places
along the wall. With these stresses, the expected crack pattern or the down-
stream face of a wall with pinnud supports on all sides would be as shown in
Fig. 5-3.

Experimenta? nformation and Cumpsrison With Predictions

Eleven pla.e-mountnd sclid walls with pinned supports that were fres to
rctate were subjected to blast waves in the shock tunnel. Measured peak load-
ing pressures ranged fram 3 psi to 19.3 psi. Six of the walls were testad
under loadings in excess of 3 psi and collapsed immediately.

Four of the walls (24, 25, 27, and 29) which were axposed to measured .
reak loading pressures ranging from 3.2 psi to 4.0 psi, cracked as a result
of the test, but did not collapse, though a 500-1b section of Wall Na. 27 o 4
fall out. The Fifth w31l (No. 28), subjected to a 4.0 psi loading did col-
lapse. The crack patterns taken from high speed wotion ~icture records of
the downstream faces of these walls are shown i~ Fig. 5-4, and photographs
of the cracks on the dowastream face of Wall %u. 24 a-2 shown in Fi-. 5-5,

The similarity between *hese crack pa'-arns and those predicted by ©i#[S

[Sg]
1
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in Fig. 5-3 are apparent, clearly indicating that the walls responded as
plates with pinned supports on all sides up to the time they cracked. If
they had continued to do so after cracking, they would have failed under

the blast loading. The mortar used in their construction, however, tended

to bond the wall panels to the steel frame members in which they were con-
structad, and which were themselves pinned to the support girders (see Appen-
dix A). With 3 wall deflection after fracture of more than a few tenths of an
inch, these support members became a perimeter restraining ring, the bond of
the wall to the frame at wall corners having the effect of making the peri-
meter continucus in nature instead of being free at each corner. This con-
tinuity provided thrust resistance and permitted a wall to go inio an arching
mode of response and be more resistant to ultimate failure than it would have
been if it continued to have simple pinned supports. The phenomenon is illus-
trated in Fig. 5-6.

Walls 24 and 29 were subjected to second tests at peak loading pressures
of 3.1 and 4.2 psi respactively. Wall No. 24 failed as a result of this
second Toading; Wall No. 29 lost about 350 bricks, but did not faii completely.

In view of the above discussionof arching, exiensive cracking of the plate
was taken as a measure of failure since in the absence of the perimeter restrain-
ing ring tne walls would have been expected to have collapsed. Thus it can be
concluded that 4.0 psi is an upper bound to the loading pressure necessary to
collapse an g-in. brick simple plate wall. HNo experimental data are available
as a lower bound.

The SAMIS calculations give the predicted loading pressure for wall
cracking as 1.4+ 0.4 psi.

(93]
)
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WALL WITH A DOORWAY

Predictions of deflections using SAMIS, of a plate-mounted wall with a
doorway, having both pinned and fixed supports on all sides and subjected to

a 1 psi step Toad are shown in Fig. 5-7. The stresses for the same conditions

are shown in Fig. 5-8. As before, the wall with fixed supports has a shorter
natural period than the wall with pinned supports. Its maximum defiection

is only about one fourth as great, and maximum stresses are about one third
as great. Because of the asymmetric nature of the loading pulse over these
walls, their response, while symmetric about the horizontal centerline, has
no symmetry about a vertical axis.

Comparing the maximum stresses for the pinned plate wall with the door-
way (Fig. 5-8) with those for the solid plate wall (Fig. 5-2B) shows that
the wall with a doorway is expected to requir2 approximately 1.7 times the
solic wall loading to cause failure. It is interesting to note that for the
beam case the ratio was about the same, viz, 1.6.
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WALL WITH A WINDCW CPENING

The SAMIS predictions for a pla‘e-mounted wall with a windcw opening
are shown in Figs. 5-9 and 5-1C. Walls with both fixed supports display
deflections and stresses which are symmetric acout the wall center. The
natural period of the wall with fixed supports is about one half that of the
wall with pinned supports; its maximum deflections are one fourth to one third
as large, and its maximum stress approximately one half as large.

Comparing the maximum stresses for the plate wall with a window (Fig.
5-108B) with those for the solid plate wall (Fig. 5-2B) shows that the wall
with the window is expected to require about 1.9 times the solid wall loading
to cause failure. For the beam case the ratio was 2.2, again about the same.
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Fig.
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Anticipated Downstream Face Crack Pattern (Form and Zone) for
Plate-Mounted Solid Walls with Pinned Supports.
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Section 6
ARCHING WALLS

INTRODUCTION

The ability of a masonry wall, confined within a rigid frame or struc-
ture so that in-plane motions and rotation about the wall's supports are
prevented, to develop substantial resistance to out-of-plane forces such
as those generated by blast waves has been recognized for many years. After
flexural cracking cccurs, the individual wall elements wedn> themselves into
the frame, and form a multi-hinged arch which will only fail after material
crushingorspalling takes place at the hinge points. Theor:os of the behav-
ior nf such walls under out-of-plane blast loadings wer:z leyeloped about
twenty years ago (Ref. 12,13).

During the course of this program the question arose whether a similar
phenomenon could occur with walls which, though Tlocated w'thin members that
would prohibit in-plane motions, were separated from these members by a gap.
The question had pertinence for two reasons: because some manuals of construc-
tion practice indicate that the inclusion of such a gap (or equivalent, a
lTow-strength, flexible seal) between an infi11 wall and a frame is good build-
ing practice (it permits design frame action to occur); and because even where
infill walls are carefully grouted into framing elements, mortar shrinkage is
1ikely to cause the small gaps to form between wall and frame.

Analysis of this problem, subsequently supported by experiment, indicated
that a form of arching could still occur where there was a small gap (as
Tittle as about 0.01 in.) beiween wall and frame ("gapped arching"). However,
it was of a different kind than the arching that occurred where there was no
gap ("rigid arching").

Fig. 6-1 illustrates, in exaggerated fashion, the differences in wall
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motion in rigid and gapped arching.* HNote that in rigid arching, a symmetri-
c2l three-hinjed arch forms, with hinge points at the downstream top and
bottom wall edges, and at the upstream edge of the crack in the center of the
wall. In gapped arching, the three-hinged arch is unsymmetrical, the hinges
being at the downstream bnttom edge of the wall, at the upstream top edge of
the wall, and at the upstream edqge of the central crack.

Fig. 6-2 is a free-body diagram showing forces in rigid and gapped
arching. Note that in rigia arching resultant forces at the top and bottom
wall edges are directed into the wall, which should result in a crushing
(largely compression) type of failure. In gapped arching, resultant forces
at the top and center are directed away from the wall, which should result in
a spalling (largely tensile) type of faiiure.

Special tests had to be devised to investigate material strengths under
these types of failures (in which failure takes place along the edge of a
crack, i.e., along a line). These tests are described in detail in Volume 4.
Very broadly, i was found that the material strengths in the crushing type
of failures such as those that occur with rigid arching are more than four
times as great as the strengths in the tensile types of failures that cccur
with gapped arching.

Table 6-1 gives initial values of the forces at various points in Fig.
6-2, both in general terms end for a wall with dimensions similar to those.
tested in the tunnel, viz 8 ft high and 8 in. thick. It can be seen immedi-
ately that forces at the hinge points in gappad arching (RA’ RB’ and RC) are
almost twice as Tarye as those in rigid arching. This, coupled with the fact
that material strengths in gapped arching failures are smaller than those in
rigid arching failures, strongly suggest that resistance to blast loadings

* The discussion concentrates on "one-way" arching, in which the wall s re-
strained on only two edges. Two-way (plate type) arching in which the wall
is restrained cn all four edges can also occur. Walls undergoing two-way
arching can be considerably stronger than those urderqoing one-way arching.
A third form of arching occurred in the shock tunnel {see Section 5).

6-2

Sy |




Table 6-1

Forces in Rigid and Gapped Arching

Force General Formula Yalues for ¢ = 96 in.,
t =28 1in.
(1b/in.)
Rigid Gapped Rigid Gapped
Arching Arching Arching Arching
H p2?/8t pel/at 144p 288p
Sg pL/2 p1/4 48p 24p
R (pr/8t)N/2Z + (4t)2 | (pu/at)y/22 + t2| 15p 289p
SC - pe/4 0 24p
R¢ H = pa?/8t (pe/6t) /12 + t2| 144p 289p
SA pe/2 3pe/a 48p 72p
RA (pe/8t) /22 + (4t)2 | (pa/dt)/e2+ 3t2 152p 297p
I
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with gapped arching is much lower than those with rigid arching. (It is,
hcwever, greater than the blast resistance of ordinary beam-mounted walls
after flexural failure takes place.)

e




ANALYSIS OF WALL BEHAVIOR

The behavior of arching walls depends strongly on the behavior of the
wall materials under the line loads generated with arching. The small tilted
static test samples used to determine material properties under forces gener-
ated by rigid arching behaved generally as shown below.

Behavior of 8.5 in. Thick Brick Samples Under Line Loading.

4000 .

2000 ~

Line Load Force Fz = P/e (1b/in)

] I |
.01 .02 .03

Sample Strain e+ = dS/LS (in/in)

In this figure, the term & refers to the length of the line, or sample
edge, along which a load of P was applied; LS is the height of the sample
between the base platen and the loading head, and dS is the loading head
displacement.

In general, the samples exhibited an elasto-plastic form of behavior
with displacement being a linear function of line load, Fi (actual force P
divided by the Tength of line over which the force is applied) up to a line
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load "yield" strength, fz‘ At higher values of line load, crushing and
spalling accelerated, and relatively Tittle increase in load resulted in
relatively large displacements until complete sample failure occurred at a
yield strength of fk . The slope Fz/e+ = Fst/ds of the first part of the
line load vs strain plot has been termed EJr because it plays a role similar
to the modulus of elasticity E in ordinary compression testing (in which the

sample is not tiited).

Information from data like that shown in the foregoing figure along
with the displacements from the MACE computer program (see Appendix B) were
used in Ref. 6 to derive static resistance functions for walls 8 in. thick
and 8 ft high, i.e., similar to those tested in the shock tunnel. Since
MACE only deals with displacements in the elastic range, a composite modulus
of elasticity of 100,000 psi derived from the static test data was employed
in the calculations until f2 » the 1ine load force at the wall center, equalled
4000 1b/in. (see Toregoing figure) after which it was sharply reduced as F2
approached the ultimate 1ine load strength f'2 = 5000 1b/in. Resisting
moments were determined by nctirng that the resisting moment arm (the horizon-
tal distance between the point at the wall base around which the wall rotates,
and the point at the centerline c¢rack where the two wall elements touch --
see Fig. 6-1) decreases as thewall deflects. In the MACE analysis, these points
were assumed to be 8 in. inboard of the wall face. Thus, the initial resisting
moment arm was 6 in. long, see Fig. B-7.

The result of these calculaiions is shown by the solid line (labelled
"mean") in Fig. 6-3A. The dashed lines from Ref. 8 were derived by using
a 10% ccefficient of variation for the f2 value. They shcw the 68% (1lo) and
95% (20) bands on static resistances, assuming a normal distribution.

Similar methods of calculation were employed to derive the static resis-
tance function in rigid arching for a wall 4 in. thick (Ref. 14), and in
gapped arching for a wall 8 in. thick, (Ref. 8). These are both shown in Fig.
6-3. There were two important differences in the gapped arching calculations.
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First, the f2 value used, taken from static test data, was 1000 psi instead
of the 4000 psi used for the rigid arching case. Second, the displacement
at which ultimate failure takes place, (where the static resistance goes to
zero and the wall becomes unstable under gravitational forces alone) was much
smaller in gapped arching than in the rigid arching. This decrease in the
1imiting displacement occurs because the depth of the arch itself in gapped
arching is only about one half that in rigid arching (see rig. 6-2). At

any displacement of the centerline, therefore, the moment arm of the resist-
ing moment in gapped arching is also about one half that in rigid arching.
(This also accounts for the much higher initial forces at the hinge points
of the arch as in gapped than in rigid arching, see Table 6-1.)

In Ref. 10, similar calculations were made for rigid arching of an
8.5 in. wall using a more rigorously correct physical failure model than the
mathematical model employed with the MACE program. As already noted, in the
MACE model, the fact that crushing occurred at the wall base and centerline
crack (the hinge points) while the wall displaced was accounted for by moving
the hinge points inboard one inch, see Fig. B-7. The new model employed a
moving center of resistance to account for progressive crushing during wall
centerline displacement. Crushing was observed to be about three times as
extensive at the base of the wall than at the center crack, and the new
model also took this into account.

A sketch of the model is shown in Fig. 6-4A, and the static resistance
functions generated with it are shown in Fig. 6-4B. Two static resistance
curves are shown. The one labelled "p vs §" is a plot of static resistance
pressure vs displacement of a point on the centerline. It indicates that an
actual displacement of only about % in. generates the maximum resistance (i.e.,
when f2 = 4000 psi). With models employing hinge points fixed in the wall, a
displacement of about 2.5 inches was required to achieve maximum resistance
(Fig. 6-3). The second curve of Fig. 6-4B, that labelled "p vs (tw -m",
is much closer to that from the fixed hinge point model. It is a plot of
static pressure resistance as a function of change of moment arm, that is,
the change 1in the horizontal distance between the hinge point at the base of
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the wall and that at the centerline crack. The fixed hinge point resistance
function curve is 4also a plot of resistance vs change in mcment arm, so it is
not surprising that the shapes of the two curves are similar.

Fig. 6-48 was used in a dynamic analysis of wall behavior under a step
blast leading in order to compare predictions of displacements of wall center-
Tines with measurements made in the shock tunnel. Not surprisingly it was
found that walls which did not fail (i.e., walls in which the blast wave did
not cause displacements great enough for the walls to be inherently unstable)
behaved much Tike spring-mass systems, in that the wall oscillated. 1Its center-
Tine moved back upsteam after its maximum downstream displacement was achieveld,
even though downstream directed blast forces were still being applisd. Even
when a wall did fail, its centerline displacement could be substantially slowed
by the increasing resistance represented by the first (rising) part of the
resistance vs displacement curve, Fig. 6-4B.

Whether a particular wall would fail or recover depended entirely on its
strength relative to the stress generated by blast induced motion. Two ex-
amples of typical predicted behavior are shown in Fig. 6-5. Fig. 6-%A shows
the effect of different wall strengths for identical blast loads, and Fig.
6-5B, the effect of different blast loads for identical wall strengths. In
Fig. 6-5A, early displacements are identical since the blast pressure causing
the displacements are the same. The 13 psi loading, however, would gererate
a stress greater than the f2 = 2700 1b/in. Tine load strength, so that this
weak wall continues to displace downstream until it bacomes unst.ble (6 >8.5 in.)
while the stronger (fz = 4000 1b/1in.) wall recovers. In Fig. 6-58 the wall
centerline displaces more rapidly under the 20 psi blast load which would gen-
erate a maximum l1ine lToad stress greater that than the line ]oad strength of
f2 = 4000 1b/in. The p = 13 psi blast wave would not generate a line load
stress greater than fl = 4000 1b/in. so the wall rocks back upstream. (The
recovery conditions in the two plots are the same, i.e., p = 13 psi, fz =
4000 1b/in.)

Analyses of arching behavior using STARDYNE, a powerful and sophisticated
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finite element code, and mathematical mondels with far more detail (smaller
eiements, mary more nodes, see Appendix B) were begqun during the program.
Results of the initial runs with STARDYNE which show local stres< directions
are given in Figs. B-8 and B-9,

As noted earlier in this section, little work, either analytical or ex-
perimental was done with two way arching. However, from an engineering stand-
point, the approximation suggested in Ref. 15 of using the ACI (American
Concrete Institute) 1963 code provision of two-way slabs, seems to be sound.
This approach suggest that an 8-ft x 12-ft two-way, interior slab (arched
wall in our case) would be 1.4 times as strong as a one-way slab (arched
wall).
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EXPERIMENTAL RESULTS AND COMPARISON WITH PREDICTIONS

Rigidly arching walls of both brick and concrete Llock were tested in
a number of different configurations. In one-way arching (i.e., with walls
supported as beams), brick walls that were solid (both 4-in. and 8-in. nominal
thickness), and that contained doorway and wiridow openings were tested.
Concrete block walls and composite concrets block and brick walls were only
tested in a solid configuration.

One brick and two concrete block solid walls were also tested in a two-
way arching configuration. Five gapped arching walls were tested; four were
solid (2 brick, 2 concrete block). One, of brick, contained a doorway.
Table 6-2 summarizes the results of all arching wall tests.

The greatest number of tests were conducted with solid brick walls in
the one-way rigid arching mode. Since this wall type was the only one theo-
retically analyzed in any detail, its test results will be described first,
and they will be compared with predictions of behavior from the analytical
work.

One-Way Rigid Arching

Solid Brick Walls. The first arching wall tested in the shock tunnel

was only one wythe of brick thick (nominally four irches) and was fabricated

and cured in place in the shock tunnel. There is no doubt that arching occurred,
for the wall withstood a loading pressure of 1.5 psi, well above the pressure
that would have caused it to fail were it mounted as either a pinned or fixed
edge beam. It failed at a loading pressure of 3.6 ps’, above the maximum

static resistance of about 1.9 psi given in Fig. 6-3B.

Most of the remainder of the tests were conducted with walls which were
two wythes (nominally & in.) thick. Two were fabricated and cured in the
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Table 6-2

Summary of Arched Wall Tests

Incident (and Reflected)

Test Overpressure Remarks
Number (psi)
ONE-WAY RIGID ARCHING
1. Solid 4-in. Brick
68a .75 (1.5) Wall cracked
68b 1.7 (3.6) Wall failed
8-in. Brick
71a 1.9  (4.1) Test for natural period
71b 2.9 (6.4) Wall cracked
71c 4.3 (9.7) Cracks enlarged
71d 5.6 (12.9) Wall failed
74 5.5 (12.7) Wall failed
75 5.9 (13.9) Wall failed
76 5.6 (12.9) Wali failed
g7a 5.7 (13.2) Wall cracked
87b 6.3 (14.6) Cracks enlarged
87¢ 8.2 (19.9) Wall failed
88a 7.8 (18.7) Wall cracked
88b 3.6 (8.0) Cracks enlarged
94 7.8 (18.8) Wall failed
96 6.7 (15.8) Wall failed (pre-split)
8-in. Concrete Block
77 3.3 (7.4) Wall cracked
77 2.0 (4.3) No additional damage
77 3.4 (7.6) Wall failed
78 4.5 (10.2) Wall failed
10-in. Composite Concrete Block-Brick
79 5.6 (12.9) wall failed
92a 3.5 {7.8) Wall cracked
92b 3.5 (7.8) No additional damage
92¢ 5.0 (11.3) Cracks enlarged
924 5.7 (12.9) Failed
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Table 6-2 (cont.)
Summary of Arched Wall Tests

Incident (and Reflected)

e e 1At e e et

Test Overpressure Remarks
Number {psi)
ONE-WAY RIGID ARCHING
2. Wall With Doorway 8-in. Brick
86a .1 (14.2) Wall cracked
86b 8.4 (20.5) Cracks enlarged
3. Wall With Window 8-in. Brick
80a 5.7 (13.2) Wall cracked
80b 6.3 (14.7) Walil failed
84a 6.4 (15.0) Wall cracked
84b 7.8 (18.7) Wall failed
85a 6.2 (14.5) Hall cracked
85b 5.8 (14.1) Cracks enlarged
85¢ 7.5 (18.0) Slight additional cracking
85d 9.5 (23.8) Wall failed
8-in. Concrete Block
91 3.5 (7.8) Wall failed
92 3.5 (7.8) Wall cracked
TWO-WAY RIGID ARCHLING
1. Solid 4-in. Brick
83a 2.2 (4.8) Wall cracked
83b 2.1 (4.5) Wall failed
8-in. Concrete Block
89 .Coo(11.4) Wali failed
a0 .0 (8.3) Wall failed
ONE-WAY GAPPED ARCHING
1. Solid 8-in. Brick
97 2.3 (4.9) Wall failed
98 1.9 (4.1) Wall failed




Table 6-2 (cont.)
Summary of Arched Wall Tests

Incident (and Refiected)

Test Overpressure Remarks
Number 1psi)
ONE-WAY GAPPED ARCHING

1. Solid (cont.) 8-in. Concrete Block

115 4.1  (9.1) Wall failed

116 1.7  (3.6) Wall failed
2. _Wall With Doorway 8-in. Brick

95 8.6 (21.0) Wall failed

6-13




tunnel, the remainder were constructed and cured in frames outside the tunnel,
then were moved in and mounted in the manner described in Appendix A. No
difference in behavior due to the differences of construction methods were
found.

The data from the 8-in. solid one-way arched brick walls are summarized
below. The lower bound is the highest loading pressure applied to the wall
without causing failure and the upper bound is the lowest pressure which
caused failure. The walls in Series No. 1 were fabricated and tested in 1972
and those for Series No. 2 in 1973.

Series Wall No. Lower Bound Upper Bound
(psi) _ (psi)
1 71 9./ 12.9
74 - 12.7
75 - 13.9
76 . 12.9
10 14
2 87 14.6 19.9
88 18.7 -
94 - 18.8
96 - 15.8
15 20

It is evident from this data that the Series No. 1 walls with failure
pressure bounds of =~ 10 to 14 psi were significantly weaker than the Series
No. 2 walls, with bounds of 15 to 20 psi. A1l data can be included within
bounds of 16 to 20 psi. Sample posttest photographs of the failed walls are
shown in Fig. 6-6. Fig. 6-6A is for a wall which failed at 13.9 psi near
the Tower bound and Fig. 6-6B is for a wall which failed at 18.8 psi near
the upper bound. In general the motions of the walls were consistent with
the predicted behavior of rigidly archec walls fraom the dynamic analysis.

In Fig. 6-7, the curves are for a single wall (87) tested three times at
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increasing loading pressures. It did not fail at Toadings of about 13 or
15 psi; it did fail at e loading of about 20 psi. As might oe expected, as
the load increased, displacements at various times after the onset of load-
ing also increased. It can also be seen that the walls behaved as <pring
mass systems during the tests whicn did not result in failure. Two cycles
of oscillations were recorded.

Fig. 6-8 compares predicted and measured values of displacements vs time
for this same wall (87) whose 1ine Joad strength must have been very close
to the 4000 psi used in the calculations. Note that even the oscillations
measured at loading pressures of about 13 psi and 15 psi, are very close to
predicted vaiues.

Fig. 6-9 iliustrates the apparent effect of differences in line load
strength. In Fig. 6-94 with an f2 of 4000 psi, and a loading pressure of
about 13 psi wall recovery was predicted. Wall No. 76, however, failed
under that blast load. Shown as a dotted line is the predicted motion if
f2 were 2700 psi. It iies very close to the measured displacement curve.

In Fig. 6-9B8, with an fl of 4000 psi and a loading pressure of about 19 psi,
wall failure was predicted, but Wall No. 88 recovered. Shown as a dotted
line is the predicted motion if fm were 6000 psi, which would lead to a

prediction of wall recovery.

‘Crushing and spaliing of material at the base of the wall along its
downstream edge and at the upstream edge of the centerline crack occurred as
expected (see Fig. 6-10).

Solid Concrete Block Walls. Only two such walls were tested in the
shock tunnel, and though both failed at blast loadings considerably below
the lowest Toading at which brick arching walls failed, their mode of failure
makes it difficult to compare the behavior cf walls of these different materi-

als. With both concrete block walls a hole extending frem top to bottom was
blown in one side of the wall, but the remainder of the wall, while cracked,
remained standing. In contrast, all the brick walls hat failed cracked at
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or near the centerline, and the entire wall was projected downstream. It
is for this reason that the measurements of wall centerline displacement
shown in Fig. 6-11 (which were made on a part of the walls that remained
standing) suggest that wall recovery occurred. Hote that wall No. 77 was
subjected to three tests (at blast loads of 7.4, 4.3, and 7.6 psi) and
“failed" on the third. Plcotted in Fig. 6-11 are the displacement neasure-
ments of the first ancd thiid tests on this wall. Wall No. 78 was tested
only once at 10.2 psi and "failed" in a similar manner. Its measured dis-
placemants are shown in Fig. 6-11B. Photographs of the two failures are
shown in Fig. 6-12.

Solid Composi“e Concrete Biock-Brick Walls. Two of these walls, consist-

ing of 6-in. concrete block with a 4-in. facina of brick were tested in the
tunnel, the biast 1oad being applied to the brick face (see Appendix A, Fig.
A-13). They were apparently considerably stronger than :he concrete block
walls. One wall (No. 92) did not fail at loading pressures of 7.2 psi (twice)
and 11.4 psi, but did fail at 12.9 psi. The other wall (No. 79) was loaded but
once at about 13 psi and failed. The plot of measured centerline displace-
ment vs time for this wall, shown in Fig. 6-13A suggests strongly that this
was a threshold loading. Twice during its displacement history, the wall
began to recover. The recovery of Wall No. 92, loaded successively at 7.8,
7.8, and 11.4 rsi without failure occurring, is apparent in Fig. 6-13B.

It can be seer in Fig. 6-14A that a portion nf the wall near its base remained
in plac~ after Wall No. 79 fziled. Fig. 6-14 B shows the type of spalling
that occurred at the base of Wall 92.

Brick Wall With a Doorway. Wall No. 86 was installed so as to undergo
rigid arching. It was tested twice at about 14 and 20 psi and cracked but

did not fail. 1Its displacement vs time history is shcwn in Fig. 6-15A.

Walls With a Window Opening. Three brick and two concrete block walls,

each with a window opening about 38 in. high and €0 in. wide (17% of the
wall area) were tested in the shock tunnel. The first brick wall {No. 80 had

s




window glass installed prior to the first tests with an initial blast loading
of 13.2 psi. Thc wall cracked but did not fail. The window glass was then
replaced with a sheet of 4 in. plywocd, and the wall was subjected to an
initial blast load of 14.7 psi. It failed.

Brick walls numbered 84 and 85 were first subjected to initial blast lcads
of about 15 psi, both cracked but did not fail. Wall No. 84 was tnen exposed
to a 18.7 psi blast load and fajled. The displacement vs time history of
these tests is shown in Fig. 6-16A. After withstanding its initia) loading,
€all No. 85 was then exposed to initial blast loads of 14.1 and 18.0 psi and
though cracking increased, the wall remained upright. Finally it was sub-
Jected to a blast load of almost 24 psi, which caused failure. One side of
the wall failed completely; the other side remained standing, though a portion
of its downstream wythe of brick was broken off (see Fig. 6-16B). The walls
appeared to be somewhat stronger than theair solid counterparts undoubtedly
because of the relief of downstream-directed loading due to the blast wave
passing through the window opening.

The two concrete block walls were subjected to an initial loading pressure
of about 8 psi. One failed (No. 91) in a manner similar to that of the brick
wall (Fig. 6-17B), the other (No. 93) did not, though it exhibited extensive
cracking. Displacement vs time histories of the two walls are shown in Fig,
6-17A. As can be seen in Fig. 6-17t, the displacement gauge used with Wall
No. 91 was located on the side that did not fail.

Two-Way Rigid Archinc

Only three two-way (plate) arching walls were tested in the tunnel. One,
of 4-in. thick brick withstood a blast loadingof almost & psi before failing
under a second similar Toading. It was clearly stronger than its one-way
arching counterpart. The other two were of concrete block, 8 in. thick. They
were subjected to loading pressures of 8.9 and 11.4 psi and failed.

One-Way Gapped Arching

8-in. Brick. Three such walls were tested; two were solid, and one had
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a doorway. The two solid walls had gaps at the top of approximately 0.2 in.
{No. 97) and 0.1 in. (No. 98). These two walls failed when subjected to load-
ing pressures of 4.9 and 4.1 psi respectively. Clearly these walls were much
weaker than their rigid arching counterparts which had failure boundaries from
10 to 20 psi.

The wall with a doorway (No. 95) was tested before the theory for gapped
arching was developed. It was subjected to a blast load of about 21 psi and
failed. 1Its displacement vs time history is shown in Fig. 6-15A, and a photo-
graph of the debris created is given in Fig. 6-15B. Gapped arching theory
suggests that this wall should be considerably weaker than its rigid arching
counterpart. Both the displacement history and the photograph tend to bear
this out.

8-in. Concrete Block. Two walls were tested having gaps of less than
1/8 in. at the top. Wall No. 115 was subjected to a 9.1 psi loading and
failed; Wall No. 116 was subjected to a loading of 3.6 psi and failed.
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Fig. 6-13.
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Fig. 6-14. Posttest Photographs of Rigid Arching Concrete Block and Brick
Walls.
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Fig. 6-15. Displacement vs Time Record and Posttest Photograph of Debris from
Arching Brick Walls (No. 85 and 95) with a Doorway.
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Fig. 6-16. Centerline Displacements vs Time and a Posttest Photograph of
Rigid Arching Brick Walls with Windows,
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B. Posttest Photograph of Wall 91.

Fig. 6-17. Centerline Displacement vs Time and a Photograph of Rigid Arching
Concrete Block Walls with Windows.
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Section 7
MISCELLANEQUS WALLS

CANTILEVERED MASONRY AND PLATE-MOUNTED SHEETROCK INTERIOR WALLS

Three types of solid walls were tested as interior walls, that is, they
formed the rear wall of a room with a front (upstream) wall containing a
window opening. The window opening occupied about 27% of the front wall.
Two of the wall types were of masonry (8-in. concrete block, and 6-in. clay
tile) and cantilevered from the floor of the tunnel. The third type was of
sheetrock with wood or metal studs, and was affixed to the tunnel walls,
floor, and ceiling. Two interior wall types with doorways were also tested.
One was of concrete block and was cantilevered from the floor; the other was
of sheetrock and studs, the perimeter members of which viere affixed to the
tunnel. Loading pressures were well above those that would just cause
failure,

Motion picture records were made of tests on these walls. In every case
they showed that -- after faijure -- very large pieces of the walls remained
upright or had only a small rotational component, and moved downstream for
considerabie distances before striking the floor and breaking up into smaller
pieces. An analysis of the effect of blast forces on the masonry cantilever-
ed walls predicted that they would rupture about one third of the wall
height above the floor (see Ref. 1T). Failure of the plate-mounted sheetrock
walls was expected to occur along their perimeters. In all tests, failure
took place as expected.

Wall displacements were calculated in Ref. 10 and were compared with
measured displacements from the high-speed motion picture records of each
test. The comparison for the clay tile and concrete block cantilevered walls
is shown in Fig. 7-1 in which the solid lines are experimental values (or de-
lineate the range of experimental values if two or more tests were made with
one wall type), and the dashed lines are predictions from Ref. 10,
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Fig. 7-2 shows a similar plot for solid sheetrock walls at two different
incident pressures, (note the change in the time scales) and Fig. 7-3 is a
similar plot for the interior walls with doorway openings. In all cases,
theoretical and measured values agree well.
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Appendix A
WALL PANEL TEST PROGRAM HARDWARE

WALL CONSTRUCTION AND TRANSPORT TECHNIQUES

Wall Construction

With a few exceptions, the masonry wall panels subjected to blast tests
were constructed outside the tunnel and -- after being cured for a minimum of
28 days -- were moved into the tunnel and mounted for test. The walls were
constructed in a steel frame designed to hold, support, and protect them
during construction, storage, transportation, and test. Provided on this
frame were the hardware required to create the edge connections necessary for
tne particuiar panel and test conditions, 1ifting eyes for transport of the
panel, and the hardware necessary for fastening the panel into the test sec-
tion of the tunnel. A version of the frame that was used on early tests is
sketched in Fig. A-1 with a beam-mounted wall in place. (The wall was not
nortared to the end channeis, and the top and bottom members were mounted so
that they were essentially free to rotate, providing the required pin-pin
support conditions for a simple beam type of support.)

A critical element in the design of the frame was the bottom member
which was required to support the panel in such a manner that when it was
lifted for transporting into the tunnel, the panel would remain within the
Timits one might expect in a building frame. A1l frames used in the progam
had a deflection to span ratio of 1/440 or less, which is less than the 1/360
typically used in building construction.

Most panels tested were of brick and mortar nominally 8 in. thick; used
the "Common Flemish Bond" style of construction with every sixth row a bond
course; and weighed about 80 1b/ft2, A few 12-in. thick brick walls, as well
as concrete block and hollow clay tile panels were also tested in the tunnel.
The concrete block panels, nominally 8 in. thick, weighted about 36 1b/ft2.
The clay tile panels, about 7 in. thick, weighed about 40 1b/ft2,
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Fig. A-1. Sketch of Mounting and Transport Frame Showing Beam-Mounted
Wall in Place.
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To assure gquality control in the construction of the panels and to de-
termine their strength at the time they were tested, a static test program,
described in detail in Volume 4, was established. At the wime of construc-
tion of each panel, brick and moriar samples were taken and beains, columns,
tensile bond test specimens, and shear bond test specimens were constructed.
These specimens were stored along with the panels through the 28-day curing
time and were then tested at about the same time as the panels.

The building bricks, concrete blocks, mortar, and construction details
all conformed with applicable Uniform Building Code requirements. Local
masons were rmployed to build the panels to assure that standard construc-

tion techriques were used.

Transport Hardware and Techniques

The transport hardware included panel transporter and panel roller
assemblies. The panel transporter was a rubber-tired "tuning-fork"-shaped
vehicle which supported a test panel as shown in Fig. A-2. Four roller chain
and turnbuckle fasteners clamped onto the 1ifting eyes fastened to the bottom
frame of the panel to be tested, and the panel was 1ifted by a hydraulic ram
assembly. The franel transporter carried the panel from the storage area into
the tunnel and placed the panel on rollers. The transporter was then removed
from the panel which was rotated and positioned into place in the tunnel.

This procedure for installing the panels allowed them to be Just inches narrow-
er than the tunnel itself.
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Fig. A-2.
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PANEL MOUNTING DETAILS

ATl walls supported as simple beams and plates were mounted in the tunnel
using specially designed hardware. Some of the walls were preloaded in the
vertical direction, and other walls were mounted so as to have fixed end con-
ditions permitting them to arch.

Basic Panel Mounting Hardware

A1l panels that used pinned supports (simple beams and plates) were
affixed -- along the top and bottom edges in the case of the beams, and along
all four edges in the case of plates -- to specially designed steel girders
which .panned the tunnel. These in turn were supported by steel blocks bolted
to the tunnel wall. The hardware for mounting a wall panel with plate cup-
port conditions is shown in Fig. A-3. The plate girders support a test pnael
along its entire length with a minimum of deflection, while stil] permitting
the panel edges to rotate, thus simuiating the pinned support condition de-
sired. They were of rather unique welded steel construction, with "box"
flanges made of structural channels and channel stiffeners. The horizontal
girders weighed about 2600 1b each, were 4% in. thick, 4 ft deep, and had a
span of 12 ft. The vertical girders, constructed in similar fashion, wéighed
about 1800 1b each and were about 8 ft long, spanning the distance between
the horizontal girders. Load cells were placed between the wall blocks and
the horizontal girders and preload was established between the girders and
blocks to avoid high impact forces on the load cells.

Attachment hardware used to fasten the test panel frame to the girders
consisted of a "U" shaped member welded to the girder, and mating elements
attached to the test panel support frame. 1In early tests, plates drilled to
match the holes in the "U" member, were attached to the top and bottom member
of the test panel frame. These plates were inserted into the "U" shape and
bolted on 6-in. centers. In later tests, the steel channels on the panel sup-
port frame were replaced with I beams. Sections of steel angle were fitted
between the flanges of the outer channel-shaped portions of the I beams at
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each bolt location (see Fig. A-3) and the panel tied to the girders with eye
bolts. Both of these methods provided freedom of rotation. Fig. A-4 is a
photograph showing the wall blocks ang upper girder with a concrete block
wall (containing a window opening) mounted downstream of the girder. (Wall
panels could also be mounfed on the upstream edges of the girders.) The
element on the s*and toc the left of the window is a displacement vs time

sensor.

Two complete sets of wall blocks and girders were fabricated, with the
second set of blocks being installed downstream from the first set. By this
means a "rcom" could be created in the tunnel with one wall mounted on the
upstream set of blocks, and the other on the downstream set. The blocks were
so located that walls could be separated by as much as 15 ft. Both sets of
blocks can be seen in Fig. A-5, a posttest photograph looking upstream. The
frame is still attached to the upstream set of blocks, with some concrete
blocks still clinging to the top frame element. On the right-frontal side
is a mounting standard containing photo flocd lights used in making motion
picture records of wall and debris motion. Just visible in the background
is the round mouth of the compression chamber,

Preioad Mechanism

A bearing wall is preloaded in the vertical direction by virtue of the
vertical load of upper stories, roofs, floors, etc. After a preloaded wall
cracks in flexure (at the top, bottom, and center) under blast loading, the
preload's point of application tends to shift to the plane of the downstream
face. This shift tends to increase the wall's resistance to the blast load-
ing until the center of the wall has displaced an amount about equal to the
wall's thickness, that is, until the wall has failed. Thus, it was determined
that the mechanism used in the shock tunnel to simulate preloading in the
field should be capable of providing a known resistance in a wall before
blast wave arrival, and an increase 1n resistance after the blast arrived
until the wall failed. (Deta:led analysis and rationale may be found in
Ref. 16.)
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Block Wall Still Attached to the Upstream Girder.
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As discussed in Ref. 16, it was decided that the most suitable mechanism
would apply load halfway between upstream and downstream faces of the walls.
It would provide the desired increase in wall resistance by generating an
increase in vertical load while a wall was responding to blast Joads, but
before the wall became unstable (i.e., before the center of the wall moved
far enough that the wall would collapse even if the blast load were removed).
It would have a plastic response to preclude serious extranenus oscillation.

A lever system was used, the basic design and operation of which is
shown in Fig. A-6. A wall subject to a high enough biast load would first
crack in flexure at the center, and then continue to deflect, driving the
point of contact with the lever downward and increasing the force on the wall
as the weight w was accelerated. The lever was modified by building into it
a "yield point" or plastic hinge (a hole was drilled through the lever arm
to force the Tlever to display plastic behavior). This served two purposes:
it limited the overioad (the load in excess of the static load due to w alone)
on the wall; and it eliminated oscillating preload forces that the system
would gerierate. (Actually if the lever could have behaved perfectly plasti-
cally, that is, deflecting at constant force, no increase in preload forces
would have been generated by it at all; thus tie preload would have remained
at its initial value until the wall became unstable.)

Under blast Toading, a test wall deflected rapidly enough that the
motion of the preloading weight was small, and vertical loading imposed by
the lever system during the time of interest was sizilar to the load that
would have been imposed by a "real world" system. The Toad on a wall from
such a system as a fungtion of the vertical motion at the bottom of the wall
can be derived from the curve of Fig. A-7 which shows the lcad from the static
tests of the plastic hinge mechanism. A wall preloaded initially to some
(arbitary) vaiue P 0’ would experience a vertical load while it was deflecting
given by the port10n of the curve of Fig. A-7 above P . Figs. A-8 and A-9
are photographs of the preload system as installed. In Fig. A-9, both the
yield and the pivot points can be seen.
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To verify the correct operation of the preload mechanism, load cells
were installed between the mechanism and the walls for tests on Walls No. 81
and No. 82 (8-in. thick brick walls) with preloads of 28.5 kips. Records
from these load cells are shown in Fig. A-10.

The vertical load that the wall would experience while deflecting after
cracking in flexure as derived from Fig. A-7 is shown by the solid line of
Fig. A-11A. The other three curves of that figure are measured values, de-
rived from the load cell traces of Fig. A-10 (vertical load vs time) and the
displacement gauge traces of Figs. 2-20 and 2-21 (displacement vs time).

In Fig. A-11B, the resistances to horizontal pressura forces, derived
from the curves of Fig. A-11A are shown. These "static pressure resistances"
are satisfactorily close. The initial dip in the experimental curves of
Fig. A-11 are thought to be caused by the initial upward motion at the bottom
of the wall caused by the shortening of its neutral axis, due to bending
during the elastic phase of the wall's deflection.

Arching Wall Mountings

"Arching" of a masonry wall panel occurs when its supperts are '"rigid"
S0 that both in-plane motions and rotation at the supports are prevented.
When this occurs, even after a wall cracks in flexure, it wedges itself be-
tween the supports, forming an arch. Such a wall generates substantial re-
sistance to out-of-plane motions because they can only take place through
failure of the wall material itself (e.g., through crushing and spalling).

In the shock tunnel, the floor, walls, and ceiling were all massive
enough that arching of a wall panel cubject to blast loading would be assured
merely by building it into the tunnel directly, in intimate contact {as with
a mortar bond) with the floor and ceiling. This would cause the wall panel
to undergo so-called one-way arching, that is, arching between two opposite
panel edges.*

* Even greater resistance to out-of-plane loadings could be developed if the
four edges of the panel were fixed so that two-way or plate-type arching
could occur. Effort during this program was concentrated on the one-way
phenomenon, although on two-way arcning walls were tested,
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The first three arching panels tested in the tunnel were constructed in
place in the tunnel, each curing a minimum of 28 days before being tested.
To allow a faster rate of testing, the remaining panels were built sutside
the tunnel, stored for curing, and moved irto the tunnel.

While the same methods used to transport the simple beam and plate
panels jnto the tunnel were also used with the arching panels, very differ-
ent methods were used to secure them in the tunnel. The mounting systems used
for brick penels and concrete panels is shown in Fig. A-12. The "I" beam
portion of the bottom support system (Sketch C) is the lower member of the
frame into which the wall was built, and which peimitied it to be 1ifted and
transported into the tunnel. Once in the tunnel, the wall was raised, and
either the wall itself (Sketch A) or a top frame element (Sketch B) were
mortared to the turnel ceiling. New mortar was then placed at the base as
shown in Sketch C. This new mortar had to be wider than the wall itself
because thrusts on the lower edge of the wall due to arching were directed
at an angle to the plane of the wall face, and a solid load path to the
tunnel floor had to be provided. The same consideration led to the use of
a wide mortar area at the top of those walls that had a top frame member
(Sketch B). Note that the mortar used in the tunnel installation would be
more accurately described as a high-early grout.

A similar mounting system was used with composite concrete block and
brick walls {Fig. A-13).
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Appendix B
DESCRIPTION OF COMPUTER CODES USED FOR PREDICTION OF WALL PANEL RESPONSE

As noted in Section 1 of this report, three finite element computer codes
were use to analyze wall behavior. For all but arching walls, the SAMIS code
was used. For arcning walls, the MACE code was used initially, and a few
calculations were made using the far more powerful STARDYNE code. Descriptions
of the codes, and the mathematical models employed with them, follow.

WALL PANELS MOUNTED AS SIMPLE BEAMS AND PLATES -- SAMIS ANALYSES

At the time SAMIS was first employed in this study, it could handle
triangular elements (e.g., plates and shells) and lire elements (e.g., trusses
and frames). (See Ref. 17.)

SAMIS is a segmented or chain program composed of 16 segments or Tinks.
The user sele:ts the links to be used to give his desired output, and speci-
fies the order of the selected 1inks by writing a set of instructions
called pseudo instructions. A pseudo instruction calls for a set of sub-
programs to perform the necessary matrix operations.

The solution of a typical structural progam involves the following
steps. First, materiai tables defining the mechanical properties of all
materials of interest are made. Then, a listing of the element data is made
defining local geometry (thickness, cross-sectional area, moment of inertia)
gridpoints, coordinate systems, temperatures, weight and pressure on each
element. Third, boundary and toading conditions in matrix form are put in.
And finally, the pseudo instructions are used to direct the operation of
SAMIS to achieve the desired results.

Input to SAMIS consisted of: material prooverties of the wall panels
and their supports; the blast Toadings to which the walls were to be ex-
posed; and finally, the mathematical models of the walls themselves.
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Material Properties

The material properties used in all the SAMIS calculations are given
in Table B-1.

Table B-:

Material Properties Used
for SAMIS Calculations

Property JMaterial
steed(t)  Brick- Mortar
Young's Modulus, E 30 x 106 psi 1 x 105 psi(?)
Poisson's Ratio 0.3 0.1
Specific Weight 500 1b/ft3 120 1b/ft3

Notes - (1) From AISC Manual
(2) From static tests on common brick using ASTM procedures.

Input Loadings

The basic blast pulse generated ir the shock tunnel had a sharp front,
a flat-topped or constant pressure portion about 40 to 50 msec long. and a
portion which decayed to ambient pressure in an additional 50 to 60 msec. In
all cases, those walls exposed to these blast pulses that cracked in flexure,
did so at times shorter than 30 msec, that is, before the loading pulse
started decaying. Since SAMIS operates only in the elastic domain, its use
is restricted to time before flexural cracking occurs. The loading pulses
used as input to SAMIS, therefore, had to be based on the simple, single-step
incident pufses which existed in the tunnel at times before the onset of
flexural cracking and pulse decay.

The characteristics of loading pulses generated in the shock tunnel on
walls of various geometries (that is, walls with and without doorway and
window openings) are discussed in detail in Volume 2 of this series. It was
found that loadings on solid walls (walls which completely blocked the tunnel)
resembled the single-step incident pulses except that the constant pressure
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portion had a value Pps related to the incident pulse's constant overpressure

P, = 2p; [ (7p, + 4&-/(%0 + pi)]

where Po is ambient pressure. A sketch showing the puise that was used as

portion P; by

the basic SAMIS input loading pulse on a solid wall for an incident pressure
level of 3.3 psi (which would be generated by the detonation of three G0-ft
long strands of Primacord) is shown in Fig. B-1A.

Loading pulses for walls with openings (a window or a doorway) are more
complex, since the opening results in decreased pressures on the froat, or
upstream face of the walls, and permits blast pressure to load the back, or
downstream face, thereby reducing the net Toadings (the difference between
loadings on the upstream and downstream faces) on the wall. It is shown in
Volume 2 that the net loading at a point on a wall with a window is initially
the same as that on a solid wall, but it rapidly drops in value until it
stabilizes at a lcwer value dependent on the size of the window operning.
The same pattern was observed at different points around the window openings
50 that it was possibie to use a single pulse as SAMIS input to load all
elements on the wall. The basic pulse used as SAMIS input for the analysis
of a wall with a window, derived from an incident step pulse of 3.3 psi, is
shown in Fig. B-1B,

The Toading pulses used in analyzing walls with doorways were still more
complex. Initiaily, peak reflected pressure occurs across the entire wall.
The net loading at a particular location on the wall, howevef, begins to de-
crease at a time related to the distance from the doorway. Two factors cause
this to happen: First, rarefaction waves start at the doorway and propagate
across the upstream face of the wal) because initial pressure in the doorway
area (incident pressure) is less than that on the wall immediately adjacent
to the doorway (peak reflected pressure). Second, a positive pressure pulse
Propagates across the downstream face of the wall as the shock wave passes
through the doorway and expands. The first factor decreases the downstream

B-3



A
7.2 —_—
|
|
I
3.3 + |
I
|
L
_ 0 25
= Time (msec)
=
o A. Solid Walls.
S
3
(%]
w
&
oo Jl
7.2 4
3.3 L
2.5 | f
1 |
: | &
0 4 25

Time (msec)
B. Walls with a Window.

Fig. B-1. Average Input Loadings from an Incident Step Pulse of 3.3 psi Used
with SAMIS Calculations for Solid Walls and Walls with a Window.

B-4



directed loading from its peak value; the second causes an upstream-directed
Toading that was not present with a solid wall.

In the shock tunnel the two pressure waves which propagated across the
faces of the wall from the doorway eventually encounter the tunnel side wall
and reflect from it. They then travel back across the faces of the wall to
the doorway where another interaction causes additional waves to propagate
toward the tunnel side wall again. The process repeats itself, resulting in
loadings across the face of a wall which are highly non-uniform.

The net leadings generated by an incident step pulse of 2.3 psi measured
at three points on the wall are shown on Fig. B-2A along with 1ines showing
approximate average values drawn through the high frequency components of the
load. (It was shown in Ref. 9 that these components would have little effect
on wall behavior.) The basic input loadings to SAMIS derived from these
Tines are shown in Fig. B-2B.

Computer Models

The basic computer model of walls mounted as beams is shown in Fig. B-3.
Nodal points are identified by numbers incircles, and the discrete elements
by numbers without circles. The wall elements (serially numbered from 1
through 96) are all triangular. The nodes on the wall itself are numbered
in decades from 10 through 610. Only half the nodes and elements are identi-
fied in Fig. B-3 because a beam-mounted wall is geometrically symmetrical
about its horizontal centerline. With uniform loading normal to the face of
the wall, motions at similar points above and below the centerline would be
identical, and the centerline itself could move neither up nor down. This
permitted use of a half-wall mathematical model in which the nodes along
the centerline {(numbered by fifties starting at 10) were not allowed to
dispiace in the y (vertical) divection, nor rotate about an x (horizontal)
axis.

As noted earlier. to minimize deflections along the supported edges,
the test walls supported as beams in the tuanel were mounted on massive
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horizontal steel girders. In the mathematical model, the upper horizontal
girder was replaced by the unnumbered 1ine elements and the connecting nodes
(numbered by fifties from 55 to 655) at the top of Fig. B-3. The mass of
each girder, which weighed about 2600 1b compared with about 4000 1b for one
half of an 8-in. thick brick wall panel, was equally apportioned among these
nodes.* Centroids of the model girder and the model wall were connected by
nondeformable line elements (shown as dashed lines connecting nodes

50 to 55, 100 to 105, etc.). This arrangement for the girder and wall con-
nections permitted the effects of shear and bending of the girder (essen-
tially a very deep beam) to be included in the system response. The end nodes
(55 and 655) were designed to model the restraints of the real girder as
offered by a load cell bearing on a stecl block affixed to the tunnel walil
(see Fig. A-3). The line elements of the model girder represented shear and
bending deflections along the girder hetween these supports.

The nodes at the top of the wall itself (50, 100, 150, etc.) could be
restrained from rotating. When they were so restrained, the model repre-
sented a moment rcsisting (virtually a fixed) support condition; when they
were free to rotate, the model represented a pinned support condition.

The matnematical model of walls supported as plates in the tunnel s
similar to that shown in Fig. B-3, except that line elements and nodes con-
nected to the vertical edge nodes (10, 20, ...50 on the left. and 610, 620,
..650 on the right) were added. These were assigned the same characteristics
as were the line elements and nodes at the top of Fig. B-3, which permitted
plates with both pinned and fixed supports to be analyzed.

The mathematicai models of the wall with a doorway used with SAMIS are
very similar to those for the solid walls. Indeed, they are derived from the
solid wall models merely by blanking out three vertical columns of elements
(65 through 88). The resultant model for a beam-mounted wall is shewn in
FSAMIS raquires all masses to be lumped at the nodes. For the calculations

reported here, preliminary runs on simplified models had indicated that
the wall mass could be concentrated at every other nodal point.
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Fig. B-4 with the doorway elements shaded.

The computer model of the wall with a window is somewhat more complex
than the other two. The model actually consists of only one quarter of the
wall instead of one half as in the other two models, a pattern which could
be adopted because the wall was symmetrical about both the x and y axes.
(This could also have been done with the solid wall, but not the wall with
a doorway.) Because it was desired to investigate deflections and stresses
in the area immediately adjacent to the window in more detail than was done
with either the solid or the doorway wall, additional nodes and elements wire
used in that area. This was done to allow identification of stress concen-
tration points and predictions of subsequent crack propagation. The model
used with SAMIS for a beam-mounted wall with a window is shown in Fig., B-5.
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ARCHING WALIL PANELS -- MACE ANALYSES

Because of its limited capacity (50 nodes, triangular elements only,
static loadings only, and output limited to nodal deflections) relatively
little use was made of MACE. As noted earlier, however, it wac fast and
relatively inexpensive to operate, and did provide insight into both the
static material testing program, and the actual blast testing of arching
walls.

Two different mathematical models were used. The first resembled the
static test configuration used to test brick assemblages under line Jnad.
Both the mathematical model and one of the static test confiqurations {inset)
are shown in Fig. B-6. Material properties used in the calculations are the
same as those employed with SAMIS.

After the initial work with the model shown in Fig. B-6, a second model,
more closely a simuiant of the conditions observed to occur in the tunnel,
was used. The model for the upper half of a wall is shown in Fig. B-7, along
with a sketch of the tunnel condition it was designed to simulate (inset).
Crushing and spalling of material along the downstream edge of the top of the
wall and the upstream edge of the central crack had been observed in the
tunnel. In the model, this was simulated by moving the points of contact in
these areas inboard by an inch (the wall being 8 in. thick). Again, the
material propertics used with this model were the same as those employed with
SAMIS.
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ARCHING WALL PANELS -- STARDYNE ANALYSES

The STARDYNE Analysis System consists of a series of compatible digital
computer programs designed to analyze linear elastic structural models. The
analysis system encompasses the full range of static and dynamic types of
analysis and can be used to evaluate a wide variety of problems.

The static capability includes computation of structural deformation
and member loads and stresses caused by an arbitrary set of applied loads
and/or displacements.

Dynamic response analyses can be performed for transient, steady-state
harmonic, random, and shock spectra excitation types. Dynamic response re-
sults can be presented as structural deformatiors (cisplacements, velocities,
and accelerations) and/or internal element 1oads and stresses.

The computer code is organized and formatted to enable the user to ob-
tain a meaningful solution with a minimal amount of required input data and
offers a very wide range of output formats, both numerical and graphical.
The mathematical operations contain state-of-the-art innovations in numer-
ical analysis providing the analyst witha sophisticated, cost-effective,
structural dynamic analysis system.

Given the physical characteristics of the node and finite elements form-
ing the structural model, the solution procedure consists of the following:
first, the stiffness matrix formulation (relating the stiffness of each
element); a static analysis solving for either nodal displacements or element
internal stresses for a given set of applied rodal forces; an eigenvector
determinatisis giving the frequency response of the structure; and finally, the
dynamic respcnse analysis using the natural frequencies and normal modes to-
gether with the related mass and stiffness characteristics of the structure
forming the appropriate equations of motion. The equations are evaluated
to determina the structure response to dynamic loading.
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The material properties used with the STARDYNE analysis were the same as
thcse used with SAMIS. Analyses with STARDYME had just begun when the program
ended, and only jimited information was developed, for static analyses using
a static Toading of 1 psi.

Analyses werc made with three different STARDYNE mathematical models.
The first was for a so-called rigid arching wall, and was essentially an ex-
tension of the last work done with the MACE program, with the wall cracked at
the center. As with MACE, only a half-wall model, shown in Fig. B-8, was
employed. Note that the model grid is far more detailed than is the MACE grid,
especially at the top downstream edge, and the center upstream edge, where
material crushing was observed to occur, Fig. B-8 also shows some stress di-

rections derived with STARDYNE.

A second set of caiculations was carried out with a similar reometry,
except that a crack was presumed to exist one quarter the way up the wall
instead of at the wall center. This geometry is no longer symmetrical about
the centerline, so the mathematical model had to include the entire wall.

Finally, calculations were carried out for gapped arching, in which a
gap at the top of the wall permits the top to move far enough that the rear
(downstream) edge contacts the rigid frame that causes arching. Walls that
undergo this type of arching display less resistance to blast loading than do
rigidly arching walls. The upper portion of the mathematical model employed
for these calculations is shown in Fig. B-9. The stress directions shown in
Fig. B-9 derived with STARDYNE for a gapped arching wall can be compared with
those for a rigidly arching wall shown in Fig. B-8.



\
ULLLLLLLLLL LU LL LI RN ‘

\|/
\I/

Fig. B-8. Sketch I1lustrating Rigid Arching and STARDYNE Model of Upper Half
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THE SHOCK TUNNEL:
“HISTORY AND RESULTS
Volume IV
STATIC TEST PROGRAM




ABSTRACT

This is Volume 4 of a five volume report which summarizes the results
of a program conducted by the Defense Civil Preparedness Agency to determine
blast resistance of wall panels typically found in existing structures.

Such information was needed to determine the blast sheltering capability of
structures in the National Falloyt Shelter Survey inventory and to develop
means for upgrading these structures.

This volume describes the static test program conducted to determine
the physical properties of the wall panels and to assist in the development
of failure theories and test predictions for wall panels.

Volume 1 of this report describes the shock tunne] facility used for the
experimental testing of full-scale wall panels. Included is a summary of the
capabilities of the shock tunne] for dynamic Toading and response studies and
brief summaries of various experimental programs conducted in the shock tunnel
which were not related *o the wall panel test program.

Volume 2 presents the results obtained from the experimental program
conducted in the shock tunnel to determine the loadings which are received
by wall panels mounted in the test section.

Volume 3 is concerned with the dynamic response and failure of full-scale
wall panels. Included are the development of theories of wall panel response
and the results obtained from the testing of full-scale wall panels in the
shock tunnel.

Volume 5 summarizes the predicted failure pressures for wall panels
based on the theoretical and experimental results covered in Volume 3 and the
static test data in Volume 4.
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Section 1
INTRODUCTION

An extensive series of static tests was conducted in conjunction with
the wall panel test program. The objectives of these tests were:

0 to determine the physical properties of the components and
composites used inthe construction of the wall panels including
their statistical distributiin.

0 to aid in controlling the quality of the full-scale test panel
fabrication.

As with the wall panel program the static test program concentrated on
non-reinforced masonry and in particular on brick and mcrtar assemblages.
At the time of construction of ea:h full-scale panel, brick and mortar samples
were taken and beams, columns, tensile bond test specimens, and shear bond
test specimens were constructed. These specimens were stored along with the
panels through the 28-day curing time, and were then tested at about the samre
time as the panels. The types of tests performed are 1isted below, subdivided
into three categories. The first group of tests on individual components
was primarily conducted for quality control purposes and the second, on as-
semblages, for obtaining estimates of values of the physical properties of
wall panels. The third series covers tests conducted to study arching and
spalling phenomena.

Compcnent quality control tests

Cylinder mortar tests (compression and splitting)
Brick flexural tests (flatwise and edgewise)
Brick and concrete block compressive tests

Test of physical properties of wall panels

Brick and mortar and concrete block and mortar beam tests
Brick and mortar tests (compression)
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Brick and mortar couplet tests (tensile bond)
Birick and mortar tests (shear bond)

Special static tests

Line load tests
Spalling load tests

A1l tests were performed per ASTM standards where applicable. A brief
descripticn of each test type and its purpose are given in Section 2 of this
volume, and the results obtained from the tests in Section 3, which also in-
cludes a discussion of the statistical method used to correlate the data.

Static test data obtained from other sources which are suitable for com-
parison with the results of the current program are presented and discussed

in Section 4.

A possible approach to the development of a generalized theory of the
response of brittle materials is given in Section 5.
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Section 2
DESCRIPTIOM OF STATIC TESTS

In the following material the nature and purpose of each type of static
test s summarized. More complete descriptions are given in Refs. 1 and 2.

COMPONENT QUALITY CONTROL TESTS

Cylinder Mortar Tests (Compression and Splitting)

Mortar cylinders, 2 inches in diameter and 4 inches long, were tested in
compression and tension as shown below. These tests are standard ASTM tests
1o determine mortar compressive and tensile strengths.

Tension Compression
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Brick Flexural Tests

In these tests individual bricks were tested in flexure in both the
flatwise and edgewise orientations as shown below. This is a sStandard ASTM
test for flexural strength.

Flatwise Edgewise

|
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Brick and Concrete Block Tests for Compressive Strength

In this test, 1 x 1 in. squares cut from brick (flatwise) were tested
in compression as shown below. The concrete blocks were tested whole. This
is a standard ASTM test for compressive strength.
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TESTS OF PHYSICAL PROPERTIES OF WALL PANELS

Brick and Mortar and Concrete Block and Mortar Beam Tests

The beams were tested 7or flexural strength using the arrangement shown
below. The test beams for the brick were approximately 26% in. long, 9 in.
high, and 8% in. wide and were loaded at the one-third points. The test
beams for the concrete block were approximately 8 in. x 8 in. x 24 1in.
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It should be noted that the type of failure obtained in the beam tests
with bricks is similar to that of the fuli-scale wall panels tested in the
iunnel except where arching phenomena predominate. Thus, the flexural
strengths obtained could be used as a first approximation to predict the
behavior of the full-scale brick panels.

Brick and Mortar Tests (Compression)

Brick-mortar assemblages were tested in compression as shown on the next
page. This is a standard ASTM test to establish composite compressive
strengths and moduli.
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Brick and Mortar Couplets (Tensile Bond)

Brick and mortar couplets were tested in tension as shown belaw. This
is a standard ASTM test to establish the tensile bond of the brick/mortar
interface.

Brick and Mortar Tests (Shear Bond)

Brick- mortar assemblages were tested as shown below to provide a measure

of the shear strength of the brick-mortayr interface.
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SPECIAL STATIC TESTS

During the course of the program several specialized static tests were
developed to assist in understanding rigid and gapped arching phenomena.

Line Load Tests
Tests as illustrated below were used to establish the line load resis-
tance capability of masonry assemblages in rigid arching.

v AT,
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Spalling Load Tests

Load tests as shown below were used to estabiish masonry assembiages’
resistance to spalling load induced during gapped arching.
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Brick and concrete block beams in rigid arching were tested as shown
below to assist in developing arching theory.
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Section 3
STATIC TEST PROGRAM RESULTS*

METHOD OF DATA CORRELATION

To analyze the static test data it was necessary to use statistical
techniques because of the inherently large scatter in material properties
of brittle materials. An "extreme" type of probability distribution was
selected for the data correlation. This procedure was justified by the fact
that the experimental data from the static test program fit the extreme type
cf distribution fairly well and that, in general, the extreme type of perform-
ance is typical of brittle materials. Failure is often propagated by tlaws
and the distribution of flaws is often consicered to be extreme (Refs. 3 and
4). The distribution of the "largest flaws" is of interest because it deter-
mines the distribution of "smallest strengths", i.e., failure.

A typical sample of test data plotted on extreme probability paper is
given in Fig. 3-1 for the flexural strength of brick and mortar beams. The
rather nice correlation of data is evident. Shown on the figure are:

the mean value x = 176

the modal valuepy= 196

the measure of dispersion 1/a = 35
obtained from the best fit line through the data. It can be seen that the
modal value and the mean value are not the same as they would be for a normal
distribution. This is due to the skewed nature of the extreme distribution.
It also may be noted that the use of a measure of dispersion (such as one
or two standard deviations) measured symmetrically about the mode is less
useful than it is with a normal distribution, since it does not include
the same probability area on either side.

* A detailed listing of all data obtained from the static test program 1is
given in Refs. 1 and 2 and only summary plots and tables are presented
here to illustrate significant points.

3-1



TSwesg JAe3dol pue y214g o yjbuauls [eanx3 |4 I-¢ °biy

ILIMYA QIDINAIN

LI -ﬂ—.mr.—lj MTH -ﬂu-.— L | —..—N.

[ (1% 00, ] ALITIBVEORS

0Z s oS s o's £y [ 4 £C o't [ 21 L4 L o 50
Hq.._._.4.m~__«.~_.._.—___-«._.-IHI‘.__..-_...—«-__..—«-_._qul-l,...q.-_.__._.d_

»
o
-
-
n
»
~
"
"
"
-
"
n
-
-
-
~
-
-
-
©
o
L]
-
°
-~

-'-‘”PN = I

(tsd) yibusuis [eunxa|y

I $- —— -— - d R { - - L ..
—— I RS Mol 1)t S5 g u G M mpnuna Lt ohasy . 4:% !
. e B = = 1SS Eo (i ﬁl., S B i e & R ECEH 000 SMNDOS byt . A bog § ._O
. o M 5w ShmEE R ber sl e e
“ * H h .._ - '_4 “. HJ ....._.H sy ._445. -v..—..*kl 4.4 .H.. FIR S S E—
: s P MR WO 1) — =S e S SO, 444 .:. 3 Wi -
Ml ., S [ [ .H LSS S e [ o IPAH ML S MQH?_ J..iurT “.. _ HusRiica Mg +
[ - ] . . .o.;ﬁ Tr‘aoH‘y4.r . L St I T I i e et GO S 1845 ﬂ
£ . e R ieere R Ry I B SREIEE iE=cse Iy i
Fooog e SRS o=k s 20 R BY X i) w1 B eh _”H_”“ il
i ¥ A - + 4 = e e S S D ey e ehed .-,..—...,,
A e s T 09
- . —— - ey 4 e baee e EEES R R TS
- 4 \ IR S T R e T S S .
= _ - + o+ ..1+#.I 3 H; D S SR e, *
. . .w , SRl S UG SIS oy ey ey i
SR ! P ———t gy =
L —— ...H.. 4 3 —t ....J.ﬂl; M ~— . L " M..._. : ¥R Y i ALdm
. . + 4 44 - T =4 + - .- _..0‘0¢00]; %
= _,u + + IR TR I SR T S : . . 9+»;~o—‘“
0 SRS I I ST R S Al - + 4 addd
T t J it
B , 1 .lI”|- .l.;.l.l.[k. — e v -ttt rlH.lviﬂw M,GNH
4 : 2 5 0 ) PSR 6 8 6 6 e A
' — = .4.4,»A e dy e + Foman b 3
- - - -.i.lHl - - Tty s . +.~.r.h..u4
—— - H == 4|-+le e e ot g4 L SR e IR S
| Al [ SN 1 O LRS- L | e
R — ,_. T 1088 1 I 0ST
= . MN = Uu |..F L S R T e
] - o - ==t eie—tfoed
t=r—t— . B = .4 m Hu T HNL.A;:.*
- §°6¢€ = °/1 T
N _ -4 } = s B d4qdesdigl
FER = N S e e o SR SR ST (S S
A— ! £°967 = n R Y e T
' # t - L
- e e =t reaenae
B i M = X _ S T S, Ml:.-:J.:
, : 66t mix T R o
- R S e ) e deaday
.h H v . . I
b i S Up—r— i | e 5 i - P - D o
. i -4 = SRS [N S U S Y | e v
. . — + 4..?.— a o algice fedand 4 ._ | D T s
= 4 — e o K- .. + dogig v ed i ' LR %:._<A¢f”._
1 ——+— ..1_1_..;.."1 5 B S T B E TR
va— — - e L B A | i .t LSRR 5 et e e IrL_: ‘1
= FUSCES: POt S N 2 N (L Wyt i : gl by
i T T
= e eI S S s s estren
L iy B B ISP G N S8 6 L ; i
T T T v nqm- WIM T 1 _.>.b.. ‘n | T T.—“.ﬂ.. +..,w.m”1
0001 oos oot 00z oo os sz o s

Fiweay) QOIMBd NUNLDY

H34Vd ALITIEVE0Ud IWIHIXI

3-2



LOfe A ST

toLhe g

SCatlar, a measu - tneodis

sned varidtos

from 7 o 87 of s G Rd A

Thus, refarring to fig.
176 + 53 psi, keeping in mind
these bounds.

ifying the pres

wEraon From el

t 4B N say

3-3

dnion

G0N

about

P s
:nl'.;
ERe 41N

ma

e

[t

ced

ingluded & range

T ne

medan.,

SLAISt

varilate




RESULTS

Plots of the data on extreme probability paper for *n=z test conditions
listed below are given in Figs. 3-1 through 3-6. The spalling '»ad data for
brick and mortar specimens are given in Table 3-1, the flexural strength data
for composite concrete block-brick beams in Table 3-2, and the compressive
strength of 8-in. x 8-in. (nominal) brick and mortar assemblages in Table 3-3
since there was insufficient data for their plotting.

)

0 Fig. 3-1 - Flexural Strength of Brick and Mortar Beams
o Fig. 3-2 - Flexural Strength of Concrete Block and Mortar Beams

0 Fig. 3-3 - Line Load Strength of 8-in. x 4-in. x 8-in. (nominal)
Brick and Mortar Assemblages*

o Fig. 3-4 - Line Load Strength of 8-in. x 8-in. x 8-in. (nominal)
Brick and Mortar Assemblages*

o Fig. 3-5 - Brick and Mortar Tensile Bond Strength

o Fig. 3-6 - Compressive Strength of 8-in. x 4-in. x 8-in. (nominal)
Brick and Mortar Assamblages*

0 Table 3-1 - Spalling Load Data of Brick and Mortar Specimens

o Table 3-2 - Flexural Strength Data of Composite Concrete Block-Brick
Beams

o Table 3-3 - Compressive Strength of 8-in. x 8-in. x 8-in. {nominal)
Brick and Mcrtar Assemblages.*

* The nominal dimensions of the brick and mortar assemblages used in the
line load and compressive strength tests refer, in seauence, to: the
height of the sample (i.e., the distance between sample faces in the di-
rection of loading -- 8-in. samples are three bricks high); the sample
width (in line loading, the lenath of the sample edge that is not loaded
== a 4-in. sample is one brick wide); and the sample length (in line load-
1ng, the length of the sample edge along which load is applied -- an 8-in.
sample is one brick long). See sketches in Section 2.
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Table 3-1
Test Data for "Spalling" Loads on Brick-Mortar Specimens

At P fgs(l)
(in) (1b) (1b/in)
1/4 10,900 680
13,465 840
13,990 875
15,200 950
172 13,980 875
33,000 2,070
34,000 2,160
19,000 1,191
(1) fzs = P divided by total length of loaded edges (8 in. + Sl?;j).
p

ez

N\

At ——i —-4—— . AL

VW 7
.4_|._-

P
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Table 3-2
Results of Tesuts on Brick-Conc

rete Block Beams

Test Force, P
Number (1b)
1 9388
2 7731
3 7180
Average: 8100 ... average o, = 197 psi

M2 P/5

13 in.
T

_ 13 in.

[T e ]

1 mjm

Concrete.B1ock
1 in. h,fqi

| 37% in.

3-11
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Table 3-3
Compressive Strength of 8-in. x 8-in. x 8-in,
Brick and Mortar Assemblages

Sample Number Compressive Strength fc'
(psi)
1 1900
2 2700
3 2600
4 2300

Average: 2375
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The flexural strength data given in Figs. 3-1 and 3-2 have been included
since these data were used with the theoretical calculations to provide first
approximations for the failure pressures of simple beam and plate walls (see
Volumes 3 and 5). Similarly, the compressive strength for line loads in
Figs. 3-3 and 3-4 and the spalling load data in Table 3-1 were used for pre-
dictions of failure pressures for arched beams. The remainder of the figures
are used in the next section in comparisons with data from other scurces.

As noted previously, one of the purposes of the static tests was for
quality control. Tests on individual components were made to insure that
there were no significant differences in the quality of the materials used in
constructing various batches of full-scale wall panels. Statistical analysis
of the tests showed that all batches of brick were statistically similar, as
were all batches of concrete block, and of mortar.
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Section 4
CATA FROM OTHER SOURCES AND COMPARISONS
WITH STATIC PROGRAM RESULTS

In this section, data from other sources are presented and, when possible,
compared with static test program data. These comparisons illustrate the de-
gree of similarity of the data from various sources, not only in magnitude
but in the degree of scatter® For this purpose the test data concerning the
material properties which are most important in the failure mechanisms were
selected.

As is evident from Volume 3 and Volume 5, the fiexural strength is the
most important property for the failure of beam and plate-mounted walls
without arching. Unfortunately, no data exactly comparable to the small test
beam data used in this program could be found from other sources. Compari-
sons with flexural strength data from large walls and very small specimens
are given in Fig. 4-1.

However, the flexural strength is related to the brick-mortar tensile
strength which was measured in this program by the couplet tests. Such
data are available from other sources, and are shown in Fig. 4-2,

For arching walls the line load compression and spaliing tests were
considered to provide the closest approximation for the wall failure mecha-
nism. For the non-vertical (line load) case no other data are available.
There are data available, however, for the vertical load case (standard com-
pression tests) ard since there appears to be a direct relation between the
non-vertical and vertical results, a comparison between the vertical load
data is given in Fig. 4-3,

* Note that in the discussions of data scatter all percentages given were
calculated as shown on pg. 3-3.
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Finally, Fig. 4-4 shows data from tests on full-scale (

story-height)
concrete block walls.



COMPARISON OF FLEXURAL STRENGTHS OF BRICK BEAMS
The comparisons of flexural strengths given in Fig. 4-1 show that

0 the static test program mean flexural strength is 80% higher
than Monk's data and 180% higher than Pearson's. It should
be noted that the comparison with Monk's data is considered
more significant than that with Pearson's, since Monk's data
are from 4-ft, x 8-in. x 8-ft. walls while Pearson's are from
very small specimens. Also note that both of the above were
based on Taboratory construction while the static test program
data were based on field construction. Monk indicates that
real, in-place walls appear to have flexural strengths about
25% higher than his laboratory walls. The static test program
mean flexural strength would be only 45% higher than that for
such walls,

o static test program data scatter is t30% while that of Pearson's
data is * 4€% and Menk's, + 15%. However, Monk indicates that
real, in-place walls exhibit a scatter 45% greater than for his
laboratory walls which would lead to a value of + 21%. It is
concluded from the above that it is reasonable to apply the
+ 30% data scatter based on the static test program to full scale
brick wall panels as is done in Volumes 3 and 5.

0 because of the larger data scatter the static test program
flexural strengths and those from Monk's data tend to converge

at the high probability (or low flexural strength) end of the
distribution.
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COMPARISON OF BRICK-MORTAR TENSILE BOND STRENGTH

The comparisons of tensile strengths given in Fig. 4-2 show that

0 the static test program mean tensile bond strength is from
35% to 85% higher than that from the other data.

0 the static test program data scatter (on a percentage basis)
is + 51% while that for Pearson's data is +21% and that for
Fishburn's is +37%. Note, however, that the static test
program used field construction while the other sources used
laboratory construction.

0 because of the larger data scatter, the static test program

tensile strengths at the higher probability end of the distri-
bution tend to match the other data.

4.5
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COMPARISON OF COMPRESSIVE STRENGTHS OF BRICK ASSEMBLAGES

The comparison of compressive strengths glven in Fig. 4-3 shows that

0

static test program mean compressive strengths are about 20%
Tower than mean strengths from other data. Note, however,
that the static test program data are from 15 samples three
bricks high, and only one brick wide, while the other data 2re
from 27 samples also three bricks high, but two bricks wide
(essentially cubes).

static test program data scatter is +31% while that for the
other sources is +13%.
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FLEXURAL STRENGTHS OF STORY-HEIGHT CONCRETE BLOCK WALLS

The static test program did not include tests on concrete block beams
large enough to be considered representative of full size (story-height)
walls. Thus, the results given in Fig. 3-2 from the static test program
beams (each of which consisted of only three blocks) are not comparable to
results from longer beams or story-height walls.

A number of test programs on story-height concrete block walls have
been conducted by other investigators and the results of four groups of such
walls are shown in Fig. 4-4. The curves labelled NBS-1 and NBS-2 were derived
from Ref. 7 on 27 tests of standard running bond walls (see Fig. 4-5). The 14
NBS-1 walls employed mortars containing about one part of cementing materials
to three parts of sand, the cementing materials themselves containing about
50% portland cement or portland cement clinker. The 13 NBS-2 walls employed
richer mortars, the ratio of cementing materials to sand being zbout 1:2.7,
with the cementing materials containing about 70% portland cement or port-
land cement clinker.

The curves labelled PCA-1 and PCA-2 were derived from data in Ref. 9 on
22 sets of walls with the nine different concrete block patterns shown in
Fig. 4-5. The 11 PCA-1 walls employed mortars with a ratio of cementing
materials to sand of about 1:2.3, the cementing materials containing about
33% portland cement. The 11 PCA-2 walls employed somewhat richer mortars
(1:2.1 cementing materials to sand), with the cementing materials contain-
ing about 44% portland cement.

Clearly mean strengths increased with mortar richness, the mean strength
of the PCA-2 walls being more than four times that of the NBS-1 walls. Data
scatter, however, is not greatly different among the walls, with the PCA-1
wall showing the least scatter (t 40%), and the NB3-2 wall, the greatest
scatter (+ 60%) about the mean.

4-9
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The curves labelled PCA-1 and PCA-2 strongly demonstrate the utility of
statistical interpretation of static test data with an apparently large dis-
persion. Examination of the data, which contained flexural strengths ranging
from a minimum of 24 psi to a maximum of 103 psi, showed a good correlation
for each type of mortar, whatever the wall design,* as can be seen by the data
points plotted on the fiqure.

The average scatter of the four curves on Fig. 4-4 is almost identical
to the +50% obtained from Fig. 3-2 so that it is reasonable to use this value
for full scale concrete block wall panels as is done in Volumes 3 and 5.

* The data from Ref. 9 were interpreted in Ref. 10 to show differences in
strength among the different wall designs, but too few tests were run with
each wall design (a maximum of four, with six of the wall types being
tested only twice) to permit statistically valid interpretations to be
made.
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SUMMARY OF COMPARISONS

Probably the most useful cenclusion to be drawn from these various
comparisons is that the data scatter of the static test program has the
same general type of distribution and is generally consistent with the
values obtained from other sourees. The importance of this lies in the
fact that the inherent variability in material properties of brittle
materials is sufficiently great that any comprehensive method for predict-
ing their response under blast leading must take this variability into
account. At present there is no adequate brittle failure theory which
can be used to predict this variability. Some effort in this program was
devoted to such a theory (see Section 5) but it was not sufficiently
developed to be used. Thus, the only source for such information is exper-
imental tests. Ideally it would have been desirable to conduct sufficient
full scale tests to derive the statistical variation. This, however, was
clearly impractical, so it was necessary to resort to the small scale tests
used in the static test program. There remains, however, some uncertainty in
applying small scale results to full scale. The reasonable agreement in the
degree of scatter shown in the foregoing comparisons between the static test
program data and data from other sources, particulariy those involving full
scale walls, certainly helps to Justify this approach.
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DEVELOPMENT OF GENERAL BRITTLE FAILURE THEOQRY

The analytical work done in reqard to the structural response of wall
panels is presented in Volume 3 of this report. In these analyses the
material properties of the panals were considered to be deterministic and
uniform throughout a given panel type. It was clearly recognized that this
was only an approximation to the real world of brittle materials because
their mechanical properties are in fact expected to be a function of a
number of variables including the rate of Toading and the specimen size.
For this reason, a parallel theoretical analysis was carried out to try to
determine the impact of this variability on the above menticned structural
response calculations.

This work consisted of four phases. The first was the development of
a low level fatigue model which was intended to shed some 1ight on the
apparent strength increases of brittle material under dynamic loading. This
model involved simulating the brittle material ty a discrete element model.
The second phase involved extending this methodnlogy to a crack sensitive
continuum. The third phase involved the development of a statistical
failure theory for flaw sensitive materials, and the fourth phase consisted
of the combination of the first three phases into a general briztle failure
theoty.

This work has been reported in detail in Ref. 11, so that only a

summary of the scope of the effort and of the significant findings will be
given here.
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LOW LEVEL FATIGUE MODEL

In this development various simple discrete element systems were formu-
lated and their response to dynamic loading investigated using classical
dynamics. It was shown that for situations where one of the elements is
weaker than the others, loading/strength conditions exist in which

0o the system will stand one application of a step wave dynamic
load with failure only of the weaker element and survival of
the others, under a situation which would fail no element of
the system by pureiy static considerations.

0 the sawre system would fail entirely on the application of a
second similar loading.

Thus, these simple concepts demonstrete the fatigue phenomenon in
dynamic loading of brittle materials. It was also shown that a step wave
very much larger than one that would just result in system failure cculd
appear to cause an increase in system strength,

The analysis concluded with the postulation of the relation between
the observed resistance of the systems to the static resistance, the maximum
possible dynamic resistance, and the ratio of the magnitude o7 the step wave
loading to the fructure force.

5-2

e e e —

B |



CRACK SENSITIVE CONTIMUUM MODEL

I, this development the concepts developed in the low level fatique
model were extended to the continuum case for the nurpose of better defining
the rature of the transition domain for dynamic response between the static
resistance and an upper bound dynamic resistance. This was done by introduc-
ing a measure of crack sensitivity into the matnematical formula in terms of
the ratio of the time to complete fracture to the time available to fracture.
This formulation is given below:

R = Rs + (RD - RS) [1 - aexp (- A)] (5-1)

R is the observed resistance

R is the static resistance, or the dynamic resistance to a stepn wave
Just capable of causing failure (the minimum dynamic resistance)

RD is the apparent dyramic resistance to a step wave infinitely
larger (in the 1imit) than that just capable of causing failure
(the maximum dynami: resistance)

R Le/Ve ) -
=8 -‘_F‘-l (m for F; > F

0 for Fy < F

o=
I

=
n

F1 is the loading force (applied step load)

F is the fracture force (the minimum step load that can cause
fracture)

L is the length of a crack

5-3



Vv is the crack propagation velocity:
o=z \Vee

E is the modulus of elasticity

0 is the mass density

T is the period

t is the time to failuie with F; = F

a &8 are data based constants and assumed to be unity

Note that the term

Lc/Vc
72)- tg
consists of the time to completely fracture (LC/VC) divided by the time

available for fracturing BT/Z)- ts]. Hence, if Ri/2 < Fy < Rp/2 and the
term

chc S 1
(/2)-t, = 2

there is a possibility of partial fracture and not complete failure on the
first half period of oscillation; however, with the step-like loading, failure
will indeed occur on later oscillations and the R0 response computed by the
formula is the upper bound value.

Further implications of the above formula are presented in the following
material where the statistical loading concepts are included.
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STATISTICAL FAILURE THEORY

This effort considers in some detail the problem of material strength
variability. Brittle materials inherently have a great deal of scatter
in material properties, as has been illustrated earlier in this volume.
This random behavior does nox preciude the use of these materials or the
prediction of their performance, but it does make the problem more compli-
Cated. Statistical techniques represent one of the most promising approaches
for understanding brittle structural behavior because these methods permit
meaningful statements about the expected performance despite the variability.

It should be noted that this variability in material properties is ex-
pected to occur not only, for example, from ore brick wall panel to the next
but also, and more important, from point to point within a given panel. Thus,
the development of the statistical theory was based on the assumption that
any brick structural element is composed of discrete segments and that the
failure of these discrete segments is governed by a probability distribution
(spatial process).

It was further assumed that the probability distribution of fracture
stresses was governed by the statistical theory of extreme values. This
assumption was justified by the fact that the experimental data from tha
static test program fit the extreme type of distribution fairly well and
that, in general, the extreme tvpe of performance is typical of brittle ma-
terials. Fajlure is often propagated by flaws and the distribution of flaws
is often considered to be extreme (Refs. 3 and 4). The distributicn of the
"largest flaws" is of interest because it determines the distribution of
"smallest strengths" (i.e., failure which for the purposes of this section is
defined as the occurrence of the first crack).
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The first case treated was a beam composed of 8 segments and, in ac
cordance with the above, it was assumed that fracture of any segment wou;
cause failure of the beam. Ii: other words the probability of failure of the
beam equals the probability of failure of any one of the 8 segments of the
beam.

To illustrate the implications of this approach, consider the four
typical loading conditions for the Leam as shown in Fig. 5-1, and assume that
the loading is such that the maximum stress in each case is the same.

From conventional mechaaics the same strength would be predicted for
each beam since the maximum fiber stress is the same. However, it may be
noted that in the uniform moment case all segments are stressed to the maxi-

mum stress, while in the other cases certain segments have a = lower
stress and thus would have a much lower probability of failu -:. 7 .3, even
without making any calculations, it is evident that the pror 27 Ly of

failure of the beam from uniform moment Toading is going to be significantly
higher than for any other case -- which in turn means that its expected
Strength is significantly lower.

With the assumptions given above and standard probability theory, a
generalized equation was derived giving the failure distribution for a beam

containing n segments in terms of the number o ments, n, the modal value
of failure stress, u, 1/0 (2 measuro of dispr -and the maximum flexural
stress, g.

With th - ran and s S the o data from the static
test proori - 24-in, beams. it w i possii. Lo derive v and ¢ for a unit

segmer = beam, and then with this data the failure distributions for the four
different loading conditions aiven in Fig. 5-1 were derived. These are given
in Fig. 5-2.

As expected, these -esults show that the expected strength for the
conctant moment case is less than for any other condition. For example,

5-6
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Case 1: Uniform Moment

M M

: ( )
M-
Case 2: 1/4-Point Loading
P p
0 1|2 3 14 5 6 7 3 1 ‘
f i

Case 3: Uniform Load

s |7 |\ (I

f simple f

Cas2 4: Uniform Load

oLilols]als |3 gmumug

Propped cantilever

Fig. 5-1. Typical Loading Cases and Moment Diagrams.
{
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the modal (most frequent) strength for a constant moment beam is 168 psi,
while for the propped cantilever or pin-fixed beam it is 270 psi. Similariy,
the statistical means are 147 psi vs 235 psi. The pin-fixed case can thus

be considered statistically to be about 1.6 times as strong as the constant
moment case.

Another important observation is that the distribution for the pin-fixed
case differs from that of the constant moment case, that is, no longer is a
straight line obtained on the extreme probability paper for the pin-fixed
case. From this it can be Jdeduced that a moderately diffcrent probability
distribution of failures will result from different loadings (monent) of the
beam. That is, if a beam is loaded uniformly to a maximum fiber stress of 0y,
or with a concentrated load to a maximum stress of oy, different probabilities
of failure exist and different statistical laws govern.

In extending this statistical approach *to wide beams or plates composed
of m parallel rows of beams, two cases were considered. The first, termed
the Flaw Theory, assumes that failure in any segment of any row leads to
failure of the plate. This imnlies that a crack at any point will propagate
sufficiently throughout the plate to iead to failure. The other assumption,
termed the Parallel Theory, is that the m beams are independent of each other
(greased joints between) and that failure is caused whan the average beam
fails. Thus, the expected strength of the average beam *s the summation of
the expected strengths of the m beams, j.e., of m independent random variables.

For an n-segment long beam, m-segments wide, the Flaw Thenry shifts the
distribution of failure stress to lower and lower values as m increases in
size, but the same variance or scatter is maintained. This is illustrated
by the probability distributions on the next page.



n- by m-Segment n-Segment

A Beam Beun

>y

O

=

g

g ~

£ | " | = R
Failure Stress R {mean) R (mean)

For the same n by m bean, tre Parallel Theory leads to the same expect-

ed strength but an increase in variance, es illustrated by the two probability

distributions below, :

Frequency

Failure Stress
(mean)

201

From the preceding work on Tow fevel fatigue, one would expect that the

response of a brittle structure to a dynamic load would Tie somewhere between

the Flaw Theory and the Parallel Theory. Hence, it was necessary to formulate

a theory or procedure to establish the failure strength between the two

different theories.



Let,
. .*th .
p = P Complete Failure The 1™ element has failed

and

9=1-p
Then, if p = 1, the Flaw Theory prevails; if p = 0, the Parallel Theory
prevails. Between these domains mus% lie the “truth", i.e., the distribution
that actually applies for the beam m segments wide. As illustrated below,
p represents how closely the "truth" approaches the Flaw Theory.

A Slaw Parallel

Theory "Truth" Theory

Frequency

4

pro N I

Failure Stress Re . Rp



GENERAL BRITTLE FAILURE THEQRY

In this formulation, the Y w level fatigue ideas of the first and
second sections were combired with the statistical ideas of the third section

to create a reascnably complete faiilure theory.

The first step was to examine the propcsed observed resistance equation
(Eq. 5-1), developed in the continuum section, in light of the statistical

formulations. For this purpose the equation:

B - R _ ey B
R, =R+ (Ry =) [1-aexm (- 1)) (5-1)
car be rewritten into a more convenient form as

R, = Rse" + Rpll - e ") {5-1a)

tre. recall that

It was readily apparent that there is a close similarity between the Flaw
Theory and the case of /> 0 since by definition a crack in a basic element
leads to total failure. Thus, p was taken as p = e_A and q = 1 - e'A.

To illustrate the use of these concerts and formulas, calculations were
made for the case of the 8-ft x 12-ft brick panels tested in the shock
tunnel. First the distribution of RS {static resistance, or the minimum
dynamic resistance) was caiculated on the basis of the Flaw Theory p =1,

q = 0) and using the concepts presented earlier in developing the curves in
Fig.5-2. Similarly, the distribution of RD {the apparent maximum dynamic re-
sistance) was calculated on the basis ¢f the Parallel Theory (p = 0, q = 1).
The pasic segment used was 1 in. wide by 8, in. thick by 24 in. lorg. Thus,
the panel was simulated by a n = 4, m = 144 array of basic elements. The
distributicon of RS and RD are given in Fiqg. 5-3.
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With these distributions and Equation 5-1 the expected values of RO and

the 95% probability bounds were calculated. The results are given in Fig. 5-4.

The implications of the foregoing work are rather interesting and far-
reaching. Perhaps one of the most interesting and intuitively pleasing impli-
cations is that there is, indeed, an upper bound dynamic resistance for a
particular structure. Further, an upper bound strength distribution is
reached, which is more meaningful. Another item that is interesting is the
reduction of variability as the dynamic load is reached. One must recall
that the plot is of the apparent stress at dynamic failure, and in the deri-
vation the variance of the total load was n times as large as that of a
single element. Another thing one must keep in mind is the fact that if we
have a large enough number of parallel elements and the failure resistance
is the summation of all m resistances, the total resistance will be identi-
cally the average for large m.

From the foregoing we can conclude that for flaw sensitive brittle
materials subjected to dynamic loads.

1. The smaller the variability under static conditions, the small-
er the gap between static and dynamic behavior.

2. The greater the number of possible parallel elements in a
system the greater the gap between static and dynamic strength.

3. A lJarge specimen of a flaw sensitive material is going to
present the experimenter with a much greater difference in load
between static and dynamic cases than smaller specimens. In
fact, if a flaw sensitive material is sufficiently homogeneous
to make very small specimens, there should be a size where the

static and dynamic resistances are identical.

4. On the practical side, the understanding of this phenomenon
(if the theory proves correct) will allow the experimenter to
infer his upper bound for a particular experiment and plan
accordingly.
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Perhaps the most important overall observation is that the
apparent increase in strength is for only a few cycles of
Joading, and its impact is mainly reflected in measured re-
actions on building frames or, for example, on the load cells
used in testing the 8 by 12 7t wall panels on the shock tunnel,
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THE SHOCK TUMNNEL:
HISTORY AND RESULTS
Volume V
PREDICTICN OF FAILURE PRESSURES
FOR WALL PAMNELS



ABSTRACT

This is Volume 5 of a five vclume r~port which summarizes the resul®s
of a program conducted by the Defense Civil Preparedness Agency to determine
blast resistance of wall panels typically found in existing structures. Such
information was needed to determine the blast sheltering capability of struc-
wures in the National Fallout Shelter Survey inventory and to develop means
for upgrading these structures.

This volume summarizes the predicted failure pressures for wall panels
based on the theoretical and experimental results covered in Volume 3 and the
static test data in Volume 4, and provides information on wall survivability.

Volume 1 of this report describes the shock tunnel facility uscd for the
experimental testing of full-scale wall panels. Included is a summary of the
capabilities of the shock tunnel for dynamic loading and response studies and
brief summaries of various experimental programs conducted in the shock tunnel
which were not related to the wall panel test program.

Volume 2 presents the results obtained from the experimental program
conducted in the shock' tunnel to determine the loadings which are received
by wail panels mounted in the test section.

Volume 3 is concerned with the dynamic response and failure of full-scale
wall panels. Included are the development of theories of wall panel response
and the results obtained from the testing of full-scale wall panels in the
shock tunnel.

Volume 4 describes the static tert program conducted to determine
the physical properties of the wall parels and to assist in the development

of failure theories and test predictiors for wall panels.
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Section 1
INTRCDUCTION

This volume is concernad with the prediction of failure pressures for
wall panels subjected to blast loadings basad on the theoretical analyses and
experimental wall panel test resuits presented in Volume 3, and results of
material property tests givern in Volume 4. For this purpose it is convenient
to classify the walls into two groups:

Simple Beam and Plate Walls

Arched Walls

For the first group of walls, which are covered in Section 2 of this
volume, the controiling failure mechanism is tensile (flexural) failure.
That is, when the maximum flexure stress exceeds the flexural strength, the
wall will crack, and in general this leads to total faiijure. Extensive com-
puter calculations based on the SAMIS code were made for this group of walls
and it was possibie to develcp a prediction method based on these calculations
that permits ready extrapolation to conditions other than those tested.

For arched walls, which are discussed in Section 3, the controlling
failure mechanisms are crushing or spalling of material depending on whether
there is rigid or gapped arching. Calculations were made fcr these cases
also, but they were not as extensive as for the first group of walls and
primaty reliance was placed on the experimental data for prediction of
failure pressures,

Section 4 summarizes all predictions in the form of failure pressure and
survival pressure matrices and a failure pressure chart.
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Section 2
NON-ARCHING BEAM AND PLATE WALLS

As i1lustrated in Volume 3, it is possible to estimate the incident
pressure requirec tu cause each type of wall panel to fail in two ways:
First, using only the shock tunnel test results; and second, using the SAMIS
computer code with physical properties as determirned by c<mall scaie static
test data.

Table 2-1 gives the estimates of failure pressure based on the shock
tunnel data, and Table 2-2 those based on SAMIS and the static test data.
It should be noted that in Volume 3 the results were discussed in terms of
the loading pressure received by the wall, while in this volume the pressures
are presented in terms of the peak incident pressure on the wall, since the
lTatter is more appropriate for prediction purposes.

A comparison of the two methods for estimating failure pressure is
given in Fig. 2-1. It car be seen that on an individual basis, with the
exception of the brick plate data, the results of the two methods for pre-
dicting failure pressures are consistent with each other since the prediction
ranges overlap. However, there is a clear trend for the predictions based
on the tunnel data to be significantly higher than those based on SAMIS and
static test data. This implies that the flexural strength of the full-scale
panels (under dynamic loadings) is also significantly greater than the
flexural strengths of the small scale test beams (under static loading).*

* This terdency had been noted during the course of the progran and it was

was suspected that the difference might be due to the nature of the load-
ing, i.e., dynamic vs static. For this reason some effort was devoted to
the development of generalized theory of the response of brittle materials
under dynamic loading to see if any theoretical support could be obtained
for this result. Although this work, which is presented in Section 5 of
Volume 4, was not completed, certain of the concepts presented do suggest
an increase of strength under dynamic lToading,
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Table 2-1

Prediction of Incident Failure* Pressures

Based on Tunnel Tests

12-1n. Brick Simple Beam Wall

Upper Bound - 2.0 psi - Failure
Lower Bound - 0.75 psi - No Damage
No indication of either buund being a threshcld value.

Estimated mean value and range: 1.4 + 0.6 psi

8-in. Brick Simple Beam Wall with Preload

Upper Bound - 0.75 psi - Failure

Lower Bound - No test data but 0.45 psi selected since
calculation shows that a single wall of

zero flexural strength would fail at this
pressure.

Evidence suggests failure pressure near upper bound.

Estimated mean value and range: 0.6 *+ 0.2 psi
8-1in Brick Simple Beam Wall with Window
Upper Bound - 1.85 psi - Failure
Lower Bound - 0.65 psi - Slight damage but no failure
Evidence suggests failure pressure tends towards
lower bound.
Estimated mean value and range: 1.1 + 0.4 psi
8-in. Brick Simple Beam Wall with Window and Preload
Upper Bound - 2.0 psi - Failure
Lower Bound - 0.8 psi - No Damage
Evidence suggests failure pressure tends towards
upper bound
Estimated mean value and range: 1.6 : 0.6 psi

Feilure defined as wall collapse.

2-2



8-in.

Table 2-1 (cont.)
Prediction of Incident Fajlure Pressures

Based on Tunnel Tests

Brick Simple Beam Wall with Doorway

8-1in

8-in

Upper Bound - 1.75 psi - Failure
Lower Bound - 0.75 psi - No Damage
No indication of threshold at either limit.

Estimated mear value and range:

. Brick Simple Plate Wail

Upper Bound - 1.9 psi - Failure
Lower Bound - No test data

Estimated mean value and range:

. Concrete Block Beam Wall

8-in.

Upper Bound - 0.75 psi - Failure
Lower Bound - No test data

Estimated mean value and range:

Concrete Block Beam Wall with Window

8-in.

Upper Bound - >0.75 psi
Lower Bound - <0.75 psi

Evidence suggests failure pressure near lower
bound.

Estimated mean value and range:

Concrete Block Beam Wall with Window and Preload

Upper Bound - 2.6 psi - Failure
Lower Bound - 0.75 psi - Some damage, no failure

Evidence suggests failure pressure tends towards
lTower bound.

Estimated mean value ard range:

2-3
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Table 2-2

Prediction of incident Failure Pressures Based on SAMIS Code

and Static Test Data

Maximum Flexural

e . . Mean
Wall Tyro Stress with Inciaent Flexural Estimated Incident
Pressure = 1 psi Strenqth Failure P .
(fr‘om SAMIS) treng aliuvre rressure
os(ps1) or(ps1) Pf(psi)

12-in. Brick Simple Beam 196 176 = 30% 0.9 + 0.3

8-in. Brick Simple Beam 409 4 0.4 + 0.1
with Preload

8-1n. Brick ..mple Beam 226 ' 0.8 +0.2
with Wine w

8-in. Brick Simple Beam 188 " 0.9 + 0.3
with Window and Prelcad

8-in. Brick Simple Beam 272 i 0.6 + 0.2
with Doorway

8-in. Brick Simple Plate 260 " 0.7 + 0.2

8-in. Concrete Block 430 130 + 50% 2.3 0.2
Simple Beam

8-in. Concrete Block 226 " 0.6 + 0.3
Simple Beam with Window

8-in. Concrete Block 188 4 0.7 + 0.4

Sinple Beam with
Window and Preload

*

Pf = Or/os-



Incident Pressure

Wall Description 0 1 2 3
—_— j
12 -in. Brick ,__1___._@,“_.__.
8 .1 j 1 o
-in. Brick-Preload ot
ST .T.-..
i . R ——C
8 -in. Brick-Window -
B i i =y =3 ——e I ———
e O
8-in. Brick-Window- o) :
Preload
| |
8 -in. Brick-Door 5 |
O]
8 -in. Brick-Plate L
Incident Pressure
Wall Description 0 1 2 3
p— o
8-in. Concrete Block ’
e U
8-in. Concrete Block- —
Window P

8-in. Concrete Block- ——
Window - Preload IS S ) S

+———— Predictions based on SAMIS and static test data
b———/}—— Predictions based on tunnel data

Fig. 2-1. Comparison of Predicted Incident Failure Pressures.
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To estimate the magnitude of the difference in strength the process
used to derive Table 2-2 was reversed and a value of mean flexural strergth o,
for each test was calculated from the relationship o, = PfJS, where the Pf
values are those given in Table 2-1, and the ag values are SAMIS values tabu-
lated in Table 2-2. (Actual calculations used Pf values carried to one more
significant figure than those tabulated in Tabie 2-1.) These computed
strength values are given in the first column of Table 2-3. It can be seen
that the average strength for the brick walls is 310 psi, approximately 78%
greater than the 176 psi value from the static tests. Similarly an average
strength of 189 psi was obtained for the concrete bltock walls, about 45%
greater than the 130 psi value from the static tests.

Based on the foregoing, it was concluded that the best method of pre-
dicting the failure pressures of wall panels would be to use the maximum
stress values from the SAMIS code, with the average flexural strengths of the
wall panels as computed in Table 2-3, rather than with the strengths from
the small scale static tests. Thus, for brick walls a strength of 310 psi
replaced 176 psi, and for concrete block walls 189 psi replaced 130 psi.

With these new average values of flexural strengths, the failure
pressures were recomputed. The results are given in the secord column of
Table 2-3 and compared with the experimental values in Fig. 2-2. The un-
certainty ranges for these calculations were based on the measured scatter
in material properties from the static test program. It can be seen that
the agreement is quite good for all cases.

It may also be noted from Fig. 2-2 that the uncertainty ranges for both
methods of failure pressure prediction are approximately the same even though
they are based on different criteria. While the calculated ranges use infor-
mation from the static test program, the ranges from the tunnel tests include
scatter dependent on the finite pressure steps used in the testing, and the
limited number of full-scale tests that could be conducted for any given
condition.

n)
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Table 2-3

Revised Incident Failure Pressures

Wall Type Computed Flexural Revised Estimated
Strength* Failure Pressure
or(ps1) pf\P51)

12-in. Brick Simple Beam 284 1.6 + 0.5
8-in. Brick Simple Beam 264 0.8 +0.2

with Preload
8-in. Simple Beam with Window 260 1.4 =+ 0.4
8-in. Simple Beam with Window 324 1.6 + 0.5

and Preload
8-in. Brick Simple Beam 326 1.1 + 2 0.3

with Doorway
B-in. Brick Plate 403 1.2 £+ 9.8

Average 3i0

8-in. Concrete Block Simple Beam 176 0.4 +0.2
8-in. Concrete Block Simple Beam 158 0.8 +0.4

with Window
8-in. Concrete Block Simple Beam 234 1.0 + 0.5

with Window and Preload

Average 189

0. = Pe (from tests, Table 2-1) times o, (from SAMIS, Table 2-2)

*
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Incident Pressure

Wail Description 0 1 ) 3
-
12-in. Brick . o )
e e | e sl e,
. . —H
8-in. Brick-Preload —— |
i
L i _ | [ S|
8-in. Brick-Window p—t [ }——
R —
8-in. Brick-Window- f———— 1
Preload
. o =] | |
8-in. Brick-Door I o
e
8-in. Birick-Plate A

Incident Pressure

Wall Description 0 1 2 3

8-in. Concrete Block |, 5

e Ll e e e e - e = e it

8-in. Concrete Block- —0—
Window L
eeemns e R R T | e i .__1'._ A i
§-in. Concrete Block- = =0 I j
Window - Preload [ -aan U e : 1

——-~@—— Predictions based on SAMIS with flexural strength
from tunnel data

—}—— Predictions based on tunnel data

Fig. 2-2. Comparison of Predicted Incident Failure Pressures, Revised.
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For prediction purposes, it is Selieyed that tre uncertzinty range fro
the calculation is best to use since it has a firm statistical base and can
be extrapolate. readily to other conditions. Also, as shown in Volure ¢, the
same general type of scatter in properties of brittle materials has been aob-
tained by other investigators. Ffurther, if a greater degree of confidence
is decired in the prediction, it can be readily derived tiem the statistical
theory described in Volume 4. For exampie, the range selected for giscussion
in this report of + 30% about the mean for the brick walls included 81% of
the expected results. If the range is increasad to * 40%, then siightly more
than 90% of the expected results would fall within the range.

Another interesting application of the statistically based uncertainty
range is in predicting survival probabilities (probepility of not having a
failure) of walisasa function of incident overnressure. An exzmpie of such
a determination is given bel~: for the case of a 12-in. solid brick beam wall.

Incident fraction ot Survival
Overpressura Mean Probability
(psi) (%) (%)

1.6 100 57
1.1 70 88
0.8 51 'R}

The incident overpressure of 1.6 psi is the mean value of the estimated
failure pressure. The 1.1 psi value, which gives a survivai protability of
about 88%, is the lower bound of the * 30% range selected for general dis-
cussion purposes. To achieve a survival probability of S5 it would be neces-
sary to select an incident overpressure of 0.8 psi, about 50. of the mean
value.

Included in Section 4 of this report is a matrix for all wall panel types
discussed in which incident overpressures for a survival prcobability of 90%
are tabulated. For the 12-in. solid brick beam wall just discussed, this

survival pressure would be 63% of the mean value or about 1.0 psi.
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Section 3
ARCHING BEAM AND PLATE WALLS

Table 3-1 gives the estimates of fiilure pressure based on the shock
tunnel data. It should be noted that -- as in Section 2 -~- the resuits are
presented in terms of the peak incident pressure on the walls.

For some cases in this table, uncertainty ranges based solely on the
data available were not derived because of the limited number of tests con-
ducted. In these cases the uncertainty range was set at * 30%, a value which
is typical of those cases where a larger number of tests were conducted.

The only case for which a theoretical estimate of failure pressure was
made is for the 8-in. brick rigid arched one-way wall. This gave a value of
7 psi which compares well with the 6.2 = 2.0 psi value experimentally deter-
mined.

The effects of material type and size are shown in Table 3-2. It can te
seen that the 8-in. brick wall withstood about five times the incident pressure
that a 4-in. brick wall withstood. This does not imply, however, that the
wall strengths are in the ratio of 5 to 1. For a comparision of strengths to
be made, it is necessary to use the ratio of loading or reflected pressures
(not incident pressures), which in this case, gives a ratio of about 6 to 1.
Although predictions of failure pressures under dynamic loadin~s were not
made for the 4-in. wall, a prediction of the maximum static resistance was
made. This value, 1.8 psi, can be compared to a similar static resistance
prediction for the 8-in. wall, 16 psi. The comparison suggests that the
strength of the 8-in. wall would be about 8 times that of the 4-in. wall.
considering that oniy one 4-in. wall was tested, the ratio of 8 is considered
to be in satisfactory aqree&ent with the ratio of 6 determined from the test
data.
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8-1in.

Table 3-1
Preciction of Incident Failure Pressures

Brick One-Way Arched Wall (8 walls)

Series 1 (4 Walls)
Upper Bound - 5.9 psi - Failure
Lower Bound - 4.3 psi - No failure

Estimated mean value and range:

Series 2 (4 walls)
Upper Bound - 8.2 psi - Failure
Lower Bound - 6.3 psi - No failure

Estimated mean value and range:

Average both series

Estimated mean value and range:

pper Bound - <2.0 psi - Failure

Lower Bound - No test data but 1 psi selected based on
calculation of maximum static resistance

Estimated mean value and range:

._Brick One-Way Arched Wall (1 wall)

Lpper Bound - 1.7 psi - Fa*lure (second test)
Lower Bound - 0.75 psi - No failure (first test)

Estimated mean value and range:

. Brick Two-Way Arched Wall (1 wall)

Upper Bound - »2.2 psi - No failure {first test)
Lower Bound - <2.1 psi - Failure (second test)

Estimated mean value and range:

(range set by standard * 30%)
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Table 3-1 (cont,)

Prediction of Incident Failure Pressures

Based on Tunnel Data

8-in. Brick One-Way Arched Wall with Windcw (3 walls)
Upper Bound - 9.5 psi - Failure
Lower Bound - 5.7 psi - No failure

Estimated mean value and range: 7.6 * 1.9 psi

8-in. Brick One-Way Arched Wall with Doorway (1 wall)

Upper Bound - No test data
Lower Bound - 8.4 psi - No failure

8-in. Brick One-Way Gapped Arched Wall with Doorway (1 wall)
Upper Bound - 8.6 psi - Failure (catastrophic)
Lower Bound - No test data.

_10-in. Brick-Concrete Composite One-Way Arched Wall (2 walls)

Upper Bound - 5.6 psi - Fajlure
Lower Bound - 5.0 psi - No failure

Estimated mean value and range: 5.3 * 1.6 psi
{range set by standard * 30%) .

8-in. Concrete Block One-Way Arched Wall (2 walls)
Upoer Bound - 4.5 psi -~ Failure

Lower Bound - 3.3 psi - No Failure
Evidence suggests failure threshold near lower bound

Estimated mean value and range: 3.7 % l.l'psi
(range set by standard + 30%)

8-1in. Concrete Block Two-way Arched Wall (2 .alis)

Upper Bound - <4.0 psi - Failure
Lower Bound - Nc test data

3-3
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Table 3-1 (cont.)

Prediction of Incident Failure Pressures

dased on Tunnel Data

8-in. Concrete Block One-Way Gapped Arched Wall (2 walls)

Upper Bound - <1.7 psi - Failure
Lower Bound - No test data

8-in. Concrete Block One-Way Arched Wall with Window (2 walls)
Upper Bound - >2.5 psi - Failure
Lower Bound - <3.5 psi - No failure

Estimated mean value and range: 3.5 + 1.0 psi
(range set by standurd i+ 30%)
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Table 3-2
Effects of Material Type and Size
on One-Way Rigid Arching for Solid Walls

Wall Thickness, Type, Estimated Incident Failure Pressure
and Number Tested and Uncertainty Range
4-in. Brick: 1 Wall 1.2 + 0.5 psi
8-in. Brick: 8 Walls 6.2 + 2.0 psi
8-in. Concrete Block: 2 Walls 3.7 + 1.1 psi
10-in. Composite Concrete Rlock 5.3 £ 1.6 psi

and Brick : 2 Walls
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Table 2-2 also shows that the 3-in, concrete block wall withstood
about one half the incident pressure withstood by the 8-in brick wall, about
the same ratio as obtained with simple beams. The 10-in. composite concrete
block and brick wall had a slightly lower mean failure pressure than the 8-in.
brick wall; howsver, considering the uncertainty range, this is not deemed
significant.

The effects of wall openings for arching conditions are shown in
Table 3-3. The most significant comparison is between the sclid wall and the
wall with a doorway. Their responses should be identical if loadings are
jdentical. However, as discussed in Volume 3, for the same incident Toading,
the effective loading for the wall with a doorway is much less after the in-
itial peak value. Thus, it is nol surpising that the wall with a doorway
withstood an incident pressure more than 35< greater than the mean incident
pressure on the solid wall (and slightly above its estimated upper bound).
It may be noted that, for the simple beam case, the wall with doorway withstood
a pressure about 60% greater than the solid wall.

The effect of the window on arching is more complex. C(learly again the
net loadings for the window wall are much less than for the solid wall with
the same incident pulse. The response of the window wall is expected to be
different than the solid wall because the window opening provides a means
for relieving the arching on the center section of the wall thus weakening
it. The opening, however, allows net Toadings on a wall to be smaller so
that for the same incident pressure, the wall would appear stronger.

The test data suggest tpnat the combination of these opposite effects
still results in the window wall being able te withstand higher incident
pressures, however, the differences are not large and are marginally signifi-
cant in light of the scatter of the data. It may be noted that fer the simple
veam case the window wall withstood about twice the incident Jressure as the

solid wall.

The overall affects of arching are given in Table 3-4 which compares the
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Table 3-3

Wall Thickness, Type Estimated Incident Failure Pressure
and Number Tested ana Uncertainty Range

8-in. Brick

Sotlid 8 HWalls 6.2 £ 2.0 psi
Door 1 Wall >8.4 psi
Window 3 Walls 7.6 £ 1.9 psi

8-in. Concrete Block

i+

Solid 2 Walls 3.7 £ 1.1 psi

i+

Window 2 Walls 3.5 + 1.2 psi
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Table 3-4
Effects of Arching

Wall Thickness, Type Estimated Incident Failure Pressure

and Uncertainty Range

~_and Number Tested

g-in. Brick Solid

Simple Beam 0.7 £ 0.2 psi
Rigid Arching 6.2 + 2.0 psi
Gapped Arching 1.5 + 0.5 psi
8-in. Concrete Block Solid
Simple Beam 0.4 + 0.2 psi
Rigid Arching One-Way 3.7 + 1.1 psi
Gapped Arching One-Way <1.7 psi
Rigid Arching Two-Way <4.0 psi
8-in. Brick with Window
- Simple Beam 1.4 £ 0.4 psi
Rigid Arching One-Way 7.6 £ 1.9 psi
8-in. Brick with Doorway
Simple Beam 1.1 + 0.3 psi
Rigid Arching One-Way >8.4 psi
Gapped Arching One-Way <8.6 psi
4-in. Brick Solid
Rigid Arching One-Way 1.2 + 0.5 psi
Rigid Arching Two-Way 2.1 + 0.6 psi
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failure pressures for simple beams, rigid arching beams, gapped arcning beams
and rigid arched plates for four different wall types. The very large effects
of rigid arching can be seen from the table. For 8-in. solig brick and con-
Crete block walls, the one-way arching walls withstood incident pressures nine
times those which caused simple beam walls to fail.

For the 8-in. brick wall with a doorway, the upper bound for rigid
arching was not determined, but with the data available it could be said that
the arching walls were more than eight times as strong as the simple beam
walls.

For the reasons described earlier, the window walls were expected to
shewa significeatly smaller effect of arching and the factor of 5 between
arching and simple beam walls shown by the data is consistent with this.

Relatively little data are available for the gapped arching case, however,
they clearly do show that these walls are much weaker than their rigid arching
counterparts. The most complete data are for the 8-in. brick solidwalis which
show that the rigid arching wall withstood incident pressure four times
greater than gapped arching walls. As discussed earlier, strength differences
should be calculated by using loading (reflected pressure). This type of
calculation implies a strength difference of a factor of about 4.5 1t is
interesting to note that this factor compares favorably with the ratio of
maximum static resistances calculated for these cases of about £ (see Fig.6-3
of Volume 2).

The data from the 8-in. solid brick walls also show that, as expected,
the gapped arching wall was stronger than the simple beam wail.

The other gapped arching data are not inconsistent with the above
tendencies but the upper bounds are too broad fur the data to be quantitative-

ly useful.

The limited data on two-way rigid arching show somewhat conflicting
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results. The 4-in. brick solid wall data show that the two-way rigid arching
walls withstood a 75% greater incidant pressure than one-way arching walls
(which implies an 80% greater strength), The 8-in. cencrete block data, how-
ever, suggest little difference between the one-way and two-way arching walls.
Athough no calculations were made for the two-way arching case, in Volume 3
the effect was estimated to be a factor of 40%.

In summary it can be said that all of the experimental data, with minor
exceptions, have been shown to be consistent with each other and with exist-
ing theories where comparisons can be made. Thus, they can be used with a
reasonable degree of confidence to make predictions of the incident pressure
required to cause wall failure. Such predictions are given in the failure
matrix and failure chart shown in the next section. Predictions of pressures
at which 90% of arching walls survive were derived from the line load strength
data given in Volume 4.



Section 4
FAILURE PRESSURE MATRIX AND CHART
AND
SURVIVAL PRESSURE MATRIX

This section contains two matrixes, one showing incident failure pressures,
the other, S0% survival pressures, and a chart showing incident failure
pressures and ranges. The two matrixes are entered on the side with type of
wall mounting, and at the top with wall material and thickness. [ach inter-
section of the failure pressure matrix gives the estimated incident biast
overpressure that would result in failure (collapse) of the wall. Each inter-
section of the survival pressure matrix gives the estimated blast pressure
at which 90% of the wall would survive. The failure pressure chart plots
incident failure pressures and estimated failure pressure ranges covering
81% of wall subjecled to such pressures.

The derivation of the matrixes and chart is described in the material
at the end of this section.
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FAILURE PRESSURE MATRIX

SOLID WALLS (all tabulated pressures are in psi)

CONCRETE
CCNCRETE BLOCK-
HATERI%L BRICK BLOCK BRICK
THEIENESS 4-in 8-in. 12-in. 8-in. 10-1n.
— N C T 1
1 3
SIMPLE BEAM ::} 0.2 A7) 1.6 0.4 1.1
Y
trayeteeryy % 4 C T C
SIMPL: BLAM ¥
W/PRELOAD . 0.2 0.8 1.7 0.4 1.2
=
EY Y EEEEEER) b/
JJJJJJJJ ALl L Ld bl pod ot C 9 C
FIXED BEAM 0.3 1.1 2.4 0.5 1.7
PPPFTFZ I F s 77 7 rry 2854
Yeiilioeliriilesis ,_;'._4 C C
FIXED BEAM )
W/PRELOAD 0L 1 1.2 2.6 3.5 1.9
777 SR &
%,_ﬁ C T
SIMPLE PLATE ] 9.3 1.2 2.7 0.7 1.9
gn_...
btk ltli'llll-'il_gh ptb C C C
Y FIXED PLATE § 0.6 2.5 5.6 1.5 3.9
\I,I'IIIIIIII/’ TELEF M Hﬁ
A AN AN AL AALAAY T T T T
ARCHED BEAM 1.2 6.2 11 3.7 5.3
Y BT A TR
™, C T T
TARCHED BEAM i -
W/GAP 0.3 1.5 2.7 0.9 :
(<1.7)
RELEe E TR s O RO
T J T T
§ ARCHED PLATE & [fi 2.1 11 19 3.7 5.3
E 4 | (<4.0)
RALAAT A LEA LIRS 6 s f 0 b ia L1 AR
T - Tested C - Predicted with Confidence
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FATLURE PRESSURE MATRIX {cont.)}

WALL WITH WINDOWS (all tabulated pressures are in psi)

CONCRETE
CONCRETE BLOCK-
BRICK BLOCK BRICK
MATERIAL
THICKNESS 4-1in., g-in. 12-in. 8-1in. 10-in.
- 3___ C T o T
-, 0.4 1.4 3.2 0.8 2.2
L=
SIMPLE BEAM
N C T C T
| ] y 0.4 1.6 3.7 1.0 2.6
SRR
SIMPLE BEAM W/PRELOAD
FE TRV IEFSNNNYY: ‘L‘_‘ C C C
[ | 0.6 2.1 4.8 1.2 3.3
FIXED BEAM )
x J_I;JZJ"J'!JI.F: Fryyl " i C C C
i
] 0.7 2.3 5.3 1.3 k7
‘717{7/1/7.////‘// 77, s
FIXED BEAM W/PRELOAD T T
M AE SR RSN R Fishsg
L] 1.4 7.6 14 2.5 6.4
g, St R N Pl
ARCHED BEAM A | —
' ] ! Ej] 0.4 1.9 3.5 0.9 1.6
ARCHED BELA W/ GAP AT | (AR SNSRI S | |
"tiii:::ir' : 2.4 13 24 3.5 6.4
APLHED P‘ATL L | o . HHJ
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FATLURE PRESSURE MATRIX (cont.)

WALLS WITH DOGRWAYS (all tabulated pressures are in psi)

COMCRETE
CONCRETE BLOCK-
BRICK BLUCK BRILK
ot s S o, BLUCK T
MATERTAL 4.4p, [ ain, 12-in. | 8-in, T 5
THICKHESS . " ; ; g !
:{.J 0.3 1.1 2.5 0.7 1.7 ’
) (3~ ‘
SIMPLE BEAM L !
——tr ]} , c ¢ c
)t
‘ 0.3 1.2 2.6 0.7 1.8
—m ? ,I« Ty T |
SIMPLE BEAM W/PRELGAD e —
C ¢ C C
Li b i ad pssd s Frry
0.5 3.7 3.8 1.1 2.6
PETTFITT7TITT. ‘WJ
FIXED BEAM :
'l’t""{‘;lf)l" r‘;_‘ C C
0.6 1.9 4.2 1.2 2.9
AN
//{f///‘//,(/‘ ')’",f‘J
FIXED BEAM W/PRELOAD T
Lo v
2 " 10. 18 6 8.5
- (~8.4)
ARCHED BEAM -
!E!E'E"c'“ m—’;i_l
S ] [__ 0.5 2.5 4.5 1.5 Dl
ARCHED GEAM W/GAP — — i
P »
| £ 2.6 13 24 6.6 9.5
ARCHED PLATE

T - Tested C - Predicted witn Confidence
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SURVIVAL PRESSURE MATRIX

Incident Overpressures at which 0% of Walls Will Survive

( all tabulated values are in psi)

Wall Material and Thickness

BEAMS

Concrete
Block

Composite
Concrete Block/
Brick

4-in.

12-in.

8-in.

10-in.

s01id Walls

Simpie
Fixed
Rigid Arched
Gapned Arched

O O & O

N 0 N

= 2O O
W~ e

(S R U N
¥ . ] H
W ~N &~ O

0.

QN
5 . B
(o2 TN~ ) N o TR S

QO W = O
W N O

Window Walls

Simple

Fixed

Rigid Arched
Gapped Arched

o O O ©O
w o & N

O O = O

W W

N WO N
o1 O WO W

O w O o
(oo NS TRNS L R LY

N =
w O O w

Dcorway Walls

Simple
Fixed
Rigid Arched
apped Arched

O~ O O
BSooow N

N N O O
O N AN

N =
..
o O W U,

14,

- O D
[ACEEN « NN & I %}

L o T S
~NOs Oy O

PLATES

So1id Walls

Simple
Fixed

Rigid Arched

w
w P O

13.

Window Walls

Rigid Arched

17.1

Poorway Walls

Rigid Arched

16.8
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DERIVATION FOR NON-ARCHING WALLS

Failure Pressure Matrix

For all brick walls except those involving arching, the predictions of
mean failure pressure were derived directly from the SAMIS results for 38-in.
thick walls with flexural strength values obtained from the full-scale tunnetl
test data. As shown in Section 2, good agreement was obtained for all tested
conditions usirg this approach. The cases predicted in this manner for which
no information on failure was derived from tunnel tests are marked with an S
on the failure pressure matrix and noted to be predicted with confidence.

Also noted are those cases which were tested in the shock tunrel.

The most uncertain case for the non-arching walls is fer the 10-in.
composite brick-concrete block walls on which no tunnel tests were conducted.
The three smail-scale composite beams tested in the static program showed a
mean modulus of rupture of 197 psi which is only slightly greater than the
176 psi obtained for the 8-in. brick beams. Accordingly, for prediction
purposes, the modulus of rupture of the composite concrete block-brick beams

was assumed the same as for brick beams.

For wall types which were either not tested or for which direct JAMIS
predictions were not made, extrapolations from direct SAMIS predictions were

carried out using the following rules:

o Thickness change from 8 in. to "t" in.
= 2 =
Pfy = Pfg (t/8)2 = Pfg x F

based on SAMIS characteristics

Values of F
wall thickness 3
4 in, 0.25
10 in. 1.563
in, 2.25
12 in 4.8
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o Effects of Preload

Bl prreload = 1gb ano preload

Concrete Block: Pf = 1.10 Pf

preload no preload

pased on analysis of effects of preload in Volume 3 and Ref. 1.

o Cnange from Brick to Concrete Block
- 189
Pfen = 310 "o

based on Table 2-3 and SAMIS characteristics.

Failure Pressure Chart and Survival Pressure Matrix

The failure pressure chart and surviwval pressure matrix are both derived
directly from the failure pressure matrix, and the statistical analysis of
strength derived from static tests discussed in Volume 4. As noted earlier
in this report, the firm statistical base of the uncertainty ranges derived
from the static tests suggested their use in place of ranges aerived from
more limited shock tunnel test data.

Plotted on the chart for each wall type and thickness is a point showing
the failure pressure from the matrix, and a bar which shows the pressure range
which would include about 81% of wall panels subjected to blast. The range
for brick walls -- = 30% of the mean value -- is derived from Fig. 3-1 of
Volume 4, the range for concrete blockwalls -- + 50% of the mean -- is derived
from Fig. 3-2 of Volume 4. Too few static tests were run with composite
concrete block-brick beams to provide a firm statistical base, but the be-
havior of the few that were run suggested that brick beam uncertainty ranges

were appropriate to use.

The entries on the survival pressure chart were derived in a similar
manner. From the static test data of Figs. 3-1 and 3-2 of Volume 4, flexural
strength which would be exceeded 90% of the time was derived and compared

4-9
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with the mean strength. The ratio of these strengths was then applied to the
mean failure pressure from the failure pressure matrix. For brick walls

this 90% survival value was about 63% of the mean; for concrete block walls,
about 45% of the mean. Again, composite concrete block-brick walls were
assumed to behave like brick walls.



DERIVATION FOR ARCHING WALLS

Failure Pressure Matrix

For arching walls the actual measured failure pressures are entered in
the matrix where available. In some cases only upper or lower limits were
available from the test data and these are also included along with the best
estimate.

ror the arching walls predictions of failure Fressures for cases not
tested were made by extrapolation from cases tested using the following
ruies;:

0 Rigid arching thickness change from 8 in. to 12 in.
¥
_ 12 }’2
Pf12 = Pry "(?)
based on analytical work in Ref. 2.

0 Gapped arching thickness change from 8 in. to 12 in.

] 12
Pfi2 = Pfg x

based on analytical work in Ref. 2.

0 Rigid arching brick plates from beams

pr]ate = beeam x 1.75

based on 4-in. brick wall data.
0 Rigid arching concrete block beams from brick beams

Pfcb = be x 0.60

based on 8-in. wall data.
4-11



- Rigid arching concrete block and composite concrete block-brick
plates from beams

Pf

Pf
b b

= Pfebsp ~
based on 8-in. concrete block data which gave 3,7 psi for the
beam and less than 4.0 psi for the plate. Since the plate should
be no weaker than the beam, a value of 3.7 was entered for the
plate rather than the <4.0 actually measured.

Gapped arching beams from rigid arching beams

Pee = 0.25 Prp

based on 8-in. brick data.

Thickness change from 8-in. brick to 4-in. brick

Pq = 0.2 Peg

based on 4-in. and 8-in. brick data.
Wall with window from solid wall

wa = 1.2 Pfs

based on 8-in. brick
Wall with doorway from solid wall

Peg = 1.6 Prg

based on 8-in. brick data.

oy

[ N



0 "Two-way" arched brick wall with doorway from "one-way" arched
orick wail with doorway

based on analysis of effect of fixing single side wall.
Note that in some cases predictions could be made from more than one of
the above rules. Generally the differences were small and the rule selected

was that involving the least extrapolation.

Failure Pressure Chart and Survival Pressure Matrix

Proceduras similar to those for non-arching walls were used in the deri-
vation of the entries on the chart and matrix. Mean values on the chart are
shown as dots. For the brick walls, the bars on the chart -- + 30% of the mean
value -- were derived from the plots of line load strengths of brick samples in
static tests (Figs. 3-3 and 3-4 of Volume 4). This range would include about
81% of expected results. As before, the composite concrete block-brick was
assumed to behave 1ike the brick samples.

Similar data were not available for concrete block walls, nor were enough
tests run with gapped arching Tine load geometries to provide statistically
valid variance informaticn. Absent any otner information, the 30% value was
used for all arching conditions.

Values on the survival pressure matrix were derived in a similar manner.,
The 90% probability strengths, again from Figs. 3-3 and 3-4 of Volume 4,
averaged about 69% of the mean. This percentage was then applied to the mean
failure pressure given in the failure pressure matrix.
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Appendix A
LISTING OF ALL WALL
TESTS IN SHOCK TUNNEL
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