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Summary Report
SHOCK TUNNEL TESTS OF ARCHED WALL PANELS

TYPE OF STUDY

This is a combined analytical and experimental study of the behavior
of fuil-scale structural wall panels under blast loading. Emphasis in

*
this report is on arched wall panels.

OBJECTIVE

The major objective of this program has been to determine the fail-
ure strengths of wall panels typical of those found in existing build-
ings, and in particular wall panels found in those buildings which con-
tain designated fallout shelter spaces. Since a large majority of des-~
ignated buildings have walls constructed of brittle materials, such as
brick and concrete block, these have been the primary materials investi-

gated.
PROCEDURE

Full-scale walls (approximately 8-1/2 ft high by 12 ft wide) of
these materials with and without window door openings have been con-
structed and exposed to air-blast waves in the URS Shock Tunnel. Along
with these shock tunnel tests, an analytical study and a study of the
mechanical properties of the construction materials were undertaken in

order to insure that the shock tunnel test results could be extrapolated

Arching of a wall panel loaded by a shock wave normal to its face takes
place when the panel supports permit essentially no motion in the direc-
tion of the plane of the panel. This can occur when a wall is tightly
supported in a rigid frame.
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to conditions, wall panel strength characteristics, and wall panel types
other than those tested in the Shock Tunnel. Using this approach (which
tends to minimize the number of tests that must be conducted) tecﬁniques
for predicting when and how walls fail are being generated. The basic
requirement for this information is for use in updating estimates of

building damage and casualties from both nuclear and natural disasters,

This report has been organized to serve two functions: first to
present the results of the research effort conducted during the report-

ing period (November 1, 1972 to October 30, 1973); and second, by com-

bining these results with others previously reported, to present a summary

of program results to date, Ac before, the primary emphasis during the
reporting period was on shock tunnel tests of walls made of brittle ma-
terial (brick and concrete block) and supporting analytical effort. How-
ever, these walls were ail tested in the so-called arched support condi-
tion; that is, as if they were in-fill walls fitted into a rigid frame
structure, Two types of arching were investigated: ''rigid" arching in
which the wall is fitted very snugly into the frame; and "gapped" arch-

ing in which a small gap is left at the top of the wall.

FINDINGS

The work done on arched walls during this reporting period included
static tests, which were recorded to acquire information on the material
properties and were also used to aid in the understanding of certain
elements of the arching phenomena. Analytical work using the MACE
finite element computer program was expanded, and shock tunnel tests on
both solid panels and panels with a window opening were conducted., As

anticipated, walls which were fitted very snugly into a frame were con-

siderably stronger than non-arched walls (with failure overpressure four-

to-five times those irom nonarched walls), but not as strong as previous

theory would suggest, Walls with a gap, however, were only slightly

stronger than non-arched walls.
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ABSTRACT

The objectives of this program were to determine the failure
strengths of wall panels typ:cal of those found in particular wall
panels found in those buildings which contain designated fallout
shelter spaces., Brittle matrials, such as brick and concrete block,

were the primary materials investigated,

Full-scale walls (8-1/2 by 12 feet) with and without window
or door openings were exposed to air blast waves in the URS Shock
Tunnel, Concurrently, an analytical study of the mechanical
properties of these construction materials was undertaken to link

test results with prediction theory.

It was found that walls which were fitted very snugly into a
frame (rigid arching) were considerably stronger than non-arched
(i.e., gapped) walls (with failure overpressure four to five times
those from non-arched walls), but not as strong as previous theory
would suggest. Walls with a small gap, however, were only slightly

stronger than non-arched walls,

iii
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FOREWORD

This volume reports work accomplished by URS Research Company
at its Fort Cronkhite Shock Tunnel under the sponsorship of tie
Defense Civil Preparedness Agency. Messrs, Joseph Boyes and

Paul Kennedy of URS Research Company were responsible for the plan-

ning and execution of all test efforts including instrumentation,
photography, and preliminary data evaluation. Messrs. Bernard
Gabrielsen and C. Wilton of Scientific Services, Inc., under sub-
contract 7030-74-100 to URS Research Company, cnalyzed the test

data and prepared this report. In this effort the) were assisted

L by Mr. K. Kaplan, Mr. R. Lindskog, Mrs. L.T. White, and Miss T. Wilton.
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Section 1

INTRODUCTION

GENERAL DISCUSSION

URS Research C mpany has been conducting a combined analytical and
experimental program to determine the loading, structural response, and

debris characteristics of building wall panels. This program was spon-

sored by the Defense Civil Preparedness Agency, Hazard Evaluation and

Vulnerability Reduction Division, under Contract No, DAHC-20-71-C-0223,

The primary emphasis in the program has been to determine the fail-
urc strengths of wall panels typical of those found in existing buildings,
and in particular wall panels found in those buildings which contain des-
ignated fallout shelter spaces, Since a large majority of designated
buildings have walls constructed of brittle materials, such as brick and

concrete block, these have been the primary materials investigated.

Full-scale walls (approximately 8-1,/2 ft high by 12 ft wide) of these
materials with and without window or door openings have been constructed and
exposed to air-blast waves in the URS Shock Tunnel. Along with these
shock tunnel tests, an analytical study ar‘d a study of the mechanical prop-
erties of the construction materials were undertaken in order to insure
that the shock tunnel test results could be extrapolated to conditions,
wall panel strength characteristics, and wall panel types other than
those tested in the Shock Tunnel. Using this approach (which tends to
minimize the number of tests that must be conducted in the Shock Tunnel) ,
techniques for predicting when and how walls fail are being generated,

The basic requirement for this information is for use in updating esti-
mates of building damage and casualties from both nuclear and natural dis-

asters.
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REPORT ORGANIZATION

This report has been organized to serve two functions: first,to
present the results of the research effort conducted during thc rcport-
ing period (November 1, 1972 to October 30, 1973); and second, by com-
bining these results with others previously reported, to present a summary

of program results to date.

As before, the primary emphasis during the reporting period was on
shock tunnel tests of walls made of brittle material (brick and concrete
block) and supporting analytical effort. However, these walls were all
tested in the so-called arched support condition, that is, as if they
were in-fill walls fitted very snugly into a rigid frame structure, The
results of the analytical effort for these walls and a summary of the wall

panel tests are presented in Section 2.

In addition to the wall panel failure tests, during the reporting pe-
riod, some effort was placed on measuring blast loads both with and with-
out a wall in place. The results of this limited loading study test se-
ries, which utilized both an open tunnel configuration and one with an

instrumented nonfailing wall in place, are discussed in Section 3.

Section 4 is concerned with a brief summary of the analytical and

cexperimental results of the entire program to date.

There are three Appendices with this report: Appendix A - Wall
Panel Test Data, Appendix B - Summary of the Computer Effort, and Appen-
dix C - Static Test Data.

P
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Section 2
ARCHED WALLS

PRACTICAL CONSIDERATIONS

Considerable theoretical work on arched walls has been done (e.g.,
see Ref, 1) to provide insight into the phenomenon of arching. In this
subsection the applicability of this theoretical base to real world struc-
ture has been examined by consideration of some of the pertinent actual
construction and design practices, thus the title, "practical considera-

tions,"

Walls can be divided into two functiovnal classes, structural and non-
structural. Structural walls, which perform some structural function
other than carrying their own weight are of two fundamental types, bear-

ing walls and shear walls. Bearing walls, i.e., walls that support vert-

’
ical loads in addition to their own weight, were treated to some extent
earlier in this program (Ref. 1). Shear walls, which are walls designed
to resist lateral structural loads parallel t- ‘he faces of the walls,

have not as yet been investigated in this prc, cam.

In this report we are concerned with some of the walls in the second
functional class, that is, nonstructural walls whose only functions are to
protect the interior of a structure from the elements or to divide up in-
terior space. More particularly our concern is limited to exterior, non-
structural walls which, because they are nonstructural, are also nonbear-
ing, that is, they support no vertical loads in addition to their own
weight. The principal masonry walls in this class are curtain walls and

panel walls, defined below:

Curtain Wall - An exterior nonbearing wall built between columns or

piers and not supported at each story. This definition (from Ref.2)

is used the most often in building codes (but unfortunately, the
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term is frequently considered to be synonymous with "panel wall"),
We will also class as ''curtain walls" those walls built entirely
external to a frame, that is,external to columns as well as

spandrels,

Panel Wall - A nonbearing wall built between columns in skel-
eton construction and wholly supported at each story. This
corresnonds to the usual building code definitions (but unfor-
tunately, again, panel walls are frequently called "curtain

walls"), also called enclosurc walls, Note that a panel wall

may be provided with a facing wythe or veneer of masonry which
extends outside the frame. But, because such a wall is sup-

ported at ecach story, it still constitutes a panel wall,

During the remainder of this discussion we will remain within this frame-

work of definitions to avoid confusion,

Both panel and curtain walls are intended to hold out weather and
hold in comfort without performing any specific structural task (other
than holding themselves up). Yet their inherent structural characteris-
tics must be considered if one is interested in predicting building dam-

age and injuries to people.

Textbooks and design manuals spend a great deal of effort in recor-
mending that walls designed to be nonstructural, are made to be truly
nonstructural., If, for example, a building is designed to have a "rigid
frame structure” (skeleton frame, space frame, etc,), care should be ta-
ken to prevent the walls from interfering with the behavior of the frame,
This is for two reasons: first, if the walls do interfere with the be-
havior of the frame, engineering calculation for design that assume frame
behavior arc wrong, and the structure will behave differently than pre-
dicted; second, if the walls (and especially masonry walls), which are

much stiffer than the frame, interfere with the motions that frame struc-

tures undergo, they are likely to crack,




s

Despite these strong recommendations, however, especially in con-
crete frame structures with panel walls completely inset into the frame
(which type of construction reduces the tendency of the walls to form

shrinkage cracks), it appears to be common practice, especially with low

rise structures, for the walls to be built snugly against the frame mem-
bers (both spandrels beams and columns), Sometimes this type of wall is
"released” at the floor and ceiling level and anchored only at the columns

to resist wind load.

Good design practice, however, puts great emphasis on knowing what
load the spandrel beam is to support and thus requires that a good deal
of thought be put into the wall design to allow the frame to move freely
and thus to keep a known load on the spandrel beam, A recommended de-

L tail for steel frames is shown in Fig. 2-1 (from Ref. 3).

As can be seen, common practice (see alsc Ref. 4) is to caulk bhe-
tween a spandrel beam and the wall below it; this allows each spandrel

to carry only its share of load. The walls are then anchored with flex-

ible anchors to the columns for structural resistance to the wind. If
the facing wythe or veneer of masonry extends past the column it is very
important to have a flexible tie to the colunn to prevent vertical cracks

at the column in the facing material,

For similar reasons, 1i.e., to permit frame action without interfer-
ence from the walls, and to prevent wall cracking, flexible ties to the

columns are strongly recommended for curtain walls, both those built be-

tween columns, and those completely external to the frame., Some recom-
mended details for such flexible connections to spandrel beams are shown

in Fig. 2-1 and to columns in Fig. 2-2 (from Ref, 5,

The material in the next two and one-half text pages, drawn directly
from Ref. 5, expands on the reasons for specifying flexible ties, and

gives some common modern standards.
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""Masonry walls in skeleton-frame construction are especially suscep-
tible to cracking caused by thermal and other kinds of movement. In addi=-
tion to thermal movement within the wall itself (discussed on the previous
page) , there may be differential movement between the wall and the build-
ing frame. Perhaps even more important is the fact that skeleton frames
are more flexible than masonry walls and undergo greater deflection due

to floor loads and to wind and other lateral forces.

"A solution to this problem is the use of flexible ties between the
masonry walls and the columns and spandrel beams of the building frame.

Pecommended details of such flexible anchorages are shown in Fig. 2-1,

"If the building is not too high, the exterior walls can be erected
completely independent of the columns and beams for vertical support.
The walls then carry their own dead weight to the foundation, and thus re-
duce the size and cost of the frame, The skeleton frame provides the wall
with lateral support and carries all other vertical loads. The wall is
tied to the frame by flexible anchors that take tension and compression,
but no shear, and thus permit differential longitudinal vertical movements
between the frame and the wall (Fig. 2-1A, B, C and Fig. 2-2A). A sche-

matic diagram for such a structural system is shown in Fig. 2-2A.

"Metal ties should be No. 6 gage galvanized steel or other noncorro-

sive metal of equal strength, To avoid buckling of the ties the distance

between the inside face of the wall and the anchor seat should not ex-
ceed 3 in,, and preferably not more than 3/4 in. The size and spacing
of ties are based on tensile and compressive loads induced by wind suc-
tion on the wall (Table 2-1 shows the maximum spacing of No. 6 gage ties
on spandrel beams for three wind pressure, based on the maximum distance
between lateral supports for several wall types). If lateral support is

provided only by columns, the spacing of ties should be the same as

shown in Table 2-1.




Table 2-1
SPACING OF WALL TIES

Wall Type

| Marimum Distance
| Betwaen Lateral
| Supports fer Walls

Monimum Spacing of No. 8 Gage
Tie Anchors ot Lateral Supports

6 tile

6" brick
or 8° tile

8° brick
127 nie
127 brick

100 0°
12° 07
13-4°

18°-0°
20°-0°

40 pat ] 30sf 20 po
16 200 | 10
"3 -8 | 2-0°
3 V-8 70
1-0°" 1-6° -8
0 1°-0° 16

"Steel or concrete columns, beams, and spandrels should not be sur-

rounded with masonry unless absolutely necessary. It is especially im-

portant that masonry not be placed in contact with columns. Physical con~

tact between the edges of decks or floor slabs and the inside face of ma-

sonry walls should be prevented.

masonry or other material,

the masonry wall.

If steel columns are fire-protected by

the fireproofing should not be in contact with

"If it is considered necessary to encase columns, the encasement

should not exceed 4 in. in a 12 in, wall (Fig. 2-1C). Columns should not

be encased in an 8 in. wall,

"To prevent cracks resulting from differential movement between the

foundation and the wall, the oil smooth flashing shown in detail in

Fig. 2-2C will prevent the bond between the two and permit each to move

independently, This detail may be used in structures for which it is not

necessary to anchor the walls to the foundation. In general, such anchor-

age 1s unnecessary fo. skeleton frame structures in which the enclosing

walls may be anchored to the frame.
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"Additional resistance to cracking resulting from any forces that may
be transmitted to the wall by friction may be obtained by incorporating

a reinforced "bond beam” in the base of the wall (Fig. 2-2D).

"A somewhat similar condition occurs where masonry bearing walls sup-
port a concrete floor or roof slab, Investigations havz shown that such
slabs as a rule not only shrink horizontally but also curl upward at the
corners, If the walls are tied rigidly to the slab, cracking of the ma-
sonry is almost certain to result, This condition is most severe in roof
slabs, and in such cases it is recommended that parapets be eliminated
and that positive means be provided to break the bond between wall and
slab. A suggested detail for this condition is shown in Fig. 2-2D. The
natural struggle between the inside and outside portions of a wall be-
comes most intense at the juncture of roof and parapet wall. This strug-
gle may continue until there is, literally, an explosion. Indeed, cracked

or broken parapet walls, particularly at roof corners, are quite common +

The preceding discussion indicates that the relationship between
nonbearing exterior walls and a structural frame can consist of walls
that are snugly fitted into the frame all around, walls that are 're-
leased”" at floor level, walls that are caulked to the spandrel beam
above, and flexibly anchored to the columns (panel walls), and finally,
walls that have flexible ties to both spandrels and columns (curtain

walls) .,

This range of mounting details very strongly affects the capability
of the walls to "arch" when they are loaded normal to their faces. Clas-

sical or rigid arching occurs when a wall is completely prevented from

moving parallel to its face by rigid, unyielding frame members. When
this occurs, a wall's collapse strength is greatly enhanced. The greatest
enhancement occurs when motion in both the vertical and horizontal direc-
tions is prevented (two way arching), but very significant enhancement

occurs of motion in either vertical or horizontal directions is prevented

(one way arching).
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But in many of the wall to frame descriptions, instead of the walls
being snugly fitted in between frame members, they are separated from
the members by a gap or by caulking (which can be considered a gap as
far as arching is concerned). As will be shown later, the existence of
such gaps changes the arching mechanisms, and it is therefore necessary

to identify a second type of arching which will be termed "arching with

a gap."

For completeness, two additional conditions should be discussed.
First, those curtain walls flexibly held external to the frame will defi-
nitely not undergo any arching phenomena. (There's considerable doubt
that even those curtain walls flexibly anchored between columns can arch.)
Second, though it has not been discussed -- and is not yet analyzed --

there can exist a kind of arching termed flexible arching in which the

frame enclosing a wall is not "infinitely" rigid, and will thus allow

only partial restraint to motion parallel to the wall face.

Rigid arching and arching with a gap are discussed in some detail

in the remainder of this section,
RIGID ARCHING

When this type of arching takes place, the wall acts as a fixed edge
plate or slab until flexural cracking occurs. After flexural failure has
occurred, the structure continues to exhibit resistance to out-of-plane
motion and force, This post-fracture resistance is derived from the geo-
metric fixity supplied by the ''rigid" edge members., In the simple case
of one-way arching (for example, a wall fixed only on the top and bottom
with the sides free to move), the flexural cracking occurs at the top,

bottom and center, and the resistance to motion, induced by "wedging'or

geometric fixity, occurs along line contacts as sketched in Fig, 2-3,




line contact -— line contact

£ &

Fig. 2 3. Sketch Showing Resistance to Motion Along Line Contacts in One-
Way Arching.

The notion of line contact has led to a series of exploratory static
tests which have aided greatly in prediction of failure strengths of

arched walls. These tests are sketched in Fig. 2-4.

i 1
I Tllﬂ _ljm

| 1 |

) (b) (c)

(

Fig. 2-4. Geometries for Exploratory Static Tests
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Test geometry, or configuration, A is the standard ASTM "Composite"
strength test geometry 4" x 8-1/2" x 8-1/2". The average results of a

series of these tests are as follows:

’
p fc E
(1bs) (psi) (psi
78,000 2 400 410,000
where p = loading force
fg = stress at failure
E = Young's modulus

Note: This is the average data from 15 tests: the individual test values

are given in Appendix C, Table C-3.

From this series of tests it appears that a ''composite” E of about
400,000 and an ultimate strain € = (fc'/E) of about 0.006 in,/in, for

collapse is accurate for prediction purposes.

The next series - test geometry B (4" x 8-1,2" x 8-1/2") - was con-
ducted to model the first (4 in., thick) arched wall tested in the Shock
Tunnel and provided insight into the strain behavior of 4 in. thick, line

loaded samples, see Appendix C, Table 5,

*
’
P fc f! E " inE z
1bs (psi) (1b/in.) (psi) ( “"in.%)
28,1001 860 3,100 77 700 282,000 T

The load P and the average stress fé from configuration (B) were
lower than those from configuration (A) as would be expected since the
stress along a line contact is much larger (theoretically infinite) than
stres., imparted by an area contact. A more meaningful parameter than av-
erage stress fc' (which is based on the loaded area of the composite)
would be ff'i'e" the force per unit length of the line load on the com-

*
posite material. The last term in the table, E , is thought to be a

T Remains linear until fl approximately 3,000 1lbs/in.

2-11
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better descriptor of these line load situations than E. It is defined as:

E* = fl/e(lb/in.)

Test (C) was a series conducted to do two things: first, to aid in
prediction of the behavior of 8 in, walls; and second, to check if the
*
parameters f' and E were independent of thickness of the section, from

Appe.dix A, Table A-5.

*
P f - f' E E
N 2
(1bs) (psi) (1b/in.) (psi) (1b in. in.")
43,100T‘ 600 4,500 51,000 384,800T

Comparison of Group (3) and Group (C) results show that the nominal
E and fC' decreased even though the load P increased, however, both
* *
fﬂ and E increased. E | therefore, appears to be a more consistent

measure of stifness.

As an additional source of information basic material properties were
derived from testing 8-1'2" x 8-1/2" x 8-1/2" brick assemblies in compres-

sion (as in geometry A above) from Table C-4 in Appendix C.

P f E
C
(1bs) (psi) (psi)
189,000 2,700 625,000

From the foregoing observations, static tests, and analysis, a
model which could be used in the computer program MACE** was evolved,
Inspection of a uniformly loaded three-hinged arch shows that only half
the structure need be modeled, as the center hinge is an axis of symmetry;

see freebody sketch in Fig, 2-5.

T Remains linear until fP approximately 4,000 1lbs/in,
*k

A discussion of the computer output is presented in Appendix A.
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From Fig. 2-5 it can be seen that, in the case of an arching wall,
the line loads differ in both magnitude and direction at different points
on the arch. This explains the differences observed on full-scale tests
in spalling behavior at the centerline and the top and bottom, namely,
that more material is fractured at the top and bottom than at the center-
line. The computer model used with MACE* is shown in Fig. 2-6. It repre-
sents half of a full scale, 8 in., one-way arched brick wall subjected to
a one psi static load., The section is ! in. thick, 8 in. high and 48 in,
long. The assumed E = 1,000,000 psi, The supports (joints 8 and 17) are
put 1 in, inboard, which appeared to be about the center of thrust (crush-
ing) on static test specimens and full scale tests, With this geometry ,
(f2 =48, h = 6 in,, t = 8 in)), the left hand thrust is found to be

192 1bs/in./psi horizontal.

The coarse grid of this model makes strain calculations less accu-
rate than could be desired, but they do provide a reasonable approxima-
tion of the gross behavior of the wall, At 5 psi the center deflection
(sec Table 2-2, joint 17, y direction) is 0.6055 in., which is a large
deformation, since it is about 10 percent of h. The center thrust is
960 lbs/in. and the support thrust is 988 1lbs/in, for Em = 100,000** psi.
An assumption that each added increment of displacement providecs a pro-
rortionately reduced thrust resistance, i.e., each increase in deflection
reduces the resisting moment [R.M. = H(h-Sﬂ’ permits drawing the pre-
dicted static resistance function shown by the mean curve in Fig. 2-7,
The E* value is constant until % = 4,000 1lbs/in. (at about 2.4 in. dis-
placement) whercupon the E* value drops radically as IZ goes to 5,000

1bs/in. ultimate resistance,

The mean value curve is constructed by a step-by-step reduction in
resisting moment with each increase in displacement. Based on statistical

work done earlier in the program (Ref. 7) a coefficient of variation of

For description of this program see Appendix B.

Kk
E , a Young's modulus that provides for gross deformation of the wall

(including crushing) was shown in Ref. 1 to be about 100,000 psi,

2-14
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Table 2-2
MACE DISPLACEMENTS (E = 100,000 psi, p = 1.0 psi)
NODE X y

1 1.147 x 1002 - 1.211 x 107}

2 1.195 x 100> - 1.054 x 10"}

3 1.093 x 1072 - 8.612 x 1072

4 9. 655 % 101" - 6.523 x 102

5 8.052 x 1072 - 4.323 x 1072

6 5.954 x 105 - 2.107 x 1072

7 2.740 x 107> - 3.395 x 107>

8 =) —

9 5.742 x 107> - 1.026 x 10°2
10 1.547 x 1072 - 4.566 x 107
11 1.536 x 1072 - 2.079 x 10”2
12 1.362 x 1072 - 4.319 x 102
13 1.141 x 1002 - 6.516 x 102
14 8.865 x 10 ° - 8.601 x 102
15 6.029 x 107> - 1.050 x 10}
16 2.143 x 107> - 1.211 x 107}
17 - - 1.211 x 107}
18 3.983 x 10°° - 1.136 x 10}

®
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10 percent was assumed for the %[ values, Using the 10 percent coeffi-
cient of variation and assuming a normal distribution, the 68 percent
(+1a0) and 95 percent (% 20) lines were added to the prediction curve.
This was done to make possible more realistic predictions and to im-

prove corrclation with actual test data,

A summary of tests on "rigidly” arched walls conducted to date are
presented in Table 2-3, Walls 71, 74, 75 and 76 from Test Series 1 (con-
ducted in 1972) and Walls 87, 88, 94 and 96 from Test Series 2 (con-
ducted in 1973) were all 8 in. brick one-way arched walls. The data
from these tests are summarized in Table 2-4. From Table 2-3 we sce
that Walls 74, 75, and 76 failed at about 12 psi and Wall 71 which was
loaded four times failed at 9 psi. From this one could deduce that
Scries 1 walls had a range of 9-12 psi or a resistance along the lower
bound of the failure-prediction curve. Walls for Series 2, however, in-
dicate a wall strength from below 14 psi to slightly over 17 psi which

is toward the upper bound of wall strengths on the prediction curve,

It can he scen that the mean pressure is only about 10 percent below
that predicted from the crude model and the scatter is less than pre-
dicted, Hence, it appear that the prediction model warrants further work
and expansion, In addition, a closer study of all the static test data

could improve predictability,

ANCHING WITH A GAP

As discussed under "practical considerations,’ some frames have a
"pap" intentionally built-in to insure freedom of frame behavior. In
other situations such a gap can result from shrinkage and workmanship
flaws., Regardless of how the gap arises,it is of interest to treat the
problem analytically, and since arching is a geometrically induced phenom-

enon, it is necessary to study the geometry.
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Table 2-3
SUMMARY OF ARCHED SOLID WALL TESTS

P

Wall Primacord No. of r
Type of Test No. Length Strands (psi) Description of Tests
Series 1
4 in., brick beam 68 60 1 1.5 wall cracked
68 60 2 3.4 wall failed
8 in. brick beam 71 12 1 - test for natural
' period
71 60 2 3.8 wall cracked
71 60 3 5.8 cracks enlarged
71 60 4 8.6 wall failed
74 60 2 ~3.8 wall cracked
74 60 1 11.0 wall failed
8 in. brick beam 75 6r 5 11.9 wall failed
76 60 5 11.1 wall failed
8 in. concrete block 77 60 3 6.5 wall cracked
beam
77 60 2 4.1 no additional damage
77 60 3 6.8 wall failed
78 60 4 9.1 wall failed
6 in. concrete block 79 60 5 11.2 wall failed
beam with 4 in. brick
facing on side toward
blast
Series 2
Arched Solid Walls
*
8 in. brick (1 way) 87 60 4 10.3 wall cracked
60 5 12.7 cracks enlarged
60 6 16,3 wall failed

One-way arched-fixed top and bottom only.
Two-way arched-fixed on all four sides.

2-19
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Table 2-3 (Cont'd)
Wall Primacord No. of  ’r
Type of Test No. Lengths Strands (psi) Description of Tests
Series 2 (Cont'd)
Arched Solid Walls
%
8 in. brick (1 way) 88 60 6 15.7 wall cracked
60 3 7.2 cracks enlarged
*
8 in, brick (1 way) 94 60 6 15.5 wall failed
3
8 in, brick (1 way) 96 40 5 13.4 wall failed
10 in. concrete block
with brick facing
(1 way)* 92 60 3 6.9 wall cracked
60 3 6.9 no additional damage
60 4 9.9 cracks enlarged
*
4 in., brick (2 way) 83 60 2 1.4 wall cracked
60 2 4.2 wall failed
8 in, concrete block
(2 way)™ 89 60 1 10 wall failed
8 in. concrete block
(2 way)* 90 60 3 8 wall failed
Arched Walls with a
Doorway Opening
*
8 in. brick (1 way) 86 60 5 12.2 wall cracked
60 6 16.8 cracks enlarzed
*
8 in, brick (1 way)
with gap at top 95 60 6 17.2 wall failed
Arched Walls with a
Window Opening
8 in. brick (1 way) 84 60 5 12.8 wall cracked
6 15.5 wall failed
T N 1 —




K _Janm

=

Table 2-3 (Cont'd)

Wall Primacord

Type of Test Length Strands (psi) Description of Tests
Series 2
Arched Walls with a
Window Opening
8 in, brick (1 way) 85 60 5 12.4 wall cracked
60 5 11,7 cracks enlarged
60 6 15.0 slight additional
cracking
60 7 ~19 vall failed
8 in, concrete blnck
(1 way) 91 60 3 6.8 wall failed
8 in, concrete block
(1 way) 93 60 3 6.2 wall cracked




e

Table 2-4
SUMMARY OF DATA FOR TABLE 2-3

Wall pr (failure)
\ 71 8.6 (3 loadings)
w4 11.0
75 12.0
76 11.1
87 16.3 (3 loadings)
!‘ 88 15.7 (2 loadings)
L 94 15.5
96 13.4 (pre-split)

Mean Pr £ 13.8




Figure 2-8, Phase I, illustrates the wall position prior to being

loaded. The gap is at the top, and the base is fixed to the foundation,
This configuration means that the wall, when subjected to a lateral load

such as a blast, will act like a cantilever beam (see Fig. 2-9) until it

fractures at the bottom and wedges in at A and B as shown in Fig. 2-10.

Fracture at the base occurs at very low pressure levels, i.,e,

let
0} = 100 psi, E = 400,000 psi
t =8 in
f =96 in
2
M= _L_
2
-
12
we find statically, for a unit width of wall,
0't2
B
ST
p =0.25 psi

It follows, that, if motion is to take place at the top, the gap must
be larger than any lengthening the wail might do while being loaded as a
cantilever beam., Assuming that the neutral axis does not change length
it then follows that:
t P£
S!—\PE and ¥ = g7

where

Sl = Lengthening of tension side (see Fig. 2-9)
¥ = Slope of beam at force end (see Fig. 2-9)

therefore
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Fig. 2-9,

Cantilever in Bending.
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or for our wall

0.25(96) >
400,000 (8)
0.00864 in.

5
S¢

Hence, any gap greater than 0.00869 in,, i.e., greater than about 0,01 in,,
allows the wall to assume the orientation shown in Fig., 2-10, Phase II, It
appears that there is a three hinged arch, as with a non gapped wall, but

the arch depth is only one-half that with a nongapped wall, i.,e., t/2 in-

stead of t.

The next thing that should be investigated is the system statics to

thoroughly understand the loading system and the restraint mechanisms.
H
C R C
Ry c i

L—— L/2 e———p |4— /2 —i)

Frqm the above free body diagram in which "C" represents the line along
which fracture occurs, and the laws of statics we find:

2
- R

4t

o _pf
RB - Rc - BZ

¥

J

>
ENTX




compare these to equivalent values for the nongapped arch where

2
_pl
H = §t
. of
RA' B 2
RCzO

This raises some interesting points, 1! is observed that the thrust
"H" is twice as large in the case of a wi:1 with a gap which indicates
that the wall can be no more than one-half as strong as a wall with no
gap. For example, let [ = 96 in, and t = 8 in, (close to value used in
the Shock Tunnel) and compare the arching forces for gapped and nongapped

walls.

Gapped

288p

24

Nongapped

44p B




s

At the base (Point A) the directions of resultant force application
are similar for both gapped and nongapped walls, though their magnitudes

(for the same applied loads) are different,

Gapped: F = 296p

Nongapped: F = 153

From this, it would be expected that at the base (Point A) gapped and non-
gapped failures would be similar, except that gapped walls would fail at

only about one-half the applied load as for the nongapped condition,

At point C, however, cne finds far different conditions. In the

nongapped wall the force at C is a pure thrust acting on an initially non-

opened crack, i.e. there is no shear to be carried across the cracked joint,

| v
H = 144p

l

Nongapped




N

Joint C in the gapped wall is a great deal different. First there is a

shear (24 p) to be carried across the cracked joint,

F = 290p @ 4.8°

/ J

Crack

and second, the arching force FC is not only at the face but acts in a
direction tending to spall off the edge of the brick. In the nongapped

case, the arching force acts along the face.

Joint B in the papped wall case is also far different than in the non-
gapped case. In the nongapped casc the force is identical to that at
Joint A, however, in the gapped case it is more like the left portion of
Joint C. In fact the force not only acts outward from the face but it

acls on a corner that is probably damaged as shown in the sketeh below:

Damaged Corner

—5 7 /\
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Even if the wall can provide shear resistance at B and C, one still
must determine local failure values for a region like B to make some es-

timate of arching resistance of this degenerate arch.

RESISTANCE PREDICTIONS - GAPPED WALLS

At this early stage of problem definition it is economical to make
use of as much previous work as possible., Hence, we will borrow from
the prediction scheme presented previously for nongapped walls and modify

it for the gapped walls .

One of the first things needed to modify the nongapped arching pre-
diction to a gapped arching prediction is to obtain a strength estimate of
the degencrate form of line load developed as at Joint B, To do this
crudely, two series of static tests were conducted in the geometry shown
in Fig. 2-11, with the "line load" applied in two widths (At)of 1/4 and
1/2 in. on an 8-1/2 x 8-1/2 x 8-1,2 in, specimen,

' Av—™ lﬂ—u = - At

s

Fig. 2-11. Geometry for Determination of "Degenerate" Static Line Load.




=

(1%5) fc’ :(s;ﬁ) ﬁe ?1g;L?n.)
10,900 171 680
13,465 211 840
13,990 217 875
15,200 237 950

use average

For At = 1/4 in,

’ = L =
p £, p/A total fp - p/16
13,980 268 975
33,000 515 2,070
31,500 540 2,160
19,000 297 1,191

use average

For At 172 in,

From the above test results, it is obvious that the failure mode
changes trom spalling of the face to local crushing at a At of about
1 2 in. O course, it will be necessary to devise a static test which
more closcely models the actual condition at Joint Bj; the reaction vector
should he outward from the wall centerline and not parallel to it as in
this test series, However, from actual wall failures and from the above

static tests it appears thata spalling type of failure should occur most

commonly,

From the above we see that a line load of ﬁe = 1,000 1bs (near the
spalling value for At - 1/2 in.) might be a reasonable strength for a
place like region B, Using the analogy of the nongapped wall we can now
make an estimate of the resistance of the gapped wall. The resistance
moment for the arch can be written R.M. = H(h-§) where H is the arching

thrust, h the arch height, and & the deflection of the center.
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If one assumes that 1.2 in. is a reasonable spail (crushing) area,it
then follows that h = 3.5 in. and t =8 in initialy and that H = 330 lbs,
per in, for a 1 psi applied pressure. (See Page 2-26) Prorat.ing the de-
flection calculations for the nongapped wall, shown on Page 2-14, one pre-
dicts & = 0.25 in, at 1 psi. Following a step-by-step resisting moment,
deflection, line load calculation one finds the maximum resistance of
2,56 psi at {e = 1,000 1bs. This quickly decays to zero at a centerline

displacement of 4 in. shown in Fig. 2-12.

Experimentally all our solid, one-way arched, brick, 8-in, walls
(nongapped) have failed in the 12-16 psi (reflected) range. lience, it
is believed that an 8-in. brick wall with a gap will fail at about

2.5 psi reflected.

Only one papped wall test has been conducted to date. This was
wall 95,an 8-in brick wall with a doorway, Unfortunately, this wall was
tested at a much higher pressure (pr approximately 17 psi) than is indi-
cated by the theoretical work described above, However, this wall
failed catastrophically where a similar wali (number 86) survived two

tests at a P. of 12.2 and 16.8 psi,
ARCHED WALLS WITH DOORWAYS

The rigid wall and wall-with-a-gap, beam mode (one-way) arching the-
ories described in the preceding two subsections for walls with no open-
ings, have been extended to the case of walls with doorways. This was
done by first assuming that the total energy content put into a wall in
the beam mode, whether the wall is solid or has a doorway, must be the
same per unit width, Further, it has been observed that at threshold
loading pressure (the pressure at which a wall just does fail) peak re-
sistance must be overcome before the load decays. For the 8-in. thick
walls, peak resistance occurs after about 2 in. of deflection, or at a time

of about 50 msec. The flat top portion of our loading pulse is about

50 msec long.




When the first 50 msec of loading for a wall with a doorway is com-

pared to that for a solid wall, it is €found that the average pressure dif-
ferential over the surface of the wall with a doorway is about 25 percent
less than that of a solid wall. (Refs. 7 and 8,) This information per-
mits the construction of the resistance function for a nongapped brick

wall with a doorway shown on Fig. 2-13.

Wall No. 86, an arching wall with a doorway, was hit by a blast wave
from 6 strands of Primacord (a 6 strand blast) which generated a peak re-
{lection pressure, pr of 16.8 psi. The wall survived that loading as 1t

should about 95 percent of the time with our materials,

The mean resistance function for a gapped wall with a doorway can be
derived from reasoning similar to that used for nongapped walls. The
result is also shown on Fig. 2-13. Unfortunately Wall No. 95, which might
have been used to test the correct use of the curve for a gapped wall in
Fig. 2-12, wvas tested before the theory had fully evolved. From Fig. 2-13,
it is obvious that a 3 strand shock wave (p1=7 psi) would have a high
probability of failing the wall. Wall 95, however, was hit with a 6
strand blast (pr = 17.2 psi) and failed dramatically. Recall that wall 86,

a wall with no gap, survived a 6 strand blast,
TWO-WAY ARCHED WALLS

Little original work has beer done by URS on the thcory of two-way
arching. 1t is planned to first complete the one-way arching theory dur-
ing the vear following the reporting period and then extend it to two-
way arching. However, from an e¢ngineering standpoint, the approximation
suggested by Bockholt and Wiehle (Ref. 6) of using the ACI (American
Concrete Institute) 1963 code provision for two-way slabs, seems to be
sound, This approach suggests that an 8 ft x 12 ft, two-way, interior
slab (arched wall in our case) v wuld be 1,1 times as strong us a one-way
slab (arched wall). URS test walls suggest that this 1s a valid appprox-
imation, but the data is limited. Wall No, 68 was a 1-in. thick one-way

arched brick wall. This wall survived a 1.5 psi reflected pressure

2-341
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with flexural cracks at top, bottom and center-line. It then dramat-
ically failed at 3.4 psi, hence, one would suspect that the failure thres-
hold was somewhere around 3 psi, Wall No. 83 was a two-way arched 4 in.
brick wall which survived 4.4 psi but exhibited rather dramatic flexural
cracking. The wall then failed at 4.2 psi which implies about a 40 per-
cent increase in strength over the one-way case, Of course one would

like to have more data to make a stronger case,

Another important feature of this particular test is the crack pat-
tern that was generated. From theoretical mechanics we would expect the

downstream cracking to look like the sketch in the upper part of Fig. 2-14.

The photograph in the lower part of Fig. 2-14 shows the flexural
cracking after the first 4,4 psi shot, Note how similar the patterns

are,

Similarly, mechanics inaicate that the upstream flexural cracking

should look like the sketch in the upper part of Fig. 2-15.

The photograph in the lower part of that figure shows the corners re-
maining in the tunnel after the second shot of 4.2 psi had removed the

wall. Again predicted and actual results are very close.

These very orderly results indicate that theoretical mechanics can
indeed be used to predict both the flexural mode and the arching force.
This means that yield-line theory developed for the ultimate strength of
slabs will indeed be valid for walls, The major problem in using yield-
line theory seems to be the determination of proper material properties
to use to predict the yield-line moment capacity, Hence, it seems de-
sirable to continue some of static test work and theory to evolve a jood

material model for determining the line-load resistance of brittle mate-

rials.
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Fig. 2-14, Posttest Photographs and Crack Patterns (first test) for
Test 83,
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Fig. 2-15. Posttest Photographs and Crack Pattern (second test) for
Test 83.
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Section 3

LOADING STUDIES

Loading studies have been conducted throughout the program to obtain
noth calibration data and on the air blast loadings on wall panel geome-
tries used in the response tests of full-scale wall panels. The primary
emphasis of the loading study tests conducted and analyzed during this
reporting period was on: those test geometries that were investigated
several years ago prior to the time that the improved instrumentation
and data analysis system was obtained for the tunnel program; those cases
that had never been investigated; or those cases where additional pressure
measurements and or loading strengths were necessary to aid in the amaly-
sis of the wall panel test results, The geometries used included one
with no wall in place, i.c., the open tunnel; one with an instrumented,
solid, nonfailing wall in place; and one with an instrumented nonfailing

wall containing a window opening.

The data for the open tunnel and solid nonfailing wall tests have
been completely analyzed., Analysis of the data for the window geometry
tests is approximately 30 percent complete and will be included in a later

report.,

A summary of the loading study data which has becen completely ana-
lyzed this period is discussed below. All of the digitized pressure vs
time, and impulse vs time data for these tests are too voluminous to in-
clude in this report and therefore, will be published in a separate re-
port which will be available for review at the Hazard Evaluation and

Vulnerability Reduction Division of the Defense Civil Preparedness Agency,

OPEN TUNNEL TESTS

The open tunnel ec-libration test series is a repeat of a series con-

ducted in early 1967 when the tunnel was first put into operation. The




i

data acquisition system at that time consisted of oscilloscopes equipped
with Polaroid cameras anu the data reduction and analysis was done largely

by hand.

The data acquisition system that has been used the past few years
includes ¢ 14 channel tape recorder which facilitates the digitizing and
computer processing of the data. In addition the pressure gaugz2s, ampli-
fiers, and other elements of the system have gone through considerable
upgrading since the time of the earlier tests, Because of all tltese
changes, as well as the passage of time, it seemed prudent to include a

basic calibration of the tunnel as part of this year's work.

This series consisted of 6 test conditions, each repeated three times
for a total of 18 tests, The 6 conditions employed 1 through 6 strands
of Primacord 60 ft long. Sample gauge traces are presented in Fig. 3-1.
Because this test series was limited in scope, some effort was devoted to
obtaining additional open tunnel type data from tests conducted using a
nonfailing wall in the tunnel. In these tests, the data from gauges in
the tunnel wall located upstream from the nonfailing wall were analyzed
only up to the time of the return of the reflected wave from the non-
failing wall. The combined data from these tests are summarized below

and plotted in Fig. 3-2.

Summary of Incident Peak Overpressurc Data

Number of Peak Overpressure psi/strand
Strionds (psi) of Primacord (approximate)
1 1.0 1.0
2 2.0 1.0
3 3.5 1.2
1 4.9 1.2
.2
.2
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