AD-A229 338

Ko

OIS

Valnwi, REws

Q \)c.wf
S TRV,

i %
)
& )
t{@g
!
@7
{@
&
[}
e s
‘\0—
e e m - R
° ’0 - i

5

:*{LABORATORY |

F

oo

TECHNICAL REPORT SL-90-11

RESPONSE LIMITS

OF BLAST-RESISTANT SLABS

by
Stanley C. Woodson
Structures Laboratory
DEPARTMENT OF THE ARMY

Waterways Experiment Station, Corps of Engineers

3909 Halls Ferry Road, Vicksburg, Mississippi 39180-6199

October 1990
Final Report

Approved For Public Release, Distabuton Untauted

Prepated tor US Army Engineer District, Omaha

b

Omaha, Nebraska 68102-4978

Ny
\




Destroy this report when no longer needed. Do not return
it to the originator.

The findings 1n this report are not to be construed as an official
Department of the Army position unless so designated
by other authorized documeants.

The contents of this report are not to bo used for
advertising, publication, or promotional purposos
Cutation of trade names doos not constituta an
official endorsement or approval of the vse ot
such commercial products,




i

1 assif
SECURITY CLASSIFICATION OF THiS PAGE

Form Approved
REPORT DOCUMENTATION PAGE OMBNo 0702 0188
Exp Date Jun30 1986
1a REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS
Unclassified

3 DISTRIBUTION/AVAILABILITY OF REPORT
Approved for public release; distribution

2a SECURITY CLASSIFICATION AUTHORITY

ION7DOW, i
2b DECLASSIFICATION7DOWNGRADING SCHEDULE unlimited.

4 PEREORMING ORGANIZATION REPORT NUMBER(S) S MONITORING ORGANIZATION REPORT NUMBER(S)

Technical Report SL-90-~11

6a NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL | 7a NAME OF MONITORING ORGANIZATION
USARWES (if applicable)
Structures Laboratory CEWES=SS

6¢ ADDRESS (Gity, State, and ZiP Code) 7b ADDRESS (City. State, and ZIP Code)

3909 Halls Ferry Road
Vicksburg, MS 39180-6199

Omaha, NE 68102-4978

82 NAME OF FUNDING; SPONSORING 8b OFFICE SYMBOL | 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)
US Army Engineer District, Omahg CEMRO-ED-SH
8¢ ADDRESS (City, State, and 21P Code) 10. SOURCE OF FUNDING NUMBERS
PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO | NO NO ACCESSION NO

13 MLE (Include Secunty Classificatron)
Response Limits of Blast-Resistant Slabs

12 PERSONAL AUTHOR(S)
Y'oodson, Stanley C

132 TYPE OF REPQRT 13b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) |15 PAGE COUNT
Fipal Report FROM 0 October 1990 91

16 SUPPLEMENTARY NOTATION
Available from National Technical Information Service, 5285 Port Royal Road,
Sormgfield VA 22161

COSATI CODES 18 SUBIECT TERMS {Continue on reverse if necessary and dentify by block number)

FIELD GROUP Sus-GrROUR Ductility Shear reinforcement

Large deflections

Reilnforced conerete slabg

19 ABSTRACT (Continue on 1 reverse if necessary.and 1denr:fv by block numbg;\,- The use of some type of shear
reinforcement (lacing bars or stirrups) is required by current manucls for blast-resistant
design. The primary purpose of this reinforcement is not to resist shear stresses, but rathey
to improve performance in the large-deflection region by tying the two principal reinforcement
pats together. The shear reinforcement design criteria of the current design manuals,
particularly the widely used Draft TM 5-1300, appear to be overly conservative. The design
criteria are based on an incomplete test series. Recent tests indicate that slabs with
stirrups can sustain support rotations signiiicancly larger than allowed by the manual.

If overly congervative design criteria are eliminated, the structures car be designed
with more confidence and constructed more economically than current procedures allow.
Sugeestions for new design puidelines are presented. Further testing and/or analyses dare
needed to allow validation or modification of the suggested revisions. These guidelines
are primarily based on response limits. An analvtical progedure for more accurately
determining shear reinforcement requirements is nceded. A0 rpor o <§;l~‘«a(

20 DISTRIBUTION/AVAILABILITY OF ABSTRACT 2% ABSTRACT SECURITY CLASSIFICATION
Ounceassieeouneired [0 same as ’pr D) pwc users | Unclassified

2a NAME OF RESPONSIBLE INDIVIDUAL 220 TELEPRONE (Include A!&)COU(')‘?R OFFCE SY’V’BO'
DO FORM 1473, 88 MAR 83 APR edition may be used untitexhausted SECLRITY CLASSIFICATION OF ThiS PAGE
Allother edit ons ate obsolete s T -
‘ LA g Unc lagsified | -
. Y o R it y .
R N T C/cIC ‘/L»k.,w,?«'-' Ce- N ?q ERIRE

/a’r,r,’ o 3 < ) { | g i

- ¥ Pl H

{= A D J \

i P




SECURITY CLASSIFICATION OF THIS PAGE

SECURITY CLASSIFICATION OF THIS PAGE




PREFACE

This study was conducted by the US Army Engineer Waterways Experiment

Station (WES) for the US Army Engineer District, Omaha, Engineering Division,

Special Projects Branch, Hardened Structures Section (CEMRO-ED-SH). The

monitor at CEMRO-ED-SH was Mr. William H. Gaube.

This work was conducted at WES under the supervision of Messrs. Bryant

Mather, Chief, Structures Laboratory (SL); and James T. Ballard, Assistant

Chief, SL; and Dr. Jimmy P. Balsara, Chief, Structural Mechanics Division

(SMD), SL. Mr. Stanley C. Woodson, SMD, performed the study and prepared this

report,

COL Larry B. Fulton, EN, is Commander and Dirzctor of WES. Dr. Robert W.

Whalin is Technical Director.

Acoession Fop
e o0 -
NPIS  GRA&E

DTIC T4B

Unannounced Eg
Justification_________
By

| Distributiony

Avaizpblllty Codes

AVEi rﬁ.}? o;
Dist | Spectal

u !l ]




TABLE OF CONTENTS

Preface ~--ecmccmacmmm e e s 1

Conversion Factors, Non-SI to SI (Metric) Units of Measurement --- 4

Chapter 1: Introduction ==-----veocmcccmmamaromcarcarmencannaacens 5
Background ------e-eceomc e 5
Objective --e--cvmmmcm e e e a s 6
D T R R e T T 7

Chapter 2: Current Practice -------s-crcmcmcmmmma e riee oo 8
The Tri-Service Manual, "Structures to Resist the
Effects of Accidental Explosions ---=-cec-mecmecmanmunaamanenonns 8
Arny Technical Manual 5-855-1 ----ccccemmmamamnam e e i e 12
USAFE Semibard Design Criteria -------ecemcmcccrammcncannnnanas 13
Summary of Design Criteria -------c-ecroccmmomennacmccinaann. 15

Chapter 3: General Description of Test Series ------vccccccacuann 16
K-82 and SB-82 Series ~-------ccccmmccnca i ienan e 16
B-83 Series =-----cmromemm e ticceme e e 17
W-83 Series =--ccecmcmnccma e acac e aemcdccccmamcanaa 17
W-84 Series ==-cmccmmmmcmcciiciaaa e maeececc e ca e 18
G-84 Series ---csecccamcaicaciaicdccicmccaceccacan s e 19
K4S-69 and K4D-69 Series -----c-ecmcommcmm i 19
K9S-69 and KID-69 Series -----mecmmccmcmmmmccacmacmncmaaanaann 20
K-78,79 and FH-78,79 Series --=«c-cccmmcnmcenarcncaananacnnncaaans 21
S-83, F-83, and F-84 Series ---v---vccccccmmmmnoancnnnaancnnn-- 22
FS-1-63 and 1/3-1-63 Series ==-e--ceemccanmmarmacmaccaaccnancaesn 22
FS-64 and 1/3-64 Series -----cececmvcccmaccccenraacacaacaccanaannn 23
CAM-64 Series =---eemmmccccemcncamcacacanceaaic e e mc s e na e 23
BAL-64 Sexies -=c-e-ommoccma i n et 24
1/3-2-64 and 1/3-S1-64 Series =--=-ceweeccmcmcccnccaamacenacanan- 24
1/3-65 Series ----e-cmcmccce e meecca e 24
1/3-66 and 1/8-66 Series =--c--emeccmmammmaae i iaiaaae 25
1/3-67 Series -=-cseeccmncccaaccicecnceccceceemececeacaaeaaas 26
T-88 Series =v--m-accmmoac e mcaae e m e 26
DS-8L and DS-82 Series -«--recm-cemcmir i 27
1/8-MC-7L TeSt -~-c-eeceammcaccaccaamaaccceceacaamcaemneaaaen 28
B-84 Series ------ecemceaciceccdaceaicececaacnaeecaccecaea - 28
KW-87 TeSt =-v--w-cccmcaaaica e caeceaeaccccbecrcaacmccemcacacaan- 29
F-77 Series e--e-emmecvanucarmnacceccntcacuaccncmanncmnnmsesnaunn 30
B-85 and H-89 Serfes -----ccemcacmmcam i micaaaca e ceaeaaaan 30
SUMMALY ==-=w-vemcaceccaaaaccnmuacoaascancarsonanmaecncumccancacnns 31

Chapter 4: Data Presentation and Discussion ---==-c-ceccacaaann-- 32
Data Notation -----w-eccaceacrmei e ircacincacnccecceeam e enana 32
General Discussion +-vececemcvenaccncmcrancrieracaacia e 36

2




L g

Chapter 5: Response Limits ----<-cccecmcmmcmmcmornmmencnaccnanaa. 53
General ----ve-e-cmsme e cre e 53
Laterally-Restrained Slabs -v--vcccmccmomomcimcmnc e cneaa oo 53
Laterally-Unrestrained Slabs -=----c-ummommoecmmencmcmacanan o™ 57
Response Limits =--~v--memraccoreraceccncecmcaccmc e ccccaeen 58

Chapter 6: Truss-Model Analogy --~==--v--c-ecemcecacaccmoccnnnnan 70

Chapter 7: Summary, Conclusions, and Recommendations -------~----- 73
SUMMALY ==-=--amccsmcsceceeracecae e am e e oo acceccac e 73
Conclusions =-~--ceccemmmcear e ecn e m ittt 73
Recommendations =--weeccececmmcerrmceancecaeciame e an s 74

References =----ewmcencmmacamcnmamceacanecrceecseca e e 75

Figures 1 - 16




CONVERSION FACTORS, NON-SI TO SI (METRIC)

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply

degrees (angle)
feet
inches

kips (force) per
square inch

pounds (force)

pounds (force) per
square inch

UNITS OF MEASUREMENT

By To Obtain
0.01745 radians
0.3048 metres

25.4 millimetres
6.894757 megapascals
4.448222 newtons
0.006894757 megapascals
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RESPONSE LIMITZ OF BLAST-RESISTANT SLABS

CHAPTER 1: INTRODUGTION

Background
1. HMost desigun guides and manuals for blast-resistant reinforced concrete
structures stipulate the use of shear reinforcement irrespective of shear
stres. levels. The primury purpose of shear reinforcement is not to resist
shear forces, but rather to improve performance in the large-deflection region
by tying the two principal re¢inforcement mats together. Shear reinforcement
used in blast-resistant design usually consists of either lacing bars or
single-leg stirrups (Yigure 1). Lacing bars are reinforcing bars that extend
in the Jdirectsion porallsl to the principal reinforcement and are bent into a
diagonal pattern between mats of principal reinforcement. The lacing bars
enclose the transverse reinforcing bars which are placed outside the principal
reinforcement. The cost of using lacing reinforcement is considerably greater
than that of using single-leg stirrups due to the more complicated fabiication
and installation procedures.
2. In the design of _onventional structures the primary purpose of shear
reinforcement is to prevent the formation and propagation of diagonal tension
cracks. The shear reinforcement requirements for conventional structures are
based on much research and data from static beam tests. Very little study has
been devoted to examining the role of shear reinforcement in slabs under
distributed dynamic loads, especially in the large-deflection region of
response., In blast-resistant design, structures are typically designed to
survive only one loadiug and relatively large deflections are acceptable as

long as catastrophic failure is prevented.
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3. Some type of shear reinforcement in the form of lacing or stirrups is
required by applicable design-manuals for almost all blast resistant

structures. A considerable amount of data from various tests conducted on

slabs indicate that the shear reinforcement design criteria typical of current

design manuals may be excessive. This data base primarily consists of slab
tests conducted to investigate parameters other than shear reinforcement
details. A thorough study of the role of shear reinforcement (stirrups and

lacing) in structures designed to resist blast loadings or undergo large

deflections has never been conducted. A better understanding of the mechanics

of the behavior of shear reinforcement will allow the designer to compare the
benefits of using (or not using) shear reinforcement and to determine which
type is most desirable for the given structure. This capability will result
in more efficient or effective designs as reflected by lower cost structures

without the loss of blast resistant capacity. -

Objective
4,  The overall ogjective of this research program is to better understand
the effects of shear reinforcement details on slab behavior to improve the
state-of-the-art in protective construction design, for both safety and cost
effectiveness. The study is directed toward understanding how shear
reinforcement details affect the large-deflection behavior of one-way slabs.
This is not particularly a study of shear stresses in slabs, but rather a

study of the effects of reinforcement normally considered to be shear

reinforcement: on the large-deflection behavior of slabs.

(O .




5. A primary objective is to determine how shear reinforcement details
interact with other physical details to affect the response limits of a slab.
The work reported herein is directed toward the development of new guidelines

for designing shear reinforcement in blast-resistant structures.

Scope

6. A literature search was conducted to gather available test data of
reinforced concrete slabs loaded to failure or to large deflections
(statically and dynamically). Woodson (Reference 1) conducted a review of
tests on one-way slabs and beams containing stirrups. The most difficult task
of this phase of the study was the collection of data on slabs containing
lacing. The available data was in the form of research papers and technical
reports. Of course, different authors address different concepts and details;
therefore, not all design parameters were presented in some of the reports.

7. The known design parameters and parameters associated with the structural
response of the slabs were tabulated and entered into a Lotus 1-2-3 file for
future manipulation. Some discussion of the data is presented in this report.
Also, a summary of current design criteria found in the design manuals is
presented, and data are compared to the criteria.

8. A brief description of current analytical/design theories based on truss-
model analogy is presented. Thece theories will be the primary bases for the
remaining work in this study. In addition, recommendations for new guidelines
(response limits) for the design of protective structures to resist the

effects of conventional weapons are given.




CHAPTER 2: CURRENT PRACTICE

9. 1In conventional design the primary source of design guidance for
placement of reinforcing steel in reinforced concrete structures, including
shear reinforcement, is the American Concrete Institute’s ACI 318-83
(Reference 2). No such single, widely accepted criteria document exists for
blast resistant design guidance; however, the most widely used reference in
the area of designing for explosive safety is the Tri-Service Manual,
"Structures to Resist the Effects of Accidental Explosions," (References 3 and
4). Other references for guidance include the Army manual on Protective
Construction, TM 5-855-1 (Reference 5) and the NATO Semihardened Design
Criteria document published by the U.S. Air Force (Reference 6). A summary of

the guidance for shear reinforcement from each of these references follows.

The Tri-Service Manual, "Structures to Resist the Effects of Accidental
Explosiong":

10. The Tri-Service Manual is the most widely used manual for structural
design to resist blast effects. Its Army designation is TM 5-1300, for the
Navy it is NAVFAC P397, and for the Air Force it is AFM 88-22. For
convenience it will be referred to as TM 5-1300 (Reference 3) in this paper.

A recently completed revision of TM 5-1300 is available in draft form and
criteria from volume IV of the draft (Reference 4) will also be discussed
here.

11. 1In Section 3-11 of TM 5-1300 (Reference 3), the use of lacing is required
for "close-in" detonations, i.e. whenever pressures much larger than 200 psi
are expected. The use of unlaced concrete elements is allowed at lower

pressures if support rotations of less than 2 degrees are predicted.




12. In volume IV of the new draft version of TM 5-1300 (Reference 4) these
restrictions are relaxed slightly. Considering the resistance-deflection
relationship for flexural response of a reinforced concrete element,

Section 4-9.1 of the manual states that, within the range follo. .ng yielding
of the flexural reinforcement, the compression concrete crushes at a
deflection corresponding to 2 degrees support rotation. This crushing of the
compression concrete is considered to be "failure" for elements without shear
reinforcement. For elements with shear reinfoxrcement (single-leg stirrups or
lacing reinforcement) which properly tie the flexural reinforcement, the
crushing of the concrete results in a slight loss of capacity since the
compressive force is transferred to the compression reinforcement. As the
reinforcement enters into its strain-hardening region, the resistance
increases with increasing deflection. Section 4-9.1 of the manual states that
single-leg stirrups will restrain the compression reinforcement for a short
time into its strain hardening region until failure of the element occurs at a
support rotation of 4 degrees. It further states that lacing reinforcement
will restrain the flexural reinforcement through its entire strain-hardening
region until tension failure of the principal reinforcement occurs at a
support rotation of 12 degrees. Draft TM 5-1300 distinguishes between a
"close-in" design range and a "far" design range for purposes of predicting
the mode of response. In the far design range, the distribution of the
applied loads is considered to be fairly uniform and deflections required to
absorb the loading are comparatively small. Section 4-9.2 states that non-
laced elements are considered to be adequate to resist the far-design loads
with ductile behavior vithin the constraints of the allowable support

rotations previously discussed. The design of the element to undergo




deflections corresponding to support rotations between 4 and 12 degrees
requires the use of laced reinforcement. An exception is when the element has
sufficient lateral restraint to develop in-plane forces in the tensile-
membrane region of response. In this case, Section 4-9.2 states that the
capacity of the element increases with increasing deflection until the
reinforcement fails in tension. A value of support rotation is not given
here, but one might deduce that a support rotation of 12 degrees is intended
since it is the value given in Section 4-9.1 for tension failure of the
reinforcement in a laced slab. However, a value of 8 degrees is given
elsewhere in the draft manual as a limit of support rotation for elements
containing stirrups and experiencing tensile membrane behavior.
13. Section 4-9.3 of the Draft TM 5-1300 discusses ductile behavior in the
close-in design range. Again, the maximum deflection of a laced element
experiencing flexural response is given as that corresponding to 12 degrees
support rotation. This section states the following:
"Single leg stirrups contribute to the integrity of a

protective element in much the same way as lacing, however, the

stirrups are less effective at the closer explosive separation

distances. The explosive charge must be located further away

from an element containing stirrups than a laced element. In

addition, the maximum deflection of an element with single leg

stirrups is limited to 4 degrees support rotation under flexural

action or 8 degrees under tension membrane action. If the

charge location permits, and reduced support rotations are

required, elements with single leg stirrups may prove more

economical than laced elements.”
14. Section 4-25.3 of the Draft TM 5-1300 explains that for simplicity, the
energy absorbed under the actual resistance-deflection curve with a maximum

support rotation of 12 degrees, is approximated with an elastic-plastic model

having a maximum support rotation of 8 degrees as shown in Figure 4-18 of the

10




manual. This figure is reproduced in Figure 2 of this paper. Due to the use
of this model, one might presume that the criteria for maximum support
rotation is identical for non-laced elements with lateral support and laced
elements. However, no such elastic-plastic analogy is given for laced slabs.
All other discussion in the draft manual indicates that the 12 degrees support
rotation for laced elements is not equivalent to the 12 degrees support
rotation for non-laced elements modeled with 8 degrees using the elastic-
plastic curve. For example, Section 4-32 states:
"... Also, the blast capacity of laced elements are greater

than corresponding (same concrete thickness and quantity of

reinforcement) elements with single leg stirrups. Laced

elements may attain deflections corresponding to 12 degrees

support rotation whereas elements with single leg stirrups are

designed for a maximum rotation of 8 degrees. These non-laced

elements must develop tension membrane action in order to

develop this large support rotation. If support conditions do

not permit tension membrane action, lacing reinforcement must be

used to achieve large deflections."
15. It is implied throughout Draft TM 5-1300 that laced elements may attain
support rotations of 12 degrees whether they are restrained against lateral
movement or not. The manual also implies that a non-laced element may only
achieve its maximum support rotation of 8 degrees when it is restrained
against lateral movement.
16. 1In addition to being required for large-deflection behavior, lacing
reinforcement is required in slabs subjected to blast at scaled distances less
than 1.0 £t/(1bs}/3). Section 4-9.4 of the Draft TH 5-1300 indicates that
lacing reinforcement is required due to the need to limit the effects of post-
failure fragments resulting from flexural failure. 1t is implied that the

size of failed sections of laced elements is fixed by the location of the

yield lines, whereas tne failure of an unlaced element results in a loss of

11
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structural integrity and fragments in the form of concrete rubble. Section 4-
22 discusses the use of single-leg stirrups in slabs at scaled distances
between 1.0 and 3.0. Support rotations in slabs with stirrups are limited to
4 degrees in the close-in design range unless support conditions exist to
induce tensile membrane behavior. In addition, a non-laced element designed
for small deflections in the close-in design range is not reusable and,

thexefore, cannot sustain multiple incidents.

Armv_Technical Manual 5-855-1

17. 1M 5-855-1 (Reference 5) is intended for use by engineers involved in
designing hardened facilities to resist the effects of conventional weapons.
Tre manual includes design criteria for protection against the effects of a
penetrating weapon, a contact detonation, or the blast and fragmentation from
a standoff detonation.

18. Chapter 9 of TM 5-855-1 discusses the design of shear reinforcement. The
criteria presented is priuarily based on the guidance of ACI 318-83

(Reference 2) with cousideration of available test data. The maximum
allowable shear stress to be contributed by the concrete and the shear
reinforcement is given as 11.5(f'c)1/2 for design purposes as compared to
8(f'c)1/2 given by ACI 318-83. An upper bound to the shear capacity of
members with web reinforcing is given as that corresponding to a 100 percent
increase in the total shear capacity outlined by ACI 318-83 and consisting of
contributions from the concrete and shear reinforcing. An important statement
concerning shear reinforcement in one-way slabs and beams is glven in Section

9-7 and reads as follows:

12
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"Some vertical web reinforcing should be provided for all

flexural members subjected to blast loads. A minimum of 50-psi

shear stress capacity should be provided by shear steel in the

form of stirrups. In those cases where analysis indicates a

requirement of vertical shear reinforcing, it should be

provided in the form of stirrups.”
19. TM 5-855-1 states that shear failuvres are unlikely in normally
constructed two-way slabs, but that the possibility of shear failure increases
in some protective construction applications due to high-intensity loads.
Shear is given as the governing mode of failure for deep, square, two-way
slabs. 1In the event shear capacity is required above that provided by the
concrete alone, additional strength can be provided in the form of vertical
and/or horizontal web reinforcing. For beams, one-way slabs, and two-way

slabs, the manual recommends a design ductility ratio of 5.0 to 10.0 for

flexural design.

USAFE Semihard Design Criteria

20. The purpose of the document (Reference 6) is to give guidance for
semihardened and protected facilities with conventional, nuclear, biological,
and chemical weapon protection. It states that these structures shall be
designed to provide a ductile response to blast loading. Ductility of
structural members is considered imperative to provide structural economy,
energy absorption capability and to preclude catastrophic (brittle) failures.
For design, a ductility ratio of 10 may be used, or theoretical joint
rotations should be less than 4 degrees. Designers are to consider allowable
degrees of dynamic structural deformation when sizing members and determining
steel reinforcement amounts. Where explosive testing provides a sufficient
data base, designers may size structural members to duplicate the performance

of acceptable specimens in the data base, Structural deformations must not

13




prohibit function operation of the structure nor produce dangerous, high
velocity, concrete spuall fragments. All reinforced concrete sections are
required to be doubly reinforced (both faces) in both longitudinal and
transverse directions. Where flexural response is significant, the structural
element is to be reinforced symmetrically, i.e. the compression and tension
reinforcement is the same. The use of stirrups is discussed as follows:
"Ties and/ox stirrups shall be provided in all members to

provide concrete confinement, shear reinforcement, and to enable

the element to reach its ultimate section capacity. Without

stirrups, cracking and dislodgment of the concrete from between

the reinforcement layers and buckling of the compression steel

usually produce failure long before the ultimate strain of the

reinforcement and the maximum energy absorption are attained.

Stirrups contribute to the integrity of the element in the

following ways:

a. The ductility of the primary flexural steel is developed.

b. Integrity of the concrete between the two layers of
flexural reinforcement is maintained.

c. Compression reinforcement is restrained from buckling.
d. High shear stresses at the supports are resisted.

e. The resistance to local shear failure produced by the
high intensity of the peak blast pressures is increased.

f. Quantity and velocity of post-failure fragments are

reduced., Stirrups shall be bent a minimum of 135 degrees

around the interior face steel and 90 degrees around the

exterior face steel. Shear, splice, and anchorage details

shall receive added design attention. Designers shall refer

to protective design manuals and/or seismic design manuals

for appropriate details."
21. The document does not address the use of laced reinforcement. The above
list of ways that stirrups enhance the integrity of structural elements is
similar to the wording given in TM 5-1300 for the ways that lacing enhances
the integrity of structural elements, except for the stirrup details given in

Item £ above.

14
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Summary of Design Criteria

22. The above review indicates that guidance documents differ considerably on
the type of shear reinforcement required; however, the use of some type of
shear reinforcement is uniformly required for blast design. The current

TM 5-1300 (Reference 3) limits the use of stirrups to those elements designed
to undergo support rotations of less than 2 degrees. The Draft TM 5-1300
(Reference 4) allows the use of stirrups in elements designed to undergo
support rotations of up to 8 degrees for scaled ranges greater than one and
when restraint against lateral support movement exists. Lacing bars are
required by References 3 and 4 for most cases and in every case for "close-in"
detonations. Although TM 5-855-1 and the USAFE Semihardened Criteria do not
require lacing, they do require some form of shear reinforcement in all

elements designed to resist blast loads.

15




CHAPTER 3: GENERAL DESCRIPTION OF TEST SERIES

23. This chapter presents a general description of the available experimental
data. Any static or dynamic test data on reinforced concrete slabs is
considered applicable to this study. Data on composite slabs, members
consisting of two reinforced concrete slabs separated by a layer of soil, is
not considered applicable. In some cases, the design of the specimens and

the experimental results are compared with the guidelines of the Draft T 5-
1300 (Reference 4). A more detailed description of the design parameters

and structural response of the specific slabs will be presented in Chapter

4; however, the test series identification numbers used in the tables of
Chapter 4 are used to organize this discussion and to allow cross-referencing

of these two chapters.

K-82 and SB-82 Series
24, Kiger, Eagles, and Baylot (Reference 7) statically tested three one-way
slabs and dynamically tested two one-way slabs as part of a study to evaluate
the effects of soil cover on the capacity of earth-covered slabs. Two of the
statically tested slabs were buried at a depth of L/2 and one was tested at
surface flush. The dynamically tested slabs were companions to (he buried
statically tested slabs. The principal steel ratio was 0.5 percent in each
face. A moderate percentage of closed-hoop stirrups was used in each slab.
The results showed that the capacity of the slab buried in sand was
substantially greater than either the surface-flush slab or the slab buried in
clay due to soil arching. Soil arching acted to distribute much of the load

from the center region of the slab to the supports.

16




B-83 Series
25. Baylot and others (Reference 8) conducted three static tests on one-way
slab elements as part of a program to investigate the vulnerability of buried
structures to conventional weapons. All slabs had the same percentages of
steel in the top and bottom and were constructed with single-leg stirrups.
Although large supports rotations were not achieved, the tests supported the
fact that slabs with adequate lateral support will develop a significant

enhancement in ultimate capacity due to compressive membrane action.

W-83 Series
26. Woodson (Reference 1) tested ten one-way reinforced concrete slabs,
primarily to investigate the effects of stirrups and stirrup details on the
load response behavior of slabs. The slabs were rigidly restrained at the
supports and were loaded with uniformly distributed pressure. The slabs had
span-to-effective-depth ratios of about 12, and principal reinforcement ratios
of about 0.008 in each face. Support rotations between 13 and 21 degrees
were observed. Figure 3 is a posttest view of the slabs. Due to the increase
in resistance with increasing deflections of a slab with a large number of
single-leg stirrups, the loading of the slab was not terminated until support
rotations were approximately 21 degrees (see Figure 4). A slab having no
shear reinforcement achieved support rotations greater than 16 degrees without
failure. These slabs had sufficient lateral restraint to develop in-plane
forces in the tensile membrane region of response. In this case, TH 5-1300
(Reference 3) would require lacing for support rotations greater than 2
degrees and the Draft TM 5-1300 (Reference 4) would allow a slab with single-

leg stirrups to undergo maximum support rotations up to only 8 degrees. The
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slab with 21 degrees of support rotation contained single-leg stirrups (135-
degree bend on one end and a 90-degree bend on the other end) spaced at about
0.4 @ (d = effective depth of slab). The maximum spacing allowed in the Draft
TM 5-1300 is 0.5 d and 180-degree bends are required on each end of the
stirrup.

W-84 Series
27. Woodson and Garner (Reference 9) statically tested fifteen one-way slabs
to determine the effects of principal steel percentages and details on slab
behavior. A posttest view of the slabs is shown in Figure 5. All but two of
the slabs had approximately the same total area of continuous longitudinal
steel as that of the W-33 series. However, the distribution of the total area
of principal steel was varied. Principal steel details which were
investigated included the use of dowels at the supports, the use of bent bars,
and the use of cut-off bars. A group of slabs with bent bars and closely
spaced stirrups were tested to determine the expected scatter in experimental
results for slabs with identical construction details. All slabs were rigidly
restrained at the supports and leaded with uniformly distributed pressure.
28. The steel details that resulted in the best overall performance were a
combination of bent-up and straight principal steel. This combination
resulted in 75 percent of the total steel in the tension zone at midspan and
at the supports. The single-leg stirrups were spaced at about 0.4 d. Many of
the slabs in this series contained no shear reinforcement, and one slab
contained only bent-up bars. Nearly all of the slabs sustained support
rotations greater than 20 degrees. The failure mode was primarily a 3-hinged
mechanism with a compressive membrane enhancement and a load-bearing increase

in the tensile membrane region. The best tensile membrane enhancement
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occurred in the test in which all principal steel consisted of bent-up bars
and no stirrups were used. However, due to the lack of any confining steel,
large sections of concrete fell from the slab at the locations of the steel
bends. The series demonstrated that principal steel details significantly
affect the ductility or large-deflection behavior of a one-way slab.

G-84 Series
29. Guice (Reference 10) statically tested 16 one-way reinforced concrete
slabs with uniformly distributed load, primarily to investigate the effects of
edge restraint on slab behavior. Each slab contained single-leg stirrups
spaced at approximately 1.5 d (compared to a minimum of about 0.5 d required
by Reference 4). Again, the stirrups had 135 degree bends on one end and 90
degree bends on the other end. Support rotations of about 20 degrees were
sustained. Regardless of support rotational freedom, the tests showed that
the percentage of load carried by tensile membrane action is dependent upon
the slab’s span-to-thickness ratio. Guice concluded that elements which have
a span-to-thickness ratio of about 15, have 1.0 to 1.5 percent of steel in
each face, and are supported with a relatively large lateral stiffness and a
moderate rotational stiffness will probably result in a structure which best
combines the characteristics of strength, ductility, and economy.

K4S-69 and K4D-69 Series
30. Keenan (Reference 11) tested four laced reinforced concrete one-way
slabs, All slabs were supported at clamped ends and longitudinally
restrained. One slab was tested with an increasing static load applied by
water pressure, and the other three slabs were subjected to two oxr more short-

duration dynamic loads. Keenan reported that the rotation capacity at the
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critical sections of the slab was greater than 9.2 degrees, but could not be
measured due to safety limitations on the loading device. Slab behavior was
similar under static and dynamic load. The type of loading did not change the
extent of cracked or crushed concrete, the collapse mechanism, the mode of
failure, or the rotation capacity at supports. Keenan reported that the
stress in the lacing bars at the hinges was induced by rotation of the cross-
section in addition to shear. Lacing bars yielded at midspan, where the shear
is theoretically zero. No lacing bars yielded under static load, but some
yielded under dynamic load. The tests showed that the effects of rotation, in
addition to shear, should be considered in designing lacing reinforcement for

sections near a support.

K9S-69 and R9D-69 Series

31. Keenan (Reference 12) tested nine reinforced concrete two-way slabs. Six
slabs were tested under uniform static pressure, and three slabs were tested
under dynamic loads of long duration. The slabs were square and restrained
against rotation and longitudinal movement at the edges. Keenan discussed the
observation of tensile-membrane fragments that were the size of the
reinforcing mesh in a slab that contained no lacing at midspan. This slab
only had lacing near the supports and contained no stirrups. It was observed
that lacing prevented this type of fragmentation in a slab with lacing at
midspan. However, lacing did not prevent severe spalling. It was concluded
that slabs should contain lacing or closely spaced principal reinforcement to
prevent fragmentation caused by dynamic deflections in the tensile membrane
region of behavior. None of the slabs contained stirrups.

32. Although the new Draft TM 5-1300 does not address the use of closely
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spaced principal reinforcement, test data indicate that using smaller
principal reinforcing bars with a reduced spacing will enhance the ductile
response of slabs. This is reported by Keenan (References 11 and 12) and

Woodson (Reference 1).

K-78.,79 and FH-78.79 Series

33. Kiger and Getchell (References 13 through 18) conducted seven dynamic
tests and four static tests investigating the effects of load intensity,
backfill type, and depth-of-burial on the response of one-way roof slabs of
box elements. The dynamic tests were conducted with 1/4-scale box structures
loaded by simulated nuclear overpressures utilizing a Foam HEST (High
Explosive Simulation Technique). The static tests were conducted on 1/8-scale
structures in the Large Blast Load Generator at WES. The slabs had equal
percentages of tension and compression steel and contained closely spaced
stirrups. All of the structures were tested under soil cover, and the study
demonstrated that soil cover helped to redistribute the load on the structure.
34. Figure 6 shows the damage to a box (FH3-78) buried 2 feet deep in clay
and subjected to a simulated nuclear overpressure of about 2000 psi peak
pressure. Permanent deflection was about 6 inches (about 14 degrees support
rotation) with some concrete cover broken free. In another test (FH4-79), a
box was buried 10 inches in sand and loaded at about 2000 psi peak pressure,
Figure 7 shows a partial failure of the roof and some loss of concrete cover
from the reinforcement (Figure 8). Permanent roof deflectious were about 12.5
inches (approximately 28 degrees support rotation). Although the roof was
clearly on the verge of collapse, it did sustain this level of damage at a

very high pressure without catastrophic failure.
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S-83, F-83, and F-84 Series

35. Slawson and others (Reference 19) conducted six static and twelve (four
were repeated dynamic loads) dynamic tests investigating structural design,

structural response in various backfills, the effects of concrete strength on

response, and the effects of repeated hits on structural response. Tests were

performed on two element types. The Type 1 element (S1-83 and F1-83) was a
two-bay box structure with structural steel interior column supports, and the
Type 2 element was an open-end box element. The slabs contained single-leg
stirrups at a moderate spacing and most of the roof slabs in the static tests

sustained support rotation greater than 15 degrees.

FS-1-63 and 1/3-1-63 Series

36. Rindner and Schwartz (Reference 20) summarize tests conducted up through
December, 1964, in support of the establishment of design criteria for
facilities used for operations dealing with explosives. Eleven dynamic tests
were condvcted primarily to investigate the validity of scale-model testing.
The slabs were tested in a horizontal position, resting on timber supports on
the ground. Both full-scale prototypes and one-third scale models were
tested. The range of damage extended from surface pitting to complete
destruction producing rubble. In most of the tests, the supporting timbers
were displaced and badly damaged. Donor charges were placed at various
standoff distances and consisted of bare cylinders of Composition B for the
smaller charges, but the explosive was encased in 1/8-thick pipe for

the larger charges. The tests showed a good qualitative correlation between
full-scale and 1/3-scale models under similar loading and support conditions.

None of the slabs contained any shear reinforcement and all contained only
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about 0.15 percent principal reinforcement in each face. The scaled standoff
distances (z) varied from approximately 1.0 to 2.6 EC/1b1/3, and damage varied

from slight to complete failure and even small rubble.

FS-64 and 1/3-64 Series

37. A second series of scaling investigation tests are summarized in
Reference 20. Six slabs (three full-scale and three 1/3-scale) were tested to
further investigate the feasibility of one-third scale testing and to
investigate different methods of slab support that would allow photographic
coverage of slab fragment movement. Four of the slabs were supported by
structural steel frames. The supports were destroyed by blasts in the
vertical tests of this series. None of the slabs contained shear
reinforcement and scaled distances (z) varied from approximately 1.0 to 2.6
EC/lb1/3. Slab damage ranged from surface cracking to break-up of the slab
into a few sections. The one-third scale slabs displayed brittle failure

characteristics while the full-scale slabs tended to crack and deflect.

CAM-64 Series
38. As summarized in Reference 20, these three tests were conducted to
further investigate methods of slab support that would allow photographic
coverage of slab fragment movement. Two of the slabs were supported in a
horizontal position on heavy steel plates on edge. The third slab was
supported in a vertical position by walls of a steel tunnel, None of the
slabs contained any shear reinforcement, and z values were approximately 0.5

ift:/lbl/3 in each test. Each slab was completely destroyed.
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BAL-64 Series
39, These two slabs (Reference 20) were constructed with balanced steel
percentages of approximately 1.3 percent in each face. No shear reinforcement
was used. One slab was tested at a z-~value of 0.5 and one at a z-value of
2.5. For z = 0.5, the slab was reduced to small rubble. For z = 2.5, the

slab experienced heavy damage with large cracks and rubble.

1/3-2-64 and 1/3-S1-64 Series

40. These tests are also summarized in Reference 20 and were conducted to
investigate the responses of various basic types of slabs when subjected to
different loading conditions. All of the slabs were supported using the
steel-walled test tunnel. Two steel percentages were used: 0.13 percent in
each face (5 slabs) and 0.40 percent in each face (4 slabs). No shear
reinforcement was used. Z-values ranged from approximately 0.5 to 3.5
ft/1b1/3. The extent of the damage ranged from hairline cracks to complete

destruction.

1/3-65 Series

41, Rindner, Wachtell, and Saffian (Reference 21) summarize tests conducted
during 1965 for the establishment of design criteria. Thirty-one tests
conducted in that year are applicable to this study. The tests were conducted
to:

a. establish the explosive quantity range for specially reinforced
concrete

b. establish a general configuration of reinforced concrete (plain,
composite, etc.) which will be used in the construction of explosive
facilities

c. evaluate the blast loading (impulse) applied to the wall
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d. investigate the optimum amount of reinforcement and the maximum
amount of reinforcement that is feasible in cubicle construction

e. evaluate specific detailing of reinforcement (various kinds of
shear reinforcement, placement of reinforcement).

42, Principal steel percentages varied from 0.44 percent to 2.7 percent,
Most of the slabs contained no shear reinforcement, but ten slabs contained
lacing. One slab contained "looped" shear reinforcement. Z-values ranged
from approximately 0.4 to 1.6. The slabs were either supported in the steel
tunnel or in the "new support structure" design for charges over 30 1bs,
Bending restraint plates were also used in some of the tests, but these
particular slabs were not laterally restrained. It was concluded that a
substantial increase in slab capacity is accomplished by strengthening the
slab (using a higher percentage of reinforcement) and by the proper use of
ties (shear reinforcing) which significantly increased the resistance to

blast.

1/3-66 and 1/8-66 Series

43, Rinder, Wachtell, and Saffian (Reference 22) discuss this series
conducted in 1966 which included both 1/3-scale and 1/8-scale model slabs.
The slabs were either supported in the steel tunnel or the new support
structure. Some of the slabs were bolted in the new support structure with
one row of bolts at each support, The tests were conducted to:

a. determine both qualitative and quantitative data on slab response

b. investigate the effects of high and low compression strength
concrete and the addition of fibrous materials (cut wire and nylon).

c. determine the validity of 1/8-scale testing.
Twenty-eight of the slabs are applicable to this study. Most of the slabs

contained lacing. One slab contained looped reinforcement, and six slabs had
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no shear reinforcement. 2-values ranged from 0.3 to 1.25 lb/fcl/s. Damage

levels ranged from slight damage to total destruction.

1/3-67 Series
44, Rinder, Wachtell, and Saffin (Reference 23) summarize the tests conducted
during 1967 for the establishment of design criteria. Seventeen slabs of the
series are applicable to this study. Principal steel percentages ranged from
0.65 to 2.70 percent. All of the slabs were bolted into the "modified new
support structure" which included the use of lateral restraining plates. All
of the slabs contained laced reinforcement, and z-values ranged from 0.50 to
1.65. The slabs were tested to obtain data for the design of reinfoxrced
concrete laced elements subjected to close-in blasts. The tests also
evaluated the use of fibrous reinforced concrete for reducing spall and the
use of low compressive strength concrete (2,500-3,000 psi).
45. 1t was concluded that the impulse capacity of reinforced slabs containing
fibers is larger than that of slabs without fibrous material. There was no
significant loss in capacity due to the reduced concrete strength. An
important conclusion was that incipient failure of a laced reinforced concrete
element may be described by a maximum deflection corresponding to a support

rotation of 12 degrees.

T-88 Series
46. Tancreto (Reference 24) is currently testing two-way slabs to verify the
dasign criteria for slabs with tensile membrane resistance, and to investigate
the effect of stirrup design on the response of reinforced concrete slabs at

large support rotations (> 4 degrees) and for close-in explosions. Six of the
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proposed dynamic tests have been conducted. Four of the slabs contained
stirrups, one contained lacing, and one had no shear reinforcement. The slabs
were not loaded to failure. The tests indicated that the breaching criteria
is conservative since stirrups were adequate at z = 0.7 ft:/lbl/3 which is less
than 1.0. Stirrup spacings of d were adequate as opposed to d/2. Tancreto
concluded that more tests than his remaining five tests are needed to
establish:

a. 1improved breaching criteria

b. allowable stirrup spacing (for flexural ductility and for shear)

c. allowable maximum rotation from flexural resistance with stirrups

d. ultimate rotation with tensile membrane resistance.

DS-81 and DS-82 Series
47. Slawson (Reference 25) dynamically tested eleven shallow-buried
reinforced concrete box elements, primarily to evaluate dynamic shear failure
criteria. The structures were subjected to high-pressure (greater than 2000
psi peak pressure) short-duration loads. Shear reinforcement consisted of
single-leg stirrups with a 90-degree bend and a 135-degree bend. When dynamic
shear failure occurred, severing the roof slab from the walls, the concrete
was severely crushed and fell from the roof slab reinforcement mats when
lifted from the floor for post-test examination.
48. The one-way roof slabs of four of Slawson'’s structures did not experience
total collapse. One of these roof slabs, having a span-to-effective-depth
ratio of 10, experienced a deflection at midspan of about 10 inches for the
48-inch clear span (about 23 degrees support rotation). Some spalling

occurred at the walls, but the rest of the slab was cracked without spalling
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action (see Figure 9). This slab contained single-leg stirrups spaced at
about 0.8 d with two stirrups at each location. The remaining three slabs
contained one single-leg stirrup at each location, and the spacing varied from
about 0.25 d near the supports to 0.5 d at midspan. These slabs had span-to-
effective-depth ratios of 7. One slab responded predominantly in shear with a
permanent midspan deflection of about 4.5 inches. The unloaded face of the
slab experienced cracking with disintegration of the concrete occurring only
at the supports. Another roof slab experienced a midspan deflection of about
12 inches (about 26 degrees support rotation). The concrete cover spalled,
and the concrete between the principal reinforcement mats was broken up over
the entire span but did not fall from the reinforcement cage (see Figure 10).
These data indicate that slabs with single-leg stirrups can resist high-

pressuxe short-duration loads without total collapse,

1/8-MGC-71 Test
49. Levy and others (Reference 26) discuss a test on an 1/8-scale model
cubicle wall. The structure contained lacing and 0.4 percent principal steel
in each face., A z-value of 0.5 f:‘t:/lbl/3 was used. The structure successfully
withstood the loading with heavy damage but without failure of any

reinforcement,

B-84 Series
50. Baylot (Reference 27) dynamically tested a 1/4-scale reinforced concrete
model of a weapon storage cubicle using a foam HEST (High Explosive Simulation
Technique). Three layers of reinforcement were provided in the principal
direction in the long walls, roof, and floor, while two layers were provided

in the transverse direction. The three layers consisted of one layer near
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the center of the cross section of that element. The shear steel ratio of
0.0031 was provided in the form of single-leg stirrups near the roof slab
reports. The stirrups had a 135-degree bend at one end and a 90-degree bend
at the other. The L/t ratio of the one-way roof slab was approximately 14.8,
and the span length was 79.5 inches.

51. The HEST simulated a 2.5 kiloton weapon with a peak pressure of
approximately 1500 psi. The midspan deflection of the roof slab was
approximately 11.4 iuches, which corresponds to a support rotation of
approximately 16-degrees. The first two rows of stirrups aleng the exteriox
wall were either broken or straightened out. A very small shallow zone of
concrete crushing occurred down the center of the top surface of the roof
slab, The largest crack on the bottom surface was approximately 1/8-inch

wide.

KW-87 Test
52, A full-scale 100-man capacity blast shelter was tested in a simulated
nuclear overpressure environment (Refereuce 28). The 3-bay structure had a
roof span of about 11 feet for each bay, a roof thickness of about 10.25
inches, and average tension and compression steel ratios of 0.0ll and 0.0036,
respectively. Some principal steel (25 percent) was "draped" so that it
served as tensile reinforcement at both the supports (top) and center (bottom)
of the roof as in the W-84 series. No shear reinforcement was used in the
roof, and the bottom face of the roof was corrugated sheet metal that sexved
as form work and effectively prevented spallation of the concrete from the
roof. A posttest view of the interior of Bay 1 is shown in Figure 1l.

Maximum roof deflection was 17 inches (about 14 degrees support rotation).
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Due to the protection of the thin metal covering the roof, no concrete spall

can be seen.

F-77 Series
53. Fuehrer and Keeser (Reference 29) conducted a test program to provide
data defining the vulnerability of underground concrete targets. The
objective was to generate experimental data relating the maximum distances at
which explosive charges of specified weights are capable of breaching
reinforced concrete slabs with varying span-to-thickness ratios. A total of
23 tests were conducted with charge weights from 4.6 to 27 pounds. Maximum
standoff distance at which target slabs were breached increased with

decreasing valves of span-to-thickness ratios.

B-85 and H-89 Series
54. Eleven tests were conducted in the B-85 series (Reference 30) to study
the response of structures buried in sand to the loading from a point-source
detonation. Each test involved a reinforced concrete test slab and a
cylindrical-cased charge. The parameters that were varied included the charge
orientation, standoff distance, span-to-thickness ratio, and the percentage of
reinforcing steel in the test slab,
55. The H-89 series (Reference 30) were conducted as a follow-up to the B-85
series to investigate the effects of backfill type. A breach occurred in the
test with the low-shear-strength, low seismic velocity reconstituted clay
backfill, and light damage occurred in the test with the high-shear-strength,

low seismic velocity sand backfill,
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56. A considerable amount of applicable data is available in the literature.
Very little research has been performed on stirrup slabs and lace slabs in the
same study. Because of the varied objectives of the test series, some
parameters are not known for some of the specimens, and results are often not
reported in great detail. Also, many of the specimens were not loaded to
failure. However, the data base is useful for the comparison of design
parameters and for an indication of the degree of conservatism of current
design criteria. Several examples of dynamic and static tests on structures
containing stirrups demonstrated that rotations in excess of 20 degrees
without failure are possible. Support rotations of over 14 degrees were
sustained in one case for both static and dynamic tests on slabs with no shear

reinforcement at all.
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CHAPTER 4: DATA PRESENTATION AND GENERAL DISCUSSION

57. This chapter presents the known construction parameters and results of
the available pertinent tests. All of the tests are part of a series
described in Chapter 3. Data for a total of 258 tests are presented. Fifty-
four of the tests were static loadings of one-way slabs, and ten were static
loadings of box elements. One-hundred, twenty-one of the tests were dynamic
loadings of slabs, most of which were one-way slabs. Seventy-three tests were
dynamic loadings of the box-type structures. These tests were conducted by
the U.S. Army Engineer Waterways Experiment Station (WES), the Air Force
Armament Laboratory, the U.S. Naval Civil Engineering Laboratory (NCEL), or

the Picatinny Arsenal (PA).

Data Notation
58. The test data are presented in Tables 4.1 through 4.4 and in Figures 13
through 16. An explanation of the notation used in these tables is given in
this section. The element identification number is given in the first column
of each table and usually begins with the initial of the author of the report
on that particular study. The general form of these identification numbers
were used in Chapter 3 for cross-referencing of the data with the tests
descriptions. The identification number also includes the year that the
report or paper for the test was published. The identification number is most
useful for the study of the dynamic slab tests data of Table 4.3. In this

case, most of the numbers contain four parts that may be described as follows:
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A-B-C-D
where
A: FS (full scale); 1/3 (1/3-scale); 1/8 (1/8-scale)

B: 1 (standard slab 1)
2 (standard slab 2)
81 (strengthened slab 1)
82 (strengthened slab 2)
etc.

C: year of test series

D: consecutive numbering of specimens
59. The "restraint” column defines the support conditions. Most of the
static slab tests were clamped at the supports with steel plates and are
considered as rigid. The support structure of the G-84 series allowed some
rotational freedom, resulting in partial restraint. The slabs of the box
elements were either supported at two or at four sides by walls of the box.
Again, this parameter was varied the most for the dynamic slabs tests. The
notation is as follows:

-1 = Slab in horizontal position and supported on horizontal wood blocks.
1-2 = Slab in horizontal position and supported on vertical steel blocks.
-3 = Slab in horizontal position and supported on horizontal steel
blocks.
H-4 ~ Slab in horizontal position in steel tunnel.
V-1 = Slab bolted in modified "new structure" with lateral restraining
plates.
V-2 = Slab in vertical position, located in steel cubicle, and supported
by steel frame.
V-3 = Slab in vertical position and supported by steel tunnel.
V-4 = Slab in vertical position and supported in steel tunnel or in "new
structure”.
V-5 = Slab in vertical position in steel tunnel or "new structure" with
bending restraint plates, but not laterally restrained.
V-6 = Slab in vertical position in "new structure", bolted with one row of
bolts at each support.
V-7 = Slab bolted in modified "new structure" with lateral restraining
plates.

@i
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60. Most of the dynamic slab tests were conducted by PA. The reports on many
of those tests did not present some of the parameters listed in the tables.
In particular, the effective depth of the slab (d), the concrete compressive
strength (fc'), the steel yield strength (fy), the spacing of the principal
steel (s), and the spacing of the shear reinforcement (SS) were often not
reported,
61. The thickness of the slab (t) was always reported. Therefore, the clear-
span-to-thickness ratio (L/t) is presented in the tables rather than the more
commonly used L/d ratio. Similarly the ratios of principal steel spacing to
thickness (s/t) and shear reinforcement spacing to thickness (Sg/t) are given
where known. The tensjon steel percentages (p) and compression steel
percentages (p') at the midspan and the support are reported for all slabs.
The shear reinforcement ratio (p,) is also known for all slabs.
62. The scaled range or standoff distance (z) in fc/1b1/3 is presented for
all dynamic tests except for the HEST tests in which z is not appropriate.
The type of reinforcing bars used for the principal steel is presented for
some of the dynamic tests. It is known that nearly all of the static tests
were constructed with heat-treated deformed wire. The notation for the
reinforcement type for the dynamic tests is as follows:

RB = commexrcial reinforcing bar

CWF = commercial welded wire fabric

CWW = commercial welded wire
The distinction is made because reinforeing bar is generally more ductile than
deformed wire. The type of reinforcing bar may also affect the bond between
the steel and the concrete wue to variations in (or lack of) deformations on

the surface of the steel.

34




63. For the static tests and a few of the dynamic tests, the support rotation
(6) at test termination or collapse is presented. The permanent deflection

Qsperm) is reported for the dynamic tests when known.

64. The general load-deflection curve for a reinforced concrete slab may be
described as in Figure 12. The ultimate resistance (u) is defined by point A.
The incipient failure load (I) is the load resistance occurring when the
structure is about to collapse and loose its load-carrying ability. For a
ductile slab experiencing tensile membrane behavior, the incipient failure
load is at point C of Figure 12. For a brittle slab, I and u may have nearly
the same value. The ratio I/u is presented for the static tests since the
load-deflection curve is easily obtained in static tests.

65. The "Remarks” section of the tables includes comments about special
construction details and the test results. The definitions of other symbols
used in the remarks section as well as in some of the other columns are given
below.

DOB « depth of burial

3-H = 3-hinged mechanism

3-HM = 3-hinged mechanism membrane

4-H = 4-hinged mechanism

6g = allowed rotational freedom at supports

b = undetermined

S = shear failure

¢ = collapse

P_, = peak surface overpressure

MD = Medium Damage - less than incipient failure condition, light spalling

HD = Heavy Damage - at or around incipient failure condition, scabbing
and/or crushed concrete between reinforcement

PD = Partial Destruction - slab broken-up but remaining in one piece

TD = Total Destruction - slab broken-up completely, producing flying
fragments

d = Slab loaded in chamber with explosives distributed in firing tubes
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General Discussion
66. All of the statically tested slabs were laterally restrained such that
compressive and tensile membrane forces could be developed. However, as noted
by Guice (Reference 10), slabs of the G-84 series with large rotational
freedom were not able to achieve their potential compressive membrane capacity
because of large, early deflections. Therefore, the slab snapped through to
the tensile membrane stage before significant thrusts were developed. For the
thinner slabs (smaller L/t ratio) of the G-84 series, this snap-through
occurred for smaller rotational freedoms than that of the thicker slabs.
Small rotational freedoms enhanced the tensile membrane capacity and the
incipient collapse deflection of the slabs.
67. The L/t values for all of the statically tested slabs were large enough
to ensure that the slabs were not "deep" slabs, and that a flexural response
mode could be expected. All of the statically tested slabs had nearly equal
percentages of steel in the top and bottom faces except for the W-84 series.
In that series, it was found that ductility increased when more of the total
area of principal reinforcement was placed in the tension zones. The
compressive strength of the concrete for these slabs ranged from about 3.6 to
S ksi except for the K-82 and B-83 series, where values from 6.1 to 6.9 ksi
were reported. The yield strength of the principal steel was also greater for
these two series as it ranged from approximately 70 to 90 ksi. Additionally,
all but one of the slabs of these two series had principal steel percentages
of around 0.5 percent, compared to about 0.75 to 1.6 percent for the other
series of slabs. Ignoring the two slabs of the K-82 series with soil cover,
the slabs of these two series were similar to the other statically tested

slabs for all other parameters; yet, these slabs failed at relatively small
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support rotations. 1In general, a steel with a high yield strength is less
ductile than that of Grade 60 or less steel. The presence of stirrups or
closed hoops did not alter the fact that a slab with a low percentage of such
steel and having a high concrete strength will result in brittle behavior.
68. A close spacing of stirrups was shown to enhance large-deflection
behavior in the W-83 series. A S./t ratio of about 0.33 (or less than about
d/2) was required before stirrup spacing had an effect on the behavior of
those slabs.

69. The static slab tests of Table 4.1 demonstrated that slabs with single-
leg stirrups (or even no shear reinforcement) can achieve large support
rotations without collapse.

70. The static box tests of Table 4.2 were all tested in a buried
configuration. Otherwise, values of the construction parameters were in the
same general range of the static slabs of Table 4.1. One box (K4-79) had a
L/t ratio of only 3.3 and failed in shear without rupture of any
reinforcement. Large support rotations were achieved in many of the static
box tests, all of which contained single- or double-leg stirrups.

71. All but one (1/8-MC-71) of the dynamic box tests of Table 4.4 were one-
way slabs and were part of the same research programs as the static tests,
The boxes contained either stirrups or no shear reinforcement, and
construction parameters were similar to those of the static tests, Of these
dynamic box tests, only element F2-83 was tested surface flush. The other
boxes were buried. The 1/8-MC-71 was a two-way slab with lacing and no soil
cover. This was also the only box that was not tested in a HEST
configuration. The scaled range (z) was 0.5 for this box, and it

experienced heavy damage but no reinforcement was ruptured.
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72. The largest group of tests is that of the dynamic slab tests presented in
Table 4.3. Most of these tests were conducted in the 1960's with the
objective of developing design criteria for the original TM 5-1300 (1969).
Many other slabs of "composite" construction were tested in the same program,
but were not appropriate for this study. A composite slab consists of two
slabs with a filler material such as sand placed or "sandwiched" between them.
Table 4.3 shows that the slabs contained either laced reinforcement or no
shear reinforcement. Only two slabs (1/3-S12-65-1 and 1/3-812-66-1) contained
stirrups or "looped" reinforcement. Therefore, it is not surprising that M
5-1300 imposes significant limitations on slabs with stirrups - no data was
available. Of those two slabs with looped reinforcement, one was tested at z
= 1.25 and experienced only medium damage with no reinforcement failure (TM 5-
1300 requires lacing when z < 1.0). The other slab with looped reinforcement
was tested at z = 1.0 and was described as incurring partial destruction with
all tension steel failing and shear failure in the concrete. This slab was
not laterally restrained; therefore, tensile membrane forces could not be
developed. Also, both of these slabs had a L/t ratio of 6.0. This L/t ratio
is approaching that of a deep slab where ductile behavior is less likely to
occur for moderately reinforced slabs.

73. Principal steel percentages varied considerably among the dynamic slab
tests. Slab 1/3-514-65-1 contained a high percentage of steel in each face
(2.7 percent) but no shear reinforcement. A z-value of 0.5 was used and L/t
was equal to 4. The slab experienced only medium damage with all steel
intact. A laced slab (1/3-S13-65-1) with the same parameter values except for
L/t equal to 6 incurred heavy damage with tension steel failing at the

supports and at midspan.
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74. Some of the slabs with no shear reinforcement failed in large sections
and not small rubble., For example, slab 1/3-1-63-5 was tested at z = 0,99
with L/t = 8 and was broken into 2 large sections. Three of the slabs with no
shear reinforcement were tested at z = 0.80. The rest of these slabs were
tested at a z of about 1 or greater or a z of about 0.5. The three slabs
tested at z = 0.80 had L/t values of 6 and over twice as much compression
steel as tension steel at midspan and vice versa at the supports. Based on
the W-84 series of static tests, the most effective use of a given total area
of principal steel is the placement of more of the steel in the tension zones
at both midspan and the supports. These three slabs experienced total
destruction.

75. There were laced slabs that also experienced heavy damage. It is obvious
that the laced slabs responded better than the slabs with no shear
reinforcement, but the limits of slabs without shear reinforcement cannot be
determined from these tests. This series makes almost no contribution to the
understanding of the behavior of slabs containing stirrups.

76. The T-88 series is the only set of dynamic slab tests which is aimed
toward some comparison of laced and stirrup slabs. As discussed in Chapter 3,
six of the proposed tests have been conducted. Only one of these six slabs
contained lacing, and one contained no shear reinforcement. The slabs were
not tested to failure and many parameters were varied, making it difficult to
quantify the relative effectiveness of lacing and stirrups. However, the
tests thus far have indicated that slabs with stirrups can achieve support
rotations greater than those allowed by the braft TM 5-1300. These were two-~

way slabs with large L/t ratios of 15 or 20, Tancreto (Reference 24) at NCEL
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is conducting these tests and concluded that more research is needed to
determine the rotation capacity and tensile membrane behavior of slabs with
stirrups, the allowable stirrup spacing, and to improve breaching criteria.

77. A more in-depth discussion of the data is presented in Chapter 5.
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TABLE 4.1 STATIC SLAB TESTS

HIOSPAN SUPPORT Cksid Cksid  d ¢ db HEAR Ps
ELEHENT RESTRAINT (W S [ P [1d fy fe* Gnd e s/t <ind REINFORCLHENT 2 Sss/t Thota 1I/U
X1-82 RIGIO 8.3 0.S50 0.50 0.50 0.50 90.2 6.7 2.40 2.90 0.69 0.1 closed hoop 0.25 0.69 0.50 1.00 3-H,
K2-82 RIGID 8.3 0.50 0.50 0.50 0.50 90.2 6.8 2.40 2.30 0.69 0.18 closed hoop 0.25 0.69 S5.?0 0.30 008=
K3-82 RIGIO 8.3 0.50 0.50 0.50 0.50 90.2 6.9 2.40 2.90 0.69 0.18 closoed hoop 0.25 0.69 12.9 0.32 O0oOB=
81-83 RIGIO 10 0.47 0.47 0.47 0.7 ?7.7? 6.1 1.95 2.40 0.83 0.1S 135-5~-135 0.23 O0.81 S5.20 0.?77 J-H
B82-83 RIGIOD 10 1.04 1.04 1.01 1.04 ?0.1 6.1 1.88 2.40 0.69 0.21 135-5-135 0.98 0.46 3.30 1.00 3-H,
83-83 RIGID 5.0 0.16 0.416 0.46 0.46 70.1 6.1 4.30 4.80 0.63 0-21 135-5-13S5 0.41 0.35 3.10 1.00 3-H,
H1-83 RIGIOD 10.4 0.?4 0.?4 0.85 0.85 59.8 4.8 1.94 2.31 1.62 0.25 NONE - - 16.3 ©0.?72 3-H,
H2~83 RIGIO 10.4 0.?4 0.7?4 0.8%5 0.85 59.8 4.3 1.94 2.31 1.62 0.25 135~5~13S 0.36 0.33 20.6 1.02 3-HH
H3-83 RIGID 10.4 O.74 O.74 0.85 0.85 59.8 S.1 1.94 2.31 1.62 0.2S 135-5-135 0.18 0.65 11.0 0.63 3-H,
H4-83 RIGID 10.4 0.74 0.?4 0.85 0.85 59.8 4.9 1.91 2.31 1.62 0.25 135-5-135 6.09 1.38 13.1 O0.SS 3-H,
H5-83 RIGIO 10.4 0.74 0.?4 0.85 0.85 S9.8 5.1 1.91 2.31 1.62 0.25 135-5-135 0.18 0.65 1S5.4 0.88 Teonp
H6-83 RIGID 10.4 0.?4 O.?4 0.85 0.85 59.8 4.9 1.91 2.31 1.62 0.2S 135-5-90 0.18 0.65 14.0 0.7v2 3-H,
H7-83 RIGIO 10.4 0.74 0.74 0.85 0.85 59.8 5.0 1.94 2.31 1.62 0.25 135-5-90 0.18 0.65 14.5 0.85 TYonp
Hg=-83 RIGIOD 10.4 O0.?4 O.?71 0.85 0.85 S9.8 S.1 1.91 2.31 1.62 0.25 Oouble 135 0.18 0.65 14.0 0.78 3-H,
H3-83 RIGID 10.4 0.?S 0.75 0.86 0.86 62.4 4.7 1.91 2.31 0.?6 0.18 135-5=-135 0.19 0.65 16.3 0.79 3-H,
H20-83 RIGID 10.4 0.?5 O©0.7S 0.86 0.86 62.4 4.9 1.814 2.31 0.76 0.18 135-5-135 0.38 0.33 18.4 1.12 23-H,
H1-84 RIGIO 10.4 0.74 0.?74 0.85 0.85 66.0 4.5 1.914 2.31 1.62 0.25 HONE —-— - 18.4 0.73 3-H,
H2-84 RIGID 10.4 0.?9 0.79 0.?v9 0.?9 66.0 4.5 1.81 2.3%1 1.62 0.25 NONE - - 19.7 0.85 3-H,
H3-84 RIGID 10.14 1.14 0.10 0.40 1.11 63.S5 4.5 1.81 2.31 1.62 0.30 HNHONE - - 21.0 0.85 2-H,
H4-61 RIGID 10.4 1.11 0.10 1.19 1.14 63.5 4.5 1.81 2.31 1.62 0.17?8 HONE - - 20.6 0.85 32 dc
0.30 »*
HS5-81 RIGID 10.4 1.14 0C.410 1.19 1.14 6I.5 4.5 1.81 2.31 1.62 0.178 HONE - - 23.4 0.68 22 d¢
0.30 *
H6-84 RIGID 10.4 1.58 0.00 1.58 0.00 66.0 4.5 1.01 2.31 1.62 0.25 NONE —— - 14.0 1.47 32 pc
Hv-084 RIGID 10.4 1.13 0.45 1.13 0.45 66.0 4.3 1.81 2.31 1.62 0.25 NONE - — 19.7 0.91 Alter
Hg~-84 RIGID 10.1 1.13 0.45 1.13 0.15 66.0 4.3 1.81 2.31 1.62 0.2% 135-5-30 0.06 1.30 23.1 0.93 Altor
H3-84 RIGID 10.4 1.13 0.15 1.13 0.145 66.0 4.0 1.81 2.31 1.62 0.25 135-S-90 0.22 0.32 23.1 1.01 Alter
H10-84 RIGID 10.4 1.13 0.45 1.13 0.45 65.0 4.0 1.81 2.31 1.62 0.2S 135~5-90 0.22 0.32 23.1 0.85 Alter
H11-84 RIGID 10.4 1.13 0.45 1.13 GC.45 66.0 4.2 1.61 2.31 1.62 0.25 135-5~90 0.22 0.32 13.3 O.71 Afltor
H12-84 RIGID 10.4 1.13 0.45 1.13 0.415 66.0 4.2 1.81 2.31 1.62 0.25 135-5-30 0.22 0.32 24.6 0.99 Alt 2
H13-84 RIGID 104 1.13 0.15 1.13 0.45 66.0 4.2 1.81 2.31 1.62 0.25 NONE - —— 22.6 0.70 Alter
H14-84 RIGID 8.3 1.02 1.02 1.02 1.02 60.3 3.6 2.40 2.90 0.69 0.25 135-5-90 1.83 0.55 22.8 0.76 23-H,
H15-61 RIGID 10.1 0.?9 0.45 0.79 0.15 66.0 3.6 1.81 2.31 1.62 0.25 NONE —-— - 24.2 0.63 3-H,
G1-84 PARTIAL 10.4 0.52 0.52 0.52 0.52 50.0 4.4 1.94 2.31 1.30 0.20 135-5-90 0.22 1.30 1v.1 0.14 Thota
62-81 PARTIAL 10.4 0.52 0.52 0.52 0.52 50.0 4.3 1.94 2.31 1.30 0.20 135-5-90 0.22 1.30 19.3 0.65 Thota
G3~-84 PARTIAL 10.1 0.?4 0.74 0.74 0.74 S58.5 4.1 1.91 2.31 1.62 0.25 135-5-90 0.186 1.30 18.9 1.13 Thota
G1~81 PARTIAL 10.14 0.?4 0.74 0.?1 0.71 S8.S 4.3 1.91 2.31 1.62 0.25 135-5-90 0.18 1.30 18.0 1.07 Thota
G48-84 PARTIAL 10.4 0.74 0.71 0.74 0,74 586.5 4.2 1.94 2.31 1.62 0.25 135-5-90 0.18 1.30 20.31 1.38 Thota
G168-84 PARTIAL 10.4 0.74 0.71 0.7< O.71 S58.5 4.2 1.91 2.31 1.62 0.25 135-5-90 0.18 1.30 12.7 0.86 Thota
GS~84 PARTIAL 10.4 1.06 1.06 1.06 1.06 S50.5 4.4 1.94 2.31 1.08 0.25 135-5-30 0.2?7 1.30 16.3 0.85 Thoeta
G6-61 PARTIAL 10.4 1.06 1.06 1.06 1.06 58.5 4.3 1.91 2.31 1.08 0.25 135-5-90 0.27 1.30 16.3 1.33 Thota
Gv-81 PARTIAL 14.8 0.58 0.58 0.58 0.58 67¢.3 $.0 1.25 1.63 2.31 0.18 135~5-90 0.180 1.85 1?7.1 0.841 Theta
Go~84 PARTIAL 14.6 0.58 0.58 0.58 0.8 6&7.3 S.0 1.25 1.63 2.31 0.18 135-5~90 0.18 1.85 15.8 1.00 Theta
G9-84 PARTIAL 14.8 1.314 1.14 1.14 1.14 58.5 S.0 1.25 1.63 2.31 0.25 135-5-90 0.18 1.85 16.7 2.23 Thota
G9R~-84 PARTIAL 14.8 1.14 1.11 1.14 1,11 58.S 5.0 1.25 1.63 2.31 0.25 135-S~90 0.18 1.85 18.0 2.21 Thota }
G10~-84 PARTIAL 14.8 1.11 1.14 1.14 1.14 58.5 5.0 1.25 1.6 2.31 0.25 135-5-90 0.18 1.85 16.7 LRRGE Theta !
G10R-84 PARTIAL 14.6 1.11 1.11 1.11 1.11 S0.S 5.0 1.25 1.63 2.31 0.25 135~-5-90 0.18 1.85 11.3 LARGE Theta |
G11~84 PARTIAL 14.8 1.47 1.47 1.4? 1,47 59.5 5.0 1.25 1.63 1.69 0.25 135-5-90 0.24 1.85 14.9 2.52 Theta !
G12-984 PARTIAL 11.8 1.17 1.47 1.17 1.47 S6.S5 $.0 1.25 1.63 1.69 0.25 135-5-90 0.21 1.85 14.5 <.45 Thota |
K45-69 RIGID 12 2.11 2.11 2.11 2.11 9.9 5.0 4.6°?5 6.0 0.25 0.63 LACE 1.37 0.25 9.2 1.25 Test t«
K951-63 RIGID 2-HAY 241 0.82 0.82 0.82 0.82 49.6 3.6 2.25 3.0 2.0 0.38 LACE 0.19 0.5 8.7 0.90 Loaded
K952~69 RIGID 2-HAY 24 0 0 0o 0 “13.6 4.1 -~ 3.0 -~ - NONE [} - 1.6 1.00 Loaded
K3S$3~69 RIGID 2-HAY 24 0.82 0.62 0.82 0.82 +49.6 4.1 2.25 3.0 2.0 0.38 LACE 0.19 0.5 13.3 1.2J Loaded
K954~69 RIGID 2-HAY 24 0.82 0.82 0.82 0.82 49.6 3.3 2.25 3.0 2.0 0.38 LACE 0.13 0.5 12.6 0.95 Loaded
K9S5~69 RIGID 2-HAY 15.2 0.83 0.89 0.69 0.63 4?.4 3.2 3.75 4.75 1.26 0.5 LACE 0.42 0.42 10.8 0.87 Loaded
K956-69 RIGID 2-HAY 12 1.33 1.33 1.33 1.33 4?.4 3.6 S.00 6.0 0.5 0.5 LACE 1.67 0.1? 1.8 0.?9 Loaded
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s/t
0.63
0.69
0.69
0.83
0.69

1.62

1.62
1.62

0.25
0.18

0.25

0.25
0.63
0.38

0.29
0.38

0.5

SHEAR
REINFORCEHENT

closod hoop
closed hoop
<closed hoop

135-5=13S
135-5~135
135-5-135

NONE
135~5=135
135-5-13S
135-5-135
135-5-135

135-5-90
135-5-90

Ooudble 135

135-5-135
135-5-135

NONE
HNOKE
NONE
NONE

HONE

NONE
HONE
135-5-30
135-5-90
135-5-90
135-5-90
135-5-90
NONE
135-5-390
NONE

135-5-90
135-5~90
135-5-90
135-5-30
135-5-90
135~5~90
135-5-30
135-5-90
135-5-90
135~5-390
135-5-90
135~5-90
135-5-90
135-5-90
135-5-90
135-5-90

LACE

LACE
NONE
LACE
LACE
LACE
LACE

Ps

0.25
0.25
0.2

0.23
0.98
0.41

0.36
0.18
0.09
0.18
0.18
0.18
0.18
0.19
6.38

0.22
.22
0.22

1.53

Ss/t

0.69
0.693
0.69

0.91
0.146
0.35

0.33
0.65
1.30
0.65
0.65
0.6S
0.65
0.6S5
0.33

Tt D P Pt e 2d b ek b Db pt Pt s
“ 0
UM NoOoO00OOoon

IREEEEEERERER]

DOCOOOWWWWLWUWW

Theto

0.50
S.70
12.9

5.20
3.30
3.10

16.3
20.6
11.0
13.1
15.4
11.0
11.5
11.0
16.3
18.1

18.1
13.7?
21.0
20.6

23.1

11.0
13.7
23.1
23.1
23.1
19.3
21.6
22.6
22.6
214.2

1?.2
19.3
168.9
18.0
20.1
12.7
16.3
16.3
7.1
15.8
16.7
18.0

/v

1.00
0.30
0.32

0.77
1.00
1.00

0.72
1.02
0.63
0.55
0.88
0.72
0.85
0.78
0.?3
1.12

0.?23
0.85
0.85
0.85

0.68

1.47
0.91
0.93
1.04
0.85
0.714
0.93
0.70
0.76
0.69

0.11
0.65
1.13
1.0?
1.38
0.86
0.85
1.33
0.81
1.00
2.23
2.2

16.7 LARGE

11.3
14.9
11.5

9.2

LARGE

2.52
4.45

1.25

0.90
1.00
1.23
0.95
0.8?
0.79

RENARKS

3=H, test torm. @ U, 100% tenszion stoel rupt. € rmdspan
008zL/2, 3-H, 100% tonzion steel rupt. € midspen
0083L/2, 3-H, 1002 tenzion and S02% corp. steel rupt. € mdspan

3-H
3-H, tezt torn. € U
3-H, test term. Q@ U

3-H, 86% tonsion steel rupt. @ nidspan, S0z tonsion stool rupt. Q support
3-HH, .0 ten. & 3% conp. stool rupt. @ midspan, 642 ton. rupt. @ Support.
3-H, 1.J% tension rupt. @ nidspan, 13% tonsion rupt. @ support

3 ., 1002 tonsion rupture € nidspan, 29% tonsion rupture @ support.

Tenp. 3toel outside. 3-H, 86Z ton. rupt. @ mnidspan, 14% ten. rupt. 2 support.
3-H, 71 tonsion rupture @ nidspon, 11Z tonsion rupture @ support.

Tonp. stoel outside, 3-H, B86Z ten. rupt. @ midspen, 142 ton. rupt. @ support.
3-H, 71% tension rupturo @ nidspan, 142 tonsion rupture R support.

3-H, 100% tension rupture @ nidspan, 39% tension rupture @ support.

3-H, 100z tension & S7Z conp rupturo @ nidspan, 71Z tonsion rupt. € support.

3-H, 100% tonszion @ nidspen & 7Z tension @ zupport ruptured.

3-H, 1002 tonsion @ nidspan & 14% tension @ support ruptured.

3-H, 712 tonsion € ridspan & B6Z tension & support ruptured.

32 douols @ supports. 3-HH, 432 ten. @ mdspan & 7% ton. Q@ support ruptured.
»

32 dowols & zupp. 3-HH, 71% ten. & 29% conp rupt. @ mudspan, 142 ten. R supp.

32 pairs bent. “-H, no steel ruptured.

Rltornate 32 pairs bent. 3~HH, 10X ton. @ nidspan & 102 ten. Q@ supp ruptured.
Altornato 32 pairs bent. 3-HH, 60Z ten. R nidspan & 202 ton. @ supp. rupt.
Altornate 32 poairs bent. 3-HH, 00Z ton. @ widspan & 20 ton. @ supp. rupt.
Altornate 32 poirs bont. 3-HH, 602 ton & 25X corp €@ md & 452 ten Q@ supp rupt.
Alternate $2 pairs bont. 3-H, 100Z ton & S0 comp @ md & 5% ton @ supp rupt.
Alt 32 pairs bont. 3-HH, tonp steoel out., SOX ton R md & 25% ton @ supp rupt.
filternate 32 pairs cut. J-HH, 40Z tonsion €@ nidspan & 152 ten €@ supp rupt.
3-H, 100 tonzion Q@ midspan & 100X tension @ support rupture.

3-H, 1002 tonsion € nidspan & S?% tonsion @ support rupture.

Theta R = 1.82, 3-H, 100% tons & 100X cornp @ mdspon & B8Z tons @ supp rupt.
Theta R = 1.56, 3-H, 100% tons & 88Z comp @ nidspan & 802 ten € supp rupt.
Theta R = 1.2, 3-HHM, 71X tonsion & mdapan & 292 tension € support rupture.
Theta R = 1.50, 3-HH, -43% tension & mdspen & 141% tension @ support rupture.
Thota R = 2.52, 3-HH, S?Z% tonsion R nidspan rupture.

Theta R = 2.20, 3-HH, 297 tension Q@ nidspan rupture.

Theta R = 0.55, 3-HH, 30% tonsion @ midspan & 40% tension @ support rupture.
Theta R = 2.01, 3-HM, 202 tonsion @ nidspon rupture.

Thota R = 0.61, 3-H, 86% tension & conp € nidspan & 932 ton € supp rupt.
Thets R = 2.20, J-H, 100% ton & 662 conp @ mdspen & 932 ton @ supp rupt.
Theta R = 1.23, 3-HH, 142 tension @ support rupture.

Theta R = 0.40, 3-HH, 142 tension € support rupturec.

Theta R = 2.?79, pure tonsile wonbrane, 3-HH, no stool rupturo.

Thota R = 2.01, pure tensile uenbrane, 3-HH, ST tension @ midspan rupture.
Theta R = 0.76, 3-HH, no 3teol rupture.

Thota R = 2.04, 3-HH, no stoel rupturo.

Test terninated due to loading dovice. 3-H, No steel rupture.

Loaded until rupture of steol or uater seal, 3-Hi.
Loaded until rupture of =stoel or water seal, 3-H.
Loaded until rupture of 3tool or wator soal, 3-HH.
Loadoed until rupture of stool or uater seal, 3-HH.
Loaded until rupture of stool or uater sesl, 3-HH.
Loaded until rupture of steel or uater seal, 3-H.
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TABLE .2 STATIC 80X TEST

HIOSPAN SUPPORT ks3> Cksid d Lt db SHERR Ps

ELEHENT RESTRAINT L/t [ P ] 24 fy fc* <ind <ind o/t Cind REINFORCEHENT %  Ss/t Isu

K1=78 4 sides 6.3 1.00 1.00 1.00 1.00 §0.0 S.2 2.10 2.9 0.63 0.25 135~-5-90 1.53 0.S5 S.7 1.00 DOB=L/:
K2-78 4 sidex 8.3 1.00 1.00 1.00 1.00 72.0 6.2 2.0 2.2 0.63 0.25 135-5-90 1.53 0.55 3.6 1.00 DOO=L/:
K3=-79 4 sidex 8.3 1.00 1.00 1.00 1.00 60.0 5.8 2.40 2.9 0.69 0.25 135~5=-90 1.53 0.55 4.8 1.00 D0B=-L/%
K1-?79 4 sides 3.3 1.85 1.865 1.65 1.85 68.0 6.1 6.40 7.3 0.69 0.?S 135-5=-90 1.10 0.69 9.9 0.91 00B=L/!
51-83 2 sidex 13.2 0.69 0.63 0.63 0.63 68.5 6.2 1.94 2.5 1.50 0.25 0-1335 0.16 0.60 1.7 1.00 DOB=AL.
$2-63 2 sidoex 13.2 0.69 0.69 0.69 0.69 68.5 S.2 1.91 2.5 1.50 0.25 D-135 0.18 0.60 16.3 0.47 3-H, :
$3-83 2 msides 13.2 0.69 0.69 0.69 0.69 686.5 5.2 1.94 2.5 1.50 0.25 0-135 0.18 0.60 15.6 0.6 00B=AL,
S4-83 2 sides 13.2 0.63 0.69 0.63 0.69 68.5 5.6 1.94 2.5 1.50 0.25 [+ N 0.18 0.60 7.9 0.72 DOB=A1L.,
55-83 2 sidex 13.2 0.69 0.69 0.63 0.63 68.5 3.5 1.94 2.5 1.50 0.25 0-135 0.18 0.60 15.3 0.55 D0B=1L.
S56-83 2 mides 13.2 0.69 0.69 0.63 0.69 68.S 1.5 1.94 2.5 1.50 0.25 0-133 0.18 0.60 15.3 0.98 000=4L.
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SHEAR Px
REXINFORCEHENT %z Sast 10 RENARKS

135-5-90 1.53 0.5S 5.7 1.00 008=L/2, Collapse @ UsI, 100X tension & comp. stoel rupt. © mdspan rupt
135-5-90 1.53 0.55 3.6 1.00 DOB=L/2, 3-HH, Lozt torn. R U, 80X ton. & 60X conp. & nid, 100Z ton. @ sup
135-5-90 1.53 0.55 4.8 1.00 D08-L/S5, collapse € USI, 100X ten3ion & conp. stool rupture & widspan ruptp
135-5-90 1.10 0.69 9.8 0.91 00B=L/S, shear foilure, no 3teel ruptured -

0-135 .18 0.50 1.7 1.00 D0B=4L/11, collapse @ U=I, intorior support failed

0-135 0.18 0.68 16.9 0.47 3I-H, 100X tonsion R wnidspan and support rupture

0-135 0.18 0.€0 15.6 0.16 DOB=<4L-/11, 3-H, 1002 tonsion @ nidspan and support rupture

0-13% 0.18 0.60 7.9 0.72 D0B=1L/11, 3-H, 100X tonsion & nidspen snd support rupture

0-135 0.18 0.60 15.3 0.55 008=4L/11, 3-H, 100% tonsion €@ widspan and support rupture

0-135 0.18 0.60 15.3 0.98 D0B=4L,/11, 3~H, 1002 tension @ nidspan and support ruptuce
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TABLE 4.3 OVvHAHIC SLAB TESTS

HIDSPAN SUPPORT d IS db SHEAR es REINF. <CFT/LB™]
ELEHERT RESTRAINT L/t  p p* P P* fy fe*  CGed Cind s/t Cind  REINFORCEHENT TYPE z
FS=-1-63-1 H-1 8 0.15 0.15 0.15 0.1S 4.0 12 1.0 0.S0 NONE ~-- - rB 2.62
FS-1-63-2 H-1 8 0.15 0.15 0.15S 0.1S 4.0 12 1.0 0.S0 NONE - - RB 1.68
FS=1-63-3 H-1 @ 0.15 0.15 O.15 0.1S 4.0 12 1.6 0.50 NHONE - - RO 1.08
FS=1-63-4 H-1 86 0.15 0.15 0.15 0.1S 4.0 12 1.0  0.50 NONE - - RO 1.04
FS=-1-63-5 H-1 8 0.15 0.15 0©.15 0.1S 4.0 12 1.0 0.S0 NONE - - RB 1.67
1/3-1-63-1 H-1 8 0.1S 0.1 0.1S 0.1S 6.0 4 1.0 0.16 NONE -- - cHH 1.02
1/3-1-63-2 H-1 8 ©.15 0.15 ©0.15 0.1S 6.0 4 1.0 o0.16 NONE - - cHu 1.72
1/3-1-63-3 H-1 8 0.15 0.15 0.1S 0.15 6.0 4 1.0 0.16 NOKE - - cu 1.01
1/3-1-63-4 H-1 8 0.15 0.15 0.15 0.15 6.0 4 1.0 0.16 NONE - - CHY 1.22
1/3-1-63-5 H~1 8 0.1 0.15 0.15S 0.15 6.0 4 1.0 o0.18 NONE - - cuu 0.93
1/3-1-63-6 H-1 8 0.15 0.15 0.15 0.1S 6.0 4 1.0 o0.16 NONE - - CHU 2.59
FS=1-64-1 H-1 8 0.15 0.15 0.15 0.1S >=2.5 12 1.0 0.50 NONE - -~ RB 2.57
FS-1-64-2 v-1 8 0.15 0.15 0.15 O0.15 >=2.5 12 1.0 0.50 NONE -- - rB 1.01
FS-1-64-3 v-2 8 0.15 0.15 0.15 0.1S >=2.5 12 1.0 0.S0 NONE - - R8 1.01
1/3-1-64-1 v-2 8 ©.15 0.15 0.15 0.1S >=5.0 4 1.0 o0.16 HONE - -- CHF 1.02
1/3-1-64-2 v-1 8 ©.15 0.15 O©0.15 0.15 >=5.0 4 1.0 0.16 NONE -~ - CHF 1.02
1/3-1-64-3 H-1 8 0.15 0.15 0.15 0.15 >z5.0 4 1.0 0.16 NONE - - CHF 2.5?
cAl-1-64-1 H~2 8 ©0.15 0.15 0.15 0.1S s.1 4 1.0 o0.16 HONE - - CHF 0.19
CRH-1-64-2 H-2 8 0.15 0.15 0.15 0.1S 5.1 4 1.0 0.16 NONE - - CuF 0.46
cAH-1-64-3 v-3 8 0.15 0.15 V.15 0.1S s.1 4 1.0 0.16 NOHE - - CHF 0.7
BAL-64-1 v-3 8 1.30 1.30 1.30 1.30 4 0.6 0.38 NONE - - ”B 247
BAL-64-2 v-3 8 1.30 1.30 1.30 1.30 4 0.6 0.38 NONE - - rB 0.50
1/3-2-64-1 v-3 8 0.15 0.15 0.15 0.1S 4.9 4 1.0 o0.16 NOKE - - CHH 1.99
1/3-2-64-2 V-3 8 0.1S 0.15 0.15 0.1S 4.9 4 1.0 0.16 NONE - —_ chuu 1.51
1/3-2-64-3 V-3 8 0.15 0.15 0.15 0.1S 4.9 4 1.0 0.16 HONE -— - CHH 0.50
1/3=-2-64-1 v-3 8 0.15 0.15 0.15 0.15 4.9 4 1.0 0.16 NONE - — cHy 3.51
1/3-2-64-5 v-3 ¢ 0.15 0.15 0.15 0.1S 4.9 4 1.0 0.16 NONE - - cHu 2.52
1/3-S1-61-1 v-3 11 0.0 0.410 0.40 0.40 >z6.0 4 0.56 0.13 NOKE - - CHH 0.50
1/3-51-64-2 v-3 14 0.10 0.40 0.410 0.40 >=6.0 4 0.50 0.19 NONE - — CHH 1.51
1/3-51-61-3 u-3 11  0.40 0.10 0.40 0.40 >26.0 4 0.50 0.13 NONE -_ — CHH 3.51
1/3-51-61- V-3 11 0.40 0.40 O0.40 0.40 >26.0 4 0.50 0.13 NONE — - CHH 1.50
1/3-52-65-1 V-4 6 0.11 0.44 0.1 0.44 - NONE - - uire 0.50
1/3-52-65-2 Veq 6 0.11 0.414 0.1 0.44 - NONE - - vwire 1.25
1/3-53-65~1 Y-rt 6 0.65 0.65 0.65 0.65 -1 NONE - — rB 0.50
1/3-53-65-2 ] 6 0.65 0.65 0.65 0.65 - NONE - - R8 1.25
1/3-54~65-1 V-t & 0.65 1.40 1.40 0.6S - HONE -— - RB 0.50
1/3-54-65-2 V-1 6 0.65 1.40 1.0 0.65 “ NONE - -— RO 0.50
1/3-54-65-3 Vs 6 0.65 1.40 1.40 0.65 “ NONE - — rRE 1.25
1/3-54-65~4 V=1 6 0.65 1.40 1.10 0.65 - HONE -— - r8 1.00
1/3-54-65-5 v & 0.65 1.40 1.40 0.65 - HONE — - rB 0.50
1/3-54-65~6 V-1 6 0.65 1.40 1.40 0.65 - NONE - —_ r8 1.60
1/3-54-65-7 V-4 6 0.65 1.10 1.40 0.6S “4 NONE - - RB 0.55
1/3-51-65-8 U 6 0.65 1.10 1.40 0.65 - NHONE - - r8 0.60
1/3-54-65-9 U 6 0.65 1.40 1.40 0.65 4 HONE - R68 1.25
1/3-54-65-10 Vet 6 0.65 1.10 1.40 0.6S5 - NONE - - R8 0.80
1/3-54-65-11 [P 6 0.65 1.40 1.40 0.6S - NONE - - R 0.80
1/3-54-65-12 - 6 0.65 1.40 1.40 O0.65 -4 NONE - - RB 1.25
1/3-54-65~13 V-4 6 0.65 1.40 1.10 O0.65 - HONE - - R8 1.00
1/3-56-65-1 v-4 6 0.65 1.40 1.40 0.6S - LACE 0.40 R8 0.50
17356 -65-2 V- 6 0.65 1.40 1.40 O0.£S - LACE 0.40 R8 1.25
1/3-67-65~1 v+ 2 0,15 0.15 0.15 0.1S 12 NONE - — RB 0.50
1/3-58-65-1 U= 2 0.69 1.33 1.33 0.69 12 LACE 0.53 R8 0.50
1/T-59-65~1 U-q 1.85 0.65 1.27 1.27 0.6S 13 LACE 0.53 R8 0.40
1/3-510-65-1 v-s 6 0.65 1.40 1.40 0.65 - LACE 0.0 RS 1.00
1/3-510-65~2 V-5 6 O0.65 1.10 1.40 U.6S < LACE 0.40 RO 0.80
1/3-511~65~1 V-5 6 0.65 0.65 0.65 0.65 L] LACE 0.15 RS 0.80
1/3-511-65-2 V-5 6 0.65 0.65 0.65 0.65 “ LACE 0.15 RB 1.00
1/3-512-65-1 V=5 6 0.65 0.65 0.65 0.65 - LooP 0.30 RE 1.00
1/3-513-65-1 Y-S 6 2.70 2.70 2.70 2.70 -4 LACE 1.20 RO 0.50
1/3-513-65-2 u-5 6 2,70 2.70 2.70 2.70 4 LRCE 1.20 RB 0.50
1/3-511-65-1 V-5 4 2.70 2.70 2.70 2.70 6 NONE — ~— RB 0.50
1/3-515-65-1 v-5 & 0.75 0.5 0.?5 0.7S - NONE - — RB 0.12
1/3-511-66-1 v-6 6 0.65 0.65 0.65 0.65 -4 LACE 0.15 RB 1.60
1/3-S11-66=2 v-6 6 0.65 0.65 0.65 0.6S “ LACE 0.15 RO 1.00
1/3-511-66+3 v-6 6 0.65 0.65 0.65 0.65 -4 LACE 0.15 RB 1.00
1/3-511-66- v-6 6 0.65 0.65 0.65 O0.65 Nylon fibor added. - LACE 0.15 RO 1.00
1/3-511-66=5 v-6 6 0.65 0.65 0.65 0.6S Lou “ LACE 0.15 rRB 1.00
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0.16

0.50
0.50
0.50
6.16
0.16
0.16

0.16
0.16
0.16

0.38
0.38

0.16
0.16
0.16
0.16
0.16

0.19
0.19
0.19
0.19

SHEAR
REINFORCENENT

HONE
HONE
HONE
NONE
NONE
NONE
NONE
NONE
HONE
NONE
NONE

NOKE
HOHNE
HONE
NONE
NONE
NONE

HONE
NONE
NONE

NONE
NONE

HNONE

UL
[=X-]

l

8

0.15
0.15
0.15
G.15
0.15

REINF.
TYPE

CHR

R8
RB

CFT/LB™1/3)
4

2.62
1.68
1.08
1.04
1.67
1.02
1.72
1.01
1.72
0.99
2.59

2.57
1.01
1.01
1.02
1.02

2.57

0.49
0.16
C.47

2.47
0.50

REMARKS

Surface pitted. Slight danage.

Surface pitted, hairline cracks. Slight darage.
Partial surface crushing, large cracks. Hodiun danage.
Partial crushing, srall rubble. Conplote failure.
Partial crushing, snall rubble. Conplete failure.
Broken into tuo sectioni. Failure

Haoirline crocks. Slight darage.

Reduced to snall rubb}o. Conplete failure.

Soveral large sections and snoll rubble. Complete failure.
Brokon into tuo soctionz. Failure

Partial crushing, snall rubble. Failure

Partial crushing, small rubble. Conplote failure.

Hediun cracks. Slab displaeced 20-30 ft. Slight danage

Pitted ond cracked. Slab and support displeced. Mediun donage.
Broken into tuo sections. Failure

Broken into tuwo soctionsz. Failure

No danage, slight.

Reduced to swnall rubble. Conplote failure. (1/3-3caloed
Roduced to srall rubble. Conplete failure. (1/3-3celed
Reduced to small rubble. Conplote failure. <1/3-3caled

Pittod, large cracks uith rubble. Hoavy danege. <1/3-3celed
Reduced to snall rubble. Conplete failure. (1/3-3calod

Broken into two sections. Failure.

Broken into 2 sections with supplenontary crecks. Failure.
Largoe and small rubble. Conplote failure.

No wood blocks. Ton steel failed. Small dofl. Heavy danago.
Large cracks. Hediun danago.

Centor reduced to snall rubble. Conplote failure.
Tonsion stoel feiled. Large deflections. Heavy danage.
Hairline cracks. Slight danage.

Hairline cracks. 5Slight danmago.

Total destr. Disintegration ot centor. Diag failuro.

Hvy dang. Ho 3teol foilure. Soveral najor crscks. Spalling.

Hoavy danage. Ho steel failure. Bent into tuo sections.

Hvy dang. No 3toel failure. Soveral najor crecks. Spalling.

Hvy dang. No steol failure. NHot quite bont into 2 sections.

Total destr. Disint. of con. Diag. foilure. <#) steel rupt.

Total destruction. Oisintegration of concrete.

Total destruction. Disintegration of concrete.

Total destruction. Disintegration of concrets.

Partial destruction. Shoar failure of concrete.

Total destruction. Bizintogration of concrote and steel.

Total destruction. Disintegration of concrete and steol.

Total destruction. Oisintegration of concrete.

Total destruction. Dizintegration of concrete and steol.

Total destruction. Olsintegration of concrete.

Partial destruction. Shear faflure.

Total destruction. Disintegration of concrete.

Partial dostr. C#) stoel failed. Conc crushed at centor.

Hodiun denage. Steel intect. Hinor zpalling.

Total destr. Diag failure. Stoel feilure. Center shattered.

Hvy dang. Steel int. Sovoral cracks tot depth. Deep spell.

Reinforcenent intact. Heavy apalling.

Hod danage. Stoel intact. Sone spalling of both surfacex.

Hed danage. Steel intact. Sorne spalling of both surfaces.

Partial dostruction. Ton. steel failed. Conplete spalling.

Heavy danage. Failure. of ten. steel R one 3upp and Center.
Spalling 752 both surfaces.

Partial destr. All ten steel failed. Shear failure in conc.

Hvy dang. Ho 3teel fail. Large defl. Conpl 3pall both side.

Hvy dan. Ten ateol fall R both aupp & con. 11° defl. @ cen.

Hod dan. A1l ateel intsct. Conpl 3palling of ecc. surface.

Total destruction. Host steel failed.

Heavy danage. All 3tesl intact. Heavy 3~abbing both faces.
Concrete crushed on botton.

Hod dan. Hood 3upp blocks. Steel intact. Acc. spall € cent.
Dolta nax = 2.5%,

Hvy dang. Incip. Ten steel failod at cont. Heawy spall.

Concroto crushed boelueon 3toel.

Ton. 3teel failed both supports end conter. Conc undanaged.
Partial destruction.

Yotal dostruction. All steel failod. Conc dislocated fron
botucen atoel.,




TRABLLC 4.3 OVHAKIC SLAG TESTS CCON°T)

ELEHENT RESTRAINT Lot b e SurrosT. g fer G Gim> S/ Cim> REINRORCEHENT 3 Ssou eere” ot
1/3-511-66-6 V-6 6 0.65 0.6S5 0.65 0.65 Cut 3toel uwire odded - LACe 0.15 RO 1.25
1/3-512-66-1 v-¢ 6 0.65 0.65 0.65 0.65 “ Loor 0.30 RO 1.25
1/3-513-66-1 v-6 6 2.7 2.7 2.7 2.7 Cut 3tool uire added 1 Lace 1.2 RO 0.7s
1/3~513-66-2 V-6 6 2.70 2.70 2.70C 2.70 nylon fiber added “ LACE 1.20 R8 0.7S
1/3-513-66-3 v-6 [ 2.70 2.70 2.70 2.70 cut steol uwire added “ Lace 1.20 R8 0.75
1/3-513-66=1 V-6 [ 2.70 2.70 2.70 2.70 lou - LARCE 1.20 R8 0.7S
1/3-511~-66~1 V-6 4 2.70 2.70 2.7?0 2.70 6 Lacc 1.20 RrE 0.50
1/3-516-66~1 V-6 2 2.70 2.70 2.70 2.70 12 LACE 1.20 RO 0.30
1/8-1-66-1 H-1 6 0.1S 0.15 0.1S 0.1S 1.50 HONE - 0.46
1/8-51~66-1 V-3 6 0.65 0.65 0.65 0.65 1.50 LACE 0.15 0.50
1/8-52-66~1 v-3 6 0.65 1.40 1.40 0.6S5 1.50 HONE —— 0.50
1/8-52-66-2 v-3 & 0.65 1.40 1.40 0.5 1.50 NONE - 0.50
1/8-52-66-3 v-3 6 0.65 1.40 1.40 0.65 1.50 NONE - 0.50
1/8-52-66-1 V=3 6 0.65 1.10 1.40 0.65 1.50 NONE - 0.50
1/8-52-66-5 H-1 6 0.65 1.40 1.410 0.65 1.50 HOKE - 0.50
1/8-53-66-1 V=3 6 0.65 1.40 1.40 0.65 1.50 LACE 0.40 0.50
1/8-53-66-2 V-3 6 0.65 1.40 1.40 0.6S 1.50 LACE 0.10 0.80
1/8-54-66~1 V=3 6 0.65 1.40 1.40 0.6S 1.50 LACE 0.0 0.50
1/68-54-66-2 V=2 6 0.65 1.0 1.0 0.6S 1.50 LACE 0.10 0.40
1/8-51~66-3 V-3 6 0.65 1.10 1.40 0.65 1.50 LACE 0.0 0.40
1/8-55-66-1 V-3 4 2.70 2.70 2.70 2.7¢C 2.25 LACE 1.20 0.50
1/0-55-66~2 V-3 -4 2.70 2.70 2.70 2.70 2.25 Lace 1.20 0.50
1/8-55-66-3 V=2 - 2.70 2.70 2.70 2.70 2.25 LACC 1.20 0.50
1/3-511-67~1 V-7 [ 0.65 0.65 0.65 0.65 low - LACE 0.15 1.50
1/3-511-67-2 V=7 6 0.65 0.65 0.65 0.65 cut steel uire added - LACE 0.15 1.50
1/3-511-67-3 V=7 6 0.65 0.65 0.65 0.65 cut steel uire added - LACE 0.15 1.50
1/3-511-67-1 V-7 6 0.65 0.65 0.65 0.65 nylon fibor L] Lace 0.15 1.6S
1/3-511-67-5 V-7 & 0.65 0.65 0.6S 0.65 nylon fibor 4 LACE 0.15 1.65
1/3-513-67=1 V-7 6 2.70 2.70 2.70 2.70 - LACE 1.20 1.00
1/3-513-67-2 V-7 6 2.70 2.70 2.70 2.70 cut ztoel uire added 4 LACE 1.20 0.90
1/3-513-67~3 V-7 6 2.70 2.70 2.70 2.70 cut steel uire added A LACE 1.20 0.90
1/3-513-67-4 Urd 6 2.70 2.70 2.70 2.0 lou 4 LACE 1.20 1.00
1/3-513-67-5 u-? 6 2.70 2.70 2.70 2.70 low < LRcE 1.20 1.00
1/3-514-6?-1 V-7 4 2.70 2.70 2.70 2.70 [ LACE 1.20 0.50
1/3-514-67=-2 V-7 -4 2.70 2.70 2.70 2.70 1 LACE 1.20 0.50
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SHEAR
REINFORCEHCNT

LACE

Loor
LACE
Lace
LAace
Lnce
LACE
LRCE

HONE
LACE
HONE
NONE
HNONE
HONE
KONE
LACE
LACE
LACE
LACE
LACE
LACE
LACE
LACE

LACE

LACE

LACE

LACE
LACE
LACE

\ACE
LACE
LACE
LACE
LAce

LACE

s

z
0.15
.30

1.2
1.20

1.20
1.20
1.20
1.20

0.0
0.0
0.40
0.10
0.10
1.20
1.20
1.20

0.1S

0.15

0.15

0.15
0.15
1.20

1.20
1.20
1.20
1.20
1.20

1.20

REINF.
TYPE

RO
RE

RO
R8

RE
R8
RO
RO

CFL/71b™ 173>
<

1.28
1.25

0.75
0.75

0.75
0.7S
G.50

6.20

0.46
0.50
0.50
0.50
0.50
0.50

1.65
1.6S
1.00

0.90
0.90
1.00
1.00
0.50

REUARKS

Portial deatruction. Ten. steel failod. Partial spslling on
eccoptor :urfcso.
No reinforcencont failure. MHojor cracks st corners.
Spelling at center. HO.
Conplete surfsce 3polling. Louwer 5™ of conc disintegrated.

o spall. Slight cracking on donor side. All steol 1ntect.
Dolta nax = 2 7/08™. nO.

Contor of panel crushed. Hajor cracks €@ supp (don.d. Spelling
in niddlo Cacad. Al1 3toel intact. Delta maxk = 3 1/6%. HO.

All flox steoel intact. Soveral ties feiloed. Completo
spalling <donor and acceptord. HO.

No steel foailure. Complete spalling on both zides.
Scabbing ot nidspan. HO.

All flox steel intact. Ties fail @ bonds. Slab dizinteg.
B8roken cone fell out. PO.

PO. Broke thru @ center. Large and 3snaell €ragrents.
Acceoptor face cracked.

Oon. spalled and cracked @ supp. AcC. spelling. and cracking.
Positive steol failure at contor.

TD. Pos stool failed € azupports. Conter portion of zlab
conpletely destroyed.

YD0. Pos s3toeol failed & contor. Ceonter portion of slab
conplotoly dostroyed.

TD. Po3 stool failed €@ supports. Contoer portion of slab
conpletely destroyed.

TO0. Po3s steel failed @ contor. Center portion of slab
conploteoly destroyed.

T0. Center portion completely destr. Steol broke & supports
Cdonor) and center Cacceptord.

PD. Donor badly cracked and broken thru. Acc. broken theru.
Pos zteel failed.

HO. NHo stoel failed. Donor cracking and spalling @ supports.
ficcoptor cracking ond spalling. Delta = 14,

HO. Donor s3lightly spelled. Acceptor doeply zpalled.
Ro =3teel failed. Ho deflection.

HO. Donor spelled and cracked. Acceptor deeply spalled.
Dolta rax = 3/716".

HO. Donor spalled and cracked. ficceptor deeply spalled.
Delta nax = 3/16%.

HO. Donor crocked and spalled. ficcoptor deeply spalled.
Snall defloction.

H0. Donor spalled end cracked. ficceplor deeply spalled.
Oolta rax = 371",

HO. Donor spalled and cracked. Accoptor deeply spalled.
Dolta nax = J/71%.

HO. Donor Ccomplote spall, one lacing failed @ support,
all flex steel intecl). Rccoptor Cconplete 3pelling,
all steel intact, Delta=6", horz nove. of slabd.

H0. Don. C(no 3pall, flex 3tecl feiled in louer /2 Q@ rt. supp.
Dolta nax = 4™ . flcceptor <no spell, flex zteel failed @
center, just beyond incipient failure.d

HO. Don. C(no spall, flex steel failed in lower 1/2 @ rt. 3upp,
Oelte nax = 4. Receptor Cno spall, flex steel failed @
center, just beyond incipient failured.

HO. No stoel fail, no spall, crack € both supp, conp crush
donor center, Delte = 2.9%.

HO. Ho steel fall, no 3pall, crack € both supp, conp crush
donor center, Delta = 2.9%.

HO. Don Ccompl szpall exc 8™ ver strip, all steel intect,
Oelta nax = S™ horizontal novenentd. Acc Ccomnpl spalling
oxcept 6™ uide vert. strip @ rt. support, all steel intactd.

0. Oon Cno spall, slt crush, ell steel intactd. ficc (o
spall, all steel intactd, Dolta nex = I3 1/4™.

HO. Oonor <no spsall, slight crushing. all steel intecU. ficc.
CHo =spall, all ateel intactd, Dolta nex = 3 1/4~,

HO. Complete s3palling, all steel intact, Dolta max = D 127,
horizontal rovenentd.

HO. Corplete 3palling, all steel intact, Delta max = 3 1,2,
horixontal wovernent.

HO. Donor Ccompl spell, 2 laces broke along lefl supp, concrote
chopped at botton. Rcceptor (conplete zpall, all steel intact
Delta max = 3™,

HO. Don Cnearly conpl 3pall, ono lace failed @ ri. supp, flex
steel intact. Acceptor C(conpl 3pall, 3 laces fail @ conter,




TRBLE 4.3 OvNatIC SLAC TESTS C(CONTT>

HIOSPAN SUPPORT d t dt> SHERR = REINF. CfLrdt

€1, EHENT RESTRAINT L/t L [:3¢ P (-2 fy € Cind Gnd S/t CGnd  REINFORCENMCHT 4 Ss/¢ Tveg k4

1/3-516-67~1 V=7 2 2.70 2.70 2.70 2.70 12 LACE 1.20 ¢ iy

1/3-S16-67-2 v=? 2 2.70 2.70 2.70 2.70 12 LRCE 1.20 0.2

1/3-S17-67=-1 v=-7 6 2.v0 2.70 2.70 2.70 - LACE 1.20 0.<

1/3=-517=-67=2 V=7 6 2.70 2.70 2.70 2.70 “ LACE 1.20 1.C

1/3-S18-67-1 V-7 4  2.70 2.70 2.70 2.70 6 LRCE 1.20 .2

1/3-518-67~2 v-7 - 2.70 2.70 2.70 2.70 6 LRCE 1.20 -2

1/3-518-67-3 V-7 4 2.70 2.?70 2.7¢ 2.70 6 LACE 1.20 0.t

T=1-88 4 zides 20 1.00 1.00 1.00 1.00 ?4.5 4.0 1.5 0.33 0.25 single 180 0.45 0.33 R8 0.€
2~uoy slab

T-2-88 4 sides 20 1.00 1.00 1.00 1.00 1.5 4.0 4.5 0.33 0.25 LRCE 0.22 0.67 R8 e.v
2~uay =lab

T-3-68 4 sides 20 1.50 1.50 1.S50 1.S0 T4.5 4.0 4.5 0.56 0.25 single 180 0.18 0.56 RE O.€
2-~uay slab

r—-68 4 sides 20 1.00 1.00 1.00 1.00 ?4.5 4.0 4.5 0.33 0.25 zingle 180 0.47 0©0.67 R8 0.6
2-1ay sladb

r-5-88 4 sides 1S 0.31 0.31 0.3t 0.31 74.5 4.0 6.0 0.67 0.25 HONE — —_— R8 1.1
2-uay slaob

T-6-68 1 sidex 20 2.50 2.506 2.50 2.50 66.0 1.0 4.5 0.33 0.38 =zingle 180 0.83 0.33 RE 0.6

2-uay slab 0.45

K401-69 Rigid 12 2.11 2.11% 2.11 2.11 9.9 S.7? 4.89 6.0 0.5 0.63 Lace 1.37 0.5 R8 d

K402-63 Rigid 12 2.11 2,11 2.11 2.11 19.9 S.4 1.86 6.0 0.5 0.63 Lace 1.37 0.5 R8 d

®403-69 Rigid 12 2.11 2.11 2.11 2.11 9.9 5.5 1.68 6.0 0.5 0.863 Lace 1.97 6.5 R8 d

K301-69 Rigid 24 0.82 0.82 o0O.82 0.82 9.6 3.9 2.25 3.0 2.0 0.36 Laco 6.13 0.5 R8 d
2-Hay slab

K302-63 Rigid 15.2 0.69 0.89 0.89 0.83 «7.4 3.3 3.75 1.75 1.26 0.5 Lace 0.12 0.42 R8 d
Z-vay slab

K903-63 Rigid 15.2 0.69 0.89 0.89 0.89 47.1 3.6 3.75 4.75 1.26 0.5 Lace .12 0.42 RB d
2-uay slab
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;TS <CON’T>
d t dob SHEAR rx RCINF. <F/167173)
Qand Cinmd S/t Cind  REINFORCEMCHT %  Ssst TveeE
12 Lace 1.20 0.20
12 LACE 1.20 0.35
“ LACE 1.20 0.90
“ LACE 1.20 1.00
6 LACE 1.20 0.50
6 LACE 1.20 0.50
6 LACE 1.20 0.50
4.5 0.33 0.25 szingle 180 0.45 0.33 R8 0.69
4.5 0.33 0.25 LACE 0.22 0.67 RS 0.74
4.5 0.56 0.25 single 180 0.48 0.56 RO 0.6S
4.5 0.33 0.25 single 180 .47 0.67 R8 0.63
6.0 0.67 0.25 HONE b —_— R8 1.10
4.5 0.33 0.38 single 180 .89 0.33 R8 0.65
0.45

<.88 6.0 0.5 0.63 Laco 1.37 0.5 RB d

4.88 6.0 0.5 0.63 Lace 1.37 C.5 R8B d

4.88 6.0 0.5 0.63 Lace 1.37 0.5 R8B o

2.25 3.0 2.0 0.38 Lace 0.19 0.5 R d

.75 4.75 1.26 0.5 Lace 0.42 O.12 RB d

3.75 4.7% 1.26 0.5 Lace 0.12 0.42 r8 d

REHMARKS

H0. Conploto spall both sides. lace foil Q@ upper 172 of slab,
no flex zteol failure, Oolta = 2.

HO. Conplete spoall both sidos. one flex and 2 laces feilod @
oacceoptor contor, one lace foiled €@ donor contor, Dolta = 2.47.

HD. Oon Cconpl 3pall except 6™ vert strip, all reinf. intect),
Rcc Cconp spalling, all xteel intactd, Oolta max=S5~, hor nmov.

HO. Donor C(noor conplote zpell, all steol intectd. Acc. C(noor
conplato spall all stool intact., DOolta mox = 5%, horx nov.d.

HO. Conploto spalling, no stoel foiled, Colta = 1.7

HO. Conplete spalling, no steel failed, Dolto = 1.7

HO. Corpl spall, oll flex steol intact, ono lace feiled @ eocc.
right support. Delta = 3.5%.

Thota = 10.1, no steel failed.

Thota = 9.3, no stoel failed.

Thets = 10.5, no steel failed.

Thota = 12.2, no steel failed.

Theta = 10.4, no steci fail; 2.5 long shoor crock € 1 supp.

Px = 0.45 Q@ center; Thota = 1.8, no ateel failed.

Thota=5.2 on yth loading, Pso =
Thetaz=3.2 on 2nd loading P3so =
Thotas7T.6 oa 2nd loading, Pso =

186 pzi, 3-H, Ho steol rupt.
206 psi. 3-H, Ho 3teel rupt.
229 p3i, 3-H, Ho zteel rupt.

Theta = 0.14, P30 = 10.S psi, Failoed on noxt cycle, Fragrent
looze €ron nosh.
Thota = 1.2, Pso = 87 pzi, Destroyed on noxt loeding.

Thota = 1.52, P30 = 391 p3i, Destroyed on noxt loeding.
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elta
REBARK

Hall, z = 0.50, no steol failed, hesvy danage.

0.2 2=2.4, open-~ond box, buried wall, =sand, C-4q cylaindricsl charge,
no danoage

0.6 2=1.8, open-ond box, buried usll, sand, C=4, srsll crocks

3.0 1.2, open=-end box, buried wall, zand, C-4, major damage, nosr broach
1.0 -0, open-end box, buried wall, sand, C=4, sndll crac =

c -5, open-ond box, buried usll, sond, C-4, breach

a.3 .3, opeon-end box, buried wall, sand, C-4, snsll crocks

6.5 .9, opon-end box, buried wall, sand, C-4, breasch

0.3 2=1.8, opon-ond box, buried wall, sond, C-14, snall cracks

3.3 2=1.2, open—end box, buried uall, sond, C-4, nsjor damnage, noar broeach
o =2.0, open—ond box, burioed uall, sand, C-4, =3r3ll cracks
10 =1.5, open-end box, buried wall, sand, C-4, breach

0.5 =1.9, open—end box, buried wall, sand, C~4, snall cracks
10 =1.4, open-end box, buried woll, sand, C-4, no comnent

o =1.5, open-end box, buried mall, sand, C-4, slight cracks

1.5 =1.0, open-ond box, buricd wal sand, C=4, cracked concrete

6 =0.?5, opon-end box, buried wua f. sand, C=4, sovore concrete danage

< =0.5, opon-end box, buried wall, sand, C=1, breach

1.1 .8, open-end box, buried wall, sand, C-4, cracks

6.5 -3, open—end box, buried wall, sand, C-4, breach

< .3, open-ond box, buried uwall, sand, C-4, breoach

o] -8&, closed-ond box, buried wall, sand, 6-4. slight cracks

1.1 =1.16, closod~end box, buried wall, sand, C-4, rear spalling

c =0.70, closod~ond box, buried wmall, sand, C~4, breach

0.50 gog = Ls2, E-H.lrsot= }Béz.kno 3(001 br:kon. e d P
c = s S, a stee roken supports, none rnidspan s0 = 9000.
30 e Do I e
- 30 = . 2 ten mdspan Z ten 2 conp R 3u
: S, Pso = 11,500, no stoel broko? * P PP
» 3-HH, Pso = BOSé. 602 ton @ nidspan, 952 ton & 452 conp @ sup
< DoB = L/5, 3-HH, Pso = 2364, 952 tension and comprossion rupture g suppo
c DOB = L/S, S, Pso = 1109, 2?2 ton & 142 conp @ su rupt, ronsin. bars r
c DOB = L/S, S, Pso = 5664, 92 ton rupt @ supg. ronggnins bars pulloed out.
10.00 DYB = L/S, S, Pso = 3333, no steool rugturo.
c 008 = L/5, S, Pso = 4031, ¢32 ton & 5% conp rupt @ supp, romain. bars r
[ 008 = L/5, S5, Pso = 6025, 68Z tens & 552 comp rupture ag support.
= » S. P30 = 7624, 2972 tons & 112 comp rupture R support.
= » S, P30 = 5682, 162 tons & 212 conp rupture at support.
s+ S, Pso = 3448, no stoel broko.
c L5, S, Pso 8875, ?% tens rupture 2 support, rensning bars pull
12.00 DOB = L/5, S, Pso = 5034, no stoel broke.
3.50 00B = L/S, S, Pso = 3377, no stocl broke.
b DOB = L/2, Pso = 3300, steel rupture undetermined.
0.?75 008 = Ls/2, Pso = 860, no stool broke.
0.25 DOB = 4L/11, 3-H, Pso = 127, no stoel broke.
DoB = 0, Pso = 1é9. 1002 tens & conp €@ midspan nd, 1002 tons @ support r
Holl failed near nid-height..
0.06 DOB = 4L/11, Pso = 34, no steel broke.
0.50 DOB = 4L/11, Pso = 143, no steel broke.
0.88 008 = 4L/11, P3o = 158, no steel broke.
0.69 D08 = 4L/11, Pso = 141, no stecl brokeo.
0.66 DOB = 4L/11, P3o = 134, no steel broke.
0.50 DOB = 4L/11, P3o = 134, no stoel broke.
0.41 DOB = 4L/11, Pso = 120, stoel rupture R support undeternined.
4.50 008 = 4L/11, Pso = 184, 100X tens € nidspan rupture, undeternined € supp
9.50 008 = 4L/11, Pao = 128, 1002 tens & midspan rupture, undetornined ® supp
0.25 DOB = 4L/11, Pso = 162, stoel rupture undetermined & support.
11.1 Third layoer of steel ® nid-dopth; P3=0.16 noar nidspan. Stirrups rupture
or straightened @ support. Tens mebr. No principsl steol rupture.
0.13 2z4. 0f120.38, buried uall, extornal shol, response mwode undefine
1.5 = 0f122.13, buried nall, extornal shot, hinged nodo
< defl=breach, buried mall, entornal shot, f oxual nrode
1.0 dofl=1.56, buried wall, extornal shot, efined node
2.75 dof133.63, buried wall, external shot, floxure-nonbraone node
0.38 ef120.63, burieod nall, extornal shot, undofined
2.e8 dofl1=3.5, buried uall, oxternal shot, flexure—-nernbrane node
0.63 nox defl=1.0, buried nall, external shot, floxure node
G.11 2= nx dofl=0.94, buried uall, extornal shot, floxure node
2.13 2= . nax dofl=2.50, buried uall, extornal shol, flexure mode
1.19 2= nax defl=1.69, buried mall, oxtornal shot, flexuro mode
17.00 Full scale, thin steol decking on botton surface; HEST-160 psi; 00D = 4

< 2=2.0,

a1l buried 1n reconstitutod clay, breach (holed mwith 19™ dofl,

nany broken bars

1.19 2=2.0,
rax
1.13 2=2.0,

nax
9.19 2=2.0,
rax

:o}{ ?ugéod 3n reconstituted clay, light damage, cracking,

efl=1.56"

se}{ 2u:god 3n conpacted sand, light danage, snall cracks,
ofl=), 44"

s4all buried an in=si1tu clay, nmost tension steel broken,

defl1310.69, tens. nenbrane, nost cover hung on




CHAPTER 5: RESPONSE LIMITS

General
78. Portions of the data base from Tables 4.1 through 4.4 are categorized in
Tables 5.1 through 5.5 to assist in the development of new design guidelines
pertaining to response limits. The following discussions refer to the

parameters that are emphasized by Tables 5.1 through 5.5.

Laterally Restrained Slabs

79. The roof, floor, and wall slabs of protective structures, particularly
those in the data base, are generally laterally restrained. This is partly
due to the extension of the principal reinforcement of a slab into the
adjoining slab. Also, the adjacent slabs usually exhibit similar degrees of
stiffness. Lateral restraint is necessary for the formation of tension
membrane forces that enhance the large-deflection behavior of slabs. The
laterally-restrained boxes tested at z < 2.0 ft/lbl/3 were all buried and had
a tension steel reinforcement percentage (p) of 2.0 percent. For low values
of L/d in the range of approximately 6 or 7 with z = 1.0 fc/lbl/z. damage was
slight, but support rotations (0) were low (5 to 7 degrees) even when no shear
reinforcement was used. Generally, wall slabs of boxes having L/d values of
approximately 10 to 15 experienced large support rotations (15 to 29 degrees)
and were damaged to near incipient collapse. However, a wall slab that had
L/d = 7 and was tested at z = 0,75 i:'t:/lbl/3 sustained a support rotation of 26
degrees without breaching, although there was no shear reinforcement.
Breaching did not occur in this group of slabs until support rotations reached
15 degrees, and some slabs achieved support rotations significantly greater

that 15 degrees without breaching occurring. In general, no shear
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reinforcement was used in this group of slabs.

80. Many of the nonlaced slabs were tested in reaction devices of which the
degree of lateral restraint cannot be determined with great confidence based
on the information provided in the reports on the tests. Only two of the one-
way slabs tested at z < 2.0 ft/lbl/3 were definitely laterally restrained.
Although one of these was lightly reinforced (p = 0.15) with no shear
reinforcement and with L/d approximately equal to 9, it sustained only
"slight" damage when tested at z = 1.0 ft/1b1/3. Unfortunately, values for
support rotation or midspan deflection are not available for these slabs.
Damage was described as "heavy" when z was increased to 1.25 fc/1b1/3, L/d was
decreased to approximately 7, p was increased to 0.65, and looped
reinforcement was used. Such variations in the data base are difficult to
explain.

81. A considerable amount of information is available for the two way slabs
that were laterally restrained with L/d greater than 20 and were tested at z =
2.0 ft/1b1/3. The values of p for these slabs (0.31, 1.0, 1.5, and 2.5
percent) included low, middle, and high values, considering the range of p for
the data base. For p = 1.0 or 1.5 percent, the slabs achieved support
rotations of 10 to 12 degrees with no failure of the tension steel and
"medium" damage. Even the slab having the low value of p = 0.31 percent with
no stirrups sustained a support rotation of 10.4 degrees with medium damage
and no rupture of reinforcement. The support rotation was limited to 5
degrees due to the high percentage of principal reinforcement when p equaled
2.5 percent. The slabs that sustained large deflectiors did not experience

breaching, although z was as low as 0.65 fc/lb1/3. When the single-leg
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stirrups (180-degree bends on each end) were used, they were spaced at less
than one-half the thickness of the slab.

82. A review of data for the laterally-restrained lace slabs tested at z <
2.0 f;'t:/lbl/3 provides some insight into the difference in the behavior of
laced and nonlaced slabs. The fact that both a laced slab and a slab with no
shear reinforcement incurred heavy damage when tested at z = 1.5 ft:/lbl/3 and
1.25 ft/lbl/3 respectively, somewhat questions the significance of lacing.
When laced slabs with p = 2.7 percent were subjected to low z values of 0.3
and 0.5 ft/1b1/3, they experienced heavy damage and partial destruction,
respectively. It is interesting to note that a laterally-unrestrained slab
with no shear reinforcement and p = 2.7 incurred only medium damage at z = 0.5
ft/1b1/3. This indicates that the effects of the large p of 2.7 percent
overshadowed the effects of shear reinforcement on the response of these
slabs.

83. The data base also includes a group of laterally-restrained slabs
(components of box structures) tested at z = 2.0 ft/1b1/3. The L/d values for
these slabs ranged from approximately 6 to 20 and p was relatively large, 2.0
percent (the upper limit of TM 5-855-1). Support rotations were generally
small and the damage was slight (mainly hairline cracks). Support rotations
were as high as 26 degrees for a wall slab of a box buried in clay.
Typically, the boxes in the data base were buried in sand, which is generally
known to result in less structural response than when clay backfill is used.
A slab with a L/d value approximately 6 incurred only slight damage with a
support rotation of 2 Jdegrees when z equaled 2.0 fc/1b1/3. This slab

contained single-leg stirrups, with 135-degree bends on each end, spaced at
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less than one-half the slab thickness. The slab that was tested in clay
contained similar stirrups spaced at greater than one-half the slab thickness.
As z was increased to 2.8, 4.0, and 5.0 ft/lbl/3 for some walls, support
rotations remained very small (1.5, 1.0, and 2.0 degrees).

84. Although many of the HEST tests are often considered to be "highly-
impulsive", it is likely that they may more accurately reprecent tests that
have a charge placed at z > 2.0 ft/lb1/3. The parameter p varied from 0.5 to
1.2 percent and the boxes usually contained single-leg stirrups with a 90-
degree bend on one end and a 135-degrece bend on the other end. The stirrups
were spaced at less than one-half the slab thickness and the L/d values ranged
from approximately 7 to 17. Generally, very little steel was ruptured in
these tests. The only case in which more than 50 percent of the teusion
reinforcement was ruptured was for a slab with no shear reinforcement and p =
1.2 percent. Also, the principal reinforcement was spaced at greater than the
slab thickness and the slab experienced support rotations of 15 degrees. When
the principal reinforcement in a similar slab (p =~ 1.1 percent) was spaced at
less than the slab thickness, no steel was ruptured. This slab sustained
support rotations of 14 degrees. In addition, a slab with single-leg stirrups
(90- and 135- degree bends), p of only 0.51 percent (spacing less than the
slab thickness), and L/d of approximately 15 achieved support rotations of 16
degrees with no rupture of steel. This group of data indicates that slabs
with single-leg stirrups (90- and 135- degree bends) and L/d values from 7 to
17 are capable of sustaining support rotations up to 30 degrees with
significant damage and can achieve support rotations of approximately 25
degrees with little to no rupture of steel. Actually, this was the case for

some slabs that contained no shear reinforcement,
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Laterallv-Unrestrained Slabs

85. Data for laterally-unrestrained, nonlaced slabs tested at z < 2.0
ft:/lbl/3 are very limited. One of these slabs contained looped shear
reinforcement, had an L/d value of approximately 7, and was tested at z = 1.0
fc/1b1/3. The damage was described as partial destruction. The rest of the
slabs in the data base for this category contained no shear reinforcement.

The damage levels ranged from slight damage to total destruction for slabs
that had an L/d of approximately 10, a p of 0.15 pexcent, and were tested at z
values from 1.7 to 1.0 ft/1b1/3. Medium damage occurred when z equaled 1.1
ft/lb1/3. When slabs having L/d of approximately 7 were tested at z = 0.5
ft/1b1/3, one with p = 0.65 percent incurred total destruction, and one with p
= 2.7 percent incurred medium damage. Likewise, an unrestrained laced slab
with p = 2.7 percent incurred heavy damage when tested at z = 0.5 ft/1b1/3.
Damage was also heavy for two unrestrained laced slabs with L/d = 7 and p =
0.65 percent when tested at z = 1.0 fc/1b1/3. It is obvious that unrestrained
slabs with low percentages of tension steel are susceptible to major damage
when z < 2.0 fe/1b/3,

86. Data for laterally-unrestrained, nonlaced slabs tested at z > 2.0
ft:/lbl/3 are also very limited. Four of these slabs had an L/d of
approximately 10 and a very low p of 0.15 percent. The damage levels ranged
from total destruction when z equaled 2.0 ft:/lb:l/3 to slight damage when z
equaled 2.6 ft/1b1/3. Slight damage also occurred when L/d was approximately
14, p equaled 0.4 percent, and z equaled the relatively large value of 3.5

ft 1b1/3. All of these one-way slabs contained no shear reinforcement.
y
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RESPONSE LIMITS
87. Much of the data discussed in this report were taken from tests on walls
or roofs of buried box structures. Other above-ground tests were typically
conducted using bare (uncased) explosives, which did not produce a fragment
loading and consequent degradation of the slabs. This study supports the
development of new shear reinforcement design criteria and associated response
limits for protective structures designed to resist the effects of
conventional weapons. Based on this data veview, recommended response limits
are given in Table 5.6.
88. As discussed throughout this report, laterally unrestrained and laterally
restrained slabs behave differently because tension membrane forces can
develop in a one-way slab only if the slab is laterally restrained at the
supports. However, lateral restraint is inherent to two-way slabs. Table 5.6
presents allowable support rotations for laterally restrained slabs based on
acceptable damage levels that must be chosen by the designer, depending on the
purpose of the structure. Moderate damage means that significant concrete
scabbing and reinforcement rupture has not occurred and the dust and debris
environment on the protected side of the slab is moderate; however, large slab
motions will occur. Such a damage level may be acceptable for the protection
of personnel and sensitive equipment. Heavy damage means that the slab is at
incipient failure, and significant reinforcement rupture may have occurred
over much of the slab. In this case, the slab may resemble a reinforcing grid
suspending concrete rubble.
89. Based on the limits of the data base, the response limits given in Table

5.6 should only be used if: (1) the scaled range exceeds 0.5 fc/lb1/3, (2)
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the clear span to effective depth ratio (L/d) exceeds 5, (3) the principal
reinforcement spacing is minimized {ncver exceeding the effective depth of the
slab), and (4) adequate stirrups are provided. Stirrup reinforcement is
required to provide adequate concrete confinement and principal steel support
in the large-deflection region. Stirrups should be required along each
principal reinforcing bar at a maximum spacing of d/2 when z < 2 ft/lbl/B, and
at a maximum spacing of d at larger scaled ranges. When stirrups are required
to resist shear, stirrup spacing should not exceed d/2. In accordance with
Reference 5, all stirrup reinforcement should provide a minimum of 50 psi
shear stress capacity. Single-leg stirrups having a 135-degree bend on one
end and at least a 90-degree bend on the other end are recommended for
economy .

90. It is observed from the data base that flexible slabs that are laterally
restrained are much less likely to fail in direct shear because early in the
response, lateral compression membrane forces will act to increase the shear
capacity, and later in the response shear forces tend to be resolved into the
principal reinforcement during tension membrane action. Tests indicate that
direct shear failure can occur in slabs subjected to impulsive loads. It is
generally known that shear-type failure is more likely to occur ir reinforced
concrete members with small L/d values than it is in those with large L/d
values. Since the data base indicates that laterally restrained slabs with
L/d > 8 are unlikely to experience direct shear failures, consideration for
the design of details to resist direct shear are only recommended for
laterally restrained slabs having L/d < 8 and for all laterally unrestrained
slabs. This is considered to be conservative, but the degree of consexvatism

is unknown due to gaps in the data base.
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TABLE 5.1. LATERALLY-RESTRAINED BOXES (cont'd)

z < 2.0
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TABLE 5.3. LACED SLABS

z < 2.0

Laterally
Restrained

Damage

L/t

HDODZZHMHHHNZZODDDZMHDODMHMHM

NOoONOUNOOINOONOOOMOMODO
eSO reerNNeES T =t NNNDHNNNN
T T T T S T S
OO0 LOCOOrrrO0COOrrrOCOrrrr
NN EOOMMINUNOOAININOOO
(e RI- R R RTRT N Ll ST R BT BT RTo N o g o JToRVoJTo I 3 o 3 o
[ T T
COOOOONNCOOOONNOOOCANNN
[¢]

WOUWOUWOWOVOYWOOVOVVLVOUVOVOLOITNOeNNN

n wn
NNOOoOOOAQDONNULIMINWITTMMM

0000000000000

65




paanjdnx
psanjdnx
paanjdnx
paanjdnx
poanjdnx
paxnjdonx
paanjdnx

psanjdnx
paanjdna
paanjdnx

paanjdnx
paanjdnx
paanjydnx
paanjdnx
psanjdnx

paanjdna

paanjdnx
paanjdnx
paanjdna
paxnydnx
paanjdnx
paanjdnx

T993s
1993S
T993S
1993s
T°93s
T993S
To93S

uoTsusy
uoTSUa]
uoTSUD]
UoTSUDY
uorsuajl
UoTSUI}
uoTSUa]

%09
308
%0S
30§
%0S
306G
30S

AANANAANAAYV

psxnjdnx [983S ON
T993S uoTSUal $%0S >
19935 UOTSuUal %06 <
T993S UOTSU3] {05 <
paxnjdnx T®93S ON

1993s
T993S
To93S
T993s
T°23s

uoTSUIY
uoTSUa]
uoTSUdY
uoTsUuayl
UOTSUDY}

%08
30S
%0S
308
30S

ANV A A

<

paanidnx [9931S ON
poaxnidnx T8393S ON
[993S UODTISUd3} 206G <
psanljdnx 1993S ON

T993Ss
19938
19938
1993S
1993S
T923S

UuoTSUd]
uoTSUa]
UOTSUD]
UOTSUd)
uoTSudy
uoTSUua3l

308
%30S
308
308
%0S
308

AV AANAANAN

€Lt

6L°0
2z2°0/2S°0
Zz°o/ELL
8L°0/%L"0

¥L°0
B8E"0/SL"0
8L 0/¥L 1L
8L 0/PL"0
8L°0/8S5°0
zz-o/zs"0
8L 0/PL"L
6L°0/SL°0

PLO
Lz°0/90°1L
8L°0/85°0
8L°0/PL"0
pzro/Lytt
vz o/LycL
gL"0/vL 0

859°1
8L°0/%L"0
8L°0/¥L"0
6L°0/¥L"0
60°0/%L°0
8L "0/¥%L"0
g8Lo/vL" L

AR A AR A A A A LA A A AR A I NI AT L
R A AR AL A Z L Z A Z N EZAZ D ZHNZZZZR R

aaaAvoTI-ZTINDILVIS
SAVIS QADYINON -4°¢ FTGVL

9UON

DUON
06-S-GEL
06-S-GEL
06-S-GEL
QUON
SEL~-S-GEL
06-S-G€L
06-S-GEL
06-S-G€1L
06-S-GEL
06~-s~-S¢€lL
SEL-S-S¢E1l
DQUON
06-S-SEL
06-S-GSEL
SEL-S-GEL
06-S-G€L
06-S-G€L
SEL-S-GE1L
IUON
06-S-S€lL
SEL-5-G€1L

bat-2Tqnop

SEL~-S~-G¢EL
06-S-GEL
06-S-S€L

66




paanydnx
paxnjdnx
paanjdnx
paanjdna
paanjdna
paanjdnzx
paanjdna
pa2anadnx
paanjdnx
paanjdna
paxnjdnx

19338
T993s
T993s
1993s
T993s
T993s
19938
T9°3s
19938
T993s
T993s

uoTsusy
uoTSUDY]
UoTSuay
uoTsUuagy
UoTISU9]
uoTsuay
uoTsuagy
uoTSsuajy
uoTsuay
uoTSUdY
uoTSUd]

ANNVANNVNAAANAAAA

ZZ°0/€L"L
6L°0
90°0/€L" L
FL L
2z o/€LL
€5°1/20° 1L
€Lt
vt
PLoL
9€°0/vL 0
8L°0/vL"0

EHZZZZH2ZZZ M
Z2ZZAHZIZZZS

(P,3u0D) AIAVOT-XTIYIILVIS
SEVIS QIADVINON “4°6¢ FAIGYL

06-S-G€L
BUON
SElL-s-g¢g1L
SUON
06-S-S¢€L
06-s~-g¢€1L
QUON
SUON
9UON
SEL-S-GEL
06-s-g¢€l

SuUTVy aeays

67




]

pojxodsx

JOou UOTJTPUOD TI93S
po3xodax

I0U UOTJTPUOD T3S
pajxodax

30U UOTJTPUOD T3S
paanjdna T9393s ou
pajaodax

30U UOTJTPUOD TIB]JS

Z°€l
szl

X X N 61L°0/28°0 ve

X x N 61°0/28°0 ve

X X N Zy°0/68°0 44

X X X LeTLfLL T ve

X X N 6L°0/28°0 vZ
=

K11exayed

a3avoT XTIVOILVLS
SH¥IS dIDVT 6§ JIGVYL

68




Table 5.6. Recommended Response Limits for Reinforced Concrete Slabs

Lateral Restraint Damage Response Limit
Condition Level (Degrees)
Unrestrained 6
Restrained Moderate 12
Restrained Heavy 20
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CHAPTER 6: TRUSS-MODEL ANALOGY

91. The state-of-the-art in truss-model analogy is being identified and
studied for use as a tool in evaluating the effects of stirrups and lacing
bars on the load-response behavior of reinforced concrete slabs. Hsu
(Reference 31) gives a brief history of the truss model for shear. Ritter
(Reference 32) and Morsch (Reference 33) developed the concept of simulating
the post-cracking action of a reinforced concrete member by a truss model.
Diagonal cracks will form in a reinforced concrete beam subjected to shear,
and the concrete may be thought of as a series of separate concrete struts.
The top and bottom longitudinal bars serve as the top and bottom chords of the
truss. The transverse steel bars (such as stirrups) and the concrete struts
serve as web members of the plane truss. The inclination of the concrete
struts was assumed to be 45 degrees., The stresses in the transverse steel, in
the longitudinal steel, and in the concrete struts can be obtained from
equilibrium.

92. The truss-model analogy has been extended to include torsion, as well as
shear and bending. Lampert and Thurlimann (Reference 34) assumed that the
angle of inclination of the concrete struts may deviate from 45 degrees. They
used the theory of plasticity and called their theory the variable-angle truss
model.

93. Elfgren (Reference 35) further applied the variable-angle truss model to
members subjected to torsion, bending, and shear. He compared the variable-
angle truss model to Wagner's tensile field theory (Reference 36) for a metal
girder. Since the concrete web in a reinforced concrete member is assumed to

take only compressive stress after cracking, Elfgren called his theory the
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"compressive stress field theory." His theory to determine the angle of the
compressive stress field was based on the plasticity theory. However,
Wagner’'s angle for a tensile stress field was derived from strain
compatibility. Elfgren recognized that the angle of the compression field is
different from the actual angle of the cracks.

94. Collins (References 377and 38) developed the variable-angle truss model
using strain compatibility instead of plasticity theory. He derived a
compatibility equation (identical to that of Wagner) to determine the angle of
the compression stress field. The compatibility equation enables the strain
to be predicted by Mohr'’s cirxcle. Collins called his theory the "diagonal
compression field theory."

95. The compressive stress-strain curve of the concrete struts must be
assumed in addition to the compatibility and equilibrium equations in the
variable-angle truss model. Hsu and Mo (Reference 38) found that the use of
the conventional stress-strain curve obtained from the standard concrete
compression cylinder leads to unconservative strength predictions. They
proposed a "softened" stress-strain curve, which resulted from diagonal shear
cracking, to correctly predict the torsional strength as well as the
deformations and strains throughout the loading history.

96. In summary, the compression field theory is based on the variable-angle
truss model, assuming that the angle of inclination of the cracks is identical
to the inclination of the compression field. Lampert and Thurlimann’s theory
and Elfgren’s theory are based on the theory of plasticity (plasticity
compression field theory). Collins’ theory and Hsu and Mo’s theory can be
called "compatibility .ompression field theory" since they use the strain

compatibility of the truss model.
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97. The application of these theories (particularly those of Collins and of
Hsu and Mo) to slabs containing stirrups and slabs containing lacing bars will
provide an analytical comparison of the two types of reinforcement. The use
of some of the data previously presented in this report will aid in the
evaluation of the usefulness of the theories in studying the effects of the
shear reinforcement details. Depending on available funding, additional data
will be generated by physical model testing in order to £ill in the gaps of
the current data base and to allow a complete evaluation of the theories for

potential use in a design procedure.
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CHAPTER 7: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Summary

98. Most of the effort thus for in this study was directed toward the
collection of pertinent test data and the extraction of design and test
parameters and test results. The state-of-the-art in the use of shear
reinforcement in the design of structures to resist the effects of
conventional weapons or the effects of accidental explosions in explosive
manufacturing and storage facilities were discussed. The tests series were
described, and the slab parameters and test results tabulated. Analytical
theories to be further studied were identified. Suggested preliminary
guidelines for shear reinforcement requirements based on response limits were

presented.

Conclusions
99. The use of some type of shear reinforcement is uniformly required by
current manuals for blast design. The design criteria of the current blast-
resistant design manuals, particularly the widely used Draft TM 5-1300,
appear to be overly conservative. The design criteria are based on an
incomplete test series (practically no stirrup slab tests). Also, recent
tests indicate that slabs with stirrups can sustain large support rotations,
and that some slab parameters other than the standoff distance also
contribute significantly to ductile behavior. The L/t ratio, principal
steel spacing and percentage, and support conditions are examples of

significant parameters.
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100. The suggested preliminary guidelines for shear reinforcement requirements
based on response limits constitute the first step toward the development of
new design criteria. Additional data is needed for the development of a more
accurate and less conservative design criteria. The use of analytical theories
based on truss-model analogy has potential for the development of a design

procedure that shculd be validated by test data.

Recommendations
86. An experimental program is needed to allow an update of current design
criteria. Further study of the existing test data will help to optimize the
design of a test program. Also, further study of the mechanics associated
with lacing and stirrups within a slab (using truss-model analogy) will aid in
the design of the experiments and the development of design criteria. A test
program that includes both static and dynamic tests that will significantly
benefit this study has been proposed to several interested agencies. Some
data gaps need to be filled and perhaps proof tests need to be conducted
before guidelines are developed that will result in more economical facilities

used for explosives handling and storage.
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Idealized resistance deflection curve
for large deflections

Figure 3.

Posttest view of slabs with stirrups
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Figure 8.

Interior view of structure tested in sand backfill
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Figure 10. Shallow-buried box with l2-inch roof deflection




L8-M3

JO M9TA 20TIB3UT

-y

[

e

AN ek ety -t

*IT @2an8tg

E e - y
-
- 4 i NI
7T e . -
i . A
: e
& L O
. e . §)
! ~ .... - ;
Ceact L
,é,a.,.wu, anJ:
St el e ¥
i
K
]
&
M, £
5 d
£
A A
v
» $ .,
’ .
i~ . % ' - >
' o
w B . : T
Py
¢ ¥
<3 4
3 L -
4 et SRR
= o e [
s B N i
> - 5 il "~ 4 o Jk .
Bt Fl v R
W s - 3. N
Lt £ > 4 ¢
e 4, A P .$ . *
! I ey . s
j W 7 - L
10 .
7 13
¥ +
t




LOAD

COMPRESSIVE
MEMBRANE  TRANSITION
REGION REGION

TENSILE MEMBRANE REGION

MECHANISM FORMS

DEFLECTION

Figure 12. Load-deflection relationship
for restrained slabs
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