
AD/A-001 387 

DYNAMIC ANALYSIS OF A BUILDING AND BUILDING ELEMENTS 

STANFORD RESEARCH INSTITUTE 

PREPARED FOR 

DEFENSE CIVIL PREPAREDNESS AGENCY 

APRIL 1974 

DISTRIBUTED BY: 

Natllul T ecllnlcal lllflnlltlll Slnlcl 
U. S. DEPARTMENT IF COMMERCE 



UNCLA I SS FIED 
AJ)}A -nOJ.?,ll1 IECU .. ITY CLASSIFICATION OF THIS PAGE (When Data lntaradl 

REPORT DOCUMENTATION PAGE " READ INSTRUCTIONS 
8EFORE COMl'LETING FORM 

1. AEPO .. T NUMBER 2 . GOVT ACCEIIION NO. 3 . RECIPIENT'S CATALOG NUMBER 

(none) 
, . TITLE (and Subtltlal I . TYPE O F .. EPORT • PERIOD COVERED 

DYNAMIC ANALYSIS OF A BUILDING AND Technical Report 
BUILDING ELEMENTS 

9 . PERFORMING OAG . REPORT NUMBER 

7. AUTHOA(al 
8 . CONTRACT OR GRANT NUMBERl1l 

C. K. Wiehle DAHC20-71-C-0292 

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK 

Stanford Research Insti t ute 
AREA • WORK UNIT NUMBERS 

Facili t ies and Housing Research Dept. DCPA Work Unit 11541 
Menlo Park, California 94025 

12. REPORT DATE I '3i;,- OF PAGES 11 . CONTROLLING OFFICE NAME AND ADDRESS April 1974 
Defense Civil Preparedness Agency 11. SECURITY CLASS. (of th ll report) 

Washington, D.C. 20301 
UNCLASSIFIED 

1'. MONITORING AGENCY NAME • ADDRESS (If dlff . from Controlllng Office) 

115a. DECLASSIFICATION/DOWNGRADING 
SCHEDULE 

HI. DISTRIBUTION STATEMENT (of thll report) 

Approved for public release; distribut ion unlimited. 

17 . DISTRIBUTION STATEMENT (of the abatract entered In Block 20, If different from report) 

1B. SUPPLEMENTARY NOTES 

PRICES SUBJECT TO CHANGE 
19. KEY WORDS (Continue on rever• lid• If nec-ry and Identify by block number) 

Restrained reinforced concrete slabs 
Wood-joist floor systems 
Dynamic analysis Reproduced by 

NATIONAL TECHNICAL Blast INFORMATION SERVICE Frames U S Department of Commerce 
Sprinefield VA 22 151 

20, ABSTRACT (Continue on reverN aide If nec.-,y and lden•ify by block number) 

The objective of the overall research program is to develop an evaluation 
procedure applicable to existing NSS-type structures and private hanes . Past 
efforts have been concerned with examining exterior walls, window glass, steel 
frame connections, applications to actual buildings, and reinforced concrete 
f l ,lor systems . This report presents modifications to the mathematical model 
previously developed fur reinforcecl concrete floor slabs to include the effect 
of longitudinal restraint on slab resistance . Also included in the report are 

DD, ~:~31473 UNCLASSIFIED 
EDITION OF 1 NOV H II OIIOLITE SECURITY CLASSIFICATION 01" THIS PAGE (When Datt Entered) 



19. KEY WOADS IContlnuedl 

20 ABSTRACT (Contlnuedl 

the development of the resistance function for predicting the collapse of wood
joist f'loor systems, and the dynamic inelastic analysis of an eight-story steel
frame office building. 

DD FORM 1473(BACK) 
1 JAN 73 UNCLASSIFIED 

EDITION OF 1 NOY II IS OBSOLETE SECURITY CLASSIFICATION OF THIS PAGE (When Dete Enteredl 



Technical RIIPOrt 

DYNAMIC ANALYSIS OF A BUILDING 
AND BUILDING ELEMENTS 

By: C. K. WIEHLE 
F•ciliti•• •nd Housing R•-rch 

Prepared for: 

DEFENSE CIVIL PREPAREDNESS AGENCY 
WASHINGTON, D.C. 20301 

CONTRACT DAHC20-71-C-0292 
DCPA Work Unit 11541 

SRI Project 1219-2 

Approved for public rP.lease; distribut ion unlimited. 

DCPA REVIEW NOTICE 

April r974 

Thia report h11 been r1view1d in the Defen• Civil Preparedn111 Agency and approved for publication. 
Approv,t d011 not signify that the contents neceu• rily reflect the rll\liews and policiea of the D1fen• 
Civil Preparedn111 Agency . 

If 

II 



ABSTRACT 

The objective of the overall research program is to develop an 

evaluation procedure applicable to existing NSS-type structures and 

private homes. Past efforts have been concerned with examining exterior 

walls, window glass, steel frame connections, applications to actual 

buildings, and reinforced concrete floor systems. This report presents 

modifications to the mathematical model previously developed for reinforced 

concrete floor slabs to include the effect of longitudinal restraint on 

slab resistance. Also included in the report are the development of the 

resistance function for predicting the collapse of wood-Joist floor 

systems, and the dynamic inelastic analysis of an eight-story steel-frame 

office building. 
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8UlalARY 

lntroducUan 
- -·-- ,;:.,,--- ~ 

TIie 5 ~ 1 bl'• illve•U1aUon wu to dev_e-lop u evaluaUan 

procedure,.,...-for d•teralnilll the blut protect~o~~alforded by exi• tt111 NBS-
~ -~"' 

--""type •~cture• ud private reddence&. The approach adopted wu to 

fOl'IIUlate a procedure for exaainilla tbe dyn-ic re•poa•• of a •tnacture 

over a rU1• of incident 

at wbicb collap•e of the 

Bacql'OUDd 

overpre-•ure levela to detenaine the _Jtre•iure 
,,,;1/ 

variau• el•ent• occurs. · ;?' 

~~~--
~-

Put effort• 1n tbiB projru bave ex-ined enertor wall• , window ~-· 
1lu•, •tNl•fr-• connection•, applications of tbe procedure• to actual 

NSS bu1ldin1•, and reinforced concrete floor • y• t••• The report • 1111-

aari&e• tbe three pba• e• of the re•earch effort conducted duri111 tbe 

current contract period. Fir1t, are the • odification• to the previau• ly 

developed analytical expre-• ion• for reinforced concrete floor 11yst•• to 

include the effect of lonsitudinal ed1e re• traint on the re•i• tance of tbe 

• lab. (An appendix pre• ent• tbe correle.tion• between the analytical pre

dictian• and publi•bed experl• ental data an tbe re• pon•e of laasitudinally 

re• tralned • lab•.) Se~ond, the report contains tbe developaent of tbe 

re• i•tance function u• ed to predict the dyn•ic re•pon•e and collap•e of 

wood•joint floor • y•t-•• Third, a m.aaber of elutic and inelutic ualy• e• 

were perfonaed to detei-• ine the re•ponse of an e11bt•• tory, • teel•fra• e 

office buUdins •ubjected to nuclear air blut. The re•ult• of the fra• e 

analy•e•, t019tber with an e• ti• ate of the collap• e • trenstb of tbe build• 

ins, are presented 1n tbe report. 
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D18CUHiOD 

LDnct.tu~inally Re•trained Reinforced Concrete Slabs 

Since there was a need to determine the blaat strenstb of floor 
---------- ~ 

•Y•t•• for actual NFSS buildings, the previous effort was concerned 

priaari ly with the development of interim analytical procedures for pre

dictiq the dyn•ic response and collapse of various types of reinforced 

concrete floor •ystems over basement areas. During the current study, 

it was possible to modify the resistance function for floors by including 

the effect of longitudinal ed1e restraint on t ~e slab resistance. Com

pressive aembrane forces, which occur in slabs that are restrained from 

outward mov•ent at their ed1es, can be a controlling factor in determining 

the ugnitude of the slab resistance; therefore, its inclusion 1n the 

aatbnatical model enhances the ability to make realistic collapse pre

dictions for blot-loaded flocrs in existing buildings. It was also 

poHible to make campar18ons between analytical predictions and various 

published experimental data on the static and dyn•ic response of re

strained slabs. The results of the analytical and experimental correlations, 

presented in the report, justify the use of the compressive membrane mode 

for predicting the collapse of floor systems in existin1 structures that 

are loncitudinally restrain6d at the ed1es. 

Wood-Joist Floor Systems 

One of the goala of this research pr0trram baa been to examine the 

blast strength of private residences. In previous studies, analytical 

procedures were developed for predictiq the collapse of exterior wall• of 

typical residences, and the analytical predictions were verified by com

parison with results of nuclear weapon field experiments. Because 

of the po•sibility of using home basements for blast shelters during 

emergencies, the development of a method to predict the collapse of 

s-2 
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wood-joist floors was in:lt:lated during the current reaear.ch study. A 

literature search of the pertinent publ:lcat:lons :lnd:lcated that wood-jo:lat 

floor systems are complex structural systems that are not readily •enable 

to precise theoretical analysis because of the wide var:lat:lon in the 

mechanical properties of wood, and the var:lab:ll:lty in construction methods 

and details. 

The resistance function developed for wood-joist floor• consists of 

elastic and :lnelast:lc phases. The elastic phase is 1:lm:lted by the bending 

strength of the weakest joist (first break), which is 1:lm:lted by a defect 

resultin1 from the lar1est permissible knot for the 1rade and species of 

wood used in the joists. The inelastic phase, which results from· the 

nonlinear behavior of wood :ln compression above the proportional limit, 

:ls limited by the theoretical ultimate strength of a clear wood specimen. 

The failure cr:lter:lon is developed :ln the form of a truncated normal 

probability function. 

Dynamic Analysis of North Carolina National Bank Bu:lld:lg 

A cont:lnu:lng concern :ln evaluating the collapse overpressure of 

existin1 buildings has been the relative blast strength of the exterior 

walls and frames of multistory buildin1s. It 1• often aasmed for the 

analya:l• of blast-loaded frame buildin1• that the exterior walls can be 

considered as frangible, and therefore, that the wall loading tnn•ferred 

to the frame can be approximated by an impulae loadin1. However, for 

• any of the actual buildings analyzed, the atrength nf the exterior wall• 

w~er blaat loading wa• aufficiently hi1h to make it doubtful that the 

fr&11e could survive at the overpressure level required to collapse the 

walls. Therefore, in thi• phase of existing computer program for analy

sing the elastic and inelastic dynamic reaponae of two-dimensional struc

tural fr••• waa uaed ·..:o analyse the frame of an eight-atory ateel-frame 

bank and office building. This building was •elected for atudy becau1e 

S-3 
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a previou• analy• i• had indicated that the exterior wall• had an incident 

oollap•e overpre••ure of 15.7 p•i, and the building could therefore be 

oon•idered a• strong-walled. 

A series of elastic and plastic analyses were performed to determine 

the dynamic response of the frame of the building to various blast over

pressure levels. Even though the computer program used could not predict 

frame collapse, the results of the analyses indicated that the frame 

~ould probably collapse between 3- and 4-psi incident overpressure level. 

For the case examined, the blast resistance of the building frame was 

predicted to be nuch less than that of the exterior walls, which is an 

important consideration in predicting either the magnitude of building 

damage or the number of casualties that might occur in buildings subjected 

to nuclear air blast. 

S-4 



I INTRODUCTION 

Under contract to the Defense Civil Preparedness Agency, Stanford 

Research Institute is developing a procedure for the evaluation of existing 

structures subjected to nuclear air blast. The objective of the overall 

program is to develop an evaluation procedure applicable to existing NSS

type structures and private homes. The purpose of this phase of the re

search was to improve the prediction techniques for reinforced concrete 

floor systems, develop analytical procedures for dynamically-loaded wood

joist floor systems, and make a preliminary examination of the response of 

multistory buildings to nuclear blast loading. 

Background 

Past efforts in this program have been concerned with examining 

exterior walls (Ref. 1), window glass (Ref. 2), steel-frame connections 

(Ref. 3), two-way action walls (Ref. 4), applications to NSS buildings 

(Refs. 5 and 6), and reinforced concrete floor systems (Ref. 7). 

Even though the primary interest since the inception of this program 

has been in the behavior and collapse of the building system, the com

plexity of an overall building evaluation procedure necessitated the 

establishment of a ranking of structural elements. It is apparent that 

the collapse of the exterior walls of most buildings is important to the 

casualties produced. This is especially true for large multistory build

ings where the collapse of the exterior and interior walls could result 

in a large number of casualties as a result of ejection from the building, 

even if the floors and frame remained intact. Also, for a load-bearing

wall building, where the exterior walls are the primary structural member, 

1 
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the collapse of the exterior walls can precipitate a catastrophic col

lapse of the entire building. Since one of the primary uses of a build

ing evaluation procedure is to provide input for predicting the survival 

of people located in buildings subjected t o nuclear air blai.t, the 

initial research effort was directed toward development of a method for 

determining the response and collapse of exterior wall elements. The 

three basic types of exterior walls considered were unreinforced concrete 

or ma.sonry unit walls without arching, unl'einforced concrete or masonry 

unit walls with arching, and reinforced concrete walls. With minor 

modification, the analytical procedures for exterior walls also apply 

to interior partitions of similar construction. 

As noted in Ref. 1, there was a need to develop interim procedures 

for predicting the collapse of floors over basement areas in existing 

NSS buildings. Therefore, mathematical models for the behavior of 

reinforced concrete floor systems were formulated, based on readily 

available technical information. During the current research effort it 

was possible to modify the previously developed analytical expressions 

to include the effect of longitudinal edge restraint on the resistance 

of reinforced concrete slabs. Compressive membrane forces occur in con

crete slabs that are restrained from outward movement at the edges as a 

result of adjacent floor panels, or such other restraints as heavy 

spandrel beams. Since compressive membrane forces can be a controlling 

factor in determining the magnitude of slab resistance, its inclusion in 

the floor prediction schemes enhances the ability to make realistic 

collapse predictions for floors in existing buildings. 

Although collapse predictions have been made for blast-loaded wood

joist floors on an individual basis in this program, the procedure was 

not systematized. During the current effort, a large body of analytical 

and experimental information on wood and wood-joist floors was reviewed 

2 



and a resistance function developed for modelling the complex structural 

behavior of wood-joist floors. 

A continuing concern in this program has been the relative strength 

of the exterior walls and frames of multistory buildings. To investigate 

the relative strength of the walls and frame would require a comprehensive 

computer program that included the inelastic response of the frame under 

dynamic loading, as we·ll as realistic frame collapse mechanisms. Since 

no such program could b~ developed during this s tudy, an available 

computer program for analyzing the elastic and inelastic dynamic response 

of two-dimensional structural frames (Ref. 8) was used to estimate the 

blast strength of an eight-story steel-frame office building. Although 

the frame program does not include frame collapse mechanisms, the results 

of the analyses provided considerable insight into the relative collapse 

strengths of the exterior walls and frame of a typical multistory 

building. 

The analytical method used in the research study has been to establish 

the resistance function for each structural element of interest by con

sidering the approximate response mode, and by assuming that the element 

is subjected to a uniformly distributed static load. To analyze the 

dynamic response and collapse of the member, it is transformed into an 

equivalent single-degree-of-freedom system by the use of transformation 

factors for the load, resistance, and mass. The equation of motion is 

then solved on a computer usin~ a numerical integration procedure. Al

though established analytical procedures have been used wherever possible, 

it has been necessary to modify and adapt current procedures as well as 

develop new procedures for specific use. Relatively simplified analytical 

models have been used for wall and floor element analysis to prevent the 

evaluation of a structure from beco111 ng unwieldly as a result of excessive 

computation. 

3 



As discussed in Ref. 4, the analysis of actual building elements 

subjectoo to nuclear air ulast requires the assumption of values for many 

of the physical properties of the structure that are unknown and cannot 

be measured without an unwarranted amount of effort. Similarly, assump

tions are also required in the determination of the parameters defining 

the load acting on the building element. Since precise values cannot 

usually be specified fo1· many of the parameters that influence the collapse 

of actual structures, a probabilistic approach was formulated to provide 

a more realistic method for evaluating existing structures subjected to 

air blast loading. 

Report Organization 

Section II gives the mathematical expressions developed for modifying 

the resistance functions for reinforced concrete slahs to include the 

effect of longitudinal edge restraint. The correlation of the analyti •· al 

predictions with experimental data on the response of longitudinally 

restrained slabs is included in the Appendix. The development of the 

resistance function for predicting the behavior of wood-joist floor systems 

is presented in Sect ion 111. The results of the elastic and inelastic 

analyses of the dynamic response of the multistory office building is 

given in Section IV. 
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II LONGITUDINALLY RESTRAINED REINFORCED CONCRETE SIABS 

lntrodu ct ion 

Interim analytical procedures for calculating the resistancA function 

for reinforced concrete slabs is presented in Ref, 7, In that study, 

the yield-line theory was used to predict the ultimate flexural strength 

of the slab. For slabs with continuous reinforcement, a tensile membrane 

mode was also included in the resistance function, but such refinements 

as compressive membrane action in slabs with restrained edges were not 

included in the interim techniques. 

However, several investigators (e.g., Refs. 9, 10, 11, and 12) have 

fou~d that the yield-line theory grossly underestimates the strength of 

slabs with longitudinal edge restraint, such as that provided by surround

ing floor panels, or by heavy spandrel beams or walls, When a slab with 

edge restraint deflects under load, significant compressive membrane 

forces are induced in the slab that result in ultimate moments at the 

yield lines considerably higher than when the forces are not present, 

Since the ultimate strength predicted by the yield-line theory is too 

conservative for longitudinally restrained slabs, the resistance function 

for reinforced concrete slabs presented in Ref, 7 has been modified to 

include the compressive membrane mode, The analytical procedure developed 

in this report for calculating the resistance function of longitudinally 

restrained slabs was based primarily on the investigations presented in 

Refs. 9 and 10, 

As shown on Figure 1, the resistance function for longitudinally 

restrained slabs consists of three phases: 

5 



SECONDARY RESISTANCE 

TENSILE MEMBRANE 

COMPRESSIVE MEMBRANE 

DEFLECTION - Y,: 

FIGURE 1 RESISTANCE FUNCTION FOR LONGITUDINALLY 
RESTRAINED REINFORCED CONCRETE SLAB 
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• Compressive membrane resistance 

• Secondary resistance 

• Tensile membrane resistance. 

The development of the analytical expressions for determining the slab 

resistance for each of these phases is presented in the following sub

sections. The analytical methods use~ for predicting the ultimate 

flexural strength for the compressive membrane resistance phase are based 

primarily on the investigations summarized in Refs. 9 and 10. The methods 

used for determining the slab resistance during the secondary and tensile 

membrane resistance phases are b~sed on the expressions previously d~

veloped in this program (Ref. 7). 

Compressive Membrane Resistance 

T'he ultimate resistance during the compressive membrane phase is 

determined by assuming the slab to fail along the yield lines shown in 

Figure 2. The value of e, defining th.- location of the yield lines, is 

determined from the following equation, previously given in Ref. 7: 

(1) 

where 

(la) 

(lb) 

Each segment of the pattern is assumed to rotate as a plane surface. 

For a slab with edges restrained against longitudinal movement, both 

thrust and moment act on sections along the yield lines. These thrust 

forces significantly increase the moment resistance of the slab cross 
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FIGURE 2 ASSUMED COLLAPSE MECHANISM FOR 
LONGITUDINALLY RESTRAINED REINFORCED 
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section. This increase is determined by using the moment equations 

developed previously in Appendix A of Ref. 1. In this study, however, 

the moments are related to the mid-thickness of the slab ratl.er than to 

the centroid of the tensile reinforcement. This is done since, as sub

sequently shown, the thrust forces are also assumed to act at the mid

thickness of the slab. 

The magnitude of the thrust induced in the longitudinally restrained 

slab when the collapse mechanism forms is determined by assuming the slab 

to be composed of strips oriented in the x and z directions, as shown in 

Figure 3. A strip in either direction has the same thickness as the slab 

and contains only the reinforcement steel in that direction. The yield 

sections are perpendicular to the direction of the strip, with the 

torsional moments on these sections assumed to be zero. The static load 

resistance can now be expressed as the sum of the load carried by each 

of the individual strips. 

Consider a typical strip 4-2-2 1-4 1 in the x-direction, with plastic 

hinges just formed at 4, 2, 2 1
, and 4', as shown in Figure 4. The forces 

acting on portion 4-2 at this stage of behavior are sho'11l in Figure 5. 

In addition to the yield-line moments, compressive membrane forces are 

induced by longitudinal restraint at the ends of the strip. Considering 

the equilibrium of these horizontal forces, 

(2) 

The subscript u refers to the ultimate stage of behavior (initial crushing 

of the extreme fiber of the concrete at each hinge section). 

The strain at the extreme fiber of the concrete is assumed to be 

equal toe~, the crushing strain of the concrete. Assuming the crushing 

strain is reached simultaneously at sections 2 and 4, the thrust at 
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section 2 in Figure 6 required to initiate crushing of the concrete is 

given by 

Nu2 
II I I 

= k1 kudafc - p2 d2 f,e + P,ad;if,2 

or 

Nua = f: ( lei ku <la - ra) (3) 

where 

r2 _ ( Po f,2 - Pa' f:.) 
- II de 

fc 
. (3a) 

Similarly, the thrust at section 4 (Figure 7) required to initiate crush

ing of the concrete is 

(4) 

where 

(4a) 

An enlarged view of the strip, relating the depths to the neutra . .i 

axis, ku da and ku <4 , to the geometry of the strip at a deflection y, is 

shown in Figure 8. The effect of partial restraint against in-plane 

movement at the supports is taken into account by assuming the support 

lines at 4 and 4' to move outward a distance s11 1t /2. This longitudinal 

movement increases the original distance between supports from Lt to 

(l + 8x )Lt • 

The slab also shortens axially due to the effects of the compressive 

membrane force. The total axial strain, e., will have a constant value 

along the length of the strip, since the membrane force is constant. 

12 



LONGITUDINAL 
SECTION 

LONGITUDINAL 
SECTION 

UNIT 
WIDTH 

..----.--n 3 . •---

•• 
CROSS 

SECTION 

N ...... ~-
I. e,2 I -- . 

STRAIN 
DISTRIBUTION 

INTERNAL 
FORCES 

FIGURE 6 CONDITIONS AT SECTION 2 OF STRIP 4-2 

UNIT 

....---r--_MJ 
• • +--..-

•• 

CROSS 
SECTION 

I. 

E 

E 

• I 

STRAIN 
DISTRIBUTION 

INTERNAL 
FORCES 

FIGURE 7 CONDITIONS AT SECTION 4 OF STRIP 4-2 

13 



SxLL 1 
x + -- + - e, (LL - 2x) 2 2 

FIGURE 8 GEOMETRIC RESTRAINTS FOR STRIP 4-2 

14 



Because of c., the shortening of the middle portion 2-2' of the strip 

will be c, (L,_ - 2x) and, because of symmetry, the ends of the portion 

2-2' will approach the center of the strip by 0.5 e. (Lt - 2x). Also, due 

toe,, the lengths of portions 4-2 and 4 1-2 1 will decrease to (1 - e,)x. 

The distance between points 4 and 2 (Figure 8) is given by 

[ 
Bx 1t J x + -

2
- + 0.5 Ca (Lt - 2x) sec cp = (1 - e8 )x 

or 

Bx Lie] +--
2 

(5) 

Since cp is small (thus sin cp ~ 2 sin~~ l and cos co== 1), Eq. 5 reduces to 
2 X 

Therefore, 

where 

I 

- I - x1t Bx 
= h, 2 2y 

From the g~ometry of the deflected stiape, shown in Figure 4, 

15 
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(8) 

Substituting Eq, 8 in Eq, 7 yields 

(9) 

Substituting Eqs, 3 and 4 into Eq, 2 yields 

or 

(10) 

Solving Eqs, 9 and 10 simultaneously yields the following two expressions 

for the depths to the neutral axis 

(11) 

(12) 

Examination of these equations shows that the effect of s: is to reduce 

the depths to the neutral axis at the yield sections. 

Substituting Eq. 11 into Eq. 4, and noting from Eq, 2 that Nux = Nu 4 , 

the thrust developed at the ends of the strip is 

(13) 

To evaluate Nux from Eq. 13, it is necessary to know the values of f 2 

I I These depend upon the steel stresses f 11 , f 12 , f 14 , and f 14 , 
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The values of these stresses in turn depend on the value of the balanced 

thrust for the cross sections 4 and 2. 

The balanced thrust is the thrust that causes yielding of the tension 

steel and crushing of the concrete to occur simultaneously. Its value 

is dependent on the properties of the cross section. For any thrust less 

than the balanced thrust, Nb, the tension steel is yielding (f9 = f
7

) 

when crushing of the concrete occurs. It is also assumed that the com-
I pression steel is yielding (f 9 ~ f1 ) when crushing occurs, as will 

generally be the case. Referring to Figures 6 and 7, the positions of 

the neutral axis at each hinge section for a balanced thrust are 

kub~ = [eu 
Cu ] 

+ Cf , ! Es) da 
(14) 

ko<4 = [ €u 
Cu ] 

+ Cf,/E5 ) <4 (15) 

The subscript b refers to the balanced condition. 

Substituting Eqs. 14 and 15 into Eqs. 3 and 4, respectively, the 

balanced thrusts are given by 

where 

= f"k e 1 [ <, + •~f. / E, i]do - ,:,, 
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For the case of a tension failure at both ends of strip 4-2, the thrust 

at initial crushing of the concrete is found from Eq. 13 to be 

(18) 

provided 

NUll \( N1:,2 l 
NUll ~ N1:,4 j (18a) 

I I Next, considering a typical strip 3-1-1 -3 in the z-direction 

(see Figures 2 and 3) , the strips are similar to those in the x-direction, 

except that the strips are of length L5 , rather than Li_. Also, across 

the central portion of the !: lab only two· segments exist instead of the 

three segments across the diagonals. An enlarged view of the diagonal 

portion of segment 3-1 is shown in Figure 9. Comparing this with Figure 8, 

the geometry is seen to be the same except for the change in notation 

from x, Li_ , 4, and 2 for the x-d irection strips to z, L5 , 3, and l for 

the z-direction strips. The corresponding equations for the z-direction 

strips can thus be obtained by merely interchanging the notation. From 

Eq. 7, 

= h - 1 I 2 

where 

I zL1 s 1 ---
2y 

From the geometry of the deflected shape, 

Ls 
0 S: z ~ -

2 
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This equation is the same as Eq. 8 if ~ = 1/2. Su bsti tu t14g this value, 

alone with the previous notation changes, in Eqs. 11 and 12, the depths 

to the neutral axis are given by 

kud1 - ½ l[b, - (~ ) Yu 
_ 8 1 t s + .!.._ , 2] 

4yu k1 fi\ -•. ,1 (21) 

d[h ( z ) s:L~] 1 
Cr3 - r >) kuds = - -y --- +- (22) 

2 t I Ls u 4Yu kl l ) 

The values of F1 and F3 depend on the value of the balanced thrust for 

the cross sections at land 3. From Eqs. 16 and 17, the balanced thnasts 

are given by 

H 

[ Su 
Cu ] II 

Nbl = fc k1 (f / E ) d1 - f o r1 
+ y I 

(23) 

f"k 
[ tu + 

Cu J 11 

Nb3 = C 1 (f /E ) d3 - f a r3 
., s 

(24) 

where 

d1 (pl 
I 

r., 
r1 -- - P1) f" 

C 
(23a) 

I f y 
r3 = d3 (1>3 - P3 ) f" 

C 

(24a) 

For the case of a tension failure at both ends of strip 3-1, the thrust 

at initial crushing of the concrete is found from Eq. 18 to be 

(25) 

provided 

(25a) 
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Ultimate Deflection 

The ultimate deflection, Yu, is the central deflection of the slab 

at initial formation of the flexural collapse mechanism. In other words, 

Yu is the deflection required to develop the crushing strain, tu, along 

the hinge lines. For the general case of a rectangular slab, this value 

will be different for the x-direction and z-direction strips due to the 

difference in the length of these strips. Only for the special case of 

a square slab will Yu be the same. Since the short direction strips 

usually provide the greatest portion of the slab resistance, the approach 

taken in this study is to use the value of Yu for the z-direction (short 

direction) strips, except for the cases subsequently noted. This value 

is calculated as follows. 

From the geometry of the z-direction strip 3-1 shown in Figure 9, 

tan qi = 
y 

Solving for y, and noting that at z = L5 / 2, y = Yu, obtain the following 

equatiun for Yu, 

(26) 

Substituting the value of kud3 from Eq. 22, with z = L5 / 2, into Eq. 26, 

and rearranging, the following quadratic equation is obtained, 

For Nuz S Nbl and Nuz ~ Nb 3 (tension failure at both ends) this can be 

rewritten as 
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(27) 

Solving for Yu, the central deflection required to crush the concrete 

along the hinge lines for the z-direction strips is 

where r 1 and r 3 are given by Eqs. 23a and 24a. 

Equation 28 shows that Yu depends on (1) the properties of the cross 

section at the ends of the strip; (2) the crushing strain of the concrete; 

(3) the span and thickness of the slab; (4) the amount of longitudinal 

movement at the supports; (5) the axial stiffness of the slab; (6) the 

depth to the tension steel relative to the slab thickness; and (7) the 

ratio of f 1 to f;. 

For certain combinations of these slab properties, the quantity 

under the radical in Eq. 28 may be negative. This indicates insufficient 

longitudinal restraint in the z-direction to develop crushing strain along 

the hinge lines, thus resulting in an imaginary value for Yu. In this 

case the corresponding ultimate deflection for the x-direction (long 

direction) strip is calculated. 

Following the same procedure as for the z-direction strips, the 

central deflection required to crush the concrete along the hinge lines 

for the x-direction strips is 
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(29) 

where r 4 and r; are given by Eqs. 16a and 17a. 

If the value of Yu from Eq. 29 is also imaginary, the longitudinal 

restraint in both directions is insufficient to develop the crushing 

strain along the yield lines. For such cases the compressive membrane 

forces are insignificant, and the slab resistance is calculated using 

the yield-line theory previously outlined in Ref. 7. 

Equations 28 and 29 do not apply if the ultimate thrust, Nu, is 

greater than the balanced thrust, Nb. However, since an exact solution 

for such cases would require a complicated iterative procedure to solve 
I for f 8 and f 5 along the yield lines, Eqs. 28 and 29 were also used for 

those slabs where Nu >Nb. For such cases, the slabs have limited ro

tational capacity along the hinge lines, thus introducing the possibility 

of a brittle collapse mechanism that can precipitate a premature shear 

failure. As noted previously, this situation was not considered in this 

study due to the lack of information regarding the increase in shear 

strength due to the presence of compressive membrane forces. 

Examining Eqs. 28 and 29 in more detail, it can be noted that Yu 

reaches a limiting value when the quantity under the radical equals zero. 

In other words, the compressive membrane forces induced in the slab reach 

a maximum value regardless of the span/thickness ratio. According to 

Eqs. 28 and 29 the upper bound for Yu is h8 + (r3 - r 1 )/k1 for the z

direction strips and h1 + (r4 - r2 ) / k1 for the x-direction strips. These 

upper bounds correspond to large values of the span/thickness ratio. 
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However, examination of test values from Refs. 9, 10, 11, and 12 indicate 

a limitins value of Yu auch less than the slab thickne••• Reference 10 

•u11e•t• an •pirical value for the llmitin1 ultimate deflection of 

Yu $ 0.42 h1 
(30) 

This U ·) pe1 oound was also used in this study. 

Ultimate Flexural Resistance 

The ultimate flexural resistance can now be determined by means of 

the work-ener1y method. The work done can be found by nultiplyin1 the 

resisting moment per unit lencth normal to the axis of rotation by the 

angle of rotation for each of the x-direction and z-direction strips, 

and summing for all the strips. 

The sum of the moments on the x-direction strips are 

Mua (dz) + Mu 4 (dz) - Nu,i y (dz) 

while the an1le of rotation is 

The work done for the x-direction strips is thus given by 

(31) 

where, from Eq. 8, 

(8) 
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The corresponding work done for the z-direction strips is 

where, from Eq. 19, 

y = Yu (L:/2) 
Ls 

O~zs-
2 

(32) 

(19) 

The energy input for a uniform load, q, can be determined by multi

plying the total load acting on the strip by the deflection at the center 

of gravity of the strip. Thus, the energy input for the x-direction 

strips is 

where 

v qu Yu 
E,. - [ q (dz)x] " = - x2dz 

u 2 2~~ 

x = z(~) = 2~(Li.)z L5 /2 Ls 
Ls 

0 s z ~ -
2 

Similarly, the energy input for the z-direction strips is 

where 

z = !... (Ls)x 
2~ ~ 

z = 
~ 

$ X ~ -
2 
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The total work done by the x-direction and z-direction strips is 

obtained by intesrati111 over the total area of the slab. Ttaas, 

Wr = 2 t W11 + 2 t w! , 
0 0 

which, by substitutin1 Eqs. 31 and 32, becomes 

Ls 

w, = 2 f [M,. 2 + M,., - N.,y] ( :udz 
0 

+ 2 f
Li. 

(37) 

0 

Substitutin1 the expressions for Nu x and Nu z (Eqs. 18 and 25), y (Eqs. 

8 and 19), and x and z (Eqs. 34, 36a, and 36b) into Eq. 37, and inte1ratinc 

yields the followin1 equation for Wy, 
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[ ~/2 r /2 J WT = 4 ( :~ ) { M.; dz + Mu 4 dz 

0 

[ e~ e~ Li. / 2 

+ 8 (~) J M. 1 dx + f Mu 3 dx + f M. 1 dx 

0 0 131'..i. 

~/2 J 
+ f ",,3dx 

131'..i. 

-:t• (:=) [(h, _ Y, _ s:ete) 
3 2yu 

k1 - (r2 + •• ~ 
4~f3L,_ ( f=) [( Yu s:L~) ] - h - - - -- k - (r + r ) L 2 e 3 4y l l 3 s u 

4~ (1 - 2f3)L,_ ( f=) [( Yu s:L~) 
- ------ - h - - - -- k - (r L 2 1 2 4y l l s u + •• ~ , 

(38) 

Since Mua, Mu 4 , Mu 1 , and Mu 3 are nonlinear, the first four integrals are 

awkward to evaluate. A simple expression that may be used to approximate 

these integrals is 

f L, / 2 
Muadz = 

- Ls 
<Mu2) 2 (3911) 

0 

f L, /2 
Mu4dZ = 

- Ls 
(Mu ) --4 2 (39b) 

0 
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where 

(~ 
~ 1 dx - (fdu l ) aLi_ 

0 

(~ 
Mu3dX = <~3 > ati. 

0 J 

~ 2 = the ultimate moment resistance about midthickness 
of sections along the diagonal produced by the 
average thrust acting across the span, [ Nux<O) 

+ Nux <aLi. )] / 2 • 

Mu 4 = the ultimate moment resistance about midthickness 

(39c) 

(39d) 

of sections along the edge produced by the average 
thrust acting across the span, [Nux (0) + Nux <aLi_ )] / 2. 

Mu 1 = the ultimate moment resistance about midthickness 
of sections along the diagonal produced by the 
average thrust acting across the span, [Nu,(O) 

+ Nu 1 (L5 / 2)] /2. 

~ 3 = the ultimate moment resistance about midthickness 
of sections along the edge produced by the average 
thrust acting across the span, [Nu 1 (0) + Nu,<Ls / 2)]/2. 

The fifth and sixth integrals can be easily evaluated, since~~ and Mu 4 

are constant across the center yield line. Thus, 

(39f) 
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where 

Mui ($Lt) ;:;: the ultimate moment resistance along the 
center produced by the thrust Nuz<Ls / 2) 

Mu 3 <alt) == the ultimate moment resistance along the 
edge produced by the thrust Nu 1 (L5 / 2). 

The last three terms of Eq. 38 can also be expressed in terms of the 

thrust by noting from Eqs. 17 and 24 that 

(39g) 

½[•,.<o) + •••• {~•)] = :: [(h, -;• -:;:)~ - (r1 + r,>] 
(39h) 

1 [ > l r~ [( _ !lL _ s:aq) l 3 Nu,c(O + 2Nux<a1t>J ;:;:2 h, 3 4yu k1 - (r2 +r4)j 

(391) 

Substituting Eqs. 39a through 391 in F.q. 38 yields the following expres

sion for WT, 

(40) 

The total energy input can be determined by integrating the energy 

input for the individual x-direction and z-direction strips over the 

entire area of the slab. Thus, 
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E, a 2 f L, £,. + 2 f 1,_ E, 

0 0 

which, by substituting Eqs. 33 and 35, becomes 

r QuYu 
i'ldz + 2 t Qu Yu 

z2 dx ET = 2 
2fH-t Ls 

0 0 

Substituting the expressions for x and z from Eqs. 34, 36a, and 36b, and 

integrating, the total energy input is expressed by 

(3 - 2a > (41) 

Equating the total work done (Eq. 40) to the total energy input (Eq. 41), 

and solving for the slab resistance, yields 

, _ Yu [ ( L
2

s )] J 
+ 41, t l\i 1 + ~ :3 - 6 Nu z (0) + 2Nu t J 

+ 2(1 - 2~)111,.,01,.) + 11,.,(~1,_) - y,N,, (;)I] (42) 

The coordinates of the point defining the ultimate flexural resistance 

are now defined by Eq. 28, 29, or 30 for Yu and by Eq. 42 for qu• Reference 

10 found that the resistance for values less than qu can be approximated 

by the expression 

[ ( 
y )1 .a]_l 
~ 1.8 

q = qu 1 - 1 -
Yu 

(43) 

30 



This equation, which assumes a vertical tangent at (O,O) and a horizontal 

tangent at (qu, Yu>, was determined by a best fit of the experimental 

results from static tests of square slabs longitudinally restrained on 

all edges. In this study, this expression is also assumed to apply to 

rectangular slabs and to slabs with partially restrained edges. 

Secondary Resistance 

After the resistance reaches its ultimate value, there is a decrease 

in the resistance as the deflection increases. Tests show that the 

resistance reaches a minimum value approximately equal to the value ob

tained using yield-line theory (not considering membrane forces). This 

equivalence is reasonable to expect, since the mininum resistance should 

correspond to a change of membrane forces from compression to tension in 

the central region of the slab. The secondary resistance can thus be 

determined from Eq. 42 by setting Nux and Nuz equal to zero, resulting 

in the following equation for q11 

(44) 

where Mu 2 , ~ 4 , Mu 1 , and Mu 3 are the resisting moments for a zero thrust 

and a is determined from Eq. 1. 

Expressions previously given in Ref. 7 for the tensile membrane be

havior of slabs are used to determine the deflection at the intersection 

of the tensile membrane resistance and secondary resistance. These ex

pressions, which were based primarily on the development presented in 

Ref. 13, assume the reinforcing steel to act as a plastic membrane. 

Additional assumptions, all of which are conservative, include: 
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(1) The concrete has cracked throughout its depth, hence 
ls incapable of carrying any load. 

( 2 ) All the reinforcing steel has yielded. 

(3) No strain-hardening of the reinforcing steel occurs. 

The resulting expression for the tensile membrane resistance is 

where 

k' = t 
1.5 n3 

4 kll) ..!. (-1) n;1 

[1 - sech~nTTLL · &..)] 
n 3 2Ls v~ n= , ,5 

(45) 

(46) 

At s is the area (per unit width) of the reinforc~ng steel (both top and 

bottom bars) continuous along the short span of the slab. Similarly, 

AtL is the area (per unit width) of the reinforcing steel continuous 

along the long span of the s lab. Values of the factor kt are plotted in 

Figure 10 for At 5 / AtL ~ 1. The 1.5 factor was included to reflect the 

approximately 50 percent increase in test values of the tensile membrane 

strength over the calculated values. 

Setting q = q ~ in Eq. 45 and solving for the center deflection at 

the intersection of the secondary resistance and tensile membrane re

sistance, 

(47) 

In general, the secondary deflection is taken to be the same as the 

intersection of the secondary resistance and the tensile membrane resistance, 

or 
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q L2 
I S (48) 

Examination of test results indicate that for certain slabs, primarily 

those with low tensile membrane resistance, the value given by Eq. 48 is 

much larger than the actual secondary deflection. Based on a study of 

test results, an upper bound of 

(49) 

is placed on the secondary deflection. 

The coordinates of the point defining the secondary resistance are 

now defined by Eq. 44 for q
1 

and by Eq. 48 or 49 for Y,• In Ref. 10 

resistance for values between Yu and y1 was approximated by the expression 

(50) 

This expression was also used in this study to describe the resistance

deflection behavior for this region. 

For the special case of a slab with no reinforcement, the secondary 

resistance is zero. For this case the secondary deflection is defined 

to be equal to the slab thickness, 

(51) 

The resistance for values between qu and q1 is still given by Eq. 50. 

Tensile Membrane Resistance and Collapse 

After the deflection Yt is reached, the tensile membrane region 

begins to 1row outward towards the supports. Cracks begin to penetrate 

the entire depth of the concrete, and yielding of the reinforcement 
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spreads throughout the slab. The top and bottom reinforcement acts as a 

tensile membrane, causing the slab resistance to increase with the center 

deflection, as shown by Eq. 42. This continues until the reinforcement 

ruptures. Reference 13 reported that a safe maximum value for the central 

deflection is 0.10 of the short span. Examination of test results indi

cates that a more realistic value for collapse of the slab is approximately 

0.15 of the short span. Thus, for the present study, the failure deflec

tion is taken. as 

(52) 

For slabs unrestrained in the short direction, Eq. 52 does not apply. 

For these cases, the failure deflection is taken as 0.15 of the long span, 

Ytt = 0.15 Li_ (53) 

Summary 

The resistance function for reinforced concrete slabs with longi

tudinal edge restraint, as previously illustrated in Figure 1, with the 

corresponding equations is summarized as follows. 

Compressive Membrane Resistance (0 ~Ye~ Yu> 

[ ( 
y}1.s].2.. 

q = qu 1 - 1 - y: 1. I (43) 

qu - Eq. 42 

Yu - Eq. 28, Eq. 29, or Eq. 30 
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Secondary Resistance <Yu S Ya s y,) 

(50) 

q1 - Eq, 44 

y
1 

- Eq, 481 Eq, 49, or Eq, 51 

Tensile Membrane Resistance (yt s Yo S Y,t> 

(45) 

k: - Eq, 46 

Ytt - Eq, 52 or Eq, 53 

After development of the resistance function for longitudinally re

strained reinforced concrete slabs, the computer programs prepared under 

the previous study (Re!, 7) were modified accordingly, This required 

transforming the slab into an equivalent single-degree-of-freedom dynmic 

system by the use of transformation factors for the load, resistance, 

and mass. The equation of motion is solved on a computer using numerical 

inte1ration procedures. Analytical predictions of the static and dynamic 

response of restrained slabs were then 1enerated for comparison with 

various published experimental data, The results of the analytical and 

experimental correlations are presented in the Appendix, In general, the 

correlations justify the use of the compressive membrane mode for pre

dicting the collapse of floor systems in existing structures that are 

lon1itudinally restrained at the ed1es, such as the interior panels of a 

multibay floor system, 
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III WO(l}-J0IST FLOOR SYSTEMS 

Introduction 

Wood-joist floor systems are complex structural systems that are 

not readily amenable to precise theoretical analysis because of the wide 

variability in the mechanical properties of wood, even within the same 

species and grade, and the variability in construction methods and details. 

Even though it is known that the finish flooring and subflooring con

tribute to the strength and stiffness of floor systems, design codes 

invariably specify maximum stresses and deflections for the design of 

the joists to resist the total floor load without regard to other factors. 

The allowable stress specified in the design codes are quite low, since 

95 percent of the individual load-carrying manbers in a given lumber grade 

can safely support the design load (Ref. 14). For example, Ref. 15 

specifies an allowable unit stress in the extreme fiber in bending of 

2050 psi for the highest grade Douglas fir, coast region joist and plank 

stress-graded lumber, whereas Ref. 16 indicates a modulus of rupture in 

excess of 12,000 psi for small wood beam specimens in static bending 

tests of the same species. 

As noted in various research publications, design codes do not take 

into account the effect of the interaction between individual members of 

a completed floor system, and the specifying of relatively low allowable 

stresses for joist design is equivalent to requiring floor system design 

to be based on the weakest link. On the other hand, the available test 

information shows that the strength of a floor system, beyond that of the 

weakest joist, is largely dependent on the interaction effects between 

floor elements. For example, the finish and subflooring both contribute 

37 



to the • trensth and stiffness of the joist tbrousb c0111p01ite or T-beam 

action. However, the pr:lmary effect of the floorins is a result of its 

contribution to load sbarina between individual joists. The wood in

dustry's concept of load sharing bas been described in Ref. 14 as beins 

a reducticm in the effective variability between individual joists when 

they are crouped into a structural system, an increase in the effective 

strensth provided by the mtual constraint resulting from joinins members 

into an indeterminate structure, and an increase in the effective strensth 

by the local reinforcement of defects by adjacent members. 

Althoush design procedures do not permit assigniq a value to load 

sharing, as mentioned, the enhancement of the floor system strength as 

a result of the interacting effects amons the various elements in a wood

joist floor system has been conclusively demonstrated in many tests of 

actual floors (e.g., Refs. 17 through 22). The intent of this discussion 

is not to judge the merits of any code requirements, but merely to point 

out that for predicting the collapse of wood-joist floors, it is necessary 

to include effects that are not treated directly in any design procedure. 

The development of a realistic resistance function to represent the 

response of a wood-joist floor system is complicated by the large vari

ability of material properties within any particular wood species (even 

amona similar wood specimens specifically selected for tests), and by 

the highly complex indeterminate structural action that occurs between 

various elements of the floor system. Although the limited theoretical 

studies of the canposite floor behavior, such as that presented in Ref. 

23 to model the slip in nailed plate-rib joints, have been correlated 

with specific test data, the unknowns involved in the evaluation of wood

joist floors in existing buildings do not warrant the development of a 

sophisticated mathematfcal model. Instead, the approach in this study 

was to examine sufficient analytical and experimental information to 
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permit the development of a relatively simplified model that would ade

quately reflect the complex composite action of the floor system. 

A wood beam, or joist, composed of perfectly clear wood without 

defects, and subjected to pure bending forces as a result of an increasing 
I 

uniform static load, goes through two distinct phases prior to collapse. 

The first phase is elastic, where a plane section remains plane, and a 

linear relationship exists between stress and strain throughout the beam 

cross section. As the stress level is increased, the extreme fibers on 

the compression side reach their proportional limit. The second phase is 

therefore characterized by inelastic behavior on the compression side, and 

a linear elastic behavior on the tension side. Typical stress-strain 

curves for wood in tension and compression are shown on Figure 11; note 

that the tension portioi,- of the stress-strain relationship remains essen

tially linear up to fai1'.1re. Since the ultimate tensile strength of 

clear wood is much greater than its ultimate compressive strength, a 

redistribution of stress occurs across the beam section as the bending 

moment increases beyond the proportional limit in compression. To satisfy 

the conditions of equilibrium of internal forces at a section, the neutral 

axis shifts towards the tension side (Refs. 24 and 25). Test data also 

indicate that a plane section of a wood beam in pure bending remains 

approximately plane up to tensile failure. 

As noted in Ref. 25, the second degree parabola has been found to be 

the best approximation to the compressive stress-strain distribution above 

the proportional limit. The theoretical stress distribution in a wood 

beam near failure would therefore appear as shown in Figure 12. 

Resistance Function 

As discussed above, a wood-joist floor system is a complex structural 

system because of both the effects of interaction between the floor elements, 

and the wide variability in the properties of wood. In addition, 
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predicting the collapse of existing floor systems under blast loading is 

further complicated by the variability in construction techniques, 

especially in the relatively unsupervised home construction industry, 

and by the fact that the properties of the wood used in any analysis are 

usually published average values for a wood species rather than actual 

values based on knowledge of the specific wood used. The differences 

between the published pr~~erties of wood and those in a specific existing 

floor system would be expected to show a much greater variation than for 

structural steel, or even for concrete. However, the use of published 

average property values for wood may be adequate because of the averaging 

effect resulting from the interaction among the elements of a floor 

system. 

In any event, as stated, t~e unknowns involved in calculating the 

dynamic response and collapse of wood-joist floor systems do not justify 

the development of a complex mathematical model. The approach therefore 

was to use established theoretical procedures, and, where feasible, to 

modify the procedures to reflect the results of tests of actual floor 

systems. The method adopted was similar to that used for wall elements 

(Refs, 1 and 4), and for reinforced concrete floor systems (Ref. 7). 

That is, the resistance function was established for wood-joist floor 

systems by assuming that the deflected shape of the member under dynamic 

load is identical to that under a Jniform static lo~d and that the distri

bution of the restoring force and dynamic load is ~he same. The member 

is then transformed into an equivalent single-degree-of-freedom dynamic 

system by the use of transformation factors for the load, resistance, and 

mass. The equation of motion is solved on a computer using a numerical 

integration procedure. 

The resistance function for wood-joist floor systems was assumed to 

consist of elastic and inelastic phases as shown on Figure 13, and was 

determined only for the case of a simply supported, uniformly loaded floor. 

41 



2 

INELASTIC 

v, Yu 

DEFLECTION - Ye 

FIGURE 13 RESISTANCE FUNCTION FOR A SIMPLY SUPPORTED 
WOOD-JOIST FLOOR SYSTEM 

42 



Although scabs are sometimes used to reinforce wood joists at interior 

supports (e.g . , Ref, 26), joists are not generally continuous over the 

support, and the scab cannot be expected to develop the bending strength 

of the joist. Also, although tests indicate that a ceiling on the bottom 

of a wood-joist floor has a stiffening effect (Refs. 26 and 27), a 

ceiling was not included in the mathematical model since the primary 

interest was in floors over basement areas where ceilings are usually 

not used, 

Elastic Phase 

The maximum elastic resistance, q1 , of a simply supported wood-joist 

floor with a uniformly distributed load is developed when the moment at 

the center section is a maximum, or 

(54) 

wheres is the joist spacing. 

Since a linear relationship is assumed to exi~t between the stress 

and strain during the initial elastic phase, the extreme fiber stress is 

equal to 

f~ (55) 

Test data (e.g., Ref, 28) have indicated that the effective moment of 

inertia, 1., of a wood-joist floor system is greater than the moment of 

inertia of the joists, I j , but less than that obtained from a T-section 

(Figure 14) if full composite action between the joist and flooring is 

assumed. For this study, the effect of the composite action is accounted 

for in the elastic phase by assuming that the effective moment of inertia 

is equal to the moment of inertia of the joist times a coefficient that 
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is determined from the published test data on the response of wood-joist 

floors in the elastic range, or 

' 
(56) 

or, for a rectangular joist, 

~ 1. :: c, 12 (57) 

Substituting Eqs. 55 and 57 into Eq. 54, and rearranging terms, the 

maximum elastic resistance for a wood-joist floor system is 

The maximum deflection for the elastic phase is 

5ql sL4 

32Elct bh~ 

(58) 

(59) 

The problem, of course, is to determine the point in the response 

of the floor system where it is no longer linearly elastic; this is 

primarily a problem of determining a value for the extreme fiber stress, 

f,., for use 'in Eq. 58 that reflects the upper limit of the elastic phase. 

Initially, in this study it was assumed that the elastic phase existed 

until the extreme fiber stress in compression reached the proportional 

limit, that is where f,.:: f,. 0 , in Eq. 58. However, comparisons of the 

analytical predictions with experimental data (Refs. 21 and 29) indicated 

that a better correlation could be obtained by estimating the failure 

strength of the weakest joist (first break), and using this value as the 

maxiDUm elastic resistance of the floor system. In fact, test data in 
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Ref. 21 show this to be the case, at least for the lower grades of wood• 

• joists. 

As a result of load sharing, the deflected shape of a floor system, 

which consists of a number of joists connected by flooring, is about the 

same throughout the floor when uniformly loaded (Refs. 28 and 30). The 

deflected shape of the weakest joist will approximate that of its stronger 

neighbors, even though it may have much less bending stiffness, and 

therefore carry less load. For any specific wood species, the strength 

of a joist in bending is influenced by a number of factors, such as size 

and location of knots, shakes and splits, moisture content, density, and 

slope of the grain (Refs. 16, 31, and 32). To determine the maximum 

elastic resistance, it was assumed that the bending strength of the 

weakest joist was limited by a defect resulting from the largest per

missible knot1 located at the bottom edge of the wide face in the middle 

third of the joist span as specified in the appropriate standard grading 

rules for the wood grade and species used (e.g., Refs. 32 and 33). 

The maximum elastic resistance at first break is calculated by using 

Eq. 58, and substituting fw = fr and c, = 1.0, or 

4f, bh1 

3sL2 

(58a) 

The modulus of rupture, fr, is that obtained from standard sources for 

small clear specimens (Ref. 34), and adjusted by the appropriate factors 

for knots, seasoning or moisture content, and size effect from Ref. 31 • 

• 

t 

Limited data on the collapse of floors constructed of a higher grade 
Douglas fir in Refs. 18 through 20 also indicate that first break is a 
good measure of the maximum elastic resistance. 

As noted in Ref. 16, for design purposes the reduction in strength for 
various defects is not considered as cumulative. Because of the dis
tribution of defects, this is also a reasonable assumption for the cal
culation of the floor resistance at first break. 
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Inelastic Phase 

To develop the equation for the resistance function during the in• 

elastic or plastic phase of the response of wood-joist floor systems, it 

was assumed that point 2 on Figure 13 represented the maximum theoretical 

resistance for a clear wood specimen. The resistance was assumed to vary 

linearly between the maximum elastic and inelastic resistances, and there

fore, it was only necessary to detennine the value of the maximum inelastic 

resistance. 

Studies have shown that as the load on a wood beam is increased, a 

local failure first occurs in the compression zone, and is accompanied by 

a shifting of the neutral axis towards the tension side (e.g., Refs. 24, 

25, and 35). For clear specimens without defects, the collapse of the 

beam results from a tensile fracture. Although several theories have been 

postulated to describe the stress distribution across a wood beam at 

failure, the second degree parabola as presented in Ref. 25, and shown 

on Figure 15, was adopted in this study. 

In the development of the equation for the ultimate plastic moment 

at failure of a wood beam, the following assumptions were made in Ref. 25 : 

• Cross sections of the beam remain plane up to failure. 

• The tensile stress-strain rela\ionship is linear. 

• The compressive stress-strain relationship is linear 
up to the proportional limit, and thereafter is approximated 
by a second degree parabola. 

• The downward shift in the neutral axis at failure can be 
described by the relationship of the ultimate compressive 
and tensile stress distributions. 

The ultimate internal resisting moment for a rectangular wood beam 

in pure bending can be formulated from the stress-strain relationship of 

wood in tension and compression and the general equations of static 

equilibrium across a section, where the sum of the normal stresses is 

equal to zero, or 
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and the moment of the normal stress about the neutral axi1 i1 equal to 

the bendin1 moment M, or 

For the assumed case of a rectansular beam with the c01Dpression zone 

described by a second de1ree parabola and the tension zone by a straight 

line as shown in Fisure l&, the equations of static equilibrium become 

(60) 

and 

(81) 

At the development of the ultimate bendins resistance of the be•, the 

be• t fit to the teat data for the distribution of the atrea1 1n the com

pr•••1•• son•, fr• Ref. 25, 1• a second desr•• parabola of th• form 

I (82) 
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and the distribution of the tensile stress is a straight line of the form 

(63) 

Since, from Eq. 60, the sum of the areas of the tensile and com

pressive stresses across a section are equal to zero, then 

fwtu 
- --- y dy = 0 

h .1 (1-a) 

and by integrating and collecting terms, 

0/ = 
3n 

3n + 4 

, 

The ultimate internal resisting moment of the stress diagram in 

Fi111re 15 by Eq. 61 is 

CdlJ 

y) ydy J ( ::~; ,. 2fwcu 

~ == -b 
OthJ 

0 

br fwtu 
yd dy 

hJ Cl-a) 
, 

-hJ (1-a) 
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and by integrating and collecting tems 

[
5 _:;i fwtu 

~ = bhj 12 er fwcu + -3- (1 

Since fwtu = nfwcu, and a = 3n/(3n + 4), then 

~ J = 
nbh~f11011 

12(3n + 4)2 
(45n + 64) 

(65) 

(66) 

To determine the ultimate resistance of a wood-joist floor system, 

it was assumed that the effect of the flooring on the resistance of the 

floor system was negligible at collapse of the joists. Therefore, the 

ultimate plastic resistance of a wood-joist floor system with joist 

spacings is 

By substituting Eq. 66 into Eq. 67, the ultimate resistance becomes 

2nbh~ fwe u 
(45n + 64) 

3sL2 (3n + 4 )2 

(67) 

(68) 

The ultimate deflection, Yu, at the development of the ultimate 

bending resistance of a wood-joist floor is found from the usual equation 

for the deflection of a beam 

Yu = 384 (EI)
1 

.,
1 

(69) 

However, since the quantity (EI)
1

.,
1 

at large inelastic deflections of a 

wood beam is not equal to the flexural rigidity, E3 I 3 , it is necessary to 

develop a rational basis for calculating (EI) 1 v,• 
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For a beam subjected to pure bending in the elastic region, the 

relationship between the radius of curvature, p, and the moment is 

EI 
M = 

p 

and 1n the inelastic region can be described (Ref, 36) as 

(EI)' 
M=-

p 

It can also be determined that the radius of curvature 

p = h 3 (1 - a) 

C 

and the strain 

C : 

' 

By substitutinc Eqs. 71 and 72 into Eq. 70, and rearranging terms 

hJ (1 - a)EM 
(EI) ' = ------

fwt 

At the development of the ultimate moment at the center section of a 

wood beam, f.,t = fwtu = nf11 c: 11 , M = , , and since E = E3 then 

3 
bhJEJ 

(EI)'=---- (45n + 64) 
3(3n + 4)3 

(70) 

(71) 

(72) 

(73) 

For a simply supported wood beam at ultimate deflection, the quantity 

(EI)' applies for the center section only, while the elastic EJIJ applies 

at the supports. In this study, the quantity (EI>,., used to determine 
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the deflection at development of the ultimate resistance in a wood beam 

is assumed to be the average EI at the center and supports, or 

EJ IJ + (El) ' 
(El)avg = (74) 

2 

Since, for a rectangular section 

bh3 

I J = --~ (75) 
12 ' 

then by substituting Eqs. 73 and 75 into Eq. 74 

(El)av g 
bh!EJ [1 + 4 ( 4 5n + 64 ) ] 

(76) = 24 (3n + 4 ) 3 

The use of Eq. 69 to determine the deflection of a wood beam at the 

development of the ultimate platitic resistance of the beam tacitly 

assumes that the shape of the elastic curve for simply supported beams 

is valid up to collapse. This assumption is necessary, since none of the 

publications reviewed presented information on the deflected shape of 

wood beams at or near collapse. In any event, since Eq. 69 is used only 

to estimate the ultimate deflection and not to predict collapse (as noted 

in the next subsection), the difference in the assumed and actual deflected 

shapes is not felt to be of great importance. 

Also, the above equations consider only the bending resistance of a 

wood-joist floor system, although a horizontal shear failure can limit 

or modify the resist~,ce function. Studies of the effect of the span-to

depth ratio indicate that failure in horizontal shear is not likely to 

occur prior to a tensile failure in bending for the span-to-depth ratios 

usually found in actual wood-joist floor systems (Ref. 37). For example, 

the test results for full-scale floors in Refs. 17 through 20 show that 

all 12 of the floors tested failed in tension, or rupture, of the joists 
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(frequently influenced by knots), and only a few joists experienced a 

horizontal shear failure in addition to tension failure. 

Failure Criterion 

As mentioned in the introduction, wood-joist floor systems are con

structed of joists with la1ge differences in strength and stiffness 

characteristics, even when the joists are specifically selected for uni

formity as test specimens. For example, compression and tensile strength 

values obtained from tests of a number of small, clear specimens of a 

single wood species exhibit a wide variation, and generally conform to 

a typical normal type of frequency distribution (e.g., Ref. 25). However, 

regardless of their individual stiffnesses, when joists are part of a 
I 

floor system, test results indicate that the deflection of the joists are 

approximately the same under uniform load conditions (e.g., Refs. 21 and 

30); the effect of load sharing is an effective reduction in the varia

bility among individual joists. When tested as individual beams, many 

conunercially available wood joists apparently fail as a result of a 

local defect while still within the elastic range (Ref. 14); therefore, 

load sharing also has the effect of increasing the strength of a floor 

system over that of the weakest joist. However, because of local defects 

and the variability of strength among joists, the ultimate strength of a 

floor system would represent some average value rather than approach 

either the strength of the weakest joist or the theoretical strength of 

clear specimens. That is, although the validity of Eq. 68 for predicting 

the ultimate static resistance has been experimentally verified for clear 

wood specimens, the ultimate resistance of clear specimens is not expected 

to represent the strer.gth of wood-joist floors in actual buildings, 

especially for home construction where utility or standard grade lumber 

is generally used. 
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The development of a rational failure criterion for wood-joist 

floors is complicated by a number of factors, some of which are mentioned 

above. Also, because of the large number of variables involved in the 

response and collapse of a floor system, the available test data are 

insufficient to establish a statistical basis for developing a failure 

criterion. Instead, for this study it was necessary to rather arbitrarily 

establish a failure criterion without the benefit of adequate analytical 

or experimental information. 

Therefore, to predict the collapse of wood-joist floor systems in 

the program for evaluation of existing structures, it was assumed that 

the resistance at collapse would occur between the maximum elastic and 

inelastic resistances (Points 1 and 2 in Figure 13, respectively). Since 

no rational method was available for calculating deterministically the 

maximum resistance developed in a floor system at collapse; the collapse 

resistance between Points 1 and 2 was described in the form of a 

probability distribution. An examination of the experimental data in

dicated that the maximum resistance developed by a floor system at 

failure would be closer to the maxil!llm elastic resistance (Eq. 58a) than 

it would be to the ultimate plastic resistance (Eq. 68); this suggests 

that the probability distribution for the failure resistance would tend 

to be skewed towards the maximum elastic resistance. Although the 8-

distribution is well suited for describing a skewed distribution with 

finite end points (Ref. 38), only the normally distributed probability 

fur1ction was readily available for use in this study. Therefore, it was 

assumed that the probability of occurrence of the failure resistance for 

wood-joist floor systems was normally distributed between Points 1 and 2 

on Figure 13, and the skewness was accounted for indirectly as follows. 

The possibility is negligible that the maximum resistance at failure 

for an actual floor system would be greater thnn or equal to the theoreti

cal ultimate plastic resistance for clear wood specimens as expressed 
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by Eq. 68; therefore, the probability that the maximum resistance would 

equal the ultimate resistance was set very high, say 0.999. On the 

other hand, the possibility that the maximum resistance of a floor would 

be less than the elastic resistance at the theoretical first break of the 

weakest joist, as expressed by Eq. 58a, would be relatively low; there

fore, for this case, the probability of occurrence was set at 0.05 or 

0.10. Furthermore, in the dynamic analysis of a specific floor system, 

values of the floor resistance above or below the limits selected were 

discarded. The truncated normal density function used for estimating 

the maximum resistance at failure of wood-joist floor systems is shown 

on Figure 16. 

To determine the probability distribution for the incipient collapse 

overpressure for wood-joist floor systems, Monte Carlo, or simulation 

techniques as described in Ref. 4 for wall elements was used. Briefly, 

the technique uses a set of mathematically simulated floors, each of 

which possesses the characteristics of some real floor to determine an 

approximate distribution of the incipient collapse overpressure. The 

set of simulated floors is prepared by selecting the parameters to be 

varied, such as the maximum resistance at collapse, and determining the 

\alues of these parameters by randomly sampling their corresponding 

probability distribution functions. Each simulated floor is then analyzed 

dynamically using the rantl001ly selected values and the deterministic 

equations developed previously. The results of the analyses of the set 

of floors provide a probability distribution of the incipient collapse 

overpressure. 
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Introduction 

IV DYNAMIC ANALYSIS OF NORTH CAROLINA 
NATIONAL BANK BUILDING 

As noted in Section I, a continuing concern in evaluating the col

lapse overpressure of existing buildings has been the relative blast 

strength of the exterior walls and frames of multistory buildings. To 

predict the collapse overpressure of the exterior walls for the existing 

NFSS buildings analyzed in this program (Refs, 5 and 6), it was assumed 

that the structural frame did not collapse at a lowe r overpressure than 

that predicted for the exterior wall. For weak-walled buildings, &uch 

an assumption is reasonable. In fact, it is often assumed for the anal

ysis of blast-loaded frame buildings that the exterior walls can be con

sidered as frangible, and therefore, that the wall loading transferred 

to the fre.me can be approximated by an impulse loading. However, for 

many of the actual buildings analyzed, the strength of the exterior 

walls under blast loading was sufficiently high to make it doubtful that 

the frame could survive at the overpressure level required to collapse 

the walls. For example, at the present time SRI has analyzed a total of 

137 exterior wall cases for 59 NFSS buildings, As shown on Figure 17, 

the predicted incipient collapse overpressure for these walls ranged 

from less than 1 psi to over 40 psi, with 50 percent of the walls pre

dicted to collapse at an incident overpressure level greater than 6 psi, 

The strength of the exterior walls is important in calculating the col

lapse of the frame, since for a given overpressure level, the blast 

loading on the total area of a nonfailing wall can be much more severe 

than the blast loading on the frame alone plus an impulse loading from 

a frangible-type wall. 
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To investigate the relative strength of the exterior walls and frame 

of a building would require a comprehensive computer program that included 

inelastic response of the frame under dynamic loading and realistic frame 

collapse mechanisms. Since such a program was not available for this 

study, an existing computer program for analyzing the elastic and inelas

tic dynamic response of two-dimensional structural frames (Ref. 8) was 

used to analyze the frame of the North Carolina National Bank Building. 

This building was selected for study since a previous analysis of the 

exterior walls (Ref. 6) had indicated that it was a strong-walled building. 

Building Description 

The North Carolina National Bank, constructed in 1922, is located 

on South Main Street, High Point, North Carolina. The building consists 

of eight stories and an unexposed basement; there is a mezzanine between 

the first and second stories. The overall height of the building is about 

110 ft and plan dimensions of 50 ft by 115 ft provide an area of 5,750 

sq ft on each floor level. Figure 18 shows the exterior walls and general 

window layout of the bank. Note that many of the windows on the first 

story of sides Band C have been bricked in, 

The building has a structural steel frame with riveted and bolted 

column and beam connections. The ribbed floor system has a 4-in. thick 

concrete slab and 4- or 6-in. thick clay tile fillers. 

The exterior walls on sides A and B of the first story are 17-in. 

thick and are constructed with a granite veneer and a brick backing. On 

sides C and D of the first story, the walls are generally 17-in. thick 

solid brick. On the upper stories, the walls are constructed with a 

4-in. thick brick veneer and an 8-in. thick terracotta backing. As can 

be noted in Figure 18, the exterior column lines on the upper stories of 

sides A and Bare faced with a granite veneer. For all exterior walls, 

the facing is continuous over the frame members and the backing is inset 
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in the frame. The interior partitions on the first story and mezzanine 

are constructed with unreinforced terracotta, either 3- or 6-in. thick. 

On the upper stories the interior partitions are mostly 3-in. unreinforced 

terracotta, The partitions are nonload bearing and have numerous open

ings that have been filled-in with light wood paneling, 

Wall Analysis 

The exterior walls on all sides were analyzed as unreinforced masonry 

unit walls with either one- or two-way arching. For Side A of the first 

story it was assumed that, because of the many openings, only one-way 

arching could develop between floor beams on the first and mezzanine 

stories, On Side Bit was assumed that one-way arching would develop in 

the walls between windows. Furthermore, it was assumed that the bricked

in windows would not contribute to the arching strength of the walls but 

would remain in place for a sufficient length of time to influence the 

blast loading and room filling, 

The specific walls analyzed were as follows: 

• VPl: Side A, wall on first story; one-way arching wall, 

• VP2: Side B, wall on first story; one-way arching wall, 

• VP3: All sides, walls on upper stories; two-way arching wall. 

The results of the dynamic analysis of the exterior walls of the 

Bank were: 

Predicted Collapse Overpressure, psi 
10 Percent 90 Percent 

Standard Probability Probability 
Case Mean Deviation Value Value 

VPl 16,4 4,2 11,0 21,8 
VP2 5,4 0,7 4,6 6,3 
VP3 15,7 4,0 10,5 20,8 
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Since the analysis indicated that the incipient collapse overpressure of 

the upper story walls was 15.7 psi, the building was considered as a 

strong-walled building, and was therefore a good candidate for examining 

the dynamic response of the structural frame, 

Frame Analysis 

Discussion 

The blast loading on the building was calculated for a box-type 

building with openings (Type 2, Ref. 8), and the collapse overpressure 

of the exterior walls was assumed to be greater than that of the frame; 

i.e., to determine the frame loading, the exterior walls were assumed 

as nonfailing. The blast wave was assumed to strike the building at 

normal incidence to Side B, the Commerce Street side. The computer 

program determines the air blast loading on the basis of a specified 

peak incident overpressure level between 2 and 30 psi for a 10-Mt-yield 

nuclear weapon. Although the exterior walls had been analyzed for an 

air blast loading from a 1-Mt-yield weapon, there would be negligible 

difference in the predicted collapse overpressure of the walls for a 

10-Mt yield. 

Three different types of frame analyses were performed. The first 

was an elastic analysis to determine the magnitude of the base shear as 

a function of the blast overpressure level. For this analysis, the 

inset exterior walls on end frame lines A and Hin Figure 19 were assumed 

to act as shear walls. 

The second and third types of frame analyses were performed to deter

mine the elastic and inelastic response, respectively, of the frame acting 

alone; for these analyses the effect of the shear wall action of the ex

terior walls on the frame response was assumed to be negligible. Such 
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an analysis should approximate the behavior of the building after failure 

of the shear walls (i.e., inset exterior end walls). 

The elastic frame analysis was conducted at various incident over

pressure levels and provided information on the possible collapse strength 

of the frame, Also, the elastic analysis assisted in the selection of 

the overpressure levels for running the more complex inelastic frame 

program, 

The following input data, required for the various analyses, were 

obtained directly from the architectural and structural plans: 

• Percentage of openings (front face) 

• Clearing distance (front face) 

• Floor weight 

• Beam and column properties 

- Moment of inertia 

- Cross-sectional area 

- Plastic moment capacity 

• Shear wall properties 

- Moment of inertia 

- Cross-sectional area 

- Plastic moment capacity 

- Shear area 

- Shear capacity 

Figure 19 shows a simplified framing plan and Figure 20 shows the 

beam and column sizes for frame line A. 
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FIGURE 19 TYPICAL FRAMING PLAN (SIMPLIFIED) 
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I , 1• 11" , I , m' 10" 

FIGURE 20 BEAM AND COLUMN SIZES FOR 
FRAME LINE A 
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Results 

The results of the following frame analyses are summarized in 

Tables 1 and 2: 

• Elastic shear wall, 2 psi overpressure 

• Elastic frame 

- 16 psi overpressure 

- 5 psi overpressure 

- 4 psi overpressure 

- 3 psi overpressure 

• Inelastic frame 

- 5 psi overpressure 

- 4 psi overpressure 

- 3 psi overpressure 

The maximum stress ratio for the beams and columns, shown in Table 1, 

is the ratio of computed moment / yield moment and for the shear walls is 

the computed shear/ ultimate shear capacity. The ductility ratio listed 

in Table 2 is the maximum rotation/ yield rotation for the member. It 

should be noted, so as to avoid a condition of singularity in the plastic 

matrix for the inelastic frame program, in Ref. 8, " ••• it is assumed that 

each member in the structure is composed of two parallel elements--one 

remains linearly elastic under all loading conditions and one remains 

ideally elastoplastic •••• For the computer program presented in this 

report it is ass umed that linearly elastic elements represent five per

cent of the initial stiffness of the structure. Also, this makes it 

possible to account for some of the 'strain hardening' effects which are 

neglected in the normal ideally plastic idealization." 

The results of the first analysis, for the shear wall building, indi

cated that the cracking of the exterior walls on the ends of the building 

acting as shear walls occurred at an incident overpressure of less than 
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Table 1 

SUMMARY OF RESULTS OF ELASTIC FRAME ANALYSIS 

Maxim\111 StreSB Ratio Axial 

Fn• e Beam Column Shear Wall Force 

~ ~ ~ Shear ..Uw?!l 
Elaat1c 1 Shear Wall 1 2 psi (Maximum Deflection = 2,2 in.) 

A 37,5 1,35 0 

<1 < 1 2.9 
COE <1 <1 6,2 

F < 1 < 1 9,0 
G < 1 < 1 5,3 
H 35,9 2,55 0 

Elaatic 1 Frame 1 16 psi (ymax = 670,2 in,) 

A 45,5 23,9 584,4 

D 50,8 20,5 886,9 
CDE 31.5 20,2 846,8 

F 45,6 20,2 1396,6 
G 45,6 18,6 968,9 
H 35,6 21,7 375,6 

Elastic. Frame. 5 psi (y = 135,5 in,) 
max 

A 9,8 4,7 120,4 
B 11,1 4,0 181,3 

COE 6,7 3,7 178,9 
F 9,8 3,7 292,7 
G 9,7 3,7 211,2 
H 7.8 4.3 77,2 

Ela• tic 1 Frame. 4 psi (y = 98,8 in,) 
max 

A 7,2 3,5 87,7 
B 8,1 3,0 131,9 

CDE 4,9 3,1 130,8 
F 7,1 3,1 213,9 
G 7,1 2,7 155,1 
H 5,6 3,2 56,3 

Elaat1c 1 Frame, 3 psi (ymax = 65,4 in,) 

A 4,4 2,3 57,7 
B 5,3 1,6 86,7 

CDE 3,2 2,1 86,4 
F 4,6 2, l 141,3 
G 4,6 1,9 102,8 
H 3,7 2,2 37,2 
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Tnble 2 

SUMMARY OF IU,:SULTS ot· INELA STIC FRAME ANALYSIS 

Axial 
Story Moment Ra t io Duct Httr lw t io 1''orce 
Level Beam Column Beam Column (kips) 

Ine lastic 1 Frame 5 p~ i (Maximum Deflection = 677,6 in ,) 

Roof 1.01 2,01 27,0 29.4 3 ,7 

8 2.51 1.08 29,4 3,0 8,9 
7 2 . 51 1.37 30,9 10.7 11 ,1 
6 2,69 1.19 35,2 U, 1 19,7 
5 2,72 1.35 35,0 8,5 25,3 

1 2,63 1.58 32 ,6 18,2 30,7 

3 2,31 2, •19 26,4 55,7 35,5 

2 0,12 1.26 1 5,5 100,6 
Mezz , 1.23 7,1 100,6 

Inelas ti c 1 Frame 4 ps i (Maximum Deflection = 563,7 in.) 

Hoof 1.81 1.91 23,2 26,7 3,5 
8 2.25 0,95 25,7 < 1 8,2 
7 2,31 1.32 26.7 9,0 13,0 

6 2 , 1 3 1.03 29,5 1.7 18.1 
5 2,15 1.28 29 .3 8,1 23.2 
ti 2,31 1.50 26.1 15,9 28,1 
3 2,03 2.09 21.1 12.2 32,4 

2 0,09 1.09 < 1 3,0 72,6 

Mezz , 1.17 3.1 72,6 

Inelastic 1 Frame 3 psi (Maximum Deflection = 249.0 in.) 

Roof 1,30 1.31 8,4 10.1 2,6 

8 1.51 0, 98 11.8 < 1 6,0 

7 1,60 1.12 12,6 2.6 9,6 
6 1.62 0,9·1 13.1 < 1 13,2 
5 1,61 1.15 13,2 1,1 16,8 

1 1.55 1,16 11,5 5,8 20,3 

3 1.45 1,62 9,1 20,6 23,5 

2 0.07 1.01 < 1 1,1 59,3 

Mezz, 1.03 1.9 59,3 
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2 psi, since the moment ratios for the shear walls are above 35 for the 

2-psi-overpressure level. Therefore, it was assumed for the frame anal

yses that the inset end walls contributed negligible resistance to the 

building, and that the analysis of the frame acting alone should ade

quately model the building behavior under lateral load,* 

An elastic analysis of the frame for 16 psi, which approximates the 

i.ncipient collapse overpressure of the exterior walls, indicated a maxi

mum stress ratio of about 24 for the columns and 51 for the beams, Since 

the elastic analysis was much simpler than the inelastic analysis, the 

frames were then analyzed for elastic behavior at 5-, 4-, and 3-psi 

overpressures to obtain an estimate of the frame strength. The results 

of the elastic analyses, summarized in Table 1, indicate that the strength 

of the frames was probably in the range of the lower overpressures exam

ined, and therefore the inelastic frame analyses were run at 5-, 4-, and 

3-psi incident overpressure levels. 

The inelastic analyses, summarized in Table 2, indicated maximum 

ductility ratios at 3 psi of 13,4 for the beams and 20.6 for the columns, 

and maximum moment ratios of about 1.6 for the beams and columns. At 

the 4-psi level, the maximum ductility ratios were 29.5 in the beams and 

42,2 in the columns, and the maximum moment ratios were in excess of 2. 

A simplified hand calculation indicated that the P-6 effect, which is 

not included in the computer program, would increase some of the moment 

* Ref, 39, which was a study of the effect of masonry filler walls on 
frame response, indicated that inset walls do have a significant effect 
on the frame resistance, even after cracking of the walls. The avail
able frame program (Ref. 8) used could not model the effect of a cracked 
inset wall on the frame resistance without considerable modification. 
However , since the moment ratios were quite high for the 2-psi overpres
sure level, and since only two of eight frame lines had inset walls, it 
was felt that neglecting the inset walls did not significantly affect 
the estimate of frame collapse. 
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ratios by over 50 percent. As noted on Figure 21, the calculated lateral 

deflection of the top story, for the inelastic frame analysis, was about 

21 ft for the 3-psi overpressure level, and 47 ft for the 4-psi level, 

Summary 

The results of the analyses provide an estimate of the collapse 

strength of the structural steel frame of the bank building under blast 

loading, even though the computer program used cannot predict frame col

lapse. If it is assumed that the frame would collapse at a ductility 

• ratio of about 50, then the estimated collapse overpressure is between 

3- and 4-psi incident overpressure level. The actual blast strength 

could be much less, since the effect of the axial column load (P-6 effect) 

and frame collapse mechanisms, such as column buckling and instability, 

are not accounted for in the computer program. 

It should be mentioned that the frame of the North Carolina National 

Bank building appears to be constructed of relatively light structural 

shapes that may not necessarily be typical of most NFSS structures, In 

any event, however, the analysis indicated that the blast resistance of 

the frame of the building was much less than (possibly only one-fourth) 

that of the exterior walls. This, of course, is an important consideration 

in predicting either the magnitude of building damage or the number of 

casualties that might occur in buildings subjected to nuclear air blast • 

• The selection of a ductility ratio of 50 as indicating a possible frame 
collapse is arbitrary, but is felt to be conservative for estimating a 
frame collapse from the results of an inelastic analysis. Other in
vestigators, e.g., Ref. 40, have used a frame ductility ratio of 20 to 
indicate collapse, However, the actual ductility ratio used to estimate 
collapse is not too important, since, as noted on Table 2, for an in
crease in incident overpressure level from 3 to 4 psi increases the 
maximum column ductility ratio at story level three from 20.6 to 42.2. 
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Appendix A 

CORRELATION OF ANALYTICAL AND EXPERIMENTAL RESULTS 
FOR LONGITUDINALLY RESTRAINED REINFORCED CONCRETE SLABS 

Introduction 

This appendix compares the analytical predictions obtained using 

the theoretical procedures deve 1 · ped in the main body of the report to 

experimental results from several tests of reinforced concrete slabs with 

longitudinally restrained edges. The experimental results are primarily 

for staticall y loaded slabs, although results for a few dynamically loaded 

slabs are included, AJl slabs were uniformly loaded. 

Results from th~ following tests are included in the comparison. 

• NCEL (Ref. 10)--Static and dynamic tests of 72-in. 
square slabs, 3-in. to 6-in. thick (Ls / h

9 
= 12 to 24), 

are reinforcement ratios from Oto 1,33 percent. 

• WES (Ref, 11)--Static and dynamic tests of 29-in. 
square slabs, 0,89-in, thick (Ls / h1 = 32,6), and 
reinforcement ratios from 0,55 to 1.02 percent. 

• MIT (Ref, 12)--Static tests of 15-in, square slabs, 
0,75-in. to 1,50-in. thick (L5 / h1 = 10 to 20), and 
reinforcement ra t ios from Oto 2,0 percent. 

• Wood ( From Ref, 10)--Sta tic tests o f 68-in, square 
slabs, 2,25-in, thick (Ls / h, = 30,2), and reinforce
ment ratios from Oto 0,26 pe rcent, 

• Park (Re f. 9)--Static tests of 40-in. by 60-in. s l abs 
(L1,. / Ls = 1.50), 0,98-in. to 2,0-in, thick (Ls / h

1 
= 

20,0 t o 40 ,SJ, and r e inforcement ratios from Oto 1,21 per
cent. Edge restra int s include : (1) all edges full y r e 
s trained; (2) one s ho rt •di,: l! simpl y i;upportccl on roll e r s , 
with r •rnainin~ •clg •s full y r •strain rt ; a nd (:j) o ne l o n~ 
ed ge simp l y s upport ed o n rol 1 •rs, 1d th rcmainin~ •dges 
fu 11 · r est r o i ned. 
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• Powell (From Ref. 9) - -Static tests of 20. 57-in, by 
36,0-in. slabs (~/L5 = 1.75), 1.286-in. thick, 
(L5 / h1 = 16.0), and reinforcement ratios from Oto 
1.53 percent. 

The results of these comparisons are presented in the following sub

sect ions. 

Statically Loaded Slabs 

The theoretical resistance functions outlined in a previous section 

are compared to results obtained from static load tests on longitudinally 

rdstrained reinforced concrete slabs. These comparisons are divided into 

tw,, groups: (1) slabs with al 1 edges fully restrained, and (2) slabs 

with one edge simply supported and the remaining edges fully restrained, 

Slabs with All Edges Fully Restrained 

Dimensions, reinforcement data, and concrete and steel strengths 

for the slabs with all edges fully restrained are summarized in Table A-1. 

Predicted resistance and deflection values for the stages of behavior 

shown in Figure 1 in Section II are compared with the test values in 

Table A-2. Average values of predicted-to-test results are given for 

each group of test slabs, as well as for the total number of slabs, In 

general, the predicted results compare favorably with the test results, 

The ultimate flexural resistance computed from Eq. 42 is on the 

average 13 percent higher than the test results. The greatest disparity 

occurs for the slabs tested by Wood (Hef. 10), Park (Ref, 9), and Powell 

(Ref . 9). One reason f o r this ma y be that the concrete strength for 

these slabs i s based on the cube s trength, with the corresponding cylinder 
, 

s trength, t c assumed to be 80 pe r cent of the cube strength. This per-

centage mu · bo on the high 1:1 1de . The predicted ul limatc flexural resis

tance i s a l s() so •n l() be~ he lt e r for t ho squ a re fllab1:1 thun fo r the 
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rectangular slabs. This may be due to the deflection required to develop 

the crushing strain of the concrete along the hinge lines being different 

for the x- and z-direction strips. Since the resiatance predicted by 

Eq. 42 is based upon the ultimate deflection for the z-direction strips, 

this results in a slightly erroneous value for the x-direction strips, 

and thus for the predicted ultimate resistance. The predicted ultimate 

deflection for the compressive membrane region is slightly lower than 

the measured values. This also contributes to the higher predicted 

strengths. As discussed previously, the ultimate deflection given by 

Eq. 28 is bounded by an empiric~! upper limit of 0.42 times the slab 

thickness. 

The predicted secondary resistance is on the average 9 percent li.lgheg

than the measured resistance. The corresponding predicted deflec t1c.m ls 

on the average 9 percent lower tht\.n the test resul t ,. As was the ease 

for the ultimate deflection in the con~ressive membrane region, the 

secondary deflection is bounded by an empirical upper limit, the limit 

for this deflection taken as three times the slab thickness. A• Ch~'fffl in 

subsequent plots of the load-deflection curves, the secondary resistance 

region is generally not well defined. This is particularly true for the 

deflection. The predicted values are meant to be approximate only. In 

general, it is felt the difference in predicted and test resistance during 

this region has a minor effect on the total predicted behavior of the 

slab, 

The predicted values for the ultimate tensile membrane resistance 

and deflection are both on the average approximately 25 percent higher 

than the measured values. These percentages may be somewhat misleading, 

however, as the test values do not correspond to failure values for all 

the test slabs. This is the case for the NCEL slabs, where at the de

flections indicated for Ytt, the slabs, though badly damaged, are still 
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intact. The deflections for the slabs tested by Park similarly do not 

indicate collapse. The values for the slabs tested at WES and MIT, how

ever, correspond to significant rupture of the steel reinforcement and 

partial collapse of the slabs. The agreement between the predicted and 

test results is quite good for these slabs, particularly for the collapse 

defloc tion. A better value t'or comparison purposes may be the slope of 

the tensile membrane resistance curve (q,t / Yrt>• The agreement between 

the predicted and measured slopes of the tensile membrane resistance is, 

on the average, quite good, 

Variation of the static resistance with the center deflection is 

shown for several of the test slabs in Figures A-1 through A-4. Both 

predicted and measured results are given. A brief discussion of the 

results for each group of tests is also presented in the following para

graphs. 

NCEL, As can be seen from Table A-2 and Figure A-1, the predicted 

resistance functions for the NCEL slabs agree quite well with the test 

results. This is particul- rly true for the compressive membrane region, 

which is the primary region of interest for this study, In general, good 

agreement is also found for the secondary resistance, However, comparison 

of the maximum tensile membrane resistance values given in Table A-2 

show the predicted results to be considerably higher than the test results. 

As can be seen from Figure A-1, the slope of the predicted resistance 

curve during this region is only slightly less than the slope of the 

measured resistance, Thus, the discrepancy in the maximum resistance is 

due primarily to the difference between the predicted and measured values 

of the collapse deflection, Ytt• The test values of Yrt for the NCEL 

slabs correspond to rupture of the steel reinforcement at the supports. 

A review of the photographs given in Ref. 10 for the slabs after the 

static tests shows that although the slabs are severely cracked, they are 
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still intact and would still provide protection. How much reserve 

strength, if any, the slabs still have is unknown, Thus, comparison of 

the maximum tensile membrane resistance is felt to be somewhat question

able for these slabs, 

WES, The predicted and test results for the WES slabs are presented 

in Figure A-2, These results indicate that the predicted ultimate 

strength in the compressive membrane region agree quite well with the 

test results, although the corresponding predicted ultimate deflection 

is about 80 percent of the test values on the average, As indicated in 

Table A-1 the steel reinforcement percentag~ for the edge strips of the 

slabs was different than for the middle strips, Since the procedures 

developed in this study assume a uniform distribution of steel reinforce

ment in each slab direction (not necessarily the same in both directions), 

an average value of the reinforcement in the middle and edge strips was 

used in the analysis, Agreement between the predicted and measured 

results for the secondary and tensile membrane regions is also quite good, 

MIT, The predicted resistance functions are compared to the load

deflection behavior obtained from tests of longitudinally restrained slabs 

conducted at MIT in Figure A-3, The predicted resistance compares fairly 

well to the test results in the compressive membrane region , but is some

what high in the tensile membrane region, The predicted deflection at 

collapse compares very well with the test results, however, 

Wood. No resistance functions were plotted for the slabs tested by 

Wood (From Ref, 10) . Also, results are presented in Table A-2 for the 

compressive membrane region only, For this region, the predicted resis

tance is approximately 25 percent higher than the test results . One 

possible reason for this discrepancy may be the facjor used in converting 

the cube strength of the concrete to a corresponding cylinder strength. 

89 



The cylinder strength was assumed to be 80 percent of the cube strength. 

This assumed percentage may be somewhat higher than is actually the case. 

Park. Table A-2 compares predicted resistance functions values to 

the results presented in Ref, 9 for tests on rectangular slabs (length

to-width ratio of 1.5). R~presentative plots of the predicted and actual 

load-deflection curves are also given in Figure A-4. The predicted 

results compare fairly well with the test results for the compressive 

membrane region. However, for the secondary region the predicted resis

tance is approximately 30 percent higher than the test results. The 

predicted slope for tensile membrane region is considerably below the 

test results. It should be noted that test results are available only 

for slab deflections up to 4.0 in., rather than up to failure. Compari

sons of predicted and test results for the tensile membrane region are 

thus qu ostionable for these slabs. 

Powell, Results are presented in Ref. 9 only for the ultimate 

compressive membrane strength of the rectangular slabs (length-to-width 

ratio of 1.75) tested by Powell. The predicted ultimate resistance for 

this region is on the average 22 percent higher than the test results. 

Slabs with One Edge Simply Supported 

Park (Ref. 9), in addition to his tests on rectangular slabs with 

all edges fully restrained, also conducted tests on two additional series 

of slabs with one of their edges simply supported on rollers, the remain

ing edges o f both series being fully restrained. The series B slabs were 

tested with one of the short edges simply supported, while the series C 

slabs were tested with one of the long edges simply supported, The steel 

contont of these series of slabs was the same as the corresponding series 

A slab listed in Table A-1 (i.e., steel contents of slabs Al, Bl, and Cl 
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were idEntical), except that there was no top steel at the simply sup

ported edge and that the length of the other top steel was such as to 

suit the particular slab. The remaining dimensions and properties were 

also the same except for the concrete strengths, which are listed in 

Table A-3, 

Predicted resistance and deflection values for the various stages 

of behavior are compared with the test results in Table A-3. Variation 

of the static resistance with the center deflection is shown for both 

predicted and test results of the slabs in Figure A-5, Due to restric

tions of the computer program, the predicted results for the compressive 

membrane region are based upon all edges restrained against rotation 

rather than the actual case of one of the edges simply supported. The 

predicted results reflect the actual condition of no longitudinal re

straint in the direction perpendicular to the simply supported edge, 

however, 

Because of the necessity of treating all edges as restrained against 

rotation for the calculation of th~ ultimate flexural resistance, the pre

dicted results would be expected to be slightly higher than the test 

results. This is found to be the case for the slabs with one of the long 

edges simply supported: the predicted ultimate flexural resistance is 

37 percent higher on the average than the test results. For the slabs 

with one of the short edges simply supported, however, Lhe predicted 

ultimate flexural resistance is 13 percent less than the test results. 

However, the analytical predictions neglected to consider the compressive 

membrane forces in the direction at right angles to the simply supported 

edges, Some membrane forces are bound to develop in this direction 

because the fully restrained edges adjacent to the simply supported edge 

are unable to increase in length. This effect is felt to be greater for 

the slabs with one of the short edges simply supported due to the greater 

length of the fully restrained long edges. 
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An additional factor in the coapari•on of the predicted and actual 

ultiute flexural resistance 1• the difference in the corre•pondilll 

ultimate deflection•• The predicted ulti• ate deflection for the •lab• 

with one of the short edge• •iaply supported in 0.84 in., equal to upper 

bound empirical limit of 0.42 times the slab thickne••• The corre•pond

ing ultimate deflection wa• only 0.30 time• the •lab thickne••• however. 

Since qu decrease• with increa•in1 Yu, the 40 percent hi1her deflection 

contributes greatly to the 13 percent lower predicted ulti• ate flexural 

resistance. The opposite effect exiat• for the slabs with one of the 

long edges simply supported, The predicted ulti• ate deflection, which 

for this case ia calculated using Eq. 29, is on the avera1e 28 percent 

lower than the experimental deflection. Thia 1• a large contributor to 

the 37 percent higher predicted ultiute flexural re•i•tance, particularly 

for slabs C3 and C4. Due to the increaain1 percentqe of •teel rein

forcement in the short direction a• compared to the lon1 direction, the 

value of 8 definin1 the location of the yield line• ia reduced, thus 

resulting in reduced value• of the predicted ulti• ate deflection. The 

predicted ultimate flexural re•i•tance for these two slab• i • approxi

mately 70 percent greater than the corre•pondiq teat re•ult •. 

Test result• for the secondary re•istance are available only for 

the • labs with one short edge simply •upported. For the•e slabs, the 

predicted secondary resiatance is on the avera1e 40 percent hi1her than 

the test values. One reaaon for this is a1ain the treatin1 of the • i111PlY 

aupported edge a• being rotationally restrained for co..,utational pur

poses. The predicted secondary deflection ia on the avera1e 65 percent 

higher than the correaponding experimental deflection•• 

The • lope of the predicted tensile membrane resistance curve 

(q,t IY,t) fo1· the Blab• with one edge si• ply •upportod 1• approxiutely 

two-thirds of the measured results. Thia discrepancy a1ain, no doubt, 

results from neglecting any tensile membrane force• in the long direction 
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perpendicular to the si111ply supported edge. 'fhe ten• lle membrane re• is

tance for slab 81 is less than the secondary rc• i • tanco (flexural re• is

tancc with no co11pressive me• brane force•). This is al•o true for the 

slabs with one of the long edges simply supported. As wa• the ca1e for 

the slabs tested by Park with all edges fully restrained, the •a• ured 

deflection• for Ytt do not corre1pond to collap•e of the slab, 

Overall, the prod icted results fo1' the slab1 with one edge • imply 

1upported and the remaining edge• fully restrained arc seen to only 

approxiute the actual results. This is due, no doubt, to the many 

a• 1umptions required for the analysis. 

Dynamically-Loaded Slabs 

This section compares the predictt~ dyna• ic behavior of longitudi

nally restrained slabs to the time-deflection response of dynamically 

loadet' slabs tested at NCEL and WES (Refs. 10 and 11). For all the 

• labs, the edge• were fully re1trained. Dimen1ions, reinforceaent data, 

and steel strengths arc the same as the corre• ponding statically loaded 

slabs, except for the concrete strengths, which •re given in Table A-4. 

A coaparison of the predicted and measured results for the dyna• ic tests 

is al10 given in Table A-4. Typical deflection-time histories, both 

actual and predicted, arc shown for several of the slab te1ts in 

Figures A-6 to A-9. A discussion of the results for the two series of 

tests is presented in the following paragraphs. 

NCEL. Three slabs were subjected to dyna• ic loads. Except for the 

concrete strengths, which are listed in Table A-4, the slab• were the 

same as the corresponding statically loaded slabs li1ted in Table A-1. 

The dynamic load• consisted of an approximately rectangular load impulse 

with a 1hort rise time (1 to 2 msec). For the final loadin1 on each slab, 

sudden decreases in the pre1sure occurred as the air leaked through the 

slab. 
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Table A•4 

THEORETICAL VERSUS TEST RESULTS FOR DYNAMICALLY LQ\OED SLABS 

Maxi• ua Dynamic Time to llaxi• ua 
Peak Deflection (in.) Deflection ~••c~ 
Load f' C DIF Theory Theory 

Teat !e.!l ie!!l .w. Theory Teat Teat Theory THt1 Teat 

!£!!: 

3D1•1 3.5 3795 40 0.024 0.05 0.48 5.2 5.2 1.00 
3D1-2 10.5 3795 40 0.10 o.os 1.11 7.5 7.1 1.06 

40 1.07 29 
3D1•3 39.0 3795 30 S.36 10+ 55 >,l.00 

20 7.20 42 

Incipient 59.9 3795 40 20 
CollapNd 56.2 3795 30 10.8+ 25 

Load 50.6 3795 20 25 

4. 75D1 10.5 3320 0,03 4.0 
4. 7502 18.0 3330 10 0.05 0.05 1.00 4.0 4.2 0.96 
4. 7501-3 50.0 3320 40 0.26 0.37 0.10 6.o 7.0 o.&6 
4.75D1•4 62.0 3320 40 0.38 0.46 0.83 1.0 7.5 0.93 
4. 7501-5 77.0 3320 40 o.eo 7.0 
4.75D1-6 87.0 3320 40 0.76 0,76 1.00 8.0 9.4 0.85 

40 1.29 30 
4. 75D1•7 98.0 3320 30 1.75 12+ 13 

20 9.64 10 

Incipient 124.4 3320 40 2& 
CollapH 117.0 3320 30 10.8+ 25 
Load 109.3 3320 20 25 

4. 75D2•1 11.0 3595 40 0,016 0,04 0,40 3.0 4.2 0.71 
4,75D2·2 91.0 3595 40 0,84 0.77 1.09 s.o 7.1 1.13 
4.75D2•3 55.0 3595 40 0.32 o.5o 0.64 6.o 6.0 1.00 
4. 75D2-4 91.0 3595 40 0.84 0,96 0.88 s.o 7.7 1.04 

40 1,72 12 
4. 75D2·5 110.0 3595 30 9.66 9.2+ 30 :>25 

20 10.8 25 

Incipient 123.5 3595 40 25 
CollapH 116.3 3595 30 10.8+ 25 
Load 109.4 3595 20 25 
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Table A-4 (Concluded) 

Maximum Dynamic Time to Maximum 
Peak Deflection (in,) Deflection (msec) 
Load f, 

e DIF Theory Theory 
Test il?.!ll 1f.!.!2. (%) Theory Test Test Theory Test Test 

WES 

IDl 15,0 3683 25 0,48 0,25 1.92 7 
IDlB 34,7 3683 25 4,35+ 13+ 9 24 
ID2 26,5 3485 25 4,35+ 7,5+ 0,58 12 31 0,39 
ID3 27.8 3485 25 4,35+ 13+ 12 31 0,39 
ID4 27,0 3485 25 4,35+ 7,0 0,62 12 34 
IDS 27 ,4 3485 25 4,35+ 13+ 12 15 
Incipient 18,2 3683 25 4,35+ 20 
Collapse 
Load 26,4* 3683 25 • 7, 25+ 16 

IIDl 56,8 3810 25 4,35+ 13+ 7 15 
IID2 36,6 3810 25 4,35+ 8,1 0,54 10 28 0,36 
IID3 43,1 3810 25 4,35+ 13+ 9 28 
Incipient 25,6 3810 25 4,35+ 14 
Collapse 

38,8* Load 3810 25 7,25+ 14 

• Based on collapse deflection of 0,25 of the slab length, 
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Slab 3D1 required three cycles of loading to failure, while slabs 

4.75D1 and 4,75D2 were subjected to seven and five cycles of loading, 

respectively. All slabs received very little damage prior to the last 

cycle of loading. The last cycle of lo&aing caused a local failure of 

slab 3D1 and total destruction of the 4.75-in, thick slabs. 

Results in Ref. 10 indicate a dynamic increase factor (DIF) of 30 

to 60 percent for the dynamically loaded slabs. A value of 40 percent 

was used f or the predicted results given in Table A-4, Except for the 

last cycle of loading for each slab, the predicted maximum deflection and 

corresponding time of occurrence are in good agreement with the test 

results, For the last cycle of loading, however, the predicted results 

do not indicate failure, as occurred during the tests. Therefore , addi

tional predictions were made for 20- and 30-percent dynamic increase 

factors, Predicted time-deflection histories are compared with test 

results for several of these tests in Figures A-6 to A-8, Results are 

discussed for each of the slabs in the following paragraphs, 

The predicted deflection time-histories shown for test 3D1-3 in 

Figure A-6 indicate that the best agreement with test results occurs 

for a dynamic increase factor of 30 percent, As indicated in Table A-4, 

however, the best agreement for maximum deflection occurs for a DIF of 

20 percent .. This discrepancy may be due, at least in part, to the local 

failure ~xperienced by slab 3D1, 

Predicted deflection-time histories are compared to the results 

from tests 4,75D1-2, 4,75D1-4, and 4,75D1-7 in Figure A-7. The predicted 

deflection-time curve for test 4,75D1-2 agrees quite well with the test 

results, For test 4.75D1-4, the predicted maximum deflection is somewhat 

' c ss than that experienced during the test, After the maximum deflection 

occurs, the predicted deflection-time curve deviates considerably from 

the test results, This large deviation results from neglecting damping 
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in the dynamic analysis. For test 4.75D1-7, the best agreement between 

predicted and actual results occurs for a dynamic increase factor of 

20 percent. 

Predicted deflection-time histories are compared to results from 
• 

tests 4.75D2-2 and 4.75D2-3 in Figure A-8. The predicted deflections 

are in fairly good agreement with the ac t ual results up to maximum de

flection. After this, again because damping was negl~cted in the dynami.c 

analysis, the predicted deflections dcviat o widely from the actual results, 

No results wn r e plotted for test 4.75D2- 5. The results from Table A-4, 

however, indicate the best agreement between predicted and test results 

occurs for a dynamic increase factor of 30 percent. 

Incipient collapse pressures were also predicted for the three test 

slabs, using dynamic increase factor factors of 20, 30, and 40 percent. 

These values are shown in Table A-4. Comparison of these values with the 

measured peak loads for the last cycle of loading for each slab indicates 

that the best agreement occurs for a 20-percent dynamic increase factor. 

Even these values are slightly higher than the actual test results. Pos

sible reasons for this may be inaccuracies in the predicted resistance 

function, particularly for the tensile membrane region, and possible 

damage experienced by the slabs during the prior test load cycles. 

WES. Dynamic tests were conducted on eight slabs, Properties for 

these slabs were the same as listed for the corresponding series I and 

II slabs in Table A-1, except for the concrete strengths, which are 

listed in Table A-4. A comparison of the predicted and test results is 

also given in Table A-4. The dynamic loads consisted of an approximate 

triangular impulse with a rise time of about 4 msec, followed by a fairly 

rapid decay until about 20 msec, and a slower decrease to zero at about 

100 to 120 msec. Except for test IDl, the pressures were such that col

lapse occurred on the first cycle of loading. Due to bad primacord, a 
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low pressure of 15 psi resul t ed for test IDl, with only hairline cracks 

occurring around tho periphery of th~ slab. A second test load, IDlB, 

collapsed the slabs. 

I 

Based on results from Ref. 11, a dynamic increase factor of 25 per

cent was used for the predicted results given in Table A-4. A comparison 

of these results with the test results at first glance indicates a wide 

disparity, It should be noted, however, that the values given for the 

maximum test deflections include behavior after collapse of the slab has 

occurred, while the predicted results are only concerned with behavior 

up to the predicted collapse deflection. Since so many of the test slabs 

experienced total collapse, comparisons between the predicted and test 

results a.e inconclusive, However, disregarding deflections of the slabs 

that totally collapsed (and also test IDl), the maximum deflections aver

aged 7,25 in, (25 percent of the slab span) for the series I slabs and 

8.1 in, (28 purcent of the slab span) for the series II slabs. The pre

dicted results, however, indicate collapse to occur at 4.35 in., or 50 

to 60 percent of the actual deflections. The reason for this discrepancy 

may be due to the fact that statically-loaded slabs (on which the pre

dicted resistance is based) start to fail in one area, subsequently 

unloading the rest of the slab. Thus, failure is concentrated in one 

area of a statically loaded slab. Dynamically loaded slabs, however, 

tend to fail more uniformly, with the quicker response of the slab 

evening out the local defects. This may result in a larger deflection 

since local effects are minimized, 

Predicted and actual deflection-time histories are shown for several 

of the slabs in Figure A-9. These results indicate that, for tbe periods 

of comparison, the predicted response is quicker than actually occurred, 

One reason for this difference is the use of the load-mass factor (used 

in simplifying the actual slab to an equivalent single degree-of-freedom 

system) corresponding to the plastic region for the entire range of 
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behavior. During the initial stages of behavior, the actual slab is 

somewhat stiffer than indicated by use of this factor, While having a 

minor effect on the maximum response, the effect on the time to maximum 

response is less than actually occurred. This effect is also obsorved 

in comparing the predicted and actual time to maximum deflection in 

Table A-4. This effect is felt to be minor as far as the incipient 

collapse overpressure is concerned. 

Predicted incipient collapse overpressures for the series I and II 

slal,s were calculated as 18.2 psi and 25.6 psi, respectively. These 

values correspond to the upper boutd average values of 28.7 psi and 45.5 

psi, respectively, obtained from the testR , Modifying the resistance 

functions to reflect the collapse deflections observed in the test (0.25 

of the slab length) increases the predicted incipient collapse overpres

sures to 26.4 psi and 38.8 psi for the series I and II slabs, respectively. 

These correspond quite favorably to the actual results. 

Summary 

In general, the analytical predictions for the static resistance of 

longitudinally restrained, reinforced concrete slabs were found to compare 

favorably with experimental results from several tests of statically and 

dynamically loaded slabs. This correlation was extremely good for the 

compressive membrane region for the square slabs fully restrained on all 

four edges. The predicted ultimate compressive membrane resistance for 

rectangular slabs fully restrained on all edges was found to be slightly 

on the high side. Predicted secondary resistance and deflection values 

were also found to compare favorably with experimental results. Although 

predicted values for both the ultimate tensile membrane resistance and 

deflection were about 25 percent higher than the measured results, these 

comparisons are somewhat misleading, since not all of the slabs were 

10s 



~ested to collapse, Agreement between predicted and measured reaul t a 

for the slope of the tensile membrane resistance was quite good, 

A limited number of comparisons were also made fo r rectangular 

slabs with one edge simply supported ~n rollers and the remaining edges 

fully restrained, In general, correlation between the predicted and 

measured resistance function values was only fair, These results would 

tend to indicate that for such slabs the predicted resistance function 

should be considered as approximate only, 

Predicted dynamic response was also compared with the time-deflection 

behavior of several dynamically loaded square slabs with all edges longi

tudinally restrained, The slab response model generally provided an 

adequate prediction of the experimental behavior, Dynamic increase fac

tors of 20 to 40 percent were used in calculating the predicted response, 

Best correlations were obtained for a dynamic increase factor of about 

25 percent. Experimental results also indicated dynamic collapae deflec

tions on the order of 25 percent of the slab length, as compared to values 

of approximately 15 percent of the slab length obtained from the static 

tests used in most of the analyses. This increase is felt to be due to 

tho minimizing of the effect of local failures as a result of the rapid 

response of the dynamically loaded slabs as compared to the statically 

loaded slabs. 
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beam 

Slope of end portion of slab strip 
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width about 
averaie 

simultaneous 
steel and crushinK of 

, lb/ in. 

behavior 
fiber of concrete 

behavior 

and ultimate 

1111Jmber, 

ur it area of 

of longi
reinforced concrete slab, 

area of 

concrete 

unit area of wood-

area for elastic 

p ') fy /f;', in. 

movement of slab in x
th in long direction 
restraint 

restraint 

slab in z
direction 

, . .. , .. 

,, 
. . .-.-, 

X 

Longitudinal -,veaent per unit length of slab 
strip in x-directton and z-directton resulting 
from effect of partial restraint and axial 
strain, in ./ in, 

Total work done by the resisting moment and 
thrust on the slab, in,-lb 

Work done by the resisting moment and thrust 
on the slab strips in the x-direction and z
d i rection, lb 

Distance along slab in long direction, in. 

Y Deflection of slab along yield line, in. 

Ye Deflection at center of beam or slab, in. 

Jtt Deflection at collapse of slab in tensile 
membrane mode, in. 

Ya Deflection at development of secondary resis
tance of slab, in, 

Yt 

z 

B 

Deflection at intersection of secondary and 
tensil e membrane phases, in. 

Deflection at ultimate resiHtance of slab or 
beam, in, 

Maximum deflection for elas t ic phase, in. 

Distance along slab in short direction, in. 

Coefficient relating the height of a wood beam 
to the distance from the compression face to 
the neutral axis 

Coefficient defining location of yield lines 

Parameters defined by Eqs, la and lb 

c Strain, in./in. 

,. Total axial strain along a slab strip resulting 
from the compressive membrane force, in. / in. 

c, Strain in tension steel, in./in. 

c; Strain in compression steel, in./in. 

Cu Ultimat& concrete strain in flexure, in./tn. 

Angle of rotation of slab strip in x-direction, 
radians 

Radius of curvature of neutral axis of bending 
beam 

Slope of end portion of slab strip, r adians 
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