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PREFACE

The work repor ted here in is sponsored by the Defense Nuclear Agency

under Contract  No. DNA OOl—77—C—0104 with Weidlinger Associates. It

0 cons t i tu tes  the th i rd  phase of a study to define the requirements for

applying dynamic finite element methods to analyses of MAP shel ter  struc-

tures.  In the current  phase , the shel ter  analy3is methodology developed

in Phases 1 and 2 of the study is app lied to a pretest simulation of

Event S4 of the HAVE HOST series. The simulation calculation is made to

support the test program and SANSO’s closure des ign validation effort.

The authors would like to thank Mr. T. Kennedy and Dr. C. IJ l lr ich ,

project monitors for DNA , for  thei r helpful comments and to SANSO , TRW ,

AFW L and , in partic ular , the S4 Test Working Group (S4 TWG) f o r  providing

much of the information needed for the study .
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SECTION I

INTRODUCTION

This is the t h i r d  phase of a study which examines the application

of dyna mi c f in ite elemen t methods to the analysis of shelter—l ike structures

in a n u c l e a r  env i ronmen t .  In Phases I and 2 , the e l a s t i c  d e f o r m a t i o n  modes

of the she l te r  s t r u c t u r e , the i r  s e n s i t i v i ty  to v a r i a tio ns  in the  applied a i r—

blast  waveforms  and the e f f e c t  of i n e l a s t i c i t y  and compute r  m o d e l i n g

were investigated. An analysis  methodology fo r  pe r fo rming  dynamic  analy-

sis of the shelter was developed . The procedure involves modeling the

shelter—like structure and its medium according to the guidelines estab-

lished in the study , including those characteristics of the air over—

pressure which have been found significant and separating the analysis

into two distinct but comp lementary components: the short—term and long—

term analyses. These and other results from Phases 1 and 2 have been

documented in Reference 1.

The present phase of the study continues the work described in

Refe rence 1, and consists of apply ing the methodology developed to a parti-

cular case study , namely , Event S4 of the HAVE h OST series. In Event S4

a half—scale prototype shelter of the S4 design will he subjected to a BEST

simulated attack environment. This simulation calculation is completed

prior to the test event , which is scheduled in mid—Jul y 1978 at the time this

report is being prepared.

The ma in objective of the present work is to provide analysis support

to the test program and to provide data for the evaluation and validation

of the S4 clos ure design. In add ition , by comparing the simulation results
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and test data , when available , it possible to obtain a preliminary

assessment of the applicability of the analysis methodology proposed

in Reference 1. Although the methodology is general in that it is app licable

to a class of shelter—like structures under various loading conditions ,

its evaluation based on a single case study such as the S4 will be re—

stricted . Of all aspects of the methodology , the short—term analysis

and headworks modeling considerations can best be measured in this man-

ner.

The remainder of this report is organized as follows : A brief des-

cription of the S4 test setup is given in Sec ti on II , f ollowed by a

description of the simulation model in Section III. Because of the vast

amount of simulation r?selts obtained , only selected results pertaiiiing

to the response phenorrenology are included -is Section TV . A d d i t i o n a l

si m ul a t i o n  r e s u l ts  wh cli can he used to corre lat  e wI t hi test da ta  a re  d o c u—

mented in a separate report ( R e fer e n c e  I I ) .  Major  f i n d i n g s  and conc lus ions

of the stud’~ are summarized in Section V .

ii
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SECTION II

EVENT S4 , HAVE HOST SERIES

The S4 Event of the HAVE HOST Test Program was conducted at

the Air Force Weapons Laboratory (AFWL) test site on the Luke Air Force

Range, Arizona. A half—size MAP shelter of the S4 design was tested.

Unlike previous tests in the HAVE HOST series which utilized a Dynamic

Airhiast Simulator (I)ABS) to provide a simulation of the airblast and

reflected effects on the door and berm over the shelter , the S4 Even t

utilizes the high explosive simulation technique (BEST) to simulate the

local airblast acting at the front face , headw all s, and part of the berm.

Airhia st induced ground motions were not simulated.

2.1. S4 Shelter Confi guration

An illustration of the S4 prototype is shown in Figure 2—1 (Refer-

ence 3). The shelter is bur ied  w i t h  the tube  h o r i z o n t a l  and the f r o n t —

face slanting at 10
0 

to the vertical. The details of the headworks are

shown in Figure 2—2; it has a basicall y rectangular cross section , wi th

a rectangular cavity . Only the front—face and a very small portion of

the top of the headworks are exposed. The top is covered by overb urden

and the sides by two wingwalls and fill. The centerline of the rectangular

headwork cavity is offset from the centerline of the tube.

The closure is a thick composite slab with concrete encased by steel

side and back plates with beveled edges. One of the main purposes of the

HAVE h OST S4 Event is t o  provide test results for the validation of the

shelter concept and , in particular , the validation and evaluation of the

closure/frame design.
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2.2. BEST Configuration

The BEST conf i g u r a t i o n  for Test Event S4 is shown in Figure 2—3

(Refe rence  4). The two cavities , called the vertical and horizontal

BEST cavities , are sepa ra ted by approximately 18 inches of overburden.

The exp losive racks will be preassembled in 19 modules , each 2 feet

wide . The modules will be oriented verticall y on the front—face .

Th rough these two cavities , pressure will he applied to the entire

width of the front—face , wingwalls , and soil berm covering the headworks .

Peak face—on pressure is designed to be 4,5110 J~SI , with propagation
4

v e l o c i ty  up the face at 37 , 000 f ps .  Peak top  p ressure  is  designed to

be 1,400 psi , w i t h  a v e l o c i ty  of 7 , 500 f ps to  s i m u l a t e  the actual a i r b l a s t

wavespeed across the top.

The BEST modules are constructed to yield pressure waveforms to

match the design waveforms given in Fi gure 2—4 (Reference 4). The peak

pressure is reached almost instantaneous ly upon arriyal and half of the

total load impulse is delivered in the first S msec.
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SECTION III

SIMULATION MODEL

The finite element model of the structure and medium used in the

s i m u l a t i o n  anal ysis  of the  S4 test  is basically the same as that used

in the main shelter study (Reference 1); minor modifications have been

incorporated to reflect differences between the prototype and the test

con f i guration (absence of the floor slab and fill in the tube , for  example).

For completeness ’ sake , a br ief descr iption of this model will be repeated

herein. An approximate model for the HEST configuration will also be

discussed in this sect ion.

One of the key material parameters identified in tile main study to

have si gnificant effects on the response of the closure is the shear

strength of the closure concrete. Consequently, in preparing the S4

simulation mode l , ef f o r t s  have been spent in reviewing available data

on the closure concrete properties; the resultant model is described

in Section 3.3.

1 .1 . SI Shelter Model

‘1 The model assumes symmetr y about the center vertical p lane of the

tube and includes onl y the left half or hinge side of the shelter berm con—

fi guration. The f i n i t e  e lement  model of the structure and medium is shown

in Figure 3— 1 .  I t  consis ts  of about 18,000 hex ahedron s and , as can be

seen f r o m  Figure  3—2 w h i c h  shows the details of the headworks model , spec ial

attent&on has been given to the :

(a) cl osure — the back and side plates are modeled using two

elemen ts across the plate—thickness. The concrete portion

is modeled by three elements across the thickness.
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(b) f rame — the steel l ining on the inner frame , as well as

the gap between the frame and closure are modeled. To

alleviate somewhat the constraint  on integration t ime

step imposed by the miniscule gap wid th , the model incor-

pora tes a gap with an ar ti f ici al w id th of 5 inches ( 2 . 5  inches

half scale). This change is not expected to have any effect

on the shelter response.

(c) bearing ring — the  steel bearing ring is modeled in the

ref ined  fashion of the back p la te .  The closure , however ,

is assumed r ig id ly  bonded to the bearing r ing where contact

is made.

(d) t rans i t i on  section — the transition section and the fore

portion of the tube are sufficiently refined so as accurately

to reproduce stress gradients  in th i s  reg ion and the trans-

mission of the bending moment f rom the headworks to the tube.

Two elements are used across the thickness of the cylindrical

wall.

3.2. BEST Load Model

S The BEST conf igu ra t ion  ( the  ve r t i ca l  and hor izon ta l  cavit ies , the BEST

overburden , e t c . )  is rep laced by the main effect it is designed to have on

the she l t e r /be rm conf i gura t ion , i . e . ,  the design loads as described in

Section 2 . 2 .  Ine r t i a l  e f f e c t s  of the HEST overburden are not s imu la t ed  and

wave propagation effects within the HEST overburden material are approximated

by the app l i ca t ion  of a r t i f i c i a l  load—t ime  his tor ies  on the s h e l t e r / b e r m

sur f ace  which  is covered by the BEST overburden in the  test  c o n f i gu ra t i on .
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Peak pressure is assumed to vary l inearly in the reg ion between the two

cavities and in the  regions between the cavities and the overburden l imi t s .

This approximation is illustrated in Figure 3—3 which shows the peak pres-

sure distribution of the assumed loads on the shelter/berm surface. The

times shown are arrival times after first detonation ; those corresponding

to the two BEST cavities are based on the design detonat ion speed (37 ,500

and 7 ,000 f ps , respectively) and those corresponding to HEST overburden

and shel ter/ber m in terface are based on a wavespeed of 800 fps  in the BEST

overburden ma te r i a l .

3. 3. Mater ia l  Propert ies

The in s i t u  soil m a t e r i a l  mode l is iden t i ca l  to t h a t  desi gnated as

DRY SMW— l in Weidl inger Associates ’ ground motion study (Reference 5),

wi th  a densi ty  of 110 pcf  and an t in i a x i a l  loading modulus corresponding

to a wavespeed of 1,500 fps  and an unl oad ing dililational wavespeed

of 3,600 f ps. Its uniaxial behavior is illustrated in Figure 3—4.

The backfill model is based on data obtained from AFWL (Reference 6)

and corresponds to the so—called medium b a c k f i l l  of the da ta  received.

The uniaxial behavior of the model is compared in Figure 3—5 with the AFWL

da ta , showing a loading wavespeed of 800 fps and an unloading wavespeed

of 3 ,000 fps. The dry wei gh t  d e n s i t y  is 120 p c f .

The concrete is modeled as an elastic perfectl y p lastic material , with

an exponent ia l  y ie ld  s u r f a c e  depending on the mean compression . Except

f or the closure , the concrete is characterized by un con f i n e d  compre ss ive

s t r e n g t h  of 6 , 000 ps i .  The concre te in the c losure , however , is assumed

to have an unconfined compressive strength of 10,000 ps i a t 180 days , in—

j
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el uding dynamic e f f e c ts (Re ferences 7 , 8). The yield sur faces  fo r  concrete

in the closure and in other parts of the shelter are compared in Figure 3—6.

Note that at a mean stress of 10,000 psi (J
1 

= 30 ,000 ps i), the shear

strength of the closure concrete is almost twice that of the shelter con-

crete.

In the main shelter stud y (Reference 1) , the shear strength of the

closure concrete is found to have significant effect on the response of

the closure and this effect has been discussed thoroughly . To summarize ,

the closure behaves like a thick plate in flexure in the  e l a s t i c  range

(concrete  m a t e r i a l  w i t h  infinite shear strength) and like a slab in punch-

ing deformation in the inelastic range ~ 1osure concrete with limited shear

strength , based on 6,000 psi unconfined strength). Increasing the shear

s t r e n g t h  by a f a c t o r  of two in the  w o r k i n g  range of mean pressures  w i l l

tend to push t i le c losure behav ior  toward s the  e l a s t i c  ex t r eme .

The s t r u c t u r a l  s teel  in the closure side and backp lates , and in the

f r ame  and b e a r i n g  p l a t e  is modeled as an e l a s t i c  p e r f e c t l y  p l a s t i c  materi-

al w i t h  a von ~1iscs yield surface corresponding to A36 steel. No allowance

is made fo r  e x t r a  s t r e n g t h  above the m i n i m u m  due to s t a t i s t i c a l  va r i a t i on

or dynamic  enhancemen t .

The model parameters for the in situ soil , backf il l , concrete and steel

are listed in Table 3— 1.  The format is consistent with the “CAP ” model des-

c r i p t i o n , although only the in situ soil and backfill are modeled as true

CAP materials. In the concrete model for parts of the shelter other than

the closure , the tension cutoff point is varied based approximatelv on the

amount  of r e i n f o r c i n g  steel t h a t  e x i s t s  in d i f f e r e n t  p a r t s  of the  s t r u c t u r e

(i.e., headworks , f rame , and tube).
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3.4. Analys is  Program

The simulation calculation is performed using the TRANAL code , a

dynamic i n e l a s t i c  3D f i n i t e  e lement  program developed by Weidlinger Associ-

ates for DNA (Reference 9).

Since TRANAL uses an explicit a l g o r i t h m  to i n t e g r a t e  the equations

in t ime , tile i n t eg ra t i on  t ime  s tep used is cons t ra ined  by the mini-

mum transit time across an e lement  f o r  s t a b i l i ty  considerations . The sub—

cyc l ing  c a p a b i l i t y  of the code enables d i f f e r e n t  t ime steps to be used

for  d i f f e r e n t  groups of e lements  ca l l ed  zones , as long as tile s t a b i l i t y

criterion is observed in each zone. In the simulation calculation , the

time step for the zone containing the closure details is necessarily the

smallest  due to  the small  s ize  (2 .5  inch f u l l  scale)  of the elements  used

to model the steel side and backp la tes  and t i le  hi gh wavespeed of s tee l .

The c o m p u t a t i o n  time is about  50 CDC76 00 CPU seconds f o r  0 .1  msec of

real time (full scale).

The s i m u l a t i o n  c a l c u l a t i o n  is p e r f o r m e d us ing  the  f u l l  scale model

fo r  the shelter/berm configuration. This is done mainly for convenience ,

since a f u l l  scale  mode l of S4 was employed in the she l t e r  s t u d y .  The

S BEST desi gn loads are scaled a p p r o p r i a t e ly  to be compa t ib l e  w i th  the f u l l

scale  p hy s i c a l  s t r u c t u r e . The t ime a x i s  or impulse  is m u l t i p l i e d  by 2

to go f r o m  half scale to full scale. All simulation results , however ,

are r~ported in the h a l f — s i z e  or t e s t  sea Ic so they can be compared readi ly

with test data.

Tile compu ta t ion  is  p e r f o r m e d  in  i n s t a l l m e n t s  of 70 cycles or 3.5 msec

( t e s t  s c a l e  t i m e ) each.  Four i n st a l l m e n t s  have been comple ted  so f a r , and

s i mu l a t i o n  r e s u l t s  w i t h  lI P t o  14 msec of response t ime have been obtained.
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Some selected results will be presented in the next section . Additional

results, mainly in the form of stress/s train invarian t and time his tory

plo ts , are included in Appendix A ; they constitute the bulk of the data

provided for use in the closure validation e f f o r t .
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SECTION IV

SIMULAT I ON RESULT S

The response of the S4 test structure is , in general , cons isten t

w i t h  the resu l t s  reported in Reference 1 (Calc ula tion 2A) f or MAP

S 
shelters under front—on nuclear airblast loading. The dominan t deforma—

t i on  mode of the s t r u c t u r e  is long i tud ina l  compression as a resul t  of the

loading on the f ron t  face ( the  v e r t i c a l  HEST) .  In add i t i on , the top

loading ( h o r i z o n t a l  HEST) pushes the headworks downward. Deta i led  res—

ponse of the test structure , however , differs from the results of Refer-

ence 1. Some differences , such as in the closure response , are due to

differences in (closure concrete) material properties assumed. Other

d i f f e r en ces , such as in the peak response parameters , are due to the dif-

ferent load ings involved. These and other major findings are discussed

br iefly in the following paragraphs .

4.1. Headworks

The deformed shapes of the  headworks cross—section in the assumed

plane of symmetrY at several response t imes  are shown in Figure 4 — 1 .

The d isp lacements ,-i re exaggerated for illustration purpose. Tue head—

works is pushed backward  and downward by the  a c t i o n  of the vertical (front)

and horizontal (top) HEST loads. At early times (before 4 msec for

example), the top load is not f e l t  by the  s t r u c t u r e  and the d e f o r m a t i o n

mode is mainly that of axial compression . Slight downward motion is due

to the 10° incline of the front face. The effect of the top load is

e s t a b l i s h e d  8 msec into the simulation and tile downward mot ion of the

headworks can he c l e a r l y  i d e n t i f i e d .
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The deformed shapes of the  headworks at la ter  t imes (12 msec and

a f t e r )  s t rong ly  suggest tha t  the headworks moves as a rigid—bod y. This

is not s u r p r i s i n g  since (as w i l l  be shown l a te r  in th i s  sect ion and in

Section 4.2) much of the  closure and headworks remains e l a s t i c .  The

displacement profile at 12 msec is typ ical of the deformed sh ape of an

elastic shelter , as described in Reference 1.

The load acting on the front face induces high longitudinal stresses

in the headworks , as shown in Figure 4—2. In spite of these high stresses ,

the headworks concrete  remains e s s e n t i a l ly e l a s t i c  due to the e f f e c t s  of

confinement exerted by the medium on the headworks . Figure 4—3 is a

typical stress invariant plot fo r  po in t s  in the headworks and i t  shows

tha t  the headworks response is mostly in the e las t ic  reg ime . Two excep— S

tions are the region behind the bear ing r ing  and the j unc t i on  of the

transition section and tube . The h i g h load on the  bear ing area is a

reaction to the front load acting on the closure , whereas the high axi al

stresses in the  t r a n s i t i o n / t u b e  j u n c t i o n  is caused by an ab rup t  change

in load bearing, cross—sectional area of the s t r u c t u r e . They wi l l  be

discussed in Sections 4.4 and 4.5, respectively.

The longitudinal stress in the headworks has a main pulse duration

of about 6 msec , which is comparable to that of the HEST load. At

points near the t ransition/tube junction (point D in Figure 4—2), the

pulse w i d t h  is much longer and the reason for this will be discussed in

Sect ion 4 .5 .

Since the HEST loads are concentrated in the vicinity of the  head—

works , the  downward mo t ion  of t he  s t r u c t u r e  is most p rominen t  there .
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The tube portion of the structure experiences very little downward

motion and only as a reaction to the downward motion of the headworks.

This is in contrast to the response of the s h e l t e r  s t r u c t u r e  in a nuc lear

attack environment. The airblast loading acting on the berm induces down-

ward ground (and hence structure ) motions along the length of the tube.

There is , of course , a time delay involved in this action due to the neces-

sary transmission time through the berm material. Hence , at early times,

the  response of the structure in a nuclear environment  can be reproduced

by that of the  tes t  s t r u c t u r e . The s i m ul a t e d  and nuc lea r  responses at

later times of tile structure 5is a whole  and the tube  section in particular

may be different due to the absence of ground shock load on top of the tube

in the HEST test configuration ; the extent of the difference depends on

the backfill stiffness (wavespeed) and , of course , the intensity of the

load invo lved .  For the  S4 tes t , tile ground shock w i l l  reach the  crown of

the  f o r e  p o r t i o n  of the  tube  at about 8 msec and the  i n v e r t  at  18 msec.

The LIEST simulation response is , tilerefore , valid for at least the first

8 msec , or 16 msec f u l l — s c a l e  t ime .

‘1
4 . 2 .  Closure

The closure deforms as a thick elastic slab , w i t h  maximum midspan

S 
d e f l e c t i o n  of the order of an inch when measured relative to the support.

This  is evident  f rom Fi gure 4 --4 . The support motion , in turn , follows

the  r i g id body p a t t e r n  of the headworks motion as ind ica ted  in F igure  4—1

of Section 4.1.

Alth ough the overall deformation mode of the closure is that of an

elas tic slab , portions of the closure , notab ly the backplate and the concrete

4 4’
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adj acent to it , undergo inelast ic  deformat ion .  This can be i l l u s t r a t ed

in Fi gures 4—5 and 4—6. The development of inelastic zones in the clo-

sure (steel) backplate is illustrated in Figure 4—5. Note that the back—

plate material yields f i r s t at m idspan , due to the high tensile stresses

developed in bending , followed by yielding at the edges. Note also that

the inelastic activity starts at 1.8 msec or 0.8 msec after the HEST

load has attained its peak value (an artificial rise time of 1 msec is

assumed in the analys is)  and is over 2 msec t h e r e a f t e r .

The development of inelastic zones in the closure concrete is il—

lus t ra ted  in Fi gure 4—6. Since the concrete portion of the closure is

modeled by three elements across its thickness , three p rof iles are

shown for  each response time of interes t corresponding,  respectively ,

to the front , mi d and rear layers of el emen ts in the model.  The rear

layer is adjacent to the backplate. Note that inelastic deformation

in the closure concrete is i n i t i a t e d  at about 1.5 msec or 0 .5  msec

after the load has attained its peak magnitude , and that the initiation

of i ne las t i c  d e f o r m a t i o n  in the concrete precedes t ha t  in the backpla t e .

“1 Concrete a t  midspan fails in tension as a result of flexure ; concrete

near tile support fails in shear , due to the hi gh shear  st resses in the

slab and the equa l ly  h i gh reac t ion  fo rces  at the bear ing  p l a t e .

Note that inelastic deformation occurs only in concrete adjacent to

the backp late (the rear layer  in the  mode l) .  This f i n d i n g  is conf i rmed

in Figure 4—7, which shows the concrete failure criterion in stress

invariant spaces (/J , J ). Each data point plotted in the figure cor-

responds to the maximum response of an elemen t in the c losu re concre te

4 
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model. From this fi gure , it is apparent that inelastic deformation is

l imi ted  to the rear concrete elements. When closure concrete with a

lower shear strength is used , as represented by the dotted line in

Figure 4 — 7 , i t  is expected that i n e l a s t i c  d e f o r m a t i o n  w i l l  spread to

o the r  regions of the closure concrete .  This is indeed the case and , as

reported in Calculation 2A , Ref e r ence 1, the closure deformation mode

in that case is drastically different from that described herein.

The absolute v e l o c i t y / t i m e  h i s t o r i e s  of tile closure cg are given

in Figure 4—8. The initial peaks of about 500 ips in the long itudinal

direction and 180 ips in the vertical direction are mainly the response

of the  c losure  to the HEST load , because at t h i s  e a r l y  t i m e  the headworks

is effectively stationary . The portion of the time histories after 3 msec

contains contribution from tile mo t ion  of the headworks (closure support).

The closure cg velocity measured relative to the Support motion and

resolved into a component normal to tile backplate is given in Fi gure 4 — 9 .

A Fourier decomposition of this motion (Figu re 4—10) silows a dominant

period at 140 Hz. The support or headworks motion , on the o the r  hand ,

has a dominant period of 80 Hz in both t i le  longi tud toi l and vert ica]

directi ons , as Fi gure 4— 11 shows. I)ominant components at  vet lower fre-

quencies may exist , but because of t h e  shor t  d u r z i t  ion of the c a l c u l a t e d

response (14 nsec) the~- cannot  he a c c u r a t e ly  i d e n t i f i e d .

4. 3. Frame

M i n o r  i n e l a s t i c  d e f o r m a t i o n  occu r s  in the frame , notably in the top ,

bo t tom and s ide  center  gussets , and at the  ins ide frame corners. Yield—

i ng  o c c u r s  at t he  corners  of the  s tee l  “ r i n g ” l i n in g  the inner  s u r f a c e

fl
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of the f rame (adj acent to the  gap opening) due to the ac t ion  of the gap

pressure which tends to push the f ra me ou tward and “round” the frame

corners . Two elements are used to mode l the lining across its thickness.

The inner steel element (adjacent to gap) sustains high tension , whereas

the outer  element (adjacent  to frame concrete) sustains high compression

(see Fi gure 4—12) .  Concrete in the v ic in i ty  of the corners is s imi la r ly

S a f f e c t e d , a l though to a lesser ex t en t .  Ine las t i c  de fo rma t ion  in the

frame , however , is local in that it has no significant effect on other

parts of the shelter so long as the integrity of the frame is not com-

promised.

4 .4 .  Bearing Ring

The bearing ring supports the closure and is also an integral part

of the steel plate which forms the base of the frame . The bearing load

time histories at selected points in the bearing ring are given in Fig-

ure 4—13. The bearing load is hi gher at th e bottom edge than at the top

or side , a finding which is cons is ten t  w i t h  the previous analysis , Refer-

ence 1. Note that the effective load duration is about 3 or 4 rnsec , during

which time the closure is pressed against the bearing ring due to the action

of the BEST load . The headworks is relatively stationary during this

time . Thereafter , the closure and headworks move practically in unison

and the bearing load is diminished.

The average peak bearing st ress of 25 ,000 psi is about half of tile

static value of 54,000 psi calculated based on the load/support area ratio.

Fur the rmore , the peak bearing load decreases rapidly with increasing dis-

tance away from the closure/bearing ring interface . The bearing load in

4 34
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the concrete immediately behind tile bearing ring, for instance , has a

peak of onl y 14 ,000 psi.

Inelastic deformation occurs in the steel bearing ring (Figure 4—14)

and the concrete immediately behind it (Figu re 4—15) ;  the  extent  of the

y i e ld ing ,  however , is sl ight and wil l  not impai r  the f u n c t i o n  of the

bear ing r ing .

- I 4 .5 .  T rans i t i on  Sect ion and Tube

The hi gh l o n g i t u d i n a l  stresses induced in the headwori s by the f ron t

load become even higher in the transition and tube regions because the

load bear ing  cross—sect ional  area of the s t r u c t u re  decreases.  The ra t io

of the headworks c ross—sec t iona l  area to t h a t  of the  tube , for  ins tance ,

is approx imate l y 5 . Hence , i f  the s t r eng th  of the tube concrete is s u f f i c i -

e n t l y hi gh , a peak l o n g i t u d i n a l  st r e s s  of about 25 ,000 psi can be induced

in the tube . W i t h  a l i m i t e d  shear s t r e n g t h , the maximum ax i a l  load which

the tube can sustain depends on the confining pressure exerted by the soil

on tile t ube .

From Figure 4—16 , the average longitudinal compression in the tube

s e c t ion  a h a l f — t u b e  d i ame te r  behind the headworks has a peak of 8,000 psi

at tile crown , and 10 ,000 psi  at the i n v e r t .  A l t e r n a t e l y , the  same res—

ponse can he viewed in the s t ress  i n v a r i a n t  spaces (Fi gure 4 — 17 )  and i t

is no t ed  t ha t  the  peak long i t u d i n a l  compression is indeed l i m i t e d  by the

shear  s t r e n g t h  of the  concre te  model .

The f a c t  t h a t  the long i t u d i n a l  s t ress  is h igher  at the invert  than

at the  crown is si g n i f i c a n t  in t ha t  i t  dev ia t e s  f rom the  genera l  t rend

e st a b l i s h e d  in Re f e r e n c e  I ( C a l cu l a t i o n s  l b  th r o u g il I D , C a l c u l a t i o n s  2,\
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t h roug h 2 C ) ,  a l though the  maximum l o n g i t u d i n a l  s t ress d i f f e r e n t i a l  is

only about 2 ,000 psi .  Wi th  the f loor  s lab  and f i l l  removed f rom the

tube , the change in load bear ing  c ross—sec t iona l  area in the tes t  s truc—

ture is more abrupt  at the invert  of the t r a n s i t i o n / t u b e  j u n c t i o n , (see

Fi gure 2—2 of Section I I)  than at the crown. This may account for  the

hi gher long itudinal stress at the invert. The BEST confi guration with

the applied load restricted to the front face and top of the headworks

may also contribute to the response described herein. Tilis effect will

be discussed in a subsequent paragraph of this section .

The duration of significant longitudinal stress in the tube appears

to be longer than  14 msec , the  d u r a t i o n  of ca l c u l a t e d  response. The

m a j o r  cause of the  long d u r a t i o n  is due to y i e l d i n g  in tile t u b e .  Tile

long itudinal load bearing strength of t i le  t ube  is limited because of

t i le  l i m i t e d  shear  s t r e n g t h  of the  concre te  and the l i m i t e d  res is tance

provided by the tube is not  la rge  enough to a r r e s t  ti le momentum of the

headworks in a short time , It can only slow down the motion of the

Iieadworks and has only moderate success in doing  so. R e f e r r i n g  to

‘1 Figure 4—18, tile mean headworks velocity in tile long itudinal direction

reaches i t s  maximum at 5 msec and d e c e l e r a t e s  m o d e r a t e l y  t h e r e a f t e r .

Meanwhi le , the  momentum of the headworks continues to carry it into the

t ube , w h i c h  remains  compressed even though tile app lied front load is ef-

fec tively over in 7 msec.

From the stress invariant p lot of Figure 4—17 , it is also determined

that at about the termination of the simulation calculation , the state

of stress in the fore tube concrete is hack into the elastic reg ime ,
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signaling the end of inelastic deformation (but not longitudinal com-

pression) at that location .

This interaction between the headworks and tube can be illustrated

by the response of a lumped—parameter model of the structure , in which

the headworks is approximated by a mass connected to an e l a s t o — p l a s t i c

spring which represents tile tube . The external load is then applied to

the  mass d i r e c t l y  and the sys t em pa ramete r s  can be adj usted so as to

reproduce the ove ra l l  headworks / t ube  i n t e r a c t i o n  desc r ibed  he re in .

The l o n g i t u d i n a l  comp re s~~ion in a tube  sec t ion  at about  t w o — t u b e

d i a m e t e r s  behind  t i le  headworks is shown in Figure  4—19. Since the com-

press ion  is p r a c t i c a l ly  u n i f o r m  th roughou t  the  c r o s s — s e c t i o n , on ly  the

r e s ult s  fo r  po in ts  at the crown are shown . The m a g n i t u d e  is about 6 ,000

psi , w h i c h  is a t t a i n e d  upon w a v e f r o n t  a r r i v a l  and is m a i n t a i n e d  t h e r e a f t e r .

Fi gure  4 —2 1)  is ty p ical  of the s t ress  i n v a r i a n t  p lo t s  o b t a i n e d  f o r  p o i n t s

in t h a t  s e c t i o n .

Compar ing  the s t ress  i n v a r i a n t  p l o t s  f o r  the  two tube  c r o s s — s e c t i o n s

( F i g u r e s  4 — 1 7  and 4 — 2 0 )  b r i n g s  out an i n t e r e s t i n g  observa t ion . A l t h o u g h

concre tes  at bo th  l o c a t i o n s  d e f o r m  i n e l a st i ca l ly  upon i n i t i a l  l o a d i n g ,

t h e i r  responses differ t h e r ea f t e r .  For the  tube  sec t ion  near  the  headworks

(F igure  4—17), there is significant confinement pressure acting on tile

l a t e r a l  s u r f a c e  of the  tube  so t h a t  h i g her  mean pressures  (and hence

h i g h e r  shear s t r e n g t h s )  and h i g her  ax i a l  loads can he s u s t a i n e d  by t h e

concre te .  The l a t e r a l  c o n f i n e m e n t  may come f rom t i le  e n g u l f m e n t  by a i r h i a s t —

induced ground shock , the  f r o n t  load t r~i n s mit t e d  to  the  med ium and to a

lesser e x t e n t  ti le r e s t r a i n t  imposed by t i le  massive headworks  on the  tube .

14
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None of these  e f f e c t s  is apparent l y pr e sen t  at the  tube  s ec t ion , t wo—

tube diameters behind the  headworks , and c o n se q u e n tly , the  max imum avera c ’ e

axial s t ress  t h a t  can be susta ined is on ly  6 .000 psi , which  is the  t i n c on f i n e d

s t r e n g t h  o f the  tube  concre te .  I t  is not known to w h a t  e x t e n t  t h i s  ( l a c k

of c o n f i n e m e n t )  c o n d i t i o n  i s  p re sen t  in  a n u c l e a r  e n v i r o n m e n t  ~-~~cre a i r

overpressure  loads ac t  along tile length of t h e  berm and tube . Tite resul-

t a n t  soi l  c o n f i n e m e n t  a r r i s i n g  f rom t i le  top load ( abou t  400 ps i  f o r  t i le

base l ine  n u c l e a r  t h r e a t )  depends on the  p r o p e r t i e s  of t i l e  med ium and the

hei gh t  of t he  b erm o v e r b u r d e n .

The s t r a i n / t i m e  h i s t o r i e s  f o r  a p o i n t  at  t he  s p r i n gl i n e  the tube

sec t ion  ha i f —  tube  d i a m e t e r  he ii m d  the  he adworks are shown in  Fi gure 4—21 ,

and ar t -  t y p i c a l  of the  r e s u l t s  obtained f o r  coti c r e t e  in  the  fo re  por t  ion

of t he  t ube .  The la rge  long itudinal St rain (of tile order of 1. 5~

i s due t o  tile l on g i t u d i n a l  compres s ion . l he  l a r g e  circumferential and

radial strains arc  a r e s u l t  of i n e l a s t i c  d e f o r m a t i o n  and t i le  di  iatancv

of t i t e  t-onc rc - t e  mode l a ssumed;  t h e  f l o w  ru l e  a s so c i a t e d  with t u e  co n c r e t e

~‘ i i - l d  s u r f a ce  (see Fi gure  3— 6 of S e c t i o n  1.3)  d i c t a t e s  vo l u m e t r i c  expa n—

s io n  d u r i n g  i n e l a s t i c  d e f o r m a t i o n .

Shear  st r a i n s  are in genera I small er t h a n  t u e  n o r m a l  st rains and

are la r g e r at  t h e  s p r i n g ]  i n c  (0 . )~
S ) t han  at e i t h e r  the  crown or in-

ve r t  • where  t h ey  are a lmos t  n egi  ig i h i t .

N o t e  tilat a l l  s t r a i n / t i m e  h i s t o r i e s  are  close t o  tilt- jr maxima a t

the  end of  r esp on s e  t ir e  , a nd h e c a t i st -  o I tite predominant inc  la s t  i c de for—

n a t  ion i n v o l v e d , t h e i r  va l ues at 14 nsec i-an be const  rued as the accumu—

i a t cd  i t l & l 5 l S t i c  s t r a i ns .

38

- 1 4

_ .5 _±
~~~~~~~~~~

-

~~~
i T Z T ~~~~~~~~~- - ---- --~~~~~ - — ...

~~~~~~~~~



_ _ _ _ _ _ _ _  —----~~~ —— - _ - -- -5 -- - - - - -

St r a i n s  f o r  a tube sect  ion  f a r t h e r  away f r o m  t i le  I t ea dworks  c x i i i  h i t

s i m i l a r  behavior. h i d  r peak m a g n i t u d e  d i - - i - -o. s w i t  Il t n l - n - - l s a ng  d i  ~- t m t -c

f r o n t  t i l e  lie adwo rk s  . l o r  a s t-ct  ion t w o — t u b e  d i  ante t e rs b e h i i n d  the I lcadwo rks

f o r  i nst  ant -c • t ile peak norma l st  ra in is about (I . 1~ in  / i n  and  t he  shear

s t r a i n s  ar e  neg i i g i b i e .

Iii F i gu re 4— ~~2 , t h e  d i s p l acemen t s  of a p l a n e  t i i h i -  c ro ss—sect  ion ar e

i i i  iis t r a t e d .  The se i t  ion  in quest ion is  about one—t uhe diameter helm i nd

t h e  Ileadwo rks • and i n i t  i a i lv , t t ie  x i de or  ci ev a t  ion view of t h i s  se c t i o n

appears as a s t  rat ghi t ye r t  i cal l i n e . Wlli n loaded , t lie iii gil t - r I ong  i t t i d i na I

St ress a t  I he i nyc rt is man i t  es ted as a I a r ut- r I ong i t  ti d m a  I d i  sp I act- nlent

at  t t a t  l o c a t  ion  t h a n , say , i t  t he cr s~w1l . I I -~t i . i  i g l i t  i l l s .it ~-

drawn t h r ou g li t l i & -  data p o ints to r e p r e sen t  gt - ss u ’~ ’ t ion of t lit t i t h e  s e e—

ion had it ii tied p lan t - , t i l t - s c i i f l ex  w i  I I r o t  i t t - in  t i t i  c i o t kw i xc

d i  ri c t ion s I ~ t i  it - -  i ur .  henil ing_ o t the t i t h e  in  t fiat d i  reel .  i o n .  I n  t h~ a c t u a l

tie f i s  t - t - s  d -~ t - i t i s , - Is  shown i i i  F i gi i re ~~~~ - ‘ • -~ s t of t iti’ nt srt— js lane dc l  or r it—

I t oil os ’cur s  i n  t lie invert region .

N o t  t- that a t  t a r  i v  t i mes , t lit ~ crown of the st -c t ion ix actual Iv di s—

~
l 1 c S  u i g x - . i  r f  , is 1 resui o t  t l i e  l on c  i t  t i d t i 0:1 1 congre s s  ion and d i i  at i t l v

i f cont - r e t t - . In t a c t , t h e t nbc s e t  ion ix p inds radial I’.- outward Ps t h i t -

t tibi- i S cong rt - ~- -u t  d in t lie I ong it ud i na I d i  rt -  Ct  i on .

th e  t ie  o trcd pt —~ l il t-s of a tithe si-ct i Ofl about two—t uhe d i  m e t  ir s  h i —

hind tlte Itt idwork s i s  g i v e n  in Figure ‘i — 2  1 . Flit - s l i t  s O u u t  i s  ( h l i i t t -

iin i torn tll rouglio ut t i l t si- ct ion , con sistent ~- i  t i t  t h e  uni tor n d i s t  r i h t i t  i - -n

ol  n 5 - i t i i d i n a l  - !  t e s s  observed  i n  f i gure 4 — i ~ i . The d i s p l i e c i s - u t  i s  le ss

in  t h at  f r  a st -c t  i o n  ~- l o s t - r  t o  t f t c  ht- tulwo t-f~s (~~st - t - Fi gure ~~~~~~~~~~ • a l so

- 4  I I ?
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c o n s i s t e n t  w i t h  t he  l owe r long i t u d i n a l  s t ress  rec ord ed  at t hum t local ion

(see F i g u r e  4 — 1 9 ) .  There is also less expans ion  of t i m e  section in t ime

radial direction .

C i r c u m f e r e n t i a l / t i m e  h i s t o r i e s  for  p o i n t s  in  a t u b e  s e c t io n  h a l f —

tube  d i a m e t e r  b e h i n d  t ime  headworks are simo wrm in Fi gure  4 — 2 4 .  The mean

hoop compress ion  is i n i t i a l l y  hi gh e r  a t  t h e  i n v e r t  than :it t h e  crown or

s p r i n g l i n e . This  is a react  ion t o  t i m e  l o n g i t u d i na l  compress  ion s i n c e , as

no ted  in Fi gure 4 — 16 , hi gher  long i t u d i n al  s t ress  is induced  at t h e  i n v e r t

t han  at the  crown or s p r i n g l i n e . C o m p a r i n g  the  c i r c u m f e r e n t i a l  s t r e s ses

a t  t he  i n n e r  and o u t e r  f i b r e s  at t ime crown of t i m e  t ube  st-c - I ion (Fi g l ire  4 — 2 4 ~i)

i n d i c a t e s  t h a t  t he  r i n g  segment  at t h a t  lot -at ion  undergoes  i n i t i a l  lv nega—

l i v e  ( convex)  b e n d i n g  and l a t e r  positive (concave ) bendin g i n  t I m e  p l ane

of t i m e  se t - I  ion.  A p p l y i n g  t i m e  sant e r e a so n i n g  to t i l e  i n v e r t  and  s~) r i n g l i n e

(F i gures 4 — 2 4 b  ,~~ ) , time ring segnmcnts at the  inver t  and sp r i n g i  inc  are found

t o  s m i s t  a i n  i np lane conve x bend i ng on lv

Tim e i np i .-mne t ie f o r m a t  ion  can a I so be i 1 1 us t rated by F i gure 4—25 , in

wit i cli :1 re 
~ 

I O t t  cii t he che fo rmed  simape s of t i l e  I ube cross—sect i on in  q ties t i on

At tar I ~
- t i nies ( b e for e  10 nisec ) , t h e  i np 1 ;ine de format ion  is m a i n  1 v rad i a I

is t lie t u b e  i xpands stil t W a r d  when comp ressed I ong i I ud i mm I l v .  The i tip I :mn c

b e n d i n g  p a t t er n s  at t h e  crown , i n v e r t  and s p r i n g i  inc  d t - i - u - r i h e d  i n  the p r e —

- eed in g p~mr agr~mp im a re a I SO apparent . They cons i t  ut e t i m e  n = 4 de format i tin

mode of a r i rig, and tim i s de f or m a t  ion mode of re l;m t i ye lv  ii i gim orde r  is

n r  ‘h i l t  I y n u l t i c e t i  by t h e  st r i i c t  nr a  I cons t ra in t s I mpost sh 1w the h i t  I kv h i e a d w o r k s  on

t lie t u b e .  A f t e r  10 msec , time downward met ion of the imeadworks (and top

HI S I  l o a d )  i s  i - s t a h l  i s i m e d  and i t s  i f  I ccl i s  i o pul I t i m e  t nbc downward a I so.
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lime i rip l ane  tie fo r m a t i on n iic le is now dent i nat ed tv r i t e  o v i  I ii rig ‘r n

mode excep t  near t ime  i n v e r t  w lmere  t he  s t il l  in s i t u  s o i l  in s-o nt; u- t w i t h

time structure constrains it from fo I lowing t he ova 1 1 i rig p i t  t e r n .

Time i np  lane  d e f o r m a t i o n  p a t t e r n  f o r  a t u b e  sec t  i on t a rt lie r down time

tube (two—t ube diameters heimind time imeadworks is i I l u st rat ccl in i i  gtire ‘s— 2 6.

Be cause o f t I me large di st a n t e  ~mwa v f r o m  t i m e  headwo rk s  • t l ie c - f l  i.e t o I t lie

st ru e  t ura  I COri St  rum i nt of t i m e  i i i -at l wo rks on t lie i’a r lv  t i me di t o r i t u i  t ion - :o sl t

is not  as p r o m i n e n t  as timat shown in Fi gure  4 — 2 5 .  Time l a t e  t i m e  di forrsi—

t ion pa t  t e r n  is s m u  l a r , howeve r , to  t ha t  of a s i ct  io fl  n e a r  t u e  im e a d w or k s

~iI  t il ot ig li t i m e  t liagni t t ide t) I de f o r m a t  ion is p ropo rt i ona liv less . ( N o t  t- t h a t

i s -  tfI ~-p l a c t - cc - t m t  s c : i l t -  i i i  [ i g i t r i - ‘s—25 is about twice tb - it of  F i g i i t — e 4 — 2 6 .

4 . 6 .  S o i l / S t r u & - t i i r e  i n te r l a c e  SL r e ~,se~,

Time d i  xl  r i b i t t  ion of s o i l  p rcss  nrc on t i m e  bet t on s i d e  of t i l e  i i e ;mdw o r k s

is i l l  ust  r a t e d  in  Fi gure  4—27; the peak va l im e ranges f r o m  400 to  600 p s i .

Time t e r n  p r e s s u r e  i s  used iii t i m i s  sect  ion t o  deno te  t h e  s t r e s s  component

n o r m a l  t o  t i m e  so i l / s t  ru ct  t i re  I nt erf :mce . N o t e  t i m a t  t i m e  i n  it i a I peak for

t i me so i l  p r i - s sur e  at  p o i n t \ at 3. 5 msec is due t o  t i m e  HEST induced g r o u n d

shock , wile r e u m s  1111 1 :i t t -  r peak at 10 nisec is probabl y due t o  t i m e  downward

movement of  the  he adworks. S o i l  rex is tance  t o  s t  m c t  nr a  I not ion i nc reases

w i t  im t h i s  t :mm -e f rem t h t i  f r ent  ( f ron .-\ to I) )

Soi l ~ ressi tr es  u m c t i ri g on top  of l i i i  l leadw o rks are g iven  in  F i gim re 4 — 2 8 .

Si tice t h ey  or i g i nut Ic f rent t lie top BEST I o.-md • t I m e  m ;m gn i t  tide an d t lm e  chia  r i c t  e r—

i s  t i s - s  of t i m e  so i I p re ssure at a p a r t  u t -u I ar  porn I on t op of t i m e  i t ca dw o rks d i —

pend significantly on the thickness of the berm above that location. For a

-i
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point under u m s ha l low layer  of b a c k f i l l , such as point A of Fi gure 4—28,

the  induced soil pressure is hig im and the pulse c h a r a c t e r i s t i cs  are s imi lar

to the  I-lEST load (spurious behavior a f t e r  the  i n i t i a l  peak is due p a r t l y  to

r e f l e c t i o n s  at the s o t / s t r u c t u r e  i n t e r f a c e  and the  berm face surface , and

partly to numerical integration). At point B of Figure 4—28, the effect on

the  pulse shape of t r a v e li n g  th roug h five feet of soil is conspicuous ; the

peak soil stress decreases to 1100 psi and the pulse shape is significantly

m o d i f i e d .  These simulation results include some “numerical filtering ” due

to the finite dimension of the elements used. However , they provide a good

measure of the load ( impulse )  responsible  fo r  the  downward mot ion  of the

hmeadw orks , since tha t  motion has a basic  f r equency  (80 Hz from Figure 4—11)

w e l l  w i t h i n  t ime c-u m p a h i  I i  tv  of t h e  node 1.

Soil pressures acting eu the sides of the  imeadw orks  are i l l u st r a t e d

in Fi gures 4—29a through 4—2 9d , at various d istances from the poin t and at

two different depths. Peak pressure is about 2,000 ps i , and is due m a i n l y

to stress waves induced in the medium by the front BEST load. The peak

pressure decreases with distance from the front face and is only 800 psi

at the transition /tribe j u n c t i o n . The pulse shape , h owever , remains relative—

Iv  unchanged wit h d i s ta n c e .

Soil pressures acting on the tube at e a r ly  t ime s (be fo re  14 msec)  are

pass ive  p ressures , i . e . , t h e y  are exc lus ive ly due to the  ac t ions  of the

f r o n t — l o a d e d  structure against the soil. Their distribution along the tube

is i l l u s t r a t e d  in Figure 4—30 fo r  p o in t s  at the crown , in Figure 4—31 for

P o i n t  ~ at  t i m e  i n v e r t  u mnd  in  F i gur e  4— 1? f o r  p o i n t s  at  t l m e  s p r i n g l i n e . The

42
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pass i vi p ressure is im igimer at time I r em it po r t  ion ci  t he  tube  and becomes

neg li gible at about  t w o — t u b e  d i a m e t e r s  behind  the Imeadworks and t h e r e a f t e r .

T h i s  lack of c o n f i n e m e n t  at  mid—span conf i rni ed , t ime exp lana t ion  g iven in

Sect ion  4 .5  fo r  the low long i t u d i n a l  load sus ta ined  by time tube at tha t

location.
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d i s p l a c e m e n t  
4 .0  

5.0

A ____________________ 

scale (in)

A ___- 

/

\A~~~~ 

msec 
/ 

/ 10 msec

_ _ _ _ _ _  

/ 

‘ 6 m s e ~

I 
/— 

A/ 

,/
//

/
/( 

~ 

14 msec

F i g u r e  4 — 4 .  D i s p l a c e d  P r o f i l e s  of (~I o su r e  R ack p l 5 i t e , V e r t i c a l  Ce n t er l  inc .
Su ppor t  Mot i (in I nd tided .
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SECTION V

SUMMARY

The dominant deformat ion  mode of the tes t  s t r u c t u r e  is long i t u d i n a l

compression , with some downward movement of the headworks at later times

(af t l i r  8 msec). Despite high stresses , the bulk of the headworks and clo-

sure remains elastic; minor inelastic deformation occurs in the closure

backplate and its adjacent concrete in the closure , the center gussets and

inside corne rs of the frame , the bear ing r ing  and the concrete immediately

behind it.

Significant inelastic deformation occurs in the tube section ; the de-

formation is more severe for portions of the tube closer behind the headworks.

The tube section about one—half tube diameter behind the headworks sustains

long itudinal stresses of the order of 10,000 psi and (plastic) strains of

the order of 1.5%. The tube section about two tube diameters behind the

headworks sustains long i tud ina l  s t r e s ses  of  the o rder  of 6 , 000 psi and

s t r a in s  of the order  of 0 .3%.

The S4 BEST load conf i gu ra t ion  does not provide ground shock loading

on the top berm along the length of the tube . This constraint has two impor-

tant impacts on the test structure response.

Downward mot ion  of the . s t r u c t u r e  is most prominent at the headworks ;

- 
I the  tube  p o r t i o n  exper iences very little downward mot ion  and only as

a reac t ion  to t h a t  of the headworks.  The downward headworks mot ion

dominates  the  late t ime ( a ft e r  10 msec) , in—p lane def ormation pattern

of the tube cross—sections , wh ich is mainly the ovalling mode except

in the v i c i n i t y  of the in v e r t  where the s t i f f  in s i t u  soil  in contact
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with  the tube cross—sect ion constrains it from fol lowing the

oval l ing  pa t t e rn . The average downward tube displacement de-

creases rapidly with distance from the headworks. At 14 msec

it is about an inch for a tube section one tube diameter behind

the headworks , and about 0 . 3  inches for  a section another  tube

diameter  f a r t h e r  back .

Por t ions  of the tube f a r t h e r  than one diameter behind the head—

works are effective ly unconfined , i.e. , the active earth pressure

is nuli , and the tube concrete yields at an average longitudinal

compression of 6,000 psi , its assumed unconfined strength.

The closure concrete  model used in the s i m u l a t i o n  has a y i e ld  s t r e n g t h

much hi gher than t h a t  used in Reference  1 (see Figure 3—6). This difference

has two major effects.

The c losure  in EVENT S4 responds basicall y as an e l a s t i c  slab ,

w i t h  nomina l  mid—span d e fle c t i o n s  of an inch . This d e f o r m a t i o n

mode is in con t ra s t  to the  i n e l ast i c  p u n c h i n g  d e f o r m a t i o n  observed

in Re ference  1 fo r  a c losure  w i t h  low s t r e n g t h  c o n c r e t e .  This  change

in  the  c losure  response is , in par t , in f luenced  by the lower REST

load s i m u l a t e d  in the  tes t  (4 , 500 psi  fo r  S4 t es t  versus 5 , 300 psi

used in R e f e r e n c e  1), but  the  effect of the concrete properties

appears to be more s i g n i f i c a n t than  t h a t  of the peak loading.

By r ema in ing  e l a4 - t i c , the  S4 closure is able to transmit most of the

front b -id impulse to tile headworks , thereby giving the latter a large

mo m e n t u m .  Ti l l s  m o m e n t u m , when comi)ined w i t h  the lack of active earth
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pressure at the tube portion of the test structure , is respousible

for the significant inelastic deformation observed in the tube .

The absence of the f loor  slab and f i l l  inside the tube of the test

s t r u c t u r e  results  in an abrupt change in the load bearing cross—sectional

area at the junction of the transition section and the tube , th is change

being more abrupt at the invert than elsewhere at the tube cross—section .

Consequeucly , the long itudinal stress is amplified as it propagates from

the cransition section to the tube , more so at the invert than at the crown

or spring line. This creates a slight but distinct longitudinal bending moment

which tends to torque the tube in a sense (convex) which is opposite to the

case where the f i l l  and slab are present . This torque , however , diminishes

rap id ly  w i t h  d is tance  along the  tube and is negl ig ib le  at a tube section

two—tube  d iameters  behind the  headwork s .
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