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SECTION 1

INTRODUCTIO N

1.1 PURPOSE

The i nvesti gation reported herein provides data for the desi gn of deep-

underground rock open i ngs/reinforcement subjected to ground shock aris ing from

nuc l ear-weapon attacks comprising sequential , multiple bursts.

1.2 BACKGROUND
.4.

Deception , duplication , dispersion , nomadization , reconstitution , and hard-

ening of prime mission materiel/personnel are approaches that can be used to achieve

a surv i va l capability against a nuclear-weapon attack. A subsystem is said to be

hardened if it Is des i gned to directly resist and miti gate the weapon effects. Most

of the harden i ng requirements are generally allocated to the subsidiary facilities ,

which house, support, and protec t the prime mission materiel/personnel

Achiev i ng superhard facilities by deep basing/burial has been the subjec t

of DoD attention for more than two decades. Attention has focused on the facility

cost driver--the rock openings/reinforcement.

A number of attack scenarios can be postulated to defeat the rock open i ngs/

reinforcement. One such scenario comprises sequential bursts of state-of-the-art

j weapons and has as its objective a ground-shock-induced l ow-cycle fati gue defeat of

the rock open i ngs/reinforcement . Unfortunately, the l ow-cycle fatigue defeat of

rock openings/reinforcement has received little attention to date. In fact , there

is disagreement in the technical coninunity as to whether multiple bursts lead to a

sufficientl y si gnificant accumulation of damage that l ow-cycle fati gue needs to be

considered .

*To nomad i ze is to keep changing the targeting address.

TTo reconstitute is to reestablish surface links with the aid of outside and/or
interna l resources.
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For example , Agbabian-Jacobsen Associates analyticall y i n v e s t i q a t e d  the
ground-shock- i nduced l ow-cycle fati gue of the rock surrounding a steel-lined pene-

tration to a deep-underground rock open i ng (Refs. 1 and 2). The mathematical

model of the rock i ncorporated a mov i ng yield surface to simulate strength degrada-

tion . Laboratory data obtained from noncyc lic testing of intac t , sawed , and

naturall y fractured rock specimens made up the data base for the model. In spite

of numerica l problems , the results indicated tha t the designer should address low-

cycle fati gue.

On the other hand , Stanford Research Institute has experimentall y invest i-

gated the low-cycle fatigue of small-scale models of steel-lined rock openings

(Ref. 3). The specimens were cylinders 4 in. (102 mm) in diameter by 3 in. to

6 in. (76 nm to 152 nm) hi gh , made of rock-simulating grout. The tunnel was simu-

lated by a 5/8-in. (15.9 mm) dia. hole transverse to the cylinder axis. The stee l

lining had a thickness of 0.025 in. (0.64 mm). The closure of the opening showed

from 5Z to lO~ increase under two load cycles. Damage was thus found to accumulate ,

but was judged by the investigators not to be significant.

An upcoming undergro und nuclea r tes t , the DIABLO HAWK Event , wi ll reload

the structures used in the Structures Add-on Experiment of the MIGHTY EPIC Event

(Ref. 4). This double ground-shock load i ng of the MIGHTY EPIC structure s affords

the community a rare opportunity to observe the effects of multiple loading under

• I field conditions.

¶ Post-MIGHTY EPIC , one of the 6-ft 0.D. (1.83 m) hollow spherical structures

(AY-ll) was removed from the test bed and tested under hydrostatic loading in a

pressure vessel (Ref. 4). The test subjected the sphe i~’ to repeated loading at a

pressure leve l that was high enough to induce some inelasticity but not catas-

trophic failure. The sphere failed after five cycles of loading , indicat i ng the

lethality of low-cycle fati gue . Strains mon i tored during the tests also gave

evidence of the progressive deterioration of the sphe re.

The hydrostatic test of Sphere AY- ll pointed up the va l ue of laboratory

tests of hyd rostaticall y loaded structures and prompted the present program .

*Formerly the name of Agbab ian Associates until 1972. 
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1.3 OBJECTIVES

This investi gation has three objectives:

(1) Generate low-cycle fatigue data. 
p

(2) Develop a desi gn methodology that embraces l ow-cycle fati gue data.

(3) Assess the si gnificance of l ow-cycle fatigue (multi p le bursts) on the

desig n of deep-underground rock open i ngs/reinforcement.

• 1 .4 SCOP E

• The scope of this investigation encompasses :

a. Addressing up to one-hundred cycles of load , or the equiva lent of up

to one-hundred sequential bursts.

• b. Conducting low-cycle fatigue tests on n ine 16—in .  O.D. (406 mm) ,
random-steel-wire-reinforce d , hollow concrete spheres subjected to

hydrostatic pressure .

c. Develop ing first—order probabilistic desi gn methodology that incor-

porates l ow-cycle fati gue data .

1.5 RESPONSIBILITIES

The experimental portions of this investigation were conducted by the Civil

Eng i neering Laboratory , Naval Construction Battalion Center , Port Hueneme ,
• Cal ifornia. The rest of the i nvestigation was conducted by Agbabia n Associates .

• 1.6 REPORT ORGAN I ZAT I ON

Section 2 describes the experimenta l prog ram , the results of which are

reported in Section 3. Test data are ana l yzed in Sections 4 and 5. Section 6

develops a probabilistic desi gn/analysis methodology that uses l ow-cycle fati gue

data. Section 7 addresses the si gnificance of l ow-cycle fati gue for rock openings/

reinforcement. Conclusions are given in Section 8. Section 9 lists the references

cited in the text . Additiona l details and data from the experimental program are

I
1~• • 9~~~~
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presented In Append i xes A through r , whereas data from several Investi gations of low-
cycle fatigue behavior of rock and concrete are reviewed In Appendix F. Symbols used

throughout the report are defined in Appendix G. Tables and fi gures are grouped at p
the end of each section .

. 4  1”
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SECTION 2

EXPERIMENTAL PROGRAM

2. 1 OBJECT I VE

The ob iective of the experimental prograni was to generate low- cytle tat i gue

data that re l .ite to qround-shock load i ng of deep-underground rock openinqs/

reinforcement.

2.2 APPROACH

Scaled models of the MIGHTY EPIC Event spheric~il structur es were sub .irc t rd

to cyclic , hydros tatic l oading . This approach allow s for the testing of .i number of

specimens .it a modest cost and provIdes insi ght into the probabl e performance of the

MIGHTY EPIC spheres under the forthcoming DIABLO HAWK loading .

2 .3  BACKGROUND

CEL has extrn~ ive experienc e In the nonc yclic , hydrost~it Ic test ing of
pl. i in—co ncrote hollow spheres and c y l  inders (R~ts . S through 12). In *dd it ion

• to investigating the basic strength of these structures . CEL has also invest l q.ited

the effects of penetrations, polymer-Impregnated concrete , and steel-liner reititorce -

ment. The basic- strength I nvestigations are pertinent to the present program and

.ire reviewed below .

• 2 .3 .1 Lamé Solution for Hollow Spheres

For thick , elastic , hollow spheres under externa l hydrostatIc prcssuie .

the class ical Lamé theory (Ref. 13) give-, the hoop stress e
,
(R)’ and the radial

stress eR (R) at radius R (see Fig. 2— 1 ) as

+ R3/2R3)
— 

0 I ( 2 - I )
-

R3 (i - R3/R3)
CT
R

(R)  — 0 I P (2 - 2 )

0 i

Compressive stresses and s t r a i n s  are cons idered pos i t ive  throughout this report.

~ l~~~~~

• 
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and the corresponding strains i,(R) and € R (R) as

R3 ~
c (R) _ 1 1 

.~ ‘~l - 2v + (1 + v) ~~~~ ( 2 - 3 )

• 
1 - (R1 /R0)~ ! 2R~~

1 1 R3
~

- 
~~ ~1 - 2v - (1 + v) ~P (2-k)

Ri o

where R 1 , R inside and outside radIus , P — external pre ssuit ’, 11 — Younq ’ s

modulus, and v — Poisson ’s ratio.

• Equations 2-1 through 2-4 show that at the i nner periphery, where R —

the hoop strain attains i t s  maximum va l ue , the radial strain is tensi le , and

the radial stress vanishe s, since th is  is a free surface. . The state of bia x ia l

compression and the ten sile radial strain cause failure to start at the inner

• 
1 

periphery .

2.3.2 Failure Modes of Hollow Spheres

The CEL experimental i nvesti gations have Identified two modes of failure

exhibited by hollow concre~e spheres under external hyd lostat k compression :

• 
(1) “In—plane crackin g,’ or the formation of cracks along spherical sutta ~ es

(i.e., delamination) and (2) ‘‘Implosion ,’’ or subsequent catast roph ic  ta l hut’. 11w’

in-plane cracking mode of failure generally starts at the i nne r surface of the

sphere. It is detected by an abrupt decrease In strain gage read i ngs while the

• applied external pressure continues to increase . Such a behavior presumably signi-

• ties that the local reg ion around the gage has cracked and i s  unable to carry the

load although the entire sphere is still structurally competent and able to sustain

an Increase in pressure . Implos i on usually manifests itself as the shear failure

of a section of the wall , resulting In the formation of a hole with or without

• subsequent collapse of the sphe re.

• The experimental data show that the external pressures at the occurrences

of both modes of failure are governed by the ratio of the wall th l ..kness of the

‘phere to Its diameter and by the unconfined compressIve strength of the materi al.

In particular , investigations on p i i i n — 1 s ’n . ’t ’e t~ spheres led to the following design

- • i• ~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~•• J& ~~~~~
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• p p

1 1
In-Plane Cracking

P 1 
= 0.9 f’ - (i - 2 t /00)3} 

(2-5)

Implosion

F’im = \ kf ’ { 1 — (1 — 2t/D )2} (2—6)

where

1 — External pressure at in—p lane cracking , i.e., pressure at the first
p indication of in-plane cracks

~im 
= Externa l pressure at implosion

f ’  = Unconfined compressive strength of concrete

t = Thickness of sphere wall

— Outside diameter of sphere

A = 1 , for short-term , noncyclic loading
13.5t/D

k 1.22 + O.Olke °

For the geometry selected here (t/D0 
= 0.1875, see Sec . 2.4), Equations 2-5

and 2-6 are manipulated to produce

P
—~~~ — = 0.68 (2-7)
c

H
• .-~~~~~~ = 0.85 (2-8)

P 1
— 1.25 (2-9)

p1

*Equatlon 2-5 is derived from the Lamé Equation 2- 1 , whereas Equation 2- 6 is based

L on the average wall stress at imp losion , a~ (Ref. 6 ) . 
•

13
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a. P . / f ’un urn C *—r- = ______________ = 1.4 (2-10)

1 — (1 — 2t/D )2

‘1 0

• • 2.4 TEST SPHERES

Each test specimen was a 16-in. (406 mm) O.D., random—stee l -w i re-reinforced

concrete sphere with a 3-in. (76 mm) thick wal l .t A typica l test sphere is shown

in Fi gure 2-2. One and one-half percen t (by vol ume) of fibe r was added to the

concrete .~

The concrete was prepared with Portland cement and loca l aggregate. The

mix , similar to that used for the MIGHTY EPIC spheres, was designed to produce a

7-day unconfined compressive strength of 8300 psi (57.2 MPa). It is described in

Appendix A.

• Each sphere was cast one hemisphere at a time with the molds shown in

F gures 2-3 and 2-4. The top hem i sphere was ca~.t with a hole to receive the

instrumentation-cable penetrator (Fig. 2—2). Steel strips carry ing weldable strain

gages were attached to the inner mold of the bottom iisphere before casting. The

hemisp heres were cured in a fog room at 73°F (22.8°C), 100% RH , for 14 days ,

followed by curing at 73°F (22.8°C), 50% RH , for another 28 days. At the end of

the 42-day period , the hemispheres were moved outside . Gages were mounted on the

internal surfaces of the bottom hemispheres. The inner surfaces of both hemis-

pheres were waterproofed . The test specimens were assembled by bonding the hemis-

pheres with epoxy. These operations are described in more detail in Appendix A.

2.5 INSTRUMENTAT I ON SYSTEM

Strain gages were used (1) to detect the onset of in-plane cracking , and

(2) to mon i tor progressive degradation of the test specimens in cyclic tests.

represents the average stress across the wall at implosion.

• tThe size of the spheres was fixed by the availability of existIng molds. (The
MIGHTY EPIC spheres measured 6-ft [1.03 ml 0.0. with 1-ft [0.305 ml thick walls.)

• 
~The same percentage was used for the MIGHTY EPIC spheres. •

I 14
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In order to minimize the cost of fabrication , only one hemisphere was

instrumented . Seven gages were mounted on the l ower hemisphere of each test speci-

men, as shown in Fi gure 2-2.

Three of the gages were mounted directl y on the inside concrete surface.

These were intended to detec t the onset of in-plane cracking . The remaining four

gages were weldable strain gages mounted on steel stri ps embedded in the wall of

4 the test spec i men close to the inner and outer surfaces (Fi g. 2-2). This method of

ins tal l ing s t rai n gages , which was also used for the MIGHTY EPIC spherical struc-

tures , ensures tha t strain data will continue to be recorded even after loca l

failure of the concrete renders concrete-mounted gages i noperative . For cyclic

load i ng tes t s , this is especiall y important because the concrete-mounted gages are

expected to cease functioning after the first few cycles.

The hydrostatic pressure acting on the test sphere was measured by Bourdon

pressure gages as well as by a second type of pressure transducer. Since the

Bourdon gage is conside red the more accurate of the two, the Bourdon recordings

were used in all subsequent analyses.

During the cyclic tests , pressure and strain readings from all seven gages

were recorded for subsequent oata reduction . At approx i matel y 10-cycle intervals ,

data were recorded on magnetic tape ; during the interim cyc l es , da ta wer e recorded
on paper tape for hand-plotting as needed .

2.6 TEST MATRIX

• One checkout sphere* and nine test spheres were fabricated . The test

matrix is shown in Table 2-1 . Each test conc l uded with implosion of the test sphere .

The pressure levels for the cyclic tests , which were updated as the tests pro-

gressed , were selected so as to yield a range of cycles to failure.

*The checkout sphere (listed as No. 10 in Table 2-1) was cast first and used for
pretest experimentation . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~
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2. 7 PRESSURE V ESSEL •

The noncycl ic and cyc l i c  tes ts  of the test spheres were conducted in the
CEL Deep Ocean Simulat ion Laboratory ’ s 18-in. (457 mm) dia. pressure vessel , which
has a maximum capacity of 20 ,000 psI (1 38 MPa) . The vesse l is filled with water

and pressurized by air-ope rated , po s i t i ve  disp l acement pumps. Fi gure 2-5 shows a

typical test specim n be i ng lowered Into the pressure vessel.

2. 8 TEST PROCEDURE

At the time of the test , the upper hemisphere was fitted with the steel

penetrator , which connects to the pressure-vessel head and leads the strain-gage

cables from the test sphere to the record i ng devices. All spec i mens from Sphere 3
onward were filled with water to lessen the violence of the imp losions. The vent

hole in the penetrator maintained the water at atmospheric pressure.

During unloading in the cyclic tests , a minimum pressure of a few hundred

psi (~ l MPa) was maintained to keep the test sphere in  compression and thereby

prevent undue distress of the joint between the hemisp heres.

¶ 2.9 MATERIAL PROPERTY CONTROL TESTS

Test cylinders for use in mon i toring the concrete material properties were

cast along with the checkou t sphere. Unconfined compression tests were conducted

twice: after seven days to verif y the targe t strength of the concrete mix , and

after curin g . Some tests were instrumented with gages th~t measured axial and

lateral strain. ihe resulting data were used to construct ;tress/strain curves

and hence to determine Young ’ s modulus and Poisson ’s ratio.

Cy linders were also cast and cured with each hemisphere of the nine test

spheres. Cyl inder strengths determ ined on the test day of each associated sphere
were used In formulas analogous to Equations 2-5 and 2-6 to calculate each sphere ’s

implosion strength.

The disposition of all the test cy l i nders is shown in Table 2-2. Results

of the cy linder tests are discussed in Section 3.1 and Appendix B.
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2.10 TECHN I CAL RISKS

~n planning the program , two techn i ca l risks were recognized :

(1) The epoxy joint

(2) The size effect

• 1 2.10.1 Epoxy Joint

There was concern that the equatorial epoxy joint binding the two hemis-

pheres of a test specimen mi ght precip itate the failure of the specimen . In

prev i ous noncyc lic tests conducted by CEL , however , the epoxy joint posed no
problem . To minimize the risk , the hydrostatic pressure was not allowed to drop

to zero during the cyclic tests (see Sec. 2.8).*

• 2.10.2 Size Effect

A technical question inherent in this investigation has been whether data

from 16-in. (406 m) O.D. test specimens could be extrapolated to the larger
prototype structures (perhaps 40- to 80-ft [10 to 20 ml O.D.).

Budget constraints ruled out addressing size effect. However, CEL has

previously determined that there is no significant size effect between 16-in.

(406 m) and 66-in. (1.7 m) 0.0. plain-concrete test spec i mens subjected to non-

cycl ic  load ing (Refs. 5 and 11) . Moreover , it is known that size effect is less
pronounced in high-strength concrete (present program) than in conventional-

strength concrete.

*A 1 though the MIGHTY EPIC spheres were integrall y cast , we chose to use existing
molds that had an equatorial joint. This also allowed the inside surface of the
spheres to be instrumented .

_ 
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Table 2- 1. Test ma t r i x .

Test Sphe re No. Type of Test

1 S i n g l e  load

2 Single load

3 Si ng le  load

4 S ing l e  load

5 Cyclic load

6 Cyc l i c  load

7 Cyc l i c  load

8 Cycl i c load

9 Cyc l i c load

10 Checkout spec i men

18
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(R) , c,~(R) : Hoop St ress and S t ra in  at Radius R

L R(R) : Radial Stress and Strain at Rad i us R

• Figure 2-1 . Hollow-sphere notation .
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Steel Penetrator for
A ttachment to Pressure
Vesse l Head and Rout ing
of Strain—Gage Leads

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~76. 2 mm)

I Reinforcedf ,, .‘ o ’  Concrete

Epoxy 1~ ~: 
: C ’’

‘.
‘
: Strain— 45 7 ~

•
~~:~i;:.J-~:. Gage deg •

G O 

Concrete-Mounted

3/4” (19.1 mm) .. ..

~~~~~~~~~~~~

• •

Spacers 

~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~ 

12.7 mm)

Weldable
Strain
Gages

16u 1=d ia.
(406.4 mm)

Figur e 2-2. Typica l test sphere .
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Figure 2-3. Test-specimen hemisphere mold , d isassembled .
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I 
Figure 2-1i. Test-spec i men hemisphe re mold , ass embled and

ready for concrete pouring.
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SECTION 3

EXPERIMENTAL RESULTS

3.1 MATERIAL PROPERTY TESTS

The data from the sing le- l oad compression tests on four small and four

large test cy iinde rs~ associated with the checkout sphere (Sec. 2.9) are summarized

in Table 3-1 . Data from the doubl e-load tests on the remaining four cylinders

arc in Table 3-2. Young ’s modu lus and Poisson ’s ratio calculated from the fir s t

cycl e in double-load tests are Included in computing the mean •ind COV shown in

Table 3-1 , whereas the mean strengths •irc computed from the sing le-load tests only.

Stress/ strain curves from the instrumented cylinder tests are shown in Appendix B.

The mean unconfined compressive strength obtained from the 54 3-in. x 6-in.

(76 mm x 152 mm) cy linders associated with the other nine test specimens is

10 ,125 psi (69.8 MPa), with a COy of 8% (see App. B).

The comparable mean Young ’ s modulus and mean 28-day strength of the MIGHTY

• EPIC spherica l s t ructures concre te were 4.85 x 106 psi (33 GPa) and 70 .060 ps i

(69 MPa), respective l y. Thus , the concrete of the present program exhibited a mean

stiffness and a mean strength that are 58% and 100.1% of the MIGHTY EPIC spheres.

The large disparity in the s t lf f ncsses is a tt ribu ted to the d i fference in the
aggregates used in the concretes.

3.2 SINGL L- LOAD IMPLOS I ON TESTS

3 .2 .1 Implosion Pressures

The result ’, of the single-load implosion tests of Spheres 1 through Li arc

shown in Table 3-3. The press urization rate for all sphere t e s t s  is shown in

Table 3-4.

The small cylinders , cast from the sam e batch as the checkout sphere , were 3 in.
by 6 in. (76 mm by 152 mm). The large cylinders , cast from the sam e conc re t e

cdx but a different batch , were 6 in. by 12 in. (152 mm by 305 mm).

•1
~The abbreviation COV is used throug hou t this report to represent the coefficient
of vari .ltion, defined as the rat io of the standard deviation to the mean. It is
expressed as a pcrcent.iqe.
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Sphere No. 1 exhibited an anomalous implosion occ u rr ing al most immedia te ly
after the development of in-plane cracks. The failure was highl y localized and

probably orig inated at an i mperfec tion . Therefore , the Implos i on pressure of

Sphere 1 has not been used in calculating the mean va l ue of 
~ Im (Table 3-3).

However , the in-plane cracking pressure is considered acceptable and i s  included in

calculating the mean va l ue of Pp7

3.2.2 Strains

The pressure versus s t rain data obtained for Sphere 2 are s hown in
Fi gure 3-1 . along w i t h  a p lo t of pressure versus time . In-p lane cracking, which

is si gna l ed by a decrease in strain accompanying an Increase In pressure , is c l ea r ly
shown by the three concrete-mounted gages (Nos. 5, 6, 7). The stra in records of the

other spec i mens are similar (see App. C).

3.2.3 FaIlures

Fi gure 3-2 shows the failure of Sphere 3. Drawings and pho tog rap hs showing

details of the failures of all the other test spheres are presented in Appendix 0.

• The failure of Sphere 1 was an ova l hole measuring approximately 3/Li in.

by 1/Li in. (19 mm by 6 mm) to a depth of about 1—1/ L i in. (32 mm ) from the outside V

surface and then flaring to approximately Li in. (102 nii ) in diameter. Apart V

from some ~rushinq inside near the failure hole , there was li t tl e damage . The

failure occurred in the bottom hemisphere In spite of the fact that the mat erial

properties tests indicated that the lower strength va l ue was in the cy lind ers

ass~’ciated with the top hemisphere . The failure most probabl y ori ginated at a

local imp erfecti on.

The failure of Sphere 2 was very violent. The failures of Spheres 3 and 4.

which occ’irrcd in the bottom hemisphere , were unrem arkable .

3.3 CYC LIC-LOAD IMPLOS I ON TESTS

3.3 .1 Imp losion Pressure versus Number of Cycles

Spheres 5 through 9 were subjected to cyclic load i ng . The mean peak and

minimum pressures used are s hown in Table 3-5. The pressure variations within a

26 
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test are considered insignificant. For analysis , the peak pressure Is taken as the V

mean peak pressure , and the minimum pressure as zero.

The number of load cycles producing imp losion is shown in Table 3-6.

3.3.2 Strains

Figure 3-3 shows the pressure versus strain data recorded during the cyclic

tests of Sphere 5. The strain data from Spheres 6 throug h 9 are s imi lar  (see
App . E).

These plots were obtained from data recorded on magnetic tape during the

tests. For Spheres 5 and 6, the strain data cover most of the cycles; whereas for

Spheres 7, 8, and 9, the data were taken at intervals of approximately 10 cycles ,

after the first few cycles.

V 
3 .3 .3 Failures

In all the cyclic-test spheres , failure occurred in the bottom hemisphere ,

• which was the weaker hemisphere in al l except Spheres 7 and 8. However , the

strength difference between the two ha l ves of these specimens was small (App. B).

• The fai lures of the cyc l ic - test  3pheres were generall y more localized than
V 

• those of the single—load test spheres. Figure 3—4 shows the failure of Sphere 8.
V Failures of the other specimens are shown in Appendix D. The failures did not seem

to be influenced by the stee l strips carrying strain j ages (Fig. 2-2) .

Although some of the failure holes abutted the epoxy joint , failures did

not ori g inate there. Furthermore , no anoma l ous or premature failure resulted from

the presence of the joint. Thus , the epoxy joint did not prove to be a problem , as

had been feared before the tests were made. It is possible , however , that the

epoxy significantl y influenced the strain distribu tion in the spherical spec imens

(Sec. 5.3) .

Some of the fai lures were accompanied by two explos ive sounds. The f i rs t
of these occurred when the pressure was nea r its peak va l ue , and probably was

caused by a slippage in the failure zone. But the sphere evidently still had some

• resistance , which allowed partial pressure buildup on the next loading cycle before

final implosion occurred .
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Tabl e 3— 1 . Checkout-sphere cylinder test data: Single-load tests.

Comp ressiv e St rength Young ’s Modulus
Cyl i nder 6 Poisson ’s

No. psi (MPa ) 10 psi (GPa) Ratio

V 

Smal l Cylinders

1 12 ,590 (86.8) —- -- ——
2 12 ,450 (85.8) -- -- --
3 11 ,670 (80. 5) 3.0 (20.7) 0.20

I 1~ 11 ,320 (78.1) 3.0 (20.7) 0.20

V Mean 12 ,010 (82.8) 3.0 (20.7’) 0.22 ’

CDV, ?~ 5.1 0” 13.3”

Large Cylinders

1 7 11 ,160 (77.0 ) —- —— -—
8 10,890 (75.1) -- -- --
9 11 ,050 (76.2) 2.6 (17.9) 0.20

10 11 ,180 (77.1) 2.7 (18.6) 0.23

L Mean 11 ,070 (76.3) 2.68* (18.5* ) 0.20*

COy , ~ 1.2 3.6 ” 10.2

• *
The mean and COy (coefficient of variation ) of Young ’s modulus and
Poisson ’s ratio were computed by includ i ng the results of tests shown
in Table 3—2.

• V

V~~~ V 

V
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V Tab le 3-3. Single-load imp losion test results.

Nj _________________________________________________________________________________________

Measured Measured In-P)ane~
Implos i on Pressure Cracking Pressure

p . p
I rn p1

Sphere
No. ksi (MPa) ksi (MPa)

• 1 7.46k (51.4) 7.28 (50.2)

2 11.80 (81.4) 8.01 ( 55 .2 )

3 11.76 (81.1) 7.72 (53 .2)

4 13.26 (91.4 ) 9.02 (62.2)

Mean 12.27 (84 .6) 8.01 (55.2)

COy , * 7.0 9. 2

* In-p lane cracking indicated by Gage Nos. 2, 7, 5, and 6 ,
respectively , for Spheres 1 , 2, 3, and 4 (see Figure 2—2
for gage i dentifica tion) .

tAnomalous failure , not included in comput ing mean
va lue of 

~im~
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Table 3—4 . Pressurization rate.

Up-Cyc le Down-Cycle
Pressur ization Pressurizat ion

Rate Rate
Sphere

No. ps i/m m (MPa/s) psi /m m (MPa/s)

1 31 00 (0.356) -- --
2 4000 (0.460) -- --
3 5500 (0.632) -- ——

Li 5100 (0.586) -- --

5 4500 (0.517) 8200 (0.942)

6 6400 (0.736) 9500 (1.092)

7 5700 (O.6~5) 9000 (1.034)

8 6600 (0.758) • 8800 (1.011)

9 5700 (0.655) 
• 

9200 (1.057)

S.
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Table 3- 5. Mean peak and minimum pressures
during cyclic-load tests.

• 
I Peak Pressure Minimum Pressure

S tandard S tandard
V Mean Deviation Mean Deviation
V

. Sphe re
No. psi (MPa) ps i (MPa ) psi (MPa) psi (MPa)

5 9480 (65 .4) 1e75 (3.28) 225 (1.55) 105 (0.72)

6 8440 (58.2) 80 (0.55) 265 (1.83) 35 (0.24)

7 6800 (46.9) 75 (0.52) 415 (2.86) 45 (0.31)

8 6830 (47.1) 30 (0.21) 385 (2.66) 30 (0.21)

9 6275 (43.3) 15 (0.10) 385 (2.66) 35 (0.24)
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Table 3-6 . Cyclic-lo ad implos i on test results.

Mean Peak
Tes t

Pressure Cycles
P to V

Sphere Imp los ion ,
No. ksi (MPa) n

5 9.5 (65.5 ) 10

6 8.4 (57 .9) 20

7 6.8 (46.9) 161

8 6.8 (46.9) 79

9 6.3 (4 3 .4) 343
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(a) Sphere 3 after test in pressure vessel
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(b) Close-u p view of implos i on area

Fi gure 3-2. Failure of Sphere 3.
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(c) C lose-up v iew  showing the w a l l  c racks
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(d) Outs ide v iew showing epoxy paint peeled off

Figure 3-2. (Concluded).
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(a) Sphere 8 being removed from pressure vesscl
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V (b) Close-up view of failure

Fi gure 3_ Li . Fa ilure of Sphere 8.
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t SECTION 4 V

TEST DATA ANALYSIS : SINGLE-LOAD IMPLOS I ON TESTS

Table 4-1 shows the analysis that has been performed on the single-load

implosion test results. With reference to Table 4-1 , the follow i ng observations

are made:

a. As evidenced by the low COVs , the tests were remarkably repeatable.

b. The variability in ‘a im and P~ 1 is traceable to the var iab i l i t y
in f’.c

c. P. and P
1 

are highl y correla ted, as evidenced by the small COV for

P. /Pum , p1

d. The mean ratio of P 1/f I = 0.87 is to be compared to 0.68, which is

derived from previous test results (see Eq. 2-7, Sec. 2.3.2).

e. The mean ratio of PS / V  = 1.35 is to be compared to 0.85, which is

derived from previous test results (see Eq. 2—8, Sec. 2.3.2).

f. The mean ratio of 
~im/~pl 

= 1.49 is to be compared to 1.25, which is

derived from previous test results (see Eq. 2—9, Sec. 2.3.2).

F I - g. The mean ratio of a. /f 
I = 2.2* is to be compared to 1.4, which is

derived from previous test results (see Eq. 2—10 , Sec . 2. 3 .2) .
1 V ~

The disparities noted in Observations d, e, f, and g are apparently due to
the effects of the random steel-wire fibers and to the effects of loading rate. It

• is speculated , for the fol lowing reasons , that the signif icant effect is the fibers.

The previous test results were obtained using an average wall stress rate of

160 psi/mm (0.018 MPa/s) , as compared wi th 6000 psi/m m (0.69 MPa/s ) for the
present tests. However, other tests at CEL (Ref. 7) using 

~ 
— 8000 psi/m m

(0.92 MPa/s) showed imp losion pressures only 13~ higher than tests that used

im — 800 psi/m m (0.092 MPa/s) .

V 

*aim 
represents the average stress across the wall at imp los i on (see Eq. 2-10).
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The hi gher va l ue of the ratio in the present program shows that

the in-plane cracks develop later than noted in the plain-concrete tests. Further-

more , the hi gher va l ue noted for P IP show s that the f iber-reinforced concretem i  p 1
• has higher reserve strength left af ter the init iation of in-plane cracks . Thus ,

the oft-postulated role of random steel-wire fibers as inh ibitors of crack growth

i~ a p p a r e n t l y  r e a f f i r m e d here .  The above two factors together l ead to a ratio

that is 58~ higher for the present program than for plain-concret e spheres V

(Ref. 6 ) .

V The ratio ~~~~~~~~~~~~ 
represents the st rengthening induced by confinement in

the test sphere . The present program shows that confinement and the use of fiber

reinforcement together led to an average wall stress 2.2 t ime s the f a i l u re st ress

in unconfined compression .
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SECT I ON 5

TEST DATA ANALYSIS : CYCLIC-LOA D IMPLOSION TESTS

5.1 FATIGUE EQUATION
V 

The data from Tables 3-3 and 3-6, along with the AY-1 1 data point (see

Sec. 1.2), are plotted In Figure 5-1. The fi gure also shows the regression

line

~ p8.37 
= 1.27 x 1O9 (— 122), (5—1 ) V

where F~ is the mean life at the mean pressure P in ksi (MPa), and the *2o

limits. The COV of P for a given l i fe ii is 5.1~ . The relatively low life of

the AY- 11 sphere (see Fig. 5-1) could be due to its larger size , its prior damage,

or its unique fabrication .1

The data shown in Figure 5-1 are replotted in Figure 5—2 after normalizing

by the mean of the implos i on pressures from Spheres 2, 3, and 4 (the spec imens

subjec ted to sing le l oads). Al so shown in Fi gure 5—2 is the regression line V

~ (P/P~)
8 6  

= 1.0 (5—2)

where P
1 Is the mean implosion pressure under one application of the l oad. The

format of Equation 5-2 is preferred for the ana lyses to be performed in Sections 6

and 7.

Equations 5-1 and 5-2 have the same form as the familiar fati gue equation

nsm = c (5 3)

L 

where n is the life at stress l evel s and ~
l’m is equiva l ently the “failure”

V s t ress  for n = 1. The parameter m reflects the “degree” of fatigue and is the

slope of the fati gue curve in log space. The smaller the va l ue of m (the steeper

V the slope), the greater the degree of fati gue.

*The AY— 11 data point was not used in the regression analysis.

~It should be noted that the first load of AY- 11 was not hydrostatic.
V 
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The value of m is strongly dependent on the material and the state of

stress.  In genera l, m has been found to vary between about three and a few tens. 
V

The present investi gation shows m falling toward the critical l ower end of th is

range . This low va l ue of m apparently reflects the rathe r complex stress state

• (physical configuration), since fati gue tests of p lain-concrete cylinders in uncon-

fined compression yield m va l ues of a few tens (see, for example , Ref. 14). Rock

cylinders , on the other hand , exhibit m va l ues ranging from about seven to a few

I tens when tested in unconfined compression (see, for examp le , Ref. 15). Typ ica l m

values corresponding to some earlier i nvesti gations are tabulated in Appendix F. It

• is to be noted , however , that typical fatigue i nvesti gations are carried out over a

range of at least several thousand cycles , and the region of the plots covering a

range of a few hundred cycles often shows a steep slope corresponding to a low

va l ue of m (Ref. 15).

5.2 STRAIN GROWTH WITH CYCLES

The strains recorded by the severa l gages at peak load , monitored at

app rox imatel y 10-cycle in tervals in the tests of Spheres 7, 8, and 9, are shown

• plotted against cycles in Figure 5-3a , b , and c. Gages 5, 6, and 7 (FIg. 2-2),

V mounted on the inner surface , behaved erraticall y because of local effects; and

some of their records are omitted .

The growth of peak strains with cycles is approximately linear , show i ng

V that the accumulation of damage per cycle is constant. The slope of the lines in

Figure 5-3a , b , and c indicates a very low rate of damage accumulation , comparable

to the rates observed in the work at Stanford Research Institute (Ref. 3).

Average strain-growth plots for the strain gages are shown in Figure 5-3d .

The maximum strains observed in the cyclic tests are compared with those

• of the sing le-load tests in Table 5-1. For the single-load tests , the strains at

failure are shown . For the cyclic-toad tests , strains at the end of cycle I are

V shown for all seven gages; whereas the strains both at the end of cycle I and near

failure are shown only for the steel—bar-mo tanted gages. The strains at failure in

the sing le-load tests are observed to be greater than those in the cyclic-load

tests of Spheres 5 and 6, which in turn are greater than the strains at failure in

Spheres 7, 8, and 9. Thus, spheres subjected to higher pressures showed greater
V 

s t rains , which presumably resul ted from the Increased i ne las t i c i t y  caused by the
higher pressures . 
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In Table 5-2 the ratios of strain at failure to strain at the end of cycle 1

are compared for the spheres tested by cyclic loading. The ratios , derived from

record ings made by the steel-bar-mounted gages , show remarkable consistency, as

confirmed by the low coefficients of variation . It is also observed that for a ll

gages, the va l ues of the ratios for Spheres 5 and 6 are of the  same orde r as for

Sphe res 7, 8, and 9. Since the numbe r of cycles to failure was considerably larger

for Spheres 7, 8, and 9, this means that the strain growth per cycle was larger V

for Spheres 5 and 6, w h i c h  we re tes ted a t a h i gher pressure.

V 

5 .3 SPATIAL STRAIN DISTR IBUTION

The average strains obtained from testing the first six spheres at two 
V

V j press u re levels ar e shown in F i gure 5-11a and b. The variability of these strains V

is shown in Table 5-3. The relative va l ues of the average strains at each radial

I loca t ion are shown in Table 5-4. V

V Each of the ratios in Table 5-1t should theoretically be 1.0 , s ince  stra i ns V

at the same radius are compared ; but a distinct t rend appears in the circumferential V

d irec t ion even a t the lowe r press u re, a t w h i c h  t i~e behav ior is probably elastic.

I Moreover , the trends differ between the steel-mounted and the concrete-mounted

1 gages. 4 5O~ increase in pressure l eads to strains that are 63~ to 69~ h i gher ,

thus indicating some nonlinearity in the pressure versus strain relatio n ; but the V

V relative strain va l ues at each radial location are not changed much. 
V

- I The coefficients of variation shown in Table 5-3 suggest tha t the above

trend is not the result of random experimental error but originates from a physica l

V cause. Two possible sources were (1) a geometric i mperfect ion in the mold , leading

to a systematic out-of-roundness in all the tes t spheres , and (2) the material
V 

in homogene i ty  due to t he presence of the epoxy joint. The penetrator was judged

to be too far from the gages to influence their records. Finite element calcula-

tions i ncorporating appropriate material properties for epoxy , which were made to
address the second possibility, were inconclusive and are not reported.
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Tab le 5-2. Ratio of failure strain to first-cycle strain
for steel-mounted gages in cyclic load tests.

Ra ti o of Peak St rai n near Fa i lure to
Peak Strain of Cycle 1

Gage No.
V Sphere

No. 1 2 3 4

5 1.95 1.42 2.43 1.17

6 1.71 1.60 5.50
* 2.83

7 1.80 1.41 1.47 2.06

8 1.35 1.39 1.30 1.63

9 1.88 1.99 2.00 1.92

1.74 1.56 1.80 1.92

V COy , L 13.5 16.2 28.6 31.8

Mean (al l  gages): 1.75

COIl, ~ : 23.7

*Omit ted in computing mean.
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Table 5-3. Var iab i li ty of s t rains i n Spheres 1 to 6.

Coy , ~

000 psi 6000 psi
Gage No. (27.6 MPa) (41.4 MPa)

I

V V I
1 10.9 11.2

2 12.4 17.2

3 13.0 10.6
V 4 12.3 14.4

5 8.7 9.0

6 6.2 4 .6
7 16.0 14.4

NOTE : For loca t ion of gages , see Figure 2-2.

Tab le 5-4 . Circumfe rential  var ia t ion  of ave rage s t ra ins .

4000 psi 6000 psi
Ratio of Strain Gagec (27.6 MPa) (41.4 t’IPa)

Gage 3/Gage I 0.774 0.769

Gage 4/Gage 2 0.683 0.676

Gage 6/Gage 5 1 .110 1.126

-V.
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SECTION 6

DESIGN/ASSESSME NT METHODOLOGY

I p
V 6.1 I NTRODUCTION V

V The methodology presented in this section can be used either to des i gn a

(failure) mod e to meet an allocated survivability goa l or t~ assess the surv i va-

bility of a mode desi gn. In eithe r case, the load is assumed to arise from

sequential multiple bursts and to produce progressive degradation of the mode
failure resistance . The methodology is not necessaril y restricted to the (failure)

V 
modes of rock open i ngs/reinforcement.

The methodology suggested here differs from the methodology that is gener-
V all y used to treat random fati gue (See, for example , Ref. 16) because of the

follow i ng characteristics:

a. One to a hundred load applications are treated , not thousands to
I 

millions of load applications.

V 
b . The methodology must i ncorporate the rigorous solution to the case of

one load app lication .

6.2 SURV I VABILITY BOUNDS

Consider a (failure) mode whose resistance X deteriorates in a monotonic

fashion under repeated loading. Consider the load sequence Z1, Z2, Z3,...Z ,...ZN,
whose individual loads all have a common distribution function , i.e., have a common

mean and COIl. Assume that the degree of statistical dependency between the loads

is unknown . The probability that the mode survives all N applications of the

load Z is bounded by (Ref. 17):

N
fl P(X > Z

n
) P(x 1 > Z

1 
fl X

2 
> Z

2 
fl. . .n x ,~ > Z

n 
fl• .fl X

N 
> Z

N
) P (X

N 
> Z

N)n 1

(6-1)

where X n Is the mode resistance at the start of the application of Z , the

symbol [1 signifies the multiplication of terms , and the symbol fl is read “and . ’
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6.3 PROBABILITY OF SURV I VAL OF THE N-TH APPLICAT I ON OF THE LOAD , P(X -‘ z )  V

The probability that the mode survives the Zn load is (after Ref. 18) :

loge 

X 
exp ( k + tP(x ) (

~ 
V V 

________ (6-2)
n n 

~~~~~~~~~~~~~~~~~~

where

X — Mode fai lure resistance at the start of the app lication of load Zn

X = Best estimate of 
~ 

, the mean (average or expected) va l ue of X
n n

Z Mode loadn

Z = Best estimate of p~~ , the mean (average or expected) va l ue of Z

(n = 1 ,2,3g. ..N) 
n n

k = Parameter that reflects our confidence that the probability of

survival is greater than or equa l to P(X~ > Z1,)

kV Confidence

50~ 0

V 9O~ 1.282

95~ 1 .645
99~ 2.326

A— — COV tha t reflects our uncertainty in estimating 
~ 

, the mean V

Xn n
of Xn

— COIl that reflects our uncerta inty in estimating 
~ 

, the mean

of Zn (n — 1 ,2 ,3.. .N) 
n

— Tabulated cumulative probability of the standard norma l variate F~ 

V
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V

= COV that reflects the rea l random nature of Xn

— COV tha t reflects the real random nature of Zn (n 1 ,2,3,...N)

Equation 6-2 is displayed in Figure 6-1. V

V The following assumptions are inherent in Equation 6-2: V

2a. 5X ~~
<

b. c -~ 1

c. << 1

d A << 1
Z

e. X , 
~n ’ 

Z , and are lognormal ly distributed

V When X and Z are themselves functions of random variables , the infor-
fl fl

V mation provided in Table 6-i can be used to calculate first-order approx i mations of

their means and COVs . The S~, COVs are determined from experimental data;

whereas , the COVs are det~ rmined by quantify i ng our “degrees of belief. ”

V 

6.4 FAT I GUE DATA

Assume that low-cycle fatigue data have been collected for the mode and that

it takes the familiar form

mnZ — c (6-3)

*The following assumptions are i nherent in the information prov i ded in Table 6-i:

2a. ‘c  I
r

b. The nonlinearity in Q near Q Is not severe .
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where n is the life of the mode (expressed in terms of numbe r of load app lications)

at the applied load level Z, and m and c are experimentally determined parame-

ters. A more useful form of Equation 6-3 is

2m — (6-isa)

V or 

(z )
m 

- 1 (6-4b)

where X 1 is the mode resistance at the start of the first app lication of the

load Z. Thus , there is actually only one fati gue parameter: m. The regression

V 
F line of Equation 6-isb is p lotted in Fi gure 6-2 for illustrative values of rn.

6.5 RES ISTANCE X

Assume tha t Xn is given by

V 
X — X

1 ‘i~(n) (6-5)
n

where the function ‘l’(n) decreases monoton i cally with increasing n. The function

‘Y (n) Is readily eva luated at n — 1 and n = n~ . Obviously,

— 1.0 (6-6)

Equation 6-4 requires that

, ~ ~1/mx — z — x 1— ~ (6-7)n u n  I
Z

Thus ,

,‘ ~l/m‘Y(n z ) — (
~~

) (6-8) V
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The va l ue of ~‘(n ,
4 1 , n j’ n

~
) is unknown . A linea r assumption for ~(n) is

therefore appropriate. * Thus , we observe that Equations 6-6 and 6-8 lead to

V ‘r(n) — 1 - 
- 1 

- ~~~~~~~~~~~~ (6-9)
(X 1/Z) m 

— 
\ X~/Z/

and f inal ly to V

X - x iIu - 

(~1
/~)m~~ 1 (1 

- (6-10) 
V

The mean value of X is~

- ~ u -  ~~
) ( 1 -~~~~~~~~ (6- 11)

n 1 ~~~~~~ - 1 
~\ ~ 1’~

1V

V 
where the bar signifies our best estimate of the mean value . Equation 6-11 Is

plotted in Figure 6-3 for illustrative value s of ~ii and X 1/Z.

*Stra ln was found to accumulate In a linear fashion for this experimental program
(see Sec. 5.2) .  But whether strain Is the appropriate measure of damage Is , of
course, not known. It Is possible to determine ‘V(n) experimentally by perform-
Ing cyc l ic  loading followed by a destructive test for fai lure . Many such tests

V would be required .

L 

t
Equation 6- 1) is a good app roximation for ~ that is not large compared to unity.

V I.,
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Accord ing to Table 6-1 , the COV is

A2 A2 + 
(n - 1 \2((~ 

- 1) ~~~~ log
__

a~
\

2

j

1
~~ \2 

A
2 

p

V 
X 

~~ - 1/ \ - / \~~~nJ 

m

I — ~~2 I— \ 2

+ (n_- \~ 
(~ + - ( iii + 1) ~ (X u\ A2

- u/ \ - 1) / \~ n/ Z

+ - 
n - I 
(
~~~~1 (~ - 1) - (~~~~~ 

- u)~ 2(
~~\2 

A~ (6-12)

- 
~ 

- / \ x /  I

V where B = X~/Z . The COV A~ is calculated from Equation 6-12 by replacing

the ~ ‘ S with Ys.

6.6 I LLUSTRATIVE EXAMPLES

Two examples are prov i ded be l ow to illustrate the use of the above method-

ology (Eq . 6-1 to 6-12). V

6.6.1 Analysis

V 
6.6.1.1 The Problem. Determine the probability of surviva l (at 90~ confi- 

V

dence) for five applications of the l oad Z, for X 1/Z = 2, and for the following

i nputs. 
V

6.6.1.2 The I nputs.

Load

0.17

— 0.36 V



~~~~1St ~~ l~~ 
V

A x — 0.17

— 0.36

ift - 4

V 

A — 0.17m

— 0.36
V m

V 6 — 0.00

n
— 0.00

9Xn

Nwnber of Load App lications

N = 5

Confidence Parameter

k = 1.282

V Mean Facto r of $ a f e t ~
V X 1

,Z = 2

6.6.1.3 The Solution.

Step 1: Calculate X/X 1 (Eq. 6-11).

X/X 1

1 1.00
2 0.97
3 0.93 ‘

4 0.90 V

5 0.87
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H = -

Step 2: Calculate (Eq. 6-12).

n
n

1 0.17
2 0.19 V

$ 3 0.22
4 0.25

5 0.28

Step 3: Calculate 
~~ 

(Eq . 6-12) .

n

1 -  n
V V

1 0.36
2 0.40 -

3 0.47

1 4 0.53 
V

:teP ~ C:lculate + A~~.

n 
,

,
/

V 

+
~~~

H — 
n

1 0.2 4

• 2 0.25

3 0.28
4 0.30

5 0.33

V ~~~ V~~~~~~~~~ V V V VL
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Step 5: Calculate ~~~~ +

H

Step 6: Calculate the ordinate of Fi gure 6-1.

(- 
k +

V 

V Step 7: Determine P(Xn ‘ z~) (FIg. 6-1).

n r(x > z )
n n

1 ~ 0.56
V 

2 0.45

3 0.31

V V Is 0.21
V 5 0.16 

V

Step 8: Calculate surviva bility (Eq. 6-1). V

0.003 ~ P(x 1 > Z1 A .. .fl X5 
> Z5

) < 0.16

The upper-bound probability 0.16 would apply If the loads were perfectl y correlated

( i .e. , Z
1 

— Z2 — Z 3 — 24 — 2
5
) and If the resistances were perfect ly correlated V

V (i.e. , If the degradation function ‘y(n) [see Eq. 6-9~ were determinist ic ).
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Finally, it is interesting to note that for no fatigue , i.e., for ~ 
I V I V

•

0.06 ~ P(x n.. .n x z5 ) 0.56

V 6.6.2 Desi gn

6.6.2.1 The Problem. Determine the mean factor of safety X 1 /Z required V

V to meet a su rvivability goa l of 0.9 (at 9O~ confidence) for two app lications of

load Z.

I 6.6.2.2 The Inputs.

6Z 
= 0.17

— 0.36

I A x 0 .17

= 0.36

4 rn - 2

I — 0.00

— 0.36

A — 0.00
V 

gx
in

0.00

n

V 
~~~~k: , i  .-l~~ ’ — t : ‘,:~~

-
~~ N — 2

~ V V  :~~ . J ::e:’ : ‘ : ~ ‘ :

1 
P(x 1 > Z1 A X

2 
> 22

) — 0.9

L~~~lI~~
1 1 V , V I •,

V 2’ .p, .’~~,
- I -P

k — 1.282
ci V
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. 1 
-

6.6.2.3 The Solution .

Step 1: Guess 
~~~ 

— 3. p

• Step 2: Calculate 
~n”~ 1 

(Eq. 6-11)
V 

X / X
1

~
V V 1 1.00

I 
~ V V 2 0.92

Step 3: Calculate A
~ 

(Eq. 6-12)

V t fl

Step 4: Calculate 
~g (Eq . 6-12) .

n

1 n
n

1 0.36

2 0.42

Step 5: Calcul ate ~I6~ + 6~
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Step 6: Calculat e 
~
/A

~n 

+ A
2 

.

n ~ /A 2 + A 2

V x  z
V t

0.51 
V

2 0.55 V

V 

Step 7: Calculate the ordinate of Fi gure 6 1 .

X 
exp (_ k

(i I%
fA

~ n 

+ A)~~

1.56
2 1.148

Step 8: Determine P(Xn 
-. z )  (FIg. 6— i).

P(X ~ z )  V

n n

I 0.97

2 0.914

Step 9: Calculate surv ivability (Eq. 6-1).

0.91 .. P(x 1 - fl -. Z 2 ) 0.97

V These bounds Ind i cate that the origina l guess of X~/Z 3 Is adequate. However.

if the lower bound had been less than 0.9, we would have had to guess a higher va l ue
V 

of X 1 /Z, repeat Steps 2 through 9, and Iterate unt Il the lower-bound probability V

were greater than or equa l to 0.9.
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Tab le 6-I. First-order approximation of means and COVs (Ref. 18).

Q = g(Y1, ‘
~2’ 

‘
~
3’” ’ ~

‘r’”~~’ ~
‘R)

Mean V

g(~ 1, v
2~ ~~~~~~~~~ 

y
r’”’ ~R)

V 
Coeff ic ient  of Var i a t ion (coIl)

4 z + 

~~~ 
6?

+ &t ~~ ~
t)
~ ~

rs
6Y 6Y

where

6 = COIl associa ted wi th the funct ional form of Q
9
6 = COV associa ted wi th Y

r
V 

p = Correlation coefficient , — 1 < p < 1 Vrs rs

and whe re the “o” indica tes that the partial derivatives are to
be eva luated at Y r (r 1 to R).

V 

~A s im i lar expression holds for 4.

V 
_
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Figur r - 6-1. Probability tha t the mode surviv es the Z~ load .
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Figure 6-3. Degradation of mean resistance with repeated loading (Eq. 6-11).
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SECTION 7

V 
SI GNIFICANCE OF LOW-CYCLE FAT I GUE
FOR RJCK OPENiNGS/REINFORCEMENT

The fati gue parameter m enters the calculation of survivability via the

resistance (Eq. 6-10) and the resistance COVs (Eq. 6-12). Examination of these

V equations reveals that fatigue will be insignificant and can be neglected if

N << (7—1)
(x1/Z)

where

N — Total number of applications of the load Z

— Best estimate of the mean resistance at the start of the first

applIcation of the load Z

— Best estimate of the mean load

I iiI Fatigue parameter , equal to the exponent of the familiar fatigue V

data regression line , ~5m 
—

V The ratio ~~~ represents the mean factor of safety for the mode under the first
I l oad i ng. In genera l , X 1/Z will fall between 2 and is for threats and rock openings/

reinforcement of interest. It is speculated that the ineffectiveness of bursts on

V devastated ground will limit to a few tens the number of bursts N that would be

used against deep underground rock openings/reinforcement.

It Is speculated that V

1 -~ < 10

V 

for prototype rock openings/reinforcement. Cylindrical specimens of prefa l led
I Westerly granite , which were tested In unconfined compressIon , exhibit an ~ of

about 7 (Ref. 15). This suggests that ~ — 7 is a representative va l ue for V

i__ _ _ _ __ _ _ _ _  IL ~
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unlined or backpacked cavities in Westerly granite subjected to static load. The

test spheres of the present investigation exhibit an ~ of about 8. However , these

va l ues of ~ are expected to decrease when the added prototype comp lications of P
physica l penetrations and dynamic nonhydrostatic load are introduced . For other

V 

prototype desi gns that mobilize more plastic strain than the test spheres in

attaining 5~ (about 1% for the test spheres), in is expected to decrease even

further.

Since Inequality 7-1 w i l l  not be satisfied if i~i falls i n  the l ower half

of i ts  speculated range , it is conc l uded that l ow-cycle fati gue must tentatively be

considered In the design and analys is of deep-underground rock openings/reinforcement

subjected to sequential , multiple bursts.
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J CONCLUS IONS

V This invest igat ion of the low-cycle fatigue of hollow concrete spheres , with

applications to deep-underground rock open i ngs/reinforcement subjected to ground

shock arising from nuclear-weapon attack , has successfully met its stated

V objectives.

The follow i ng specific conclusions are d rawn from the i nvestigat ion :

a. The fati gue data generated follow the genera l trend of low-cycle

fa t igue data observed for a wide variety of mate rials and loading

cond i t ions in previous studies. In par t icu lar , t he fami l i a r  power-

law equation ns~ = c can be fitted to express the relationsh ip

between the peak applied pressure (s) and the number of load cycles to

implosion (n).

b. The generated fatigue data exhibit relative l y low scatter , attesting
V to the success and utility of the experimental procedures used . 

V

V 

c. The test-sphere degradation attributable to l ow-cycle fatigue was

significant. The 1 00-cycle mean (expected or average) implosion

pressure (s) was about 0.6 times the single-load implosion pressure .

d. Strain in a test sphere accumulated in a linear fashion as the

V specimen was subjected to cyclic loading. Linear accumulation of

stra in impl ies that the s t ra in  incremeiqts per cyc le of loading are

independen t of the total state of strain. However, the strain

increments are greater at hi ghe r applied pressures.

V e. Low-cycle fati gue data exhibiting the classica l ns~ = c fit can be V

V 
readil y incorporated into first-order probabilistic design procedures

tha t account for variability in both the appl i ed load and the failure

resistance of the component.

V 

V
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f. Exami nation of the suggested des i gn methodology ind i cates that low-

cycle fatigue will be insignif icant provided

t 
_  

P
N < < 1

(~~~~~/i)
m

where N is the number of load app lications , X 112 is the mean

factor of safety under the first application of load , and rn is the
V 

exponent of the familiar fatigue data regression line ns~ = c. It is

argued that N could be as large as a few tens, that X 1/Z could

range from 2 to 4, and that I < in < 10 for deep-underground prototype

rock open i ngs/reinforcement subjected to sequential multi ple bursts.

Since the above i nequality will not be satisfied if rn falls in the

lower half of its speculated range, it is concluded that cr-nsiderat ion

should be given to l ow—cycle fatigue in the design and analysis of sur-

vivable rock openings/reinforcement.

g. The test spheres subjected to a single load exhibited a ratio of

implosion pressure to unconfined compressive strength of 1.35. This

ratio was prev i ousl y found to be 0.85 for similar test specimens V

fabricated from plain concrete. The enhanced ratio is attributed to

the random steel-wire reinforcement and to a hi gher rate of load i ng .

The loading rate , however , is believed to account for onl y a small
port i on of the enhancement.

h. The test spheres subjected to a sing le load exhibited a ratio of 
V

imp losion pressure to in—plane cracking pressure of 1.49. This ratio

was previousl y found to be 1.25 for similar test specimens fabricated

from plain concrete. This difference ind i cates a greater load capacity

beyond in itiation of inelastic response (in-plane cracking) for the V

specimens with random steel-wire reinforcement.
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APPENDIX A

SPECIMEN PREPARATION

This appendix discusses detailed procedures used for preparing the test
V 

spheres , including concrete m ix desi gn , casting of hemispheres , and fabrication and

V wa terproofi ng.

A. 1 MIX DESIGN

Like the MIGHTY EPIC spheres , the spec i mens were made of concrete reinforced
with stee l fibers to l.5~ by volume. The mix design for the concrete is shown i n

Table A- l . The resulting mix was fairl y stiff , as shown in Fi gure A-i.

A .2 CASTING

Hemisp here sections were cast in the aluminum molds shown in Fi gures 2-3

and 2-4 . F igure A-2 shows further de ta i l s  of the maids . The same mold was used
for each hemisphere; however , the top hemispheres differed from the bottom hemis- 

V

pheres. The top hemisp here had a hole cast at the apex for a steel penetrator.  V

The bottom hemisphere had two steel s t r i ps , or mode l rebar , to whi ch s t r a in gages

were sttached . Figures A-3 and A-4 show the installation of rebars on the molds.

The mold , prior to cast ing,  was lubr icated w i t h  Dow Corning s i l i cone  grease ,

V 
which acted as a form- re l ease agent. The mold was vibrated with an externa l

V V
~~~ 

pneuma t ic v ibra tor .  
V

Approximately 20 hours a f ter  cast ing,  t he concrete hemispheres (Fi g. A-5)

were removed from the molds. The specimens were cured in an environment of 10O~
relative humidity for the first l’s days and an environment of 5O~ relative humidity

I V for the following 28 days. Subsequent to this 42-day period , the spec i mens were

cured in a laboratory room environment.

~~~~

V A .3  ASSEMBLY

The equatorial edges of the hemisphe res were ground f lat by using a vibrat-
ing table on which s i l i ca  carbide gr i t  (No. 60) and water were used as the cutt ing
agent. At this stage , a steel penetrator was bonded in the hole of the top

81 
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hem i sphere. The two hemisp heres were then bonded togethe r at the equator wi th

an epoxy adhesive (Fig. A-6) .

The exterior of the sphere was lightly sandblasted in p repara t ion for
waterproof coating. The coating material was a two-part pheno lic compound

(Phenol m e  300). After a two-day dry i ng period , the specime n was ready for hydro-
I static testing.

I
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Table A- i .  Concrete mix design .

Por t land Cement, Type II I

Santa Clara River aggregate

Water-to-cement ratio = 0.43

Sand- to-cement ratio = 2.55

Coarse aggregate (3/8-in, pea gravel)-to-cement ratio = 0.61+
V Water- reduc ing admixture (Zecon) = 8 oz/sack

*
V 

Stee l- f iber reinforcement = 1.5~ by vo lume or 5~ by we ight

Sand Gradat ion

S ieve Size Pe rcent
V No. Passing

15 99
8 85

16 70
30 42
50 17

V 100 4

V 200 1

~
‘Fibers were 1.5 in. (38.1 mm) long by 17 mil (0.043 mm) dia.

V 

(supplied by National Standard Company).

V 
V~ 
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lop View Section A-A

(a) Male insert

.lt .0625 t 0.0625 in. Radius
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28o.988 ± 1.5875 nan)

_____________________________

Top View End View

(b) Female shell

V 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

(c) Assembl y

V 

Fi gure A-2. Details of mold for concrete hemisphe re. V
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Fi gure A-’s. Arrangement of steel rebar attached to outer mold.
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APPENDIX B

C Y L I N D E R  TEST DATA

Stress/strain curves from the instrumented cy linder tests are shown in

Figures B-i and B—2. Figure B-i shows the data from single-load tests——small—
V cylinder data in Figures B-la and B-ib , and large-cylinder data in Figures B-ic and

B-I d. Fi gure B-2 shows the data from the double-load tests. Table 8-1 gives the

data from unconfined compression tests on cylinders cast with each hem i sphere and

tested on the day of the pressure-vessel test of the spherica l test specimen asso- V

ciated with them. These data yield a mean unconfined compressive strength of

V 10,125 psi (69.8 MPa) wi th  COV 8~.

ti
VcZV

V
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Table B—i. Cylinde r test data .

Unconfined Compressive
Strength

Elas t ic
Associa ted f ’  Mean Age at  Modulus

I Sphere , C 
___________  COV Test 6 Poisson ’s

V 

No.* psi (MPa) psi (MPa) (
~~~

) (days) 10 psi (GPa) Ratio
V 

1A io ,04o (69.2) 2.6 (17.9) 0.16
9,590 (66.1) 3.0 (20.7) 0.17

V 
9,270 (63.9) 9,630 (66.4) 4.0 77 2.9 (20.0) 0.19

lB 11 ,160 (76.9) 3 .2 (22.1) 0.22
1 ,540 (79 .6) 3.3 ( 22.8) 0.14 

V

0,010 (69.0) 10 ,900 (75.2) 7.3 82 2.9 (20.0) 0.20

2A 8,630 (59 .5)
7,780 (53 .6) 

V

8,200 (56.5) 8,200 (56.5) 5 .2 71 -- -- --

2 B 10 ,400 (7 1.7)
9,620 (66.3)

I 9,760 (67. 3) 9,320 (64.3) 4 . 2 77 -- -- --
3A 10,440 (72.0)

9,080 (62.6)
9,940 (68.5) 9,820 (67 .7) 7.0 70 -- -- --

3B 9,040 (62.3)
9,320 (64 .3)
9,730 (67.1) 9,360 (64.5) 3.7 78 -- -- --

V 4A 11 ,390 (78.5)
1,180 (77.1)

10,960 (75.6) 11 ,180 (77.1) 2.0 71 —- —- -- V

V 

4B 9,900 (68.3)
9,970 (68.7)
9,760 (67.3) 9,880 (68. 1 ) 1.1 78 -- -- -- V

5A 11 ,030 (76.1)
V 11 ,250 (77.6)

10,960 (75 .6) 11 ,080 (76.4 ) 1.0 77 —- -- --

58 9,900 (68.3)
10 ,680 (76.6
9,480 (65.4) 10,020 (69.1) 6.1 84 -- -- --

*V Letter “A” designates top hemisphere and “B” bottom hemisphere. V

V ,. . 92

_ _ _  V ~
iI



~ 
_ _ _ _  ‘T2T ~~~~~~~~~~~~~~~~~~~~~~~ 

V 
~~~~~~~~~~~~~~~~~~~~~~~ 

V V :

Table B— i . (Conc l uded).

I ______________ __________________________________________ _________ _________________ _____________

Uncon fined Compressiv e
Strength

Elas t ic
V Associated f’ Mean Age a t Modulus

Sphere , C 
_________ COV Tes t 6 Po i sson ’s V

No. psi (MPa) psi (MPa) (%) (days) 10 psi (GPa) Ratio V

6A 1 1 ,3 20 (78.1)
V 10,610 (73 .2)
V 9,900 (68.3) 10 ,610 (73 .2) 6.7 77 -- -- -- V

6B 9,900 (68.3) 
V

9,760 (67 .3) V

9,830 (67.8) 9,830 (67 .3) 0.7 84 -- -- --

7A 10,470 (72 .2)
9,560 (65.9)
10,850 (74.8) 10,290 (7 1 .0) 6.4 78 -- -- --

78 10,630 (73 .3)
10 ,930 (75.4)

V 10,620 (73.2) 10 ,730 (74.0) 1.7 79 -- -— —- V

BA 9,900 (68.3 )
10,260 (70.8) V

V 10,500 (72.1,) 10 ,220 (70.5) 2.9 84 --  -- --

8B 9,900 (68. 3)
11 ,050 (76.2) 

V

11 ,180 (77.1) 10 ,380 (7 1 .6) 5.8 82 -- -- -- V

9A 1 0,180 (70.2)
10 ,620 (73.2)
10 ,340 (7 1.3) 10 ,380 (7 1.6)  2. 1 85 -- -- --

9B 9,340 (615.4)
9,900 (613.3)
9, 190 (63.4)  9,480 (65 .4 ) 3.9 83 -- -- --
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Figure B—i . Stress/strain curves from unconflned comp ressIon tests on
cylinders--single-load tests.
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Figure 8—2. Stress /s t ra in  curves from unconfined compression tests on V

cylinders--double-load tests.
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APPE NDIX C

STRAIN DATA FROM SINGLE-LOAD IMPLOSION TESTS

The pressure versus strain data obta i ned from the tests of Spheres 1 , 3,

V and 4 are shown in Figures C-i through C-3. For each spec i men , the records of

all seven gages are presented , followed by a plot of pressure vs. time showing

V 
the loading rate. In-p lane cracking, wh i ch is signaled by a decrease in strain

accompany i ng an increase in pressure , is clearly shown by the three concrete-
mounted gages in the test records of Spheres 3 and 4. Sphere 1 shows in-p lane

crack i ng in steel-mounted gages Nos. 2 and 4, mounted near the externa l surface .

This behavior is unusual.

V I
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APPENDIX 0

DESCRIPT I ON OF FAILURES OF TEST SPECI MENS

Pictorial views of the test specimens after failure are presented in this

appendix. Figure 0-1 shows the location and appearance of the failure holes of all

test specimens. Figures 0-la and b show cross-sectiona l views of the failures ,

whereas Figures 0-ic through I show frontal views. Approx i mate size of each faflure
zone is indicated in Figure D-l . Figures 0-2 through 0—8 show photographs of the
failed spec i mens and debris.
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(g) Sphere 7 (h) Sphere 8 (i) Sphere 9

Figure D-i . Failures in test specimens.
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(b) Inner view

F igure 0-2. Failure of Sphere 1 .
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(b) Failed area showing steel rebar

Fi gure D—3 . Fai lure of Sphere 2.
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(c) Side view showing implosi on area

Figure D-~ . (Concluded) .
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(b) Bottom hemisphere

Figure 0-8. Failu re of Sphere 9.
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Figure D-8. (Concluded).

119



T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~

L
I;

APP E N D I X  E
- STRAIN DATA FROM CYCLIC LOA D TESTS

The pressure vs. strain data record~d during the cyclic tests of Spheres 6

through 9 are shown in Fi gures E—l through E-14. As in the case of single—load

implos i on test data , the strains recorded by the seven strain gages are presented ,

followed by a plot of pressure vs. time .

• I The data from Spheres 7 through 9 are p lotted to a larger scale. The data

from the concrete-mounted Gage Nos. 5, 6, and 7 tend to be erratic after the first few

cycles as a result of progressive loca l deterioration of the concrete near the inner

surface. Accordingl y, these strain records must be interpreted with caution . Some

of these gages indicated tensile strains after an initial period . Since the tensile

- 1 strains do not represent meaningfu l physical phenomena , they have been omitted in

some of the plots.
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APP E N D I X  F

REVIEW OF LOW-CYCLE FAT I GUE DATA ON ROCK AND CONCRETE

Pertinent details of some earlier i nvestigations are sumarized in Table F-i.

The data on rock (Ref. F-i) are plotted in Fi gure F-i and those on concrete

(Refs. F-2, F-3, and F-4) in Figure F-2. For the axial compression tests (Refs. F-i

through F-3), the vertica l axes of Figures F-i and F-2 represent the ratio of the

cyclic test stress to the static unconfined compression strength. The data of

Reference F-2 and F-3 plot along the same line on the fati gue plot.

The l oad parameter in the flexura l tests of Batson et al. (Ref. F-4) was the

first-crack strength , defined as the point at which the load-deflection curve becomes

nonlinear. The vertica l axis in Figure F-2 for their data represents the cyclic—

test stress normalized with respect to the static first-crack strength , the stresses

being computed from the elastic flexure equations. This approach is analogous to

the use of P 1 as the primary reference in the present program .

Figure F-2 shows two plots from data of Reference F-4 taken from specimens
* with two kinds of fiber reinforcement , as follows :

Fiber 1: 2.98% by volume , 0.0066 in. dia. x 0.5 in. long

(0.17 nmi x 12.7 m)

FIber 2: 2.98% by vol ume, 0.014 in. dia. x 1.23 in. long

(0.36 m x 31.8 nm )

- I it is noteworthy that the fatigue data from fiber-reinforced concrete under

flexure and p lain concrete under compression are very similar. The rock and concrete

data are fitted with an equation of the type of Equation 5-3. The values of m so

obtained are shown in Table F-2.

Figure F-3 (Ref. F-6) compares low-cycle fatigue data on severa l types of

rock . The init ial slope s (a few hundred cycles) of some of these curves are much

steeper than in the regions representing longer life . The m va l ues corresponding

to the Initial slopes are shown in Table F-2.
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Table F-2. Regression fit to fatigue data on rock and concrete.

Ma terial  Source m

- 

- Barre Granite 30.22

Tennessee Sandstone Hardy-Chugh 52.58
(Ref. F— i)

I ndiana Limestone 34.65

Concre te Awad-Hilsdorf 27.62
(Ref. F-2)

- I Concrete Bennett—Raju 27.02
(Ref. F-3)

Fiber-Reinforced Concrete Batson et at. 34.55
Fib er No. 1 (Ref. F—4)

Fiber-Reinforced Concrete 81.83
Fiber No. 2

Whi te Tennessee Marble 6.64*

Wes terly Granite Ha i mson i3.3~
’

(Ref. F—6)

Berea Sandstone 26

Fibe r-Reinforced Concrete Spheres 8.37
Pressure , ksi Presen t

t program

Normalized pressure 
~
‘
~ im 8.6

- 

- 

- *Calculated from initial slope of S—N Curve (<100 cycl es). -
•

_ _ _  
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1.2

________ Unconfined 
Triax ial (Confining Pressure = 70 Bars)
Triaxial (Confin ing Pressure 170 Bars)

1 1 —~~~~~~— Failed Rock Unconfined 
—

:1 1 Whi te Tennesse e Marble
2 Wes terly Gran ite

1 
3 Berea Sandstone
4 Ind i ana Limestone

I

j 0.8 ~ ~~ ~~~~~~~ ~~

‘ 

2 -

~~~~~~~~~~ \~~~~~~L ~~~~~~~~~~~~ ~~~~~I ~ ~~~~~~~ % ~~~
I \ ~~~~~~~~~~~~~ -~

‘4- -”6
0.7 - 2

~~~~~~~~~~~~~~~~ 
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~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~~~~
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1 10 io2 

1o~ 1o 4
N , Cycles

Fi gure F-3. S-N curves in unconfined and triaxi al compression
on several types of rock (Ref. F-6).
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APP E N D I X  G

SYMBOLS AND NOTAT I ONS

D Outside diameter of sphere
0

E Young ’s modulus

N Total number of app lications of the load Z

P Externa l pressure

~~im Externa l pressure at implosion

P 1 
External pressure at in-p lane crack i ng

Q Dependent random variable

R Rad i us

R. Inside Rad i us

R Outs de rad i us -

4 X Resistance

Xn Mode resistance at start of the app lication of Zn

X Best estimate of 
~~~~~~ 

the mean (average or expected) va l ue of Xn

X 1 
Mode resistance at the start of the first app lication of the l oad Z

Best estimate of 
~ 

, the mean (average or expected) va l ue of X 1

I ndependent random varia ble (r = 1 ,2,3...R)

Z Load

-
- Z Best estimate of 1

~Z 
, the mean (average or expected) va l ue of Z

(n = 1 ,2,3. ..N) n n

Z Mode loadn

f’ Unconfined compressive strength of concrete

k Strength Increase factor

k Parameter tha t reflerts our confidence that the probability of surviva la is greater than or c’iual to P(X > Z ) -
.- n f l  N

m, c Experimentally determ i ned parameters in the f~tigue equation nsm = c

rn Fatigue parameter, equa l to the mean va l ue of the exponent of the fatigue
equation , ~5m —
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SYMBOLS AND NOTAT I ONS (conc l uded)

n Cycles to implos ion at stress leve l S

n Index denoting repeated applicat ion of l oad (Sec. 6 only)

- 

- 
nZ 

Life of the mode under load Z (Sec. 6)

t Thickness of sphere wal l

COV tha t reflects our uncerta inty in e s t i m a t i n g  ~ , the meabf 0) X

COV tha t reflects our uncertaint y in estim ating ~~ the mean of Z
(n — 1 ,2,3,.. .N) n

Mode resistance degradat ion function unde r repeated loads

IS
X 

COV that reflects the real random nature of X
n

III
Z 

COV that reflects the ieu •ln,$orll n.itt~te of Z (ii 1 ,2,3,.. .N)

I
R

(R) Radial strain at radius R

c~ (R) Hoop strain at radius R

Long-tern) loading factor . — I for short-term , noncyc li c loading

v Poisson ’s ratio

~rs Corre la t io n  coef f ic ie ;’t

- - 
I ~R

(R) Rad ial stress at rddius R

im 
Average wall stress at imp losion

It
,~(R) Hoop stress at radius R

(
~~( L)  Tabulated cumu lative probability of the standard normal variate L
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