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SECTION 1 

INTRODUCTION 

An area of major concern in the development of a nondestructive pavement eval­
uation procedure is the determination of the remaining service life of an ex­
isting pavement. This determination is complicated; it involves the evaluation 
of such factors as the number and types of aircraft operations (i.e., past his­
tory), the number and extent of environmentally induced stress cycles, pavement 
composition and construction techniques, and an estimate of future aircraft 
onerations. The influence of these and other factors on the basic fatigue life 
of the pavement is then coupled with material parameters which influence pave­
mant fatigue so as to project the remaining service life of the pavement . This 
aspect of pavement evaluation is difficult and the solution to the fatigue life 
of paving materials constitutes one of the most difficult problems in material 
science today. However, a recent CERF project (ref. 1) indicates that acoustic­
emission techniques may be useful in estimating the service life remaining in 
an airfield pavement surface course. 

Many engineering materials emit a pressure wave which is produced by the energy 
released when the material is stressed. External loading on a test specimen 
produces plastic flow, slippage of adjacent particles, crushing of particulate 
matter, and microcracking, and these actions result in the release of energy. 
With adequate sensors and signal processing, the pressure (stress) waves--known 
as aaoustic emiaJions--can be detected at the surface of the deforming test spe­
cimen. The American Society for Testing and Materials (ref. 2) provides this 
definition: aaoustic emission is a transient elasti a ~ave renerated by the 

ropid release of energy ~ithin the material. 

1. Bickle, L. W., and Smiel, A. J., Appliaability of Acous t ic-Emission 
Teahniques to Civil Engineering Research, AFWL-TR-74-299, Air Force 
Weapons Laboratory, Kirtland Air Force Base, New Mexico, June 1975. 

2. Aaoustic Emisaion, Special Technical Publication No. 505, American 
Society for Testing and Materials, Philadelphia, Pennsylvania, 1972. 
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A unique characteristic of some engineering materials that enit acoustical en­
ergy is the Kaiser Effect, a phenomenon by which the acoustic activity of a pre­
viously stressed specimen is slight or nonexistant until the previous maximum 
stress is again applied; at which point, the emission signals increase signifi­
cantly. The Kaiser Effect is used extensively in industry to monitor equipment 
(e .g., pressure vessels) which must not be stressed beyond certain limits. It 
is also used extensively in tatt l c tail applications to detennine maximum past 
loadings on industrial equipment. The Kaiser Effect can be observed in most 
metals, and it also occurs in plain Portland cement concrete (ref. 1). 

OBJECTIVES 

A study was undertaken to determine if acoustic-emission techniques could be 
used to estimate the maximum past loading on a concrete airfield pavement. 
This infonnation could then be used to estimate the remaining fatigue life 
of the pavement. This study was exploratory in nature. Specific objectives 
were as follows: (l) Thoroughly review the literature collected (ref. l) as 
it relates to the uses of acoustic-emission techniques in rock mechanics and 
plain concrete research, and update that literature search; (2) Review the 
significant literature which now exists on the fatigue of plain concrete and 
correlate it with that above; (3) Perform a laboratory study to detennine the 
optimum frequency range which should be used in acoustic-emission testing of 
plain concrete; and (4) Plan and conduct a laboratory test program to inves­
tigate the Kaiser Effect in plain concrete as a means of estimating the life 
remaining in an existing concrete pavement. 

APPROACH 

Because very little information exists in the technical literature relative to 
the acoustic-emission properties of plain concrete, a laboratory test program 
was developed. Concrete cylinders and beams were fabricated for testing from 
two different concrete mixes. Cores from aged concrete pavements were provided 
by the Air Force Civil Engineering Center (AFCEC). These test specimens were 
tested in uniaxial compression, tensile splitting, flexural, and un1ax1al com­
pression to failure following cyclic loading to evaluate their emission charac­
teristics. 
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FAILURE OF PLAIN CONCRETE 

SECT ION 2 
LITERATURE REVIEW 

An explanation of the mechanism of fatigue of concrete may assist the reader 
i~ understanding the source of acoustic emissions during load testing of con­
crete. Both Antrim (ref. 3) and Westerberg (ref. 4) are in essential agreement 
about the mechanism of fatigue in plain concrete . They believe fatigue failure 
occurs because small cracks (microcracks) form and propagate and new cracks 
form under repeated loading less than the static failure load. Microcracks are 
usually present in concrete before it is loaded. Propagation of existing 
c~acks and initiation of new cracks occur because of the breakdown of the bond 
between the cement paste and the aggregate; cracks also start at air voids and 
other flaws where stresses are concentrated. Westerberg believe~ that the me­
chanism of failure is the same for both flexure and compression, except that 
in compression the cracks are mainly parallel to the direction of compression 
and are induced by transverse tensile stresses. Antrim further believes that 
the development of the damaging crack pattern depends primarily, if not entire­
ly, on the water/cement ratio of the cement paste. In addition, concretes with 
different water/cement ratios develop a crack pattern in their cement paste in 
the same manner as does pure cement paste; i.e . , the crack pattern develops 
slower in cement paste with an open capillary structure than in cement paste 
with a dense structure, and thus if the cement paste has lost gel water, the 
crack pattern develops slower. Antrim further states that the aggregate has 
some influence on the fatigue behavior of the concrete. The explanation offered 
is that there are bond cracks present at the aggregate interface and that the 
paste surrounding the aggregate is not necessarily the same as the main body 

3. Antrim, J. D., 11 The Mechanism of Fatigue in Cement Paste and Plain Con-
crete,11 Highi.Jau Resear•,..-h Re<!o r>d No . 210: A Symro:Jf wn on Co rz C! r>et e Str>en:1tt1, 
Highway Research Board, Washington, D. C., 1967, pp. 95-107. 

4. Westerberg, B., Statens Institute for Byggnadsforskning Rapport 22: 1969: 
Uttmatning av betong och armerad betong. En litteraturoversikt (Fatigue 
of Plain and Reinforced Concrete. A survey of literature), Stockholm, 
Sweden, Svonsk Byggtjl~st, 1969. 
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of paste. Failure in fatigue occurs when cracks propagate to such an extent 
that the maximum stress induced by the applied load can no longer be sustained. 

ACOUSTIC-EMISSION TECHNOLOGY AS RELATED TO PLAIN CONCRETE 

An extensive literature review of publications concerning specific applications 
to Portland cement concrete pavements was reported in reference 1. Attention 
was devoted to articles which revealed that acoustic-emission technology is in­
cipiently ready for field application. However, Bickle and Smiel (ref. 1) 
could not locate a single citation to published work concerning detection and 
classification of flaws in concrete by acoustic emissions. Nor, could any 
published work be found about the application of acoustic-emission ~echniques 
to paving materials per-se. Three articles that dealt with the acoustic ap­
paratus used to record emissions from concrete under strain (refs. 5, 6, 7) 
were found; however, no pertinent material published during the interim follow­
ing the issuance of reference l could be located.* 

5. Wells, D., "An Acoustic Apparatus to Record Emissions from Concrete Under 
Strain," Nuclear- En.gineer-in.g and De,~ign, 12, May 1970, pp. 80-88. 

6. Rusch, Von H., 11 Physikalische Fragen der Betonprufung," Zement-Kalk-c;ips, 
V12 Nl, January 1959, pp. 1-9. (Presented at the meeting of the German 
Association of Cenent Manufacturers, Wiesbaden, September 23, 1958.) 
Note: There is a Cement and Concrete Association Library Translation 
(No. 80) and a translation by Margaret Corbin available at PCS Library, 
Skokie, Illinois. 

7. Schickert, Gerald. "Acoustic Emission Technique Applied to Tests with 
Concrete Cubes, 11 RILEM. lleme Symposium International De la Co111111ssion 

* 

7 NOT, Constanta-Romania, 4 September 1974. Noveaux developments dans 
l'essai non-destructif des materiaux non metalliques. Vol. 11 Beton­
Nouvelles Methodes, Resonance, Ultrasons. Institut Recherche Ou Batiment 
INCERC, Bucaresti 1974. 

After this research wa~ r.Jmpleted, a paper by W. Martin McCabe, Robert M. 
Koerner, and Arthur E. Ll'rd, Jr., entitled At--ouatic Emission Behavior of Con­
crete Labor•ator•:1 Sz1e,•-imi •1.1, appeared in the ACI Journal for July 1976 (pp. 367-
371 ). The ACI paper cont~nds that the Kaiser Effect is quite valid in concrete; 
the CERF research shows the validity of the Kaiser Effect sometimes and only for 
i11111ediate reloading; the effect recovers with rest periods and a repeatable 
Kaiser Effect 1s revealed. If the Kaiser Effect were valid, it could not be 
repeated on a given specimen subjected to identical loading cycles. 
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Reference 2 is the first comprehensive literature survey on acoustic-emission 
technology. As quoted from the introduction: 

'J'h,• ! 'ilf 't.' l'H L?o) !' CY' I / 1J:'..f,· /', Ill::'• ' ,,f t,>pir.•r: , f!',1/11 :11·n,·1•,17 ,,,,oz' .. ,1Js of 
tlLL· fi eld to t:/ •<·,}i j'iL· 1•,·•1·,11•t;; ,m r•,w e, u•c ii j'i n,iin:lil, t<',?hncJlo:11:ea l 
<1Jl',m,.1es, ,m ,f ,1 :•;•l i, •,1ti . •11,: i 11 .fijJ, ,1•, ' 11t i'. 11,!iwt1•i<'11. Th,·ir- uollec-
ti 1•e Pl'J'e r•ene ,:.;, ,· i t,·,i in t./1 ,, i'll/' el•,i, ii1 ,!lu<1,' !'!( 'H t, o j' tlw r111b li s/i,• , f 
mattl l'ia! c1n a~c111st; i c1 c111ir.si'.o n t ec•hn,>loiJJI , 

Although reference 2 deals very little with concrete, some quotations are pro­
vided as a means of acquainting the rea~er with some of the relationships be­
t\~een materia 1 s and acoustic emission. 

$()!Tie observations from 11n Tnt1•0J1wtion I.a Acousti c• fr'l-i11r.im1, by R. B. Liptai, 
et al., are as follows: 

Emissimw fPom metals ar•e er•imal'il!J J11c to dts!oeation motion 
(pr•obably does not appl!f in eoner•eteJ ,ic!umrzpanyfrt:7 plustic 
Jeforrrnat?'. r n mther• than he iniJ e n tir•ely clue lo ,;r•ni~, b,~1 m<lar-:1 
sl1'.ding a., rn•opos e d bu ,T. Kai'..cwr-. 

The presence of oJrc,cks in :Jtructures alters the load at 
which plastic~ defoPmation beuins, thus al ter•inu the ac, )1wli ,! 
emission pat t er•n obsePue,l as the slr'!lt!t11N! ir: loa,ied. 

Plastic deformation, which z•esults -in ,wousti<! emiasion, 
occur•s <1t crack tips anJ other highl!, stressed r>e:; imw uizen 
a material is loadeJ. 

Fat(7ue cr>aek :1r•owth p r>odu,!ed hy f l1wt1-'atin,.; /o,zds (!cm he• 
detected by continuous mordtor•in:/ of ,1r•oust1'.c 1'missiona . 
Also , the amount oj' ci•ack gr>owth per• eJ1dc c?an be ,lirr: ,!tty 
deter>mined from acoust:1:c-emissior1 ,iat,1. 

The sti•ess in a mclall?'. c.• system mau /;c welt bel o1., lh1• e!c.1sti c 
dest'.;1n limit; hm.JeVe l', Uw r•e:1ion ne,a• ,1 fla1J 01• 1.1 .Jl'l/ ,•k m,1.'I 
unJer>go plastic> deforwzat?'.on j'r•om luc•rilizecl h?'. :111 at 11..!81J,?n. In 
this situation, the fl-aw is the :;e>1c r>,1tu1• or- tiow•ce of ,lc.!OWJti,!­
emission ac tivity. 

These observations were made in reference to metals; however, it was initially 
thought that they should also apply to Portland cement concrete. According to 
Han-Ch;n Wu (ref. 8): 

Although <!Oncrete is locally nonhomo:1m1<-'ous and mu lti{' lznsed 
and cont,a.ins microm•acka, thio m,1ter-i,d may ph,mo111e no /oyi (•ally 
be considered isotr>opfo and 1zomo:1enrow1 since th,-· n'iz, , ,md 
orifont,a.tion of the au:1re;,ateo m•e r•anrlom. 

8. Han-Chin Wu, "Dual Failure Criterion for Plain Concrete," ,f,•u r•>uzl of thr 
Enaineei•in:J M,w ham'.cs Dfois1'.an, rr,1,•,·,,,U11,y1 ()f 01, · 11::0:. Vol. 100, No. 
EM, December 6, 1974, p. 1167. 
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C. A. Tatro in his paper entitled Desi:in Cr•i ter•iu [ 0 1• A<~oustfr Emivsion t::x:peri­

·imentation observed that acoustic-emission technology deals with dimensional 
changes and that dimensional changes of 10- 12 in are an easily recognizible 
threshold. Such changes are six orders of magnitude below the sensitivity 
threshold of a resistance strain gage (ref. 2). 

It is pertinent to quote the conclusions reached by P. P. Gillis in his 
paper Dislo<.Jation 1,fotio11s unJ A,!ousti ,} Fmissions: 

It seems I'easonab Zu deal' that cwoustic emissions ut'e Jetected 
in many def01'rT1u.tion prioc!esst!s in whfoh clislocatforw pla!J no 
1'0 le • .. A g1•eu middle uriound is o<Jc-upied by the nrmhomogcneous 
deforirr1a tion pr•oee.rn ,lC!<!ompu.nyin:1 c•i•,1 r!k pr>opa;1ation; cer•tainly 
dislocation motion spt•cadv the i-'7,wtie zone at the ur•rwk tip 
o.nd acoustic em1'.ssions <lP(: rlr.tc ,•t.ed, but it is difj'iault to 
<!OI'r elate the two. 

Te<Jhnulo1rically, tJ1e nonho111oueneow1 ,iej'or>mati1.ms hauc the 
3rieatest signij'ic-ance because of' their> intimate ,!Ormel't-ion 
witt1 str>uctuml f riiluPes and so n aubstantial ef'j'o rt must be 
Jevotecl to the de tecti on and identificatfon of their> emissions. 

An interesting phenomenon has been reported by J. F. Frederick and D. K. 
Feldback in Dislocation Motion 1.is a .'kJW'( 'e of Acoustir- Emission: 

Sever>a l cases hai>e bcen r•epor•ted in 1Jhich acoustic cnl'ission 
1-1.as been obs (:, J 1ed 1Jhen a tensile !o,d is r>ernoueJ fr•om a test 
speeimen pr>iori to fr>cw ture of the .:pccimen. This "un load" 
emission is r•everisible; that is, it ocew•s on r•cpeateJ loading 
and unloadinu eycles. Fur•ther>mor•e , mate1•ials that show an un­
load emission efft!ct ..:.a not show a K1tiseP EJ'fec:t. In other• 
wor>da, they priodu,!e aeouot-ic.· em-isnion (irrnnediatelu) dur•·ing r>e­
loadin11 instead of no t !:!mi ttin: , uni ii the value of' the rn•ev·iously 
u.pplied load has heen ex ct]edeJ. 'Flic unload aeouatiu emission is 
ueneria l ly an orde r• of rna,1ni tudc or rnorie srna llm• than the toad 
emission. 

Factors which influence acoustic-emission detectability, all of which may not 
apply to concrete, are given by H. L. Dunegan and A. T. Green in Factor>s Affect­

t'.rzg Aaous tic !mission Rec1ponse from Mo ter-ia ls ( tab 1 e 1 ) . 

Wells (ref. 5) performed some acoustic-emission experiments on 3-in and 4-in 
cubical specimens of Portland cement mortar (cement/sand/water) and of concrete 
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Table 1. Factors Influencing Acoustic­
Emission Detectability (ref. 2) 

Factors Resulting in 
High-Amplitude s~gnals 

High Strength 
High Strain Rate 
Anistropy 
Nonhomogenei ty 
Thick Section 
Twinning Material 
Cleavage Fracture 
Low Tenpera ture 

Flawed Ma teria 1 
Martensitic Phase 
Transformation 

Crack Propagation 
Cast Structure 
Large Grain Size 

. f ~~~:,~1 ff~~!t~~~l~.7 
Low Strength 
Low Strain Rate 
Isotropy 
Homogeneity 
Thin Section 
Nontwinning Material 
Shear Deformation 
High Temperature 
Unflawed Material 
Diffusion-Controlled 

Transformation 
Plastic Deformation 
Wrought Structure 
Small Grain Size 

with various aggregates (maximum particle size of 3/8 in). His conclusions 
are as follows: 

Although nwne1•oun r•esul.ts hrw e been ohta frzed they ar•c not com­
paPable with each o thm•. l!owe1'er>, 7'. n some cases, the1•e does 
seem to be a tendencu f or• a pat tern t.o (:n1c1•;1e 1Jhc1•c a nwnbe1' 
of small cubes have been te.<Jted. Th e t endency Bhm,,s t.ha t, in 
some cub1:3s, noiae emiss ion s taPts iWmeIJhere over• 50 p,,1Y•ent 
ultimate st1'ength and increases as the f ailure load is ap­
pmached. This i s in line 1Ji th the ft'.nJi ngs of Ruaeh (r•e f. 6). 

Therie is little evidence of any 'f'e la t iorwhir) between .; trriin 
measuriements and noise but it may be tha t s t'f'r'lin <'hang es 
associated L1ith noise a'f'e too small t o be detec t ed. 

Rusch (ref. 6) reported on the results of acoustic-emission measurements on a 
concrete prism capped with a thin layer of gypsum. He made the following ob­
servations: 

On repeated load-rielease-load-incPeas e appreciable noise 
(acous : :,,. emissions) I.JaB renewed onlu when the f or-rmer ly 
attained stress maximum was ex ceeded. 

Above 70 to 85 per>'!en.t of failure load, noises we re pPo­
duced before the ; rev ioua maximum lorid 1Jas ,•eached. 

9 
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In the vieini ty of' faUur•e load there was consider-able 
nm'.;; (' ,md noiae continued dur•ing the unloadin:7 f' f"O(! P-SS. 

According to Dunegan and Greene in F'ac>tora Affec lin:1 !l coustic Emission Res ponse 

fi• ,.Jm Mu ter-iLl ls (ref. 2): 

Concre te is an examp le of' a wide ly u;;ed composite material 
oonta ininu a briittle matr-ix and compar-atioely ductile and 
hi(1h modulus rieinj'or-eing member•D. The per>mrmen t defor-mati.Jn 
r'lode of' this rnalei•ial is fJT•ir-1ar•i ly cr-ackin,:; of' Uzc rna lr•ix 
mate1·ia l, which ;,-ioeD r ?'. s u t o W!Oustic emission siunals uj' 
hiuher• amplitude than arie f ound in most mtJtals . 

Schickert (ref. 7) attempted to relate acoustic-emission techniques to the 
fracture of concrete cubes. He concluded: 

The me thod has been effectively applied to analyze the deve lop­
ment of fr•actur-e of conc:i·e t e cuueR . Howeve1• test Y'euults show 
quite a biu oa raia tion. 

Hutton. et al. (ref. 9). describe a method but do not give a program whereby 
a time-analysis computer provides processed data to a triangulatior computer 
which calculates the geometrical location of the detected sources from several 
separate transducers. E. V. Waite describes triangulation programs for loca­
ting structural flaws on spherical pressure vessels (ref. 10) and on cylindri­
cal vessels (ref. 11). Both programs are based on time-of-arrival differences 
among three or more unique acoustic transducers. 

FATIGUE OF PLAIN CONCRETE 

A review of the most recent literature concerning fatigue of concrete. as re­
ported in the Abe lea ,'i;1mposium (ref. 12) 1 rev ea 1 s on 1 y three papers dea 1 i ng 

9. Hutton. P. H .• et al .• 11Assessment of Structural Integrity by Acoustic 
Emission.'' ASTM Ma.teriials Resear•c lz and S tandar-ds 1 Vol. 11. No. 3. 
March 1971. 

10. Waite. E. V. 1 ACO!IS1'-S : A Digital l'mgPam for• lwoustic TPiangulation of 
Spher-ical Vess e ls. Idaho Nuclear Corporation. Idaho Falls. Idaho. March 
1970. 

11 . Wai te. E. V . , and Moore. K. V. • 11 COUST-11: Diui ta l PP0~7rom f o1' Acoustic 
TPianuulation of Nuclear VPsse ls , I. D. - 17 .2ao. November 1968. 

12. Patiuue oj' Concr•f.: te 1 Publication SP-41, American Concrete Institute. 
Cotrmittee 215. Abeles Symposium. Detroit, Michigan 1974. 
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with plain concrete; the balance of the symposium pertained to reinforced con­

crete. The conclusions of each of the above-mentioned papers are as follows: 

(1) M. E. Awad and H. K. Hilsdorf, ('rm11n•essfo,, Friti :1w· Tee ts on 

·1" x 4" ~c l ;~ " /';,lvrnn 

When (.!Ontn•e te iH uubJe,:te,! to hi:1h re1,c:,1tcd r!om1,r-cssioe 
utresse;;, o de.Jre .-w e in ci the r> tlie mnximwr1 D tr>csD l.eve l 
or> the stress r>an;re r>esul ts in an 1'.ncrew:w of the nwnber> 
of cycles to fa7'. luN:. Th e inur>ease in f ed l-11r>e cycles 
with dec!r•ee1sin:1 utt•e;;s ria n:?e bei:omen 1'. nni'.:1nifican t at 
hi :J h maximwn s tPcss leuc l:: 1m,l small tJtPe:rn r•cm:1es . 

At hz'.gh str•esses , r1 r>e,luction in the sr,eed of testinu 
r•etrnl ts in a si:1m'. f icant 1•educ tion uf the f 1,t,i riue life 
of concr•cte. 

Under> 1'epeatcd loads the j','lillAYe str>ains of c~oncr•ete 
inel'ease with decr>easin:1 stl'ess l evel or decreasin;1 
mnge of loadinu. 

High r>epeated 01• sw~tci-irzed loads ma!J cawu· a si9nifieant 
str>ength de1!r>ease onlu aft;er1 ;~o t n ?O rx:N·en t of the 
nwnbel' of e11c l es causing fai lur>e have bPen applied. 

Damage eaused by hiuh 1'epeated loads depends both on the 
number> of applied cydes and the total time the coner1e te 
has to sustain hiuh s tr>esses. Based upon this obiw r>va­
tion an analytical pr>ocedul'e was developed whieh allows 
the pr>edietion of the fatigue propel'ties of coner>ete fol' 
var>ious str>ess l'anges and str1ess r>ates. 

(2) K. D. Raithby and J. W. Galloway, Flexur•c 1'i::sts 

Flexur>al fatiuue tests on ti.Jo mix desi:1ns of JJaV('ment 
quality eoner•e t e ml<i on a l ean eonerete nimil,n• t,J r>oad 
base material have nhotJn the hnpor>tanee of' moistw•e con­
dition on fatiuue per>forn1anee and have indicYi. t ed the 1Jay 
in whieh fati!JUC st1'en11th ineN11uws 1.,n'. th 11:7e . Chan!WS 
in fatiaue str>enath fo llow closely chan:w11 i'.n qwwz'.-sti1tic 
flexur>al str>en;rth 1,mder• these tJond7'.tions and i'.t <l/l/-'em•s 
r>easonable to expeet to be able to pr>edict lonu-ter•m 
fatigue per>for>manee fr>orn a few shor>t-tey,,11 t ests under> 
appr>opr>iate eondi tfons. 

In view of the impor>tanee of moistur•e conditi c,n ,in,l c..'on­
eriete aae at the time of test the r>e in an o}i1'1°ow~ need 
to study the e ffec ts of inter>actions bet1Jeen the .,: r. fri c•tor>s 
by using differient cU.l'ina methods; this in hcd n:7 ,lone in 
the continuina prour•am of r•esem•'-•h at the Trians por> t and 
Road Reseal'ch Labora tor>y. 

A l-imited study of the effe,~ts of j'reqiwrt<'!!f of lo,idinu 
on fatigue per>fomance has confir>med the concl1,mions of 
otheri resear>ch woriker>B that at leaE!t up t o 20 Hz the rote 
of loadina is unimpor>tant. This concluaion seems to he 
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al v,u•iunce with t,he j'ac:t that the j'lexur•11L nlr-en:rt;h 1'.s 
aff ecter! str-onul:J l1u r•ate of lcxidinr.1, Fu-rU1,:r 1•esea-rch 
iu needeJ to expfo.i >1 t:lds Uf 'pur•cnl cH s r: 1•e1,,i~ ,!fi , 

(3) S. S. Takhar, I. J. Jordaan, and B. R. Gamble, c,,mr ,r•es.<Jive 

Fu t i :n~e '!'e st:: mi 1 '0nj'inecl Cy l inJer-B 

The fati;;u.t:: i.Jehav-ior• o f' uone r•e t, '. , as char-cwt;, ,1•1'.2e,l by 
t. he S-N c:u-r>Pe , 1' ,3 11J'j'c ,-!tecl by tJie lat;eml r•,mj'ininu 
r1 r1P-ss11.1•e . Tlie rn·escn,::u of t,hia 1n•eBsur•P- U[.'/'ea-rn t o 
rn•olon:1 the fati:1u c l ij'c r•onai.Je -rably. 

Th P- eff'c·c t oJ' the lalr:1•ril ,•onj'inin,r /JY'eBDUN' appem•s 
l o he dependent on t;he 111,iximwn nti-, ·ss lcu, ·I oj' /.he 
Jat1'.aue load. 

ThP. state of stPe:w i a cm ·important um•iabl e in I Jz e 
study of the j'ati,1ue c ht.i.racler•i stics of ,:on,n•ete , Just 
w; in the case of st,1U<! Blr•e t1:rth of conr•r•t :Le , and fur­
ther• r•esear-Lih int;n thia t11•c, 1 i.; ncedrd . T1w task is 
consider•able, a:: th,· nwnbe1• of ntates of r:/.r•e ,rn that 
should be c!onsiJer•ecl is enormous. 

Part II of reference 13 provides a review of the literature on fatigue of plain 
concrete through 1970 and includes a discussion of four separate appraisals of 
previously published works. Thus, virtually all known literature on fatigue of 
plain concrete has been considered. 

13. Forest, J. B., Katona, M. G., and Griffin, D. F., L.t1ue1•ed rm,ement :;ystemo 
- PaPt I, La:wre,i ::11ntem llesian , - l'm• t II, Pat1'.:1ue , TR-R763, Naval Civil 
Engineering Laboratory, Port Hueneme, California, 1972. 
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LABORATORY CYLINDERS AND BEAMS 

SECTION 3 
CONCRETE SPECIMENS 

The concrete mixes used in this investigation were proportioned according to 
the mix design data in table 2; aggregate grading is shown in table 3. Cylin­
d?rs, 6 in in diameter by 12 in long, and beams, 6 by 6 by 20 in long, were 
cast from both concrete A and concrete B. The compressive strengths of the 
two concretes are shown in table 4; the flexural strength of the beams is 
shown in table 5. 

Table 2. Mix Designs for Concrete Specimens 

Quantity/yd 3 

lngredi ent ~-·-- -- ·· - -····--·-·r-- -----4 

Concrete A 
------------- - -·--- ···- ·· · ·-- --·-·----- - - -- - -

Water/Cement Ratio 

Water, lb 

Cement, Ideal Type l, lb 

Coarse Aggregate, lb 

Sand, lb 

Maximum Particle Size, in 

Retarder (Zee Con), oz. 

Air Entraining Agent (Pro Tex), oz. 

Slump, in 

0.549 

284 

517 

1848 

1358 

3/4 

88 

6 

2 

Concrete B 

o. 704 

364 

517 

1435 

1555 

3/8 

-
-

2 
..___ ______ __ ___________ .. _ ______ .. _____ ---· -·•--· - . .. - . - ·------·---
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Table 3. Grading of Combined Aggregates 

Sieve Size 

-- --- - · 
l in 

3/4 in 
1/ 2 in 
3/8 in 
No. 4 

No. 8 
No. 16 
No. 30 
No. 50 
No. 100 
No. 200 

Pan 

Cumulative Amou 
Retained by Weigh 
--·------

Aggregate A Aggr 
---- -- -- ---- ·---

0.0 
4.6 

27.9 
42.3 
57.9 

62.9 
68.9 
79.8 
93.9 
98.2 
99.0 

100.0 1 

nt 
t 

,., 
t IV 

egate B 

0.0 
0.0 
0.0 
2.0 

44.6 
55.2 
61.8 
75.2 
92.5 
97.8 
98.8 
00.0 

Table 4. Compressive Strengths of Concretes 

-------- -
Fog Cure Strength of Fog Cure Strength of 

Age, Concrete A, Age, Concrete B, 
days psi* days psi* 

. - -- --

7 3870 

14 4370 
21 3920 

28 5150 

60 5370** 

84 5418 

95 4840 

171 6220 

Average of three specimens for each age. 
Taken from curve of strength versus age. 
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Fog Cure 
Age, 
days 

.. §NICk ~ Z b 4,\#J1$ sn t9 SJ#l§Jtbl#M!FSQ 

Table 5. Flexural Strength of Beams 

Strength of 
Concrete A, 

psi* 
t----- - +--- --- ·- ·- -· -- ----

Fog Cure 
Age, 
days 

Strength of 
Concrete B, 

psi* 

* 

116 

139 
171 

730 
765 
735 

40 
95 

630 
745 

-------- - - ---- ··-- - - ---- - ·· - ·· -- ----- . . . - - -- - _ __ _.__ __ _ 
Average of three specimens for each age. 

FIELD CORES 

Aged concrete cores from four airfield pavements were provided by AFCEC for 
acoustic-emission testing . The properties of these specimens are shown in 
table 6. 

Table 6. Properties of Field Cores 

- -- --

Cross-Sectional Ultimate 
Airfield Length, Diameter, Leng th/ Diameter Area, Compressive 

in in Ratio in' Strength, 
psi 

Buckley B 7.62 3.99 l. 91 12.50 7050 
Davis - M 

54 8. 01 3.98 2. 01 12. 44 5640 
Davis - M 

94 7.62 4. 01 l. 90 12. 63 4870 
Keesler 

K-6 5. 10 3.99 l. 28 12. 50 8640 
Keesler 

K-68 6.29 4.00 l. 57 12. 57 8730 
Mather 
R2-2 (Top) 8.02 3.98 2.02 12. 44 3710 
Mather 
R2-2 (Bottom) 6.75 3.98 l. 70 12 .44 6650 
Buckley A 8. 14 3.99 2.04 12.50 6460 -- -- ---- -- . -----. -- - - -- -------- --· ---------- --

15 



SECTION 4 
INSTRUMENTATION 

The instrumentation required for detecting and recording acoustic emissions is 
aptly described in references 1 and 2. By means of an X-Y recorder and other 
appropriate equipment, acoustic emissions can be related simultaneously to two 
of the following parameters: (1) loading on specimen; (2) strain in specimen; 
and (3) time. The equipment used in this study was as follows: 

(1) Ounegan/Endevco Model 3000 Series System 
(a) Acoustic Emission Preamplifier, Model 801-P 
(b) Totalizer (including filters), Model 301 
(c} Reset Lock, Model 402 
(d} Audio Amplifier, Model 702 

(2) Hewlett-Packard Model 7046A X-Y Recorder 

If either strain or load is to be recorded, a load cell and/or extensometer 
(or other strain gage} on the specimen is connected through signal condition­
ers to the X-Y plotter . 

One objective of this investigation was to determine the optimum frequency 
range for acoustic-emission testing of plain concrete. Thus a flat frequency 
response, acoustic-emission transducer was procured and tested. This trans­
ducer was a Ounegan/Endevco Model S9201 AB 73 with a certified calibration 
range of 100 to 1000 kHz. Although this transducer is considered to have a 
flat frequency response, the peak relative response was 200 kHz. By observing 
on an oscilloscope the performance of the transducer on plain concrete, it was 
determined that the optimum frequency range is between 100 and 300 kHz. There 
appeared to be no significant difference between the performance of Model S9201 
and Model S140B, the latter having a resonant frequency of 160 kHz. A more 
sophisticated method for testing the transducers on concrete not only would 
have cost considerably more but would have revealed little more than the 
method used. 

16 

, f 



)th! I.$ P.ikWJffi! t 1 0 

~---

•--------------~•--'ITS~c.·-r• . ·Jt...- r ....... ,.,...,, ......... ,r T" ~ 

With either of the above-mentioned transducers, the following instrument set­
tings appeared to be optimum for concrete and were used in all tests unless 
otherwise noted: 

Acoustic Emission (Rate-Memory Mode) 
Gain 91 dB (includes 40 dB in the preamplifier) 

Filter Bandwidth 100 - 300 kHz 
Multiplier 
Reset Clock 

Plotter 
Time (X-Axis) 
Acoustic Emissions 
(Yl-Axis) 
Load on Specimen 
(Y2-Axi s) 

10 (1.0 for cores) 
l sec 

50 sec/in 

0.5 V/in 

50 mV/in (10 mV/in for cores) 
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SECTION 5 
EXPERIMENTAL PROCEDURES 

A transducer was affixed to each specimen with plastic tape. At the location 
on the specimen where the transducer was to be located, a thin film of General 
Electric Silicone Dielectric Compound (grease) G-624 was applied. 

Because of the extremely sensitive nature of the pickup system, noise caused 
by any of the following could be detected by the transducer: 

(1) Slippage of transducer on surface of specimen (caused 
by differential tension in the tape on either side of 
the transducer) 

(2) Crushing of granules of material at load-testing 
machine head/specimen interface (seating noise) 

(3) Capping material on ends of concrete cylinders 
(4) Movement of specimen surface at contact area of 

transducer (caused by strain in the specimen) 
(5) Movement of contact areas of specimen over load­

testing machine heads (caused by strain in the 
specimen) 

(6) Electrical, electronic, or other spurious energy 
waves in the vicinity of the transducer 

Of the above, (3) and (6) were the most significant. Slippage (1) was mini­
mized by physically adjusting the transducer to its most stable position after 
the tape had been applied. Crushing (2) was compensated for by adopting an 
initial seating load of approximately 10 percent of the maximum load to be ap­
plied. When the load was released, it was released only to the seating load 
and not to zero. This procedure, which virtually eliminates seating noise 
upon reloading, was adopted on the recorrmendation of A. T. Green and is de­
scribed in reference 14. 

14. Aaoustia Emission Inspec tion Mom'.t o l'in:1 r ontr•,wt Scr-1'ice Descr'iption, 
Acoustic Emission Technology Corp., Sacramento, California, Copyright 
1974. 
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Customarily, capping of concrete cylinders (3) is used to assure parallel 
pla~e faces when the specimens are tested in axial compression. However, for 
purQoses of this investigation, either grinding or lapping to achieve flat 
parallel end faces would have been more ideal. Unfortunately this could not 
be accomplished at CERF. The capping compound used at CERF is a quick-setting 
sulfur-based compound known as Cylc!ap . A 3-in-diameter by 6-in-long cylinder 
of Cylcap was cast and tested for acoustic emissions by the load/release/load 
increase method. The noise level for this material was about the same as that 
for concrete. To further explore the acoustic emissions of Cylcap, a 6-in­
diameter by 12-in-long cylinder of 6061-16 aluminum, with and without caps, 
wa~ tested. After being subjected to a maximum load of 120,000 psi, the cyl­
inder was capped and retested for acoustic emissions. The level of acoustic 
enission for the capped cylinder was extremely low, probably because the caps 
were relatively thin (about 0.25 in). The caps were removed and the cylinder 
was tested again. It showed a greater level of acoustic emission than with the 
caps. Thus it was concluded that Cylcap would not disguise the final results on 
cm1crete. Ultra Cal was also investigated as a capping material. Although it 
shows very little acoustic emission under load, its cure time is too long for 
practical purposes. Other bearing materials investigated included nylon pads 
and corrugated cardboard. However, both of these materials were noisy acous­
tically. The bending action of the cardboard over the edges of the cylinder 
readily induced relatively high acoustic emissions. The field cores were 
sawed to length and the ends were machine lapped. Ordinary thin blotter pa-
per was ultimately selected as the bearing material for the concrete specimens 
to minimize the abrasion effects of the testing machine head/specimen inter­
face induced by strain in the specimen . 

Movements (4 and 5) were considered to be of no real significance after review­
ing the results of many tests. Interference (6) was a problem on one occasion 
when broadcasting from a local radio station was picked up by the transducer. 

The criteria for satisfactory testing conditions are as follows: 
(1) Select the lowest decibel level at which no counting 

occurs when the transducer is supported in air. 
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(2) Under a sustained seating load (approximately 10 sec) 
there are no emissions from the test specimen. 

The following tests were conducted on the concrete specimens fabricated from 
the concrete mixes previously described: 

Cylinders 

Beams 

(1) Axial compression with load/release/load increase 
by steps without preloading 

(2) Same as (1) for one specimen but with 13,000 
precyclic loadings between 500 and 17,500 lb 

(3) Tensile splitting with load/release/load increase 

(1) Flexure with load/release/load increase by steps 
without preloading 

(2) Same as (1) with 13,000 precyclic loadings between 
500 and 5,000 lb 

Field cores were subjected to test (1) described above for the cylinders. 

To eliminate as much as pos~ible the seating noises, an initial seating load 
of from above zero to approximately 10 percent of the maximum load was utilized 
in testing the specimens for acoustic emission. Loading was increased to some 
arbitrary level and then reduced to the seating load. This was repeated in in­
creasing steps until the maximum load to be applied was achieved. 
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SECTION 6 
TEST RESULTS 

The results of the first 50 or so tests on the concrete cylinders generally 
appeared to be anomalous. For example, some specimens (the comparatively 
young inmature ones) did not exhibit the Kaiser Effect when tested shortly 
a~ter being removed from an ambience of 100 percent relative humidity. Other 
s~ecimens displayed the Kaiser Effect; however, upon retesting (after a rest 
period), it was evident that the Kaiser Effect was temporary rather than per­
manent; i.e., acoustic activity occurred at stress levels well below the pre­
vious maximum stress. 

The aluminum cylinder used to investigate Cylcap also demonstrated a temporary 
K~iser Effect. To verify this beyond doubt, the cylinder was machined on all 
surfaces to remove any oxide film and coated with light mineral oil to minimize 
oxidation. When this rather noisy specimen was tested, it clearly exhibited 
the Kaiser Effect when subjected to repeated stress cycles without a signifi­
cant rest period. However, after a 24-hr rest period, the specimen again be­
came acoustically active at stress levels well below the previous maximum; 
this indicates complete recovery. 

No references were found in which the time duration of the Kaiser Effect was 
discussed. Therefore, T. T. Anderson, chairman of both the ASTM Acoustic 
Emission Working Group and the Terminology SubcolTITiittee, was contacted to dis­
cuss the Group's definition of the Kaiser Effect.* He indicated that the word 
inrnediately in this definition means that a time factor is involved and that 
as a function of time some, if not all, materials recover from the Kaiser 
Effect. At Mr. Anderson's suggestion Clement Tatro, an author of two articles 
in reference 2, was contacted. Mr. Tatro further verified the fact that the 
Kaiser Effect is generally temporary. He stated that some aluminum can recover 

* The Kaiser Effeat is the irrrnediate ly irreversible aharnateristia of aaousti~-
emission phenomenon resulting from an applied streas. If the effe<!t is present 
there is tittle or no aaoustia emisaion until prrwiowily a;1pl ied. stress levels 
are exaeeded (ref. 2). 
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(1)1!%11 r «-

within a few minutes. Apparently, people active in the field of acoustic­
emission technology are aware of the sometimes fleeting character of the Kaiser 
Effect. However, neither Anderson nor Tatro knew of any pertinent docu~enta­
tion that could be cited. Materials other than aluminum were not discussed 
and it is not known whether or not the Kaiser Effect is permanent in any mate­
rial. CERF received a copy of a paper (ref. 15} from Eiji Isono, chief re­
searcher of Welding Research Center, Products Research and Development Labora­
tories, Nippon Steel Corporation, Japan. Isono et al. performed some pressure 
tests on steel pipe (type of steel unknown}. One specimen left for 34 days at 
a temperature between 5° and 15°C showed slight recovery of the Kaiser Effect; 
one specimen left for 59 days at a temperatu~·e between 10° and 20°C showed com­
plete recovery. Isono et al. also reported some research by others: Nielsen 
et al. (ref. 16} found that the K<Iiser• Effec t is 1•cc•(Ji 'e r>cd a little in some of 

the t estinu of mode l flt•cssur•e oessels ; Kirby et al. (ref. 17} reported ther•e 

exists no i•ecouePy oj' the Kaisei• Fffc(!t in mild vtcel vesse ls when the oessefo 

CU'e pr•essur>ized 9 cw 18 ti'.mes durinu 5 weeks. In 1961, Richard Goodman (ref. 
18} conducted some experiments on the acoustic activity of cylindrica1 samples 
of rocks (2. 75 in in diameter by 5 in in length} in axial compi·es~ion. The 
rock types included Berea Sandstone, Boise Sandstone, and medium-grained Quartz 
Diorite. He reported: Dul'inu its fir>st compr>ession, a rock ucnel'ates subaud­

ible rock noise at all atress levels; however, •.. thcr>C' is a minimqn in the 

audio pulse rate at str>ess leve ls from about 40 to 80 re1•<.Jc nt oJr the cr>ushing 

str>ength. If the stress is never carrie,1 past the poi nt of rtL'ccleration in 

the rock-noise rate, then in second and l,i ter• cyc lea of loading, f ewer> subaud­

ible pulses are detected. These occio• 1·q ,e titively at cer•tain levels of str>ees 

15. lsono, Eiji, Udagawa, Tateshi, and Ogasawara, Masao, RecovePy of the Kaiser 
Effect, Presented at U.S./Japan Joint S_vmposium on Acoustic Emission, Tokyo, 
July 1972. {English su1TJ11ary and paper in Japane:;e with necessary figures 
and tables received by letter from Eiji Isono, d~ted October 21, 1975.) 

16. Nielsen, A., Latham, F. G., and Kirby, N., Acoust.1'. ,-:o Emission from Steel 
Pressure Vessels, I IW-X-575-70 (IX-684-70), as cited by Isono, et al. 
{ref. 15). 

17. Kirby, H., and Bently, P. G., 11A Note on Acoustk Emission Measurements at 
REML, 11 Paper for IAEA. November - December 1971, as cited by Isono, et al. 
(ref. 15}. 

18. Goodman, Richard B., 11Subaudible Noise During Compression of Rocks, 11 

Geolor1foal f,,,c•i, •f !/ n.f' .~•n,· t>i ,•,1 /111? !,·tin, V. 74 (pt 1), April 1963, pp. 
487-490. 
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dur i ng both loodin:1 cm,i unlou.Ii nJ . On th e ot h,·r• hmicl, r, Jwul ,l loadi n;1 be carr>i ed 

<l f'/'r>eei ab l y beyond the 1•,Jint ,)j' ,wc•1•l ,•1•,1tccl 1•11ek-n(!7'.t:, ' rwt-!Pi ty , t hen t he nwn­

bul' of burs ts oj' sonie e ner•uu r•em,li ns hi:;h un,l, i11 f aet , mcl!1 1'.nC'r ease i n s eeond 

and late1• load cye les . The recovery of noise-generating capacity was esta­
blished for all specimens . The rest period required between tests for recov­
ery of 25 percent of the activity of the in i tial test was 2 hr for each of 
the two types of sandstone and 9 hr for the Quartz Diorite. 

F~gures 1 through 6 reveal the results of significance for young concrete 
found in this investigation. These figures are examples from approximately 
70 tests. These clearly show that the Kaiser Effect is of a temporary na­
ture and cannot be relied upon as an indicator of previous loading history 
for plain concrete. Acoustic emissions were detected in all of the concrete 
specimens tested, regardless of the type of loading. Stronger and more posi­
tive emissions resulted during the axial compression tests than during either 
the tensile-splitting or flexural tests. Undoubtedly this can be attributed 
to the greater stress induced in the compression mode. 

In the lower stages of loading, acoustic emissions do not occur until the pre­
vious load has been reached and the Kaiser Effect is clearly demonstrated {fig. 
1); however, in the upper stages of loading, emissions occur long before the 
previous load has been reached. In addition, there are emissions during un­
loading at 225 sec . This specimen was loaded to its ultimate; however, it 
did not shatter and the load was reduced before the specimen came apart. The 
very intense emissions during this period are quite evident between 375 and 
425 sec. 

Figure 2 shows the recovery of the Kaiser Effect in a concrete A specimen fol­
lowing nearly 3 days of rest and again at an additional 4 days of rest. 

Figure 3 shows the typical low-intensity acoustic emissions for saturated im­
m1ture concrete B specimens at 3 months. Generally, concrete removed from the 
fog room and stored in the very low relative humidity of the open air showed 
stronger and more intense emissions. Unfortunately, there was no control on 
moisture content of specimens removed from the fog room; therefore, it was not 
possible to relate emission intensity directly to the state of wetness or dry­
ness, or to age. 
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Figure 4 shows the typical acoustic emission pattern related to load as a func­
tion of time for a beam; results are similar to those for a cylinder but with 
much lower magnitudes of acoustic emissions. The maximum loading applied in 
the test reported in figure 4a was 7,000 lb; yet emission activity is indicated 
in figure 4b at load levels below this value. Data of this type serve to fur­
ther indicate that the Kaiser Effect is temporary in concrete; that is, given 
a rest period the effect will recover. 

Figure 5 presents the results of an emission test on concrete subjected to 
cyclic loading. The test specimen was subjected to 13,000 cycles of load, 
which varied from 500 to 17,500 lb applied at a rate of 35 cycles/min. Forty 
minutes elapsed between the time the specimen was removed from the MTS machine 
and the initial reloading shown in figure 5. Note that acoustic activity oc­
curred well before the previous maximum load of 17,500 lb had been reached. 

The field cores were taken from airfield pavements and thus were probably 
never subjected to a stress in excess of 300 ~si. Of the eight cores tested, 
only one specimen showed initial acoustic emissions at a higher stress level 
(480 psi); all remaining cores exhibited initial acoustic activity at 48 psi 
or less. This value is not considered realistic for the airfields represented 
by the field cores. Furthermore, all the cores exhibited the Kaiser Effect 
upon irrrnediate reloading, but after rest periods ranging from 20 min to 20 hr, 
acoustic activity again occurred when the specimens were reloaded. This indi­
cates that the Kaiser Effect was not pe1--manent. 

The results of an axial compression test on an aluminum cylinder (6061-T6) 
are shown in figure 6. It may be noted in figure 6a that the Kaiser Effect 
was inmediately repeatable; however, it was with a greatly reduced intensity 
of acoustic emission. There was little or no further recovery after a rest 
period of 1.5 hr (fig. 6b) nor after a further rest period of 3.25 hr (fig. 
6c). Figure 6d shows almost complete recovery after an additional rest 
period of 19.25 hr . 

24 

' 'e,'H,0,1,+•C G- :,,.'111• 1 
i ·· ·• ·· +1-• fMrt>&dcur ti11 .. ,¥t1:b'. ' cit ·1··1' rtcr t1ldtttf'i1tRftW&¼etfer¥did:t11hldrtitl:'Xith)b: ·1w ·,., sMtt ?ii:ttft tt?ttliii ' 16?$Wtd0f#N:to, · :t:rtt rnrrrrrrt:rr::ttltt:rttrt 

I 
I 
! 
I 

J 



N
 

u
, 

C
l'l

 
C

. 
,- ~
 

~
 

~
 .,, 0 ..

..
J 

10
0-

80
-

60
-

40
-

20
-

0 

~ ..
. l 

~~
.::i.~

~!__:
_:i· •.•-•

=
f
t

-
. 
f-

, 
. 

: 
. t 

. 
-~.

 . .
.. 

·-.
...

 -;-
' 

. 
--

-· 
. 

. 
' 

: 
! 

! 
t 

! i .. ,+
.. 

---
---

-

-
-

-
--

-
-·

--
--

--
-

-
-
--

-
-
-

-

1n
: 
&

e
t 

_
,,

 
P

l
 

rl
 

.,
. 

.
.
.
.
 

11
:n 

!7
H

P
 

' .
il 

• 
1 

C
 

·•
 

-j
 

__
 : 
_

_
_ j_

_ _
_ 

: 
. 

; 
I 

: 
' 

-
-j 

~ 
' 

.• 
! 

I 
: 

• 
. 

-+
~-

-
1 

. 
I 

'l
 l 

I r I 

'i0
,0

00
 

I 

' t 
i 

_ _
_

:J
g 

, 0
00

 

___
_

__
 -8

, 0
00

 

-7
,0

00
 

-6
,0

00
 

-5
,0

00
 

-4
,0

00
 

-3
,0

00
 

-2
, 0

00
 

-1
,0

00
 

•
eef

s 
N

 I
, 

0 
0 

10
0 

20
0 

50
0 

60
0 

T
im

e,
 

se
c 

i,
, 

F
ig

ur
e 

1.
 

A
co

us
ti

c 
E

m
is

si
on

s 
D

ur
in

g 
S

te
p 

L
oa

di
ng

 
to

 
F

ai
lu

re
 W

ith
ou

t 
C

om
pl

et
e 

D
is

in
te

g
ra

ti
o

n
 o

f 
C

on
cr

et
e 

-
-
-

:-
1

r:
..

:-
....

....
.. ~

f
i
o

W
.
.
-
~

 

u Q
J 

C
l'l

 -"~ +
-' C
: 

::
, 

0 u 
. 

V
I 

C
: 

0 ,,
-

V
I 

V
I 

,,
- E
 

u
.J

 

u .,.
.. 

+
-' V
I 

::
, 

0 u ex
: 



N
 

C
, 

V
, 

0
. .... ~ . 

-0
 "' 0 _

J
 

~
~-

-
~

..:
.<

>.
 

12
0 

11
0,

00
0 

,,__
 _

__
__

__
_ ~

--
+

--
--

--
--

--
--
-
--

--
---+---

-
--=

9
, 0

00
 

1 0

~ 
• 

i 
l I 

i 
n

 \ 
, 

/ i 
l 

, 
-=

 8 
• 00

0 

BO
i 

--
-

~
-

•
I 

I 
-
.-

-

6
0

 

-
--

--
-+

 
Il

l 
I 

f 
I
I
 

I 

40
· --

-
I
I
 

I 
I 

I 
1
-
-
J
-

2
0

 

10
0 

20
0 

30
0 

T
im

e,
 

se
c 

I 
-

· -
--

-
-+

--
-

--
-
-

···
•·

 

-
-
-
--

~
...... 

--
--

~
--

-J
.-

-
. 

--
--
-
-

-
-

• 

40
0 

50
0 

(a
} 

St
ep

 L
oa

di
ng

 S
ho

w
in

g 
K

ai
se

r 
E

ff
ec

t 
a
t 

F
ir

st
 L

oa
di

ng
 o

f 
C

yl
in

de
r 

10
4-

A
 

F
ig

ur
e 

2.
 

R
ec

ov
er

y 
of

 K
ai

se
r 

E
ff

ec
t 

in
 C

on
cr

et
e 

A
 S

pe
ci

m
en

 
(1

 
of

 3
) 

·
-~

 
··

·-
-
-

~
" 
-

·-
-

-
7 

,0
00

 

-
6

,0
0

0
 

-
5

,0
0

0
 

-
4

,0
0

0
 

-
3

,0
0

0
 

-2
,0

0
0

 

-
1

,0
0

0
 

u <1
' 

V
, 

.....
.. 

V
, 

+
-I

 
C

: 
:::

, 
0 u 
.. 

V
, 

C
: 

0 ... V
, 

V
, ... E
 

u
.J

 

u .... +
-'

 
V

, 
:::

, 
0 u <
C

 



r I il
.l

Q
 _

a 
,I 

. i
 L

i!
 

L
C

&
&

 12 
2 2

 B
Q

J 
I 

£ 
_ 

&
 &

 M
I 

Li
W

5%
t 
a 

a 
L

#
D

@
 

UW
. 

k
t 

&
3

£
 

, 
I 

~
-

-=
-=

 

N
 .....
. 

V
I 

Q
. --~ .. 

~
 

IO
 

0 -
I
 

-.
. 

.. ··
-_

.._
 _

_ -
'_

.,.
 __

__
__

 ....
_.,

. 
,__

 

12
0,

 
t 

-··
 t·

·:·
 

-·
 -

-i
-·
-
-
-
-

·,-
-

--
+

--
--

--
: 

I 
I 

. I
; 

I 
I 

I 
; I

 
Ii

 
--

t-
t-

, 
• 

l 
. 

j 

10
0 

80
·-

-
·-

--
·-
--

· 
·-

· 

60
 ·-

--
-
-
-
-

-
--

I 
ii 

I 
I 

Y
i+

--
-+

--
-

10
0 

20
0 

30
0 

T
im

e,
 

se
c 

---
---

-
·•

-
·-

! 

40
0 

{b
) 

R
ec

ov
er

y 
of

 K
ai

se
r 

E
ff

ec
t 

A
ft

er
 6

8-
H

ou
r 

R
es

t 

50
0 

,1
0

.0
0

0
 

I 
-·

-
j·
·
.
 

·-
·-

· 
I 

: 
l 

! 
_•

· 
-

~9
,0

0
0

 
' -.a

,o
oo

 
-
-

--
--

-
u a

, 
V

I 

.;.7
 ,0

00
 

"';;;
- .., C

 
:::

, 
0 

-6
,0

0
0

 
u 
. 

V
I 

C
 

-5
, 0

00
 

-~
 

V
I 

V
l .... E
 

-4
,0

0
0

 
lJ

.J
 

u .... ..., V
I 

-
3

,0
0

0
 

6 

-2
,0

0
0

 

--:
· 

-·
-·

 -
_;_

1
, 0

00
 

-
··-

· -
·-

0 
60

0 

u <
C

 

F
ig

ur
e 

2.
 

R
ec

ov
er

y 
of

 K
ai

se
r 

E
ff

ec
t 

in
 C

on
cr

et
e 

A
 S

pe
ci

m
en

 
{2

 o
f 

3)
 

'it
1S

i'i
iT

i?
ii7

iw
·-

· 
iF

E
R

1T
 

n
?

E
s

~-
~ 

~
 
--

rn 
@

 
&
•

hf:
:·r

-:s-
e·

 n
·t5

ts
-t

t
 ·

-~r
t 

t 
n 

Q
;;a

. 

-
---

>
 i 

; 
~.

, 
t 

-
~~

r»
 ·a

"s
. ··

a 
·•

· e
rs

t 

I :I I ., 



N
 co
 

..,, 0
. ... ~ . 

,:
, 
~
 

0 -
' 

12
0.

 
: 

. 
; 

. 
1·

-
--1

:1
--+

---l
·:+

'i
---

l·
-+·

:··l
··i

 £
1\·

· I
..

, .
. 
-
:
 ---

10
.0

00
 

-
--

--
--r

-·
 -

-
-

-·
 -

-~
-
-

. 
. 

' 
• 

. 
• 

. 
··

·-
-

--

_
_

_
_

_
_ 

..
L

-_
_;

__
-t

--
--

--
"-

--
-+

--
+

--
--

!-
~

+
--

+
-,

-·
--

--
-i

r-
+

-~
--

+
--

..
.-

-
-

-9
,0

00
 

10
0 

-
--

-·r
··

 
·-+

 
; 

--
-

--
-
-
-

-
--

--
·· 

-

80
 -

-
· -

-
-
-
-
-

-'
--

--
~

--
--

--
--

--~
--

-
-
-

-

60
 

40
 

20
· 0 

·-
-

-
-

-
··

 
--

--
--

-
-
-
-

-~
 

10
0 

20
0 

-
-
-
-
-

...
--
-
-
-
-

--1
1-

-
-
-
-
-
+

-
-
--

-
-

-
-

---
1.

--
-

---
-
-

--
-

30
0 

T
im

e,
 

se
c 

40
0 

50
0 

(c
) 

R
ec

ov
er

y 
of

 K
ai

se
r 

E
ff

ec
t 

A
ft

er
 S

ec
on

d 
R

es
t 

of
 9

5 
H

ou
rs

 

Fi
gu

re
 2

. 
R

ec
ov

er
y 

of
 K

ai
se

r 
E

ff
ec

t 
in

 C
on

cr
et

e 
A

 S
pe

ci
m

en
 

(3
 o

f 
3)

 

--=
 8 .

oo
o 

-7
,0

00
 

-6
,0

00
 

-s
. 0

00
 

-4
, 0

00
 

-3
,0

0
0

 

...
,2

,0
00

 

-1
,0

00
 

0 
60

0 

u Cl
.I ..,, .....
.. ..,, .µ
 

C
: 

::
, 

0 u ..,, C
: 

0 ... V
, 

V
, ... E
 

L
u

 

u .... .µ
 ..,, ::

, 
0 u ex:

: 

ii
c

re
?

S
W

W
: 

55
53

iii
ki

-i 
-m

t 
·ft 

--
,.-

-,i;
g 

-
~-

... E
 -·~

ts
-

-
~

,-
:-

a 
-~

 
tn

?
ii

..
. 

"&
 @

55
:i&

t' 
~.

-
?

' n
r·

tt
? 

-Il
T

@
Z

f@
 

j ,f J ! 

.ai
l 



N
 "°
 

12
0 

10
.0

00
 

--
--

--
-
-

--
-

--
_ :

 -
__

 _
_ L

--·
 t __

 I
 

, 
I 

i 
I 

! 
I 

f 
\I

 
! 

-
--

·-
-
•
 
---

j.
 

9,
00

0 
. 

. 
' 

. 
. 

! 
' 

10
0·

 
--

-·
· 

i 
-·

· 
-

J.
. -

-
-·

 
! 

I 
1 

i 
-

··--
---

+-
•·-

r 
. 

' I 
80

-
--

-
-

-+
 

el
l 

0
. .... ~ .;
 

60
 

f0
 

0 ~
 

-
-

-
·•

-
--

--
-

-
--

--

40
-

··-
· 

-·
--

-
-

20
 

20
0 

30
0 

40
0 

T
im

e.
 

se
c 

··
·-

-·-
··

·•
--

--
. 

-
-
-

--
-

-
-'8

.0
00

 

.:1
,0

0
0

 

-6
.0

0
0

 

-5
.0

0
0

 

-4
.0

00
 

-3
, 0

00
 

-2
,0

00
 

--
-

-
·-

·· 
-

.: 1
. 0

00
 

-
-

--
-0

 
50

0 
60

0 

F
ig

ur
e 

3.
 

A
co

us
tic

 
E

m
is

si
on

 V
er

su
s 

Lo
ad

 
fo

r 
S

at
ur

at
ed

 
Ir

m
ia

tu
re

 C
on

cr
et

e 
B

 

-
~
~
 

u C1
> 

V
, -V, ~ C
: 

::
, 

0 u 
. 

V
I 

C
: 

0 .,
-

V
I 

I/
')

 
•,
- E
 

L
u

 

u •
,- ~
 

V
I 

::::
, 

0 u cl
: 



w
 

0 

Il
l a
. .... ~ . 
~
 "' 0 _

_
J
 

12
 u

 
I I 

i 
I 

! I 

10
 

! 
10

 
I 

I 
! 

j 
! I 

! 
I 

1 
I 

I 
I 

I 

' 
I 

I 
I 

' 
1 

! 
I 

I 
' I 

I 
! 

I 
I 

! 
0 

I 
' ' 

I 
; 

! 
8 

-
-
-

r 
I 

I 
I 

! 
i 

I 

I 
! 

I 
I 

I 
I 

' I 
I 

I 
I 

I 
I 

I 
t 

~
 

' 
I 

•l.
 

' 
' 

; 
i 

i 
! 

i 
6 

I 
i 

i 
' 

; 
I 

--
-

·-
,-~

 
-

-·
-

--
-

4 
) 

I i 
-

I 

r
-

--
--

!..
....

.--
!/ 

.., 
I 

' 
i 

I 
i 

: 
/ 

I 
I 

a 
' 

' 
I 

' /; 
I 

1 
' 

J 

2 

I 
J 

/ 
w

, 
I 

1/
I 

i 
I 

i 
i 

.: 
Ix

. 
n 
/
i

! 
,_

 
0 

50
 

10
0 

! 
i 

I 

+
 

I 
I 

I 

I 
' 

I 
l 

i 
! 

! 
I ' 

j 

+
=-

-
: 

I 
I 

; 

I 
i_

_
 

; 
I 

I 

i 
' 

I 

i 
i_

J
_

_ 
I 

i 
i 

! 
I 

; 
I 

; 

>-
I 

I 
I 

I 
I 

i 
I 

i 
' 

I 
I 

i 
I 

I 
i 

I 
I 

,~ 
' 

I 

i 
I 

. 
i 

I 

I 
i 

I 
i 

i I
 .., 

I 
I 

I 

! 
II

 
I 

! 
' 

i 
' 

: 
' 

. 
: 

/ r
, 

I 

I 
I 

J 
I 

I 
. 

' 
I 

! 
i 

--
~

-
; 
:, 

I 
! 

T
 

, 
i 

~ 
' 

I 

' 
. 

:\
 

. iF
-

' 
i 

I 
i 

: 
! 

r 
Tl

 -
--

-+
-

-
I 

i 
! 

i 
' 

T
 

J 
I 

-
--

I 
l 

I 
I 

I 
I 

/ 
· 

I 
I 

i 
I 

l 
J 

i 
\ 

! 
I 

1 
\ 

, . 
I 

i 
if

 
! 

\i
 

l 
i 

1 

I 
, 

ii
 I 

1 
~ 

1 
I 

! 
! 

J 
I 

I 
I 

i 
I 

I 
-
l
-
-

' 

J 
. 

: 
I 

\.
 . 

I 
j 

...
 La

 
-

~
 

15
0 

20
0 

25
0 

30
0 

Ti
m

e,
 

se
c 

{a
) 

In
it

ia
l 

Lo
ad

 a
nd

 
R

es
ul

ti
ng

 A
E 

A
ct

iv
it

y 

I I 
: 

! 
I 

i 
I 

I 

i 
I 

I 
I ! 

i 
I 

i 

I 
! I I I 

I . 
\. 
- 1 

: 
\..

. 

35
0 

40
0 

- -

' 
-

i ' ' i I i I 
·-·

 
I i 

- - -

1
0

,0
0

0
 

9,
00

0 

8
,0

0
0

 

7,
00

0 
u (1

) 
Il

l -
6

, 0
00

 
~
 

5,
00

0 

C
: 

:::
:, 

0 u 
. 

1/
1 

C
: 

0 

4,
00

0 
~
 

.....
 

E
 

u
.J

 

3
,0

0
0

 
-~

 
+

' 
1/

1 ::::
, 

C
 

2,
00

0 
~
 

1
,0

0
0

 

(.l 

45
0 

F
ig

ur
e 

4.
 

A
co

us
tic

 
E

m
is

si
on

 V
er

su
s 

Lo
ad

 a
s 

Fu
nc

tio
n 

of
 T

im
e 

fo
r 

a 
C

on
cr

et
e 

Be
am

 
(l

 o
f 

2)
 

.
.

.
. 

;.
g

1
_

,
•
=•

 
::

 _
_ -

.:
 
--

-
-·

---
-

-



w
 -

.,, C
. 

.....
 

.¥
 .. 

-
0

 
~
 

0 ..
.J

 

12
 :u 

r 

10
0 ) I 

80
 ~ 

60
 

~
 

·l
 

4 

J 
- '" 

I 
2 

: 
I 

\ 
I 

.I
 

n 
A

 
,_

 

0 
so

 

j I 
J 

I 
' 

\ 
I 

\ 
\ 

, 
' 

1 

I 

10
0 

15
0 

/ 
l 

I I 
j I 

\ 
J 

\ 
I 

' 
I 

• 20
0 

Ti
m

e,
 

se
c 

I 
I I 

... 
... 

, 
' 

1 

' ' 
\ 

j 

\ 
I 

\ 
I 

\ 
I 

\ 
I 

\ 
, 

' 
I 

1 

-'
 

I 
I l 

~
 

25
0 

30
0 

35
0 

(b
) 

E
m

is
si

on
 A

ct
iv

it
y 

fo
r 

Sa
m

e 
Be

am
 A

ft
er

 1
8-

H
ou

r 
R

es
t 

- 1
 

I 

I \ 
' 

\ 
u 

' 
I ~
 40

0 

0,
00

0 

-
9,

00
0 

-
8,

00
0 

u Q
1 

V
I -

-
7,

00
0 

~
 

~
 

6,
00

0 

C
: 

:::
:, 

0 u 
.. 

V
I 

C
: 

0 

5,
00

0 
~
 

.....
 

E
 

LJ
.J

 

4,
00

C
 

-~
 

3,
00

0 

~
 ,0

00
 

1 
,0

00
 

0 

... V
I 

::::
, 

0 u ~
 

45
0 

F
ig

ur
e 

4.
 

A
co

us
tic

 E
m

is
si

on
 V

er
su

s 
Lo

ad
 a

s 
Fu

nc
tio

n 
of

 T
im

e 
fo

r 
a 

C
on

cr
et

e 
Be

am
 

(2
 o

f 
2)

 



. 
--·

-
--

~
 
~
 

--

w
 

N
 

.,, 0 .... ~ . 
,:

, 
C

l 
0 _,

 

__
__

 _
_.

..,
 __ 

~,.
 

~
 

-
---

--
---

~
-
-

r 
,
1

0
0

0
 

I 
r 

... 
· 

· ·
 

I 

5
0

 

40
· ·

 · 
-

_
J
,
_

. 
_

_
_

_
_ 

_ 

30
: 

2
0

 

•
I•

 
-
-
~

 
j -+
 

--
-
--

l .
 --

--
..

--
-+

--
--

--
-

j 
.I I.

 

I 
I 

I _j
90

0 

,
80

0 

~
7

0
0

 

~
6

0
0

 

-
i. 

. 
I 

...
 

1
-

. 
.1 

I 
l 
-
-

50
0 

I 
I 

I.
 

I.
 

f 
! 

I 
I 
I 

• l ·
 

I 
I. 

' 
. 

-
_l

 .
 _

 ~ _
 

r 
I 

. 
· 

· 
· 

! 
I 

: 
--

-
-~

-f
--

--
--

~--
t 

I . .
 

I 
I 

. 
. 
i 

I 
: 

I 
I 

. 
. 

~
40

0 

· -
3

0
0

 

1 
! 

. 
. 

I 
I 

. 
. 

I 
. 

. 
I.

 .
 

· j
 

·-
4

#
--

--
-L

-+
-

I 
1 

. 
. 

, 
: 

: 
I 

-2
0

0
 

I 
! 

I 

I 
I I :
 

lo
-

. -
---

-/
--

r
·-

-
1 

' 
,
~
~
 

I/ 
: ;

 
• 

I 
,.__

_ 
I 

L
 

~
--

.:
--

-
0

.-
o

" 
· 

5· 0 
1 o

o 
0 

15
0 

20
0 

Ti
m

e.
 

se
c 

I 
I 

I 
I 

J 
t 

.I 25
0 

30
0 

· -
1

0
0

 

,o
 

35
0 

Fi
gu

re
 5

. 
E

m
is

si
on

 A
ct

iv
it

y 
of

 S
pe

ci
m

en
 S

ub
je

ct
ed

 t
o 

C
yc

lic
 L

oa
di

ng
 B

ef
or

e 
AE

 T
es

tin
g 

u ca
, .,, .....
.. .,, ..., C
 

:,
 

0 u 
.. .,, C
: 

0 -en en
 - E u

.J
 

u -..., en
 

:,
 

0 u ct
: 

a-
e 

t 
e::c

:41
 &

 u
-x-

-
-

r 
~c

-..
 , ...

.. 
rr

::
ti

?
tt

P
N

' 
~

-e
;
::

,,
&

-
tr

l 
·-

,;
;,

w
 

r¢
-o

-
..

 
r

s 
m

e 
n

 a
rc

-n
r(

 .. %
0

 f
S1

5t
tM

 
Iii

 

_.. 



V
l 
~
 --~ . 

~
 

,a
 

0 ~
 

w
 

w
 

,. 

I 
' 

I 
• 

11
 .

 
. 

l 2
0q

 
-' 

· 
j 

·-
·.

 I
 

. 
-~

--
-+

--
--

--
-

. 
I 

. 
! ' 

10
0 

· -
-

-
-·

-·
 -

11
 I

 

80
 

60
 

40
 +-

-
20

 
t 

l!
S

 
"-+~

1-'.·
!--':

;;
 ··i ··

 
~
 

· 
~ 

.,_
).~

 _
_ , . .

1_
, .r.

 ; 
. ~ 

. :
 . ,L

 
• 

. 
: 

, 
I 

I i 
-

-.
.-

--
-

-
-+

-
..

. ·
··-

j.
 i i 

I 
i 

_,_ ·-
-l-

--
. ··

+
 ·

-·
 

--
-1

0,
00

0 

-9
,0

00
 

-
8

,0
0

0
 

-
7,

00
0 

-
6,

00
0 

-
5,

00
0 

-
4,

00
0 

3
,0

0
0

 

-
2,

00
0 

· 
l 

,0
00

 

0 

u Q
J 

V
l -Vl +>
 

c::
 
~
 

0 u 
. 

V
I c::
 

0 .....
 

V
I 

V
I .....
 

C
: 

I.
L

I 

u .....
 

.....
, 

V
I 
~
 

0 u CZ
:: 

50
 

10
0 

15
0 

20
0 

25
0 

30
0 

35
0 

40
0 

45
0 

50
0 

55
0 

60
0 

65
0 

70
0 

Ti
m

e,
 

se
c 

(a
) 

In
it

ia
l 

S
te

p 
L

oa
di

ng
 w

it
h 

In
m

ed
ia

te
 R

el
oa

di
ng

; 
Lo

ad
 a

nd
 A

co
us

tic
 

E
m

is
si

on
 V

er
su

s 
Ti

m
e 

on
 O

ct
ob

er
 1

4,
 

19
75

, 
a
t 

09
30

 H
ou

rs
 

F
ig

ur
e 

6.
 

Sp
ec

im
en

 o
f 

A
lu

m
in

um
 6

06
1-

T
6,

 
6-

In
ch

 D
ia

m
et

er
 

by
 

12
 

In
ch

es
, 

Lo
ad

ed
 

in
 A

xi
al

 
C

om
pr

es
si

on
 w

ith
 B

lo
tt

in
g 

Pa
pe

r 
on

 
En

ds
 o

f 
C

yl
in

de
rs

 
(l

 
of

 4
) 

· 
.:

,,
,;

;-A
A

·c
«2

F
f-

-o
 

··,
e:

&
G

sr
ts

-
R

?
C

C
 'i

n
 

'S
h 

£s
 

,
_

_
_

_
_

_
•
 

• 
za:

a 
cc

a 
·""

 
· 

s 
ff

 
.. 1

 @
'?

 
tn

cc
m

ta
r5

d
? 

l 
~;

 



w
 
~
 

.,, ~
 

.... ~
 .. 

~
 

,a
 

0 ..
.J

 

12
0 

. 
. .

. 
• 

-
-

--+
-· +~

 l f
]l

l I
 t ! 

HT
l 

I .
 ! .

,0

•00
0 

· 
· 

· 
· 

1 
• 

: 
· 

! 
· 

I 
· 

· ···
 

.. 
r 

:--
·-:--

; 
· · 

· ·
 

1 
· 

. 
: 

· ·
 

· · 
' 

' 
: 

· 
· 

_: 
9 

• o
oo

 
' 

. 
i 

. 
. 

. 
. 

10
0 

80
 

60
 

40
 

20
 0 

0 

-+
--

. 
; 

--
-,

- ' ' 
--

~
 -

-•
 
~-

' 
...

 -j
--

--
-"·

 -
.. .

jJ
.. 

·•-
·-

-
~

--
-

-! 
. 

-
-
-
-
-
-
-
-
-
-
-
-
-

-
. - --

-7~
tlj

7r
~-

~+
--

4--~
=t-

-=J
~~

 
t 

-8
,0

O
C

 
u CV

 
Il

l 

50
 

-.,, 
-

7 
,0

0
0

 
~
 

·-
-

-
-

-
..

.. 
·-

-
-•

·.
 -
-
-
-
-
-
+

-
-
--

-'--
-

-
-

~
-

-
-
-

· 
--

-
:::

:, 

10
0 

15
0 

-6
.0

00
 

-
-

-
-
-
-

+-
-

-
-
-
-
-
-

-
-
-
-
-
-
-

-
-+

-·
--

--
.. 

-5
,0

00
 

0 u .. 
Il

l 
C

: 
0 .... Il
l 

Il
l .....
 

I 
I 

II
 

_
_

_
_

_
_

 .,
_

 _
_
_

_
_

_
_ 

,.
 

_
_

_
_

 ,.
..

 _
_

_
_

_ 
-
-
-

E
 

u
.J

 

20
0 

25
0 

30
0 

35
0 

40
0 

45
0 

Ti
m

e,
 

se
c 

-4
,0

00
 

u .....
 

....,
 

Il
l 

:::
:, 

-
3,

00
0 

8 c::
x::

 

-2
,0

0
0

 

-
-·

--
:-

-·
--

-=
1 

,0
00

 

1"1
11 

•
•
 

II 
.. 
_i

0 
50

0 
55

0 
60

0 
65

0 

{b
) 

F
ig

ur
e 

6a
 

re
pe

at
ed

 a
t 

11
00

 H
ou

rs
 A

ft
er

 1
.5

-H
ou

r 
R

es
t 

F
ig

ur
e 

6.
 

Sp
ec

im
en

 o
f 

A
lu

m
in

um
 

60
61

-T
6,

 
6-

In
ch

 D
ia

m
et

er
 b

y 
12

 
In

ch
es

, 
L

oa
de

d 
in

 A
xi

al
 

C
om

~r
es

si
on

 w
ith

 B
lo

tt
in

g 
Pa

oe
r 

on
 

En
ds

 o
f 

C
yl

in
d~

rs
 

(?
 o

f 
4

) 

... 
1%

~"'-
p

~-
,~-

i 
·ss

i··~
--=,

t-
r 

s
-

T
 

... 
, 

-
c

·e
"' 

-s
:t

e
 

ts
re

s·
 

21
1 

·ff
i:i1

w
 ·

· r
rt

r 
•

f 
·w

1
 -r

e1
t'

r 
: n

 n
 

-,w
t 

~
 ] l l l .j 



"~
 

w
 

C
J'

I 

V
I a
. -~ .. 

-i:
::,

 
,0

 
0 

12
0 

i 
i 

1·
1 
+·

 +--
!]

: .·
J·:·

+· 
IF

Ti
l :

 ··+
. ··

-· 
i

.
. 

-
-.
. 

•1
0,

00
0 

--
-

..
 

_
_

_
 j_

__
_

_
_ 

. 
-

. 
. 

-
. 

-
._

. 
-
-
t
-
-
-
+

•--
-

--
·-

~
--

--
-·

· -

iO
O

 

80
 

60
 

40
 

-
-

-
-

-

20
 0 

0 

F
ig

ur
e 

6.
 50

 

j 
j 

; 
I 

I 
I I

 
I,

 
I 

I 
I 

I 
I 

I 
-

9 
• 0

00
 

. 
. 

-
--

-
~

-
· 

---
--

-
-

..,._
_. 
__

 _ 
-; 

--
t 

~
-

-
. 

j 
. 

,. 
-

-
I 

: 
-

-
t·

·
·-

.·
 

• 
-

!-
I 

. 
-

..
 

; -
· 

--
-

~
-·

 
--

I 
-

8.
00

0 
-
-
-
-
-
--

--
--

--
--

~
--

--
--

--
--

--
--

--
--

-·-
·--

--

10
0 

15
0 

20
0 

25
0 

-
-

--
-
-

-
-
-

--
+

--
-

--
--

--
--

-
-.

 

-
7

. 0
00

 
:rl 

-
6,

00
0 

-
5.

 0
00

 

V
I -VI .....
. 

C
 

::
, 

0 u 
.. 

V
l 

C
 

0 V
l 

-
4,

00
0 

-~
 

E
 

u
.J

 

-
3

,0
0

0
 

-~
 ..., 

-
2

. 0
00

 

V
I 

::
, 

0 u ~
 

-
--

· ..
. 

· ·
 -

-
· 

·-
-:

:.:1
. 0

00
 

30
0 

35
0 

40
0 

45
0 

50
0 

55
0 

60
0 

-
0 

65
0 

T
im

e,
 

se
c 

(c
} 

F
ig

ur
e 

6b
 R

ep
ea

te
d 

a
t 

14
15

 H
ou

rs
 

A
ft

er
 3

.2
5-

H
ou

r 
R

es
t 

~p
ec

im
en

 o
f 

A
lu

m
in

um
 

60
61

-T
6,

 
6-

In
ch

 D
ia

m
et

er
 b

y 
12

 
In

ch
es

, 
Lo

ad
ed

 
in

 A
xi

al
 

C
om

pr
es

si
on

 w
ith

 B
lo

tt
in

g 
Pa

pe
r 

on
 

En
ds

 
of

 C
yl

in
de

rs
 

(3
 o

f 
4}

 

;;
::

r~
~

--
-.

,;
;.

._
~ 

.,
,,..

.__
,.

,,
-_

_
_

 
"-

'-
~

-

j i I l i 



w
 
~
 

V
I 

0
. .... ~ ~
 

~
 

,a
 

0 ~
 

12
 

10
0 80
· -

-
--

-

60
 

40
 

0 0 
50

 
10

0 
15

0 

. -
-·+

·-

t 

-
-

~-
-

' 

-·
--

--
;.-

--

-~
---

-+
-·

•-
· 

---
i 

' ..
 

~
-

--
--= 

9 
00

0 
i 

. 
! 

' .
.. 

,. 
. 

• 
: 

' 
-8

,0
0

0
 

u 41
 

-
7 

.o
oo

 
~
 

V
I .., C
: 

:::
, 

-6
,0

0
0

 
8 

--
-

--·
 

I 
I
•,•

 
I 

~
 

V
I 

C
: 

__
_ 

! 
··-

j •
 '

~-
1 

20
0 

25
0 

30
0 

--
t

-· 

-5
,0

0
0

 
-~

 
V

I 
V

I ·-
-4

,0
0

0
 
~
 

-
3,

00
0 

-2
,0

0
0

 

--
--

-
--

..
 ·=

1 
,0

0
0

 

u .....
 .., V
I 

:::
, 

0 u <
: 

, 
;,

 
, 

1 
>

 : 
-

1,
 

• 
,,

.,
,.

, 
,_

 
---

: -
-

--
~o

 
35

0 
40

0 
45

0 
50

0 
55

0 
60

0 
65

0 
70

0 

T
im

e,
 

se
c 

(d
) 

F
ig

ur
e 

6c
 

R
ep

ea
te

d 
on

 O
ct

ob
er

 1
4,

 
19

75
, 

a
t 

09
30

 H
ou

rs
 

A
ft

er
 1

9.
25

-H
ou

r 
R

es
t 

F
ig

ur
e 

6.
 

Sp
ec

im
en

 o
f 

A
lu

m
in

w
n 

60
61

-T
6,

 
6-

In
ch

 D
ia

m
et

er
 b

y 
12

 
In

ch
es

, 
L

oa
de

d 
in

 A
xi

al
 

C
om

pr
es

si
on

 w
it

h
 B

lo
tt

in
g

 P
ap

er
 o

n 
En

ds
 

o
f 

C
yl

in
de

rs
 

(4
 o

f 
4)

 

' J ~ , 



M411£JH ,SQ MWA Z• t iMH 4 it444l 
¥*• +>1t:a+""' &W..J&(t< , .<f& W?W& ,W U 

SECTION 7 
CONCLUSIONS AND RECOMMENDATIONS 

f :;.e e PQl.:W {'! .#• f Q "'.;°""' ?..;.;q;; > 

As a result of this study it was concluded that the Kaiser Effect was of a 
temporary nature and therefore not a reliable indicator of the loading his­
t~ry for plain concrete. 

Acoustic-emission technology may be a useful tool in locating and monitoring 
flaws and flaw growth. It is reco11111ended that consideration be given to 
utilizing this technology to ascertain the extent to which cracks and crack 

growth occur as a function of time in pavement runways. The burden of proof 

should be on the manufacturer of acoustical equipment and he should demon­
strate his capability in this area before being granted a contract to monitor 
any given runway. Certainly there is no question that increasirig numbers of 
c~acks and crack growth would be excellent indications of the condition of 
the material. Acoustic-emission testing is totally nondestructive and large 
areas could be tested with very little interruption of normal runway use. 

37 
{The reverse of this page is blank) 

t ftt f ; tt 1 t :h s ·c to '.tt, 1 'd'K$ttd I ? 



r 

' , I 

J Jdt£ J k@ J g J ----------""'£""-"""'.: "'"n o~ • ... QJll!!l'JPO!!II& ~CAlll'l¥.-k!l'ID. '-"- • !!llll'Pi U-41 ~"""J411111!W••lll!!S, ;a;t!l!!l.!ll"'!!IIIS&IP.l,i,._ ______ .:,0..,,,..,4J'-"'!!,tr""'>i""""'=·~•~~ 

REFERENCES 

1. Bickle, L. W., and Smiel, A. J., Ar pl foab?'.l ity oj' Acous tic- Emi ssi on 
Techniques to Ciuil F:n:rinee r•i n:1 Hese<n •uh, AFWL-TR-74-299, Air Force 
Weapons Laboratory, Ki . tland Air Force Base, New Mexico, June 1975. 

2. Acousti c Emission, Special Technical Publication No. 505, American 
Society for Testing and Materials, Philadelphia, Pennsylvania, 1972. 

3. Antrim, J. D., "The Mechanism of Fatigue in Cenient Paste and Plain Con­
crete." Highway Res eaPc h RerJo Y'd No . 210: 11 Dympos i wn on ConcPete StPeng th, 
Highway Research Board, Washirgton, D. C., 1967, pp. 95-107. 

4. Westerberg, B., Statens Institute for Byggnadsforskning Rapport 22: 1969: 
Uttmatning av betong och armerad betong. En litteraturoversikt {Fatigue 
of Plain and Reinforced Concrete. A survey of literature), Stockholm, 
Sweden, Svonsk Byggtjanst, 1969. 

5. Wells, D., "An Acoustic Apparatus to Record Emissions from Concrete Under 
Strain," Nuclear' En::i neePin11 and Des i:m , 12, May 1970, pp. 80-88. 

6. 

7. 

Rusch, Von H., 11 Physikal ische Fragen der Betonprufung, 11 Zeme n t -Ka lk-Gi ps, 
V12 Nl, January 1959, pp. 1-9. {Presented at the meeting of the German 
Association of Cement M~nufac~urers, Wiesbaden, September 23, 1958.) 
Note: There is a Cemen : and Concrete Association Library Translation 
{No. 80) and a translation by Margaret Corbin available at PCS library, 
Skokie, Illinois. 

Schickert, Gerald, "Acoustic Emission Technique Applied to Tests with 
Concrete Cubes," RILEM. lleme Symposium International De la Commission 
7 NOT, Constanta-Romania, 4 September 1974. Noveaux developments dans 
l 1 essai non-destructif des materiaux non metalliques. Vol. 11 Beton­
Nouvelles Methodes, Resonance, Ultrasons. Institut Recherche Du Batiment 
INCERC, Bucaresti 1974. 

8. Han-Chin Wu, "Dual Failure Criterion for Plain Concrete," J ouPnal u f the 
ErzgineePina Mechanics Div i sion, PY'o<Jeedinas of the ASCE, Vol. 100, No. 
EM, December 6, 1974, p. 1167. 

9. Hutton, P. H., et al., "Assessment of Structural Integrity by Acoustic 
Emission, 11 ASTM Materials ReseaPC!h and Standa.Pds, Vo 1 . 11 , No. 3, 
March 1971. 

10. Waite, E. V., ACOUST-S : A Digita l PY'oamm f or' AC!oust fo Tr>ianau lation. of 
Spheri<Jal Vessels, Idaho Nuclear Corporation, Idaho Falls, Idaho, March 
1970. 

11. Waite, E. V., and Moore, K. V., ACOUDT-A: Di :Ji t a l Pr>o: IY'<JJ11 j'o r• Acoustfo 
TPiangulation of Nuc lear Vess e l s , 1.0. - 17,280, November 1968. 

12. Fatigue of ConcPete , Publication SP-41, American Concrete Institute, 
C0111nittee 215, Abeles Symposium, Detroit, Michigan 1974. 

39 

· < 11 w , ,< Ched t t &ei"• c oRH:'1-0: > ,. , ., • 1 » •Mrh ,ti:» a ::a ow··,1m,1.- 1t .,, ,. •ee tw, WtlCH ffce,f'M & · , Neit Httit ere 

·j' 

~ 
I 

I 

L:4 



uue: ~au e, 

13. Forest, J. B., Katona, M. G., and Griffin, D. F., Layered Pavement Systems 
- ?1rt I, LayePed System Design, - Part II, Fatigue, TR-R763, Naval Civil 
E11gineering Laboratory, Port Hueneme, California, 1972. 

14. .Acoustic Emission Inspection Moni tor•ing Contl'act Serviae Desai•iption, 
Acoustic Emission Technology Corp., Sacramento, California, Copyright 
1974. 

15 . Isono, Eiji, Udagawa, Tateshi, and Ogasawara, Masao, ReaovePy of the KaiseP 
Effeat, Presented at U.S./Japan Joint Symposium on Acoustic Emission, Tokyo, 
July 1972. {English sul11Tlclry an~ paper in Japanese with necessary figures 
and tables received by letter from Eiji Isono, dated October 21, 1975.) 

16. Nielsen, A., Latham, F. G., and Kirby, N., Aaoustia Emiasion fr•om Steel 
Pr•essur•e Vessels, I IW-X-575-70 {IX-684-70), as cited by Isono, et al. 
{ref. 15). 

17. Kirby, H., and Bently, P. G., 11 A Note on Acoustic Emission Measurements at 
REML," Paper for IAEA, November - De,ember 1971, as cited by Isono, et al. 
( ref. 15). 

18. Goodman, Richard B., 11 Subaudible Noise During Compression of Rocks, 11 

Geologiaal Soaiety of AmePica Bulletin, V. 74 (pt 1), April 1963, pp. 
487-490. 

40 

J 



HQ USAF/PRE 
AFISC/PQUAL 
HQ AFSC/DE 
HQ AFSC/DLCAM 
HQ TAC/DEE 
HQ SAC/DEE 
HQ AFLC/DEE 
HQ ADCOM/DEE 
HQ AUL/LOE 
HQ AAC/DEE 
AFIT/Ter:1 Lib 
AFIT/CES 
HQ USAFE/DEE 
HQ PACAF/DEE 
USAF A/OF CE 
ASD/DEE 
SAMSO/DEE 
ESD/DEE 
AFATL/DLOSL 
HQ ADTC/DEE 
HQ ATC/DE 
RADC/DEE 
USAF REG CIVIL ENG/SF CA 
USAF REG CIVIL ENG/Dallas 
Chief of ENG/DAEN-RrM 
AFCEC/EMR 
CERL 
HQ MAC/DEMP 
USAF ENG WW EXP STA 
AFCEC/PR 
AFCEC/EMP 
CEL 
DOC/AF REP 
DOC 
AFCEC/XRL 
AUL (AUL-LSE-70-239) 

INITIAL DISTRIBUTION 

1 
1 
1 
1 
1 
1 
1 
1 
1 
l 
1 
1 
l 
l 
l 
l 
1 
1 
2 
1 
1 
l 
1 
1 
1 
5 
1 
1 
l 
1 

10 
1 
1 
1 
2 
1 

41 
(The reverse of this page is blank) 

' ~ t • ,t " ' ' , ' ' • • ,. ' · , 

! ,, 
~ 

I~ ~," 

f 
I ' 
• l 

!: 
.l' 


	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43

