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Foreword 

On 13 January 1971, Mr. J. R. Wright, Chief, Building Research Division, 

National Bureau of Standards, who also is RILEI.{~ Delegate to the United 

States and Vice Chainnan, U. S. National Committee, Conseil International 

du Batiment (CIB), invited Hr. Bryant !father to submit an abstract of a 

paper for consideration for inclusion in the RILF..M-ASTM-CIB Symposium on 

the Performance Concept in Buildings to be held in Philadelphia, Pa., 

2-5 Hay 1972. Under date of 23 August 1971 word was received that the 

abstract submitted on 3 February 1971 was accepted and the paper should be 

submitted. Pn 27 August 1971 the manuscript was submitted concurrently to 

NBS and OCE. It was cleared by OCE on 17 September 1971 a.nd was returned 

by NBS on 2 November 1971 approved subject to certain suggestions by 

reviewers. A revised "camera-ready" -manuscript was sent to NBS on 

18 November 1971. 

Director of the WES during preparation. of this manuscript was COL Ernest D. 

Peixotto, CE. Technical Director was Mr. F. R. Brm·m. 

* International Union of Testing and Research Lci.bora tories for Materials 
and Structures. 



Relatine lfaterials Quality to Materials 
Pcrfori"mcc to St uctural rcrformance of Concrete 

1 
Brya."lt Mather 

U. S, Army Enr;i.ncer Waterwars Ex1)erir.1ent Station 
Vicksbur~, Hissi:;sippi 39180 USA 

Portla;1d.ccmcnt, .:>.1mregatcs for portlanC.-cemcnt concrete,· adri1u0 

turcs for concrct·n, and. carinc; mate1·i::JJ.s for concrete are usually 
procured fo1• uso :in construction under specifications that stipulate 
lc7cls of qnality a.'J incl:i.c.'.J.t.cd by the results of. st<X.dardized tests 
of swnplcs. The inf'orr::~tion obta:iJ1cd ;~rem these tests is believed to 
be related directly or ir.directly to.levels of perform<:nce of the 
material itself, tho conpositc of 1-;hich it is a ccn:-;t,itucnt, the 
structural clement of uhich it is a ccrnponent, and the structural 
system of which it is r.n clement. 'foe kstL11g is l)jnited to detcm.i
nati.:ins that can be cornplctcd in the ti.m0 e.vo.i.lable for testing ond 
at an approprintc cor;t. T'ne le'rcls of quc.lity ~re sel~cted to be few 
fer simplicity <md are frequently hie;her than needed to insure adc· 
quaL'Y oi: pcr.formanco in the apecif'ic situation; r.:trcly louero Atten
tion h;;i.s primarily been directed to thoc3 few cases where less than· 
e.d.oquato p,;rfor:il3JlCO hci.s resulted. Greater economies and more pru·· 
den·:; u.tiliz.c.ti.on of nacural resources •ri.11 result if attention wore 
directed to those much norc m:.r.icrous co.~;cs where stipulated levels 
of quality aro higher than neccf8do 

----i~~~~~·~~~~~ 

Chief, Concrete Division 

I 
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Key l;ords: Aggrccntcs; cc.:1:ent; concrete; concrete quality; materials; 
pcrfomanco; portl2.Jid cc.11ent; structural pcrfor:no.nce. 

1. Introduction 

This symposium on 11 Thc Perfor;-na.ncc Concept jn Buildlngs 11 provides a rr.ost appropr:!.atie 
forum iil which to rc-c.Xo..'1lino tho validity of the implicit assumption that the levels 'of 
quality of materials required by purchase specifications do insure the appropriate levels 
of perfor-.no.ncc of these m::?.terials in tho composite of which they form :i part, of that com
Posite in the structur.'.ll clement of which it is a cor:ponent, end of that clement in tho 
structtu•al system or building of which it is an alo:,wnt •· Otho;i• contributors to this sym
posium will review the criteria. upon which .o.tructural systorns or builclings are planned, 
designed, and specified to ha'/e the selected dimen.'.l:i.ons, loco.tion, oricntat:i.on, and other 
features genorally related to user needs. This paper c:.ddrcsscs tile criteria upon ;;hich tm 
concrete that will ba u3ed in a structural system or building is selected .:m.d specified. 

2. Aggrogatc::i for Concroto 

. 2 . 
Typically, iJ.S indicated. for cxcmple by Section 403 of the 1963 ACI Buildfog Code (1) , 

aggregates fer concrete for reinforced concrete buildin.gs arc required to conform to a gen
eral specification, in the ex:::.>:iplc 1\S'l'H C 33, Specifications for Concrete .Aggregates (2). 
However, Section 403 provide3 M cscope cla2we rec.d:ing He.'X'.ccpt tho.t a1.:grce;a.tes failing to 
rnect. the::;e specifications but which h::i.vc be'ln sh01m by special test or actual service to 
produce concrete of c:..dcquate strenr:;th and durability may be u.sed •.•• whore authorized by the 
Building Official." These statcr.:ents arc not chonr:;cd in the 1971 Code (3). 

1\STH C 33 includes a note to its scope, which note.rends 11 This specification is re
garded as adequate to ensure satisfactory materials for most cpncrctc. It is recognized 
that, for certain ':ork or in ccrto.j_n rceions, they may be cith>Jr more or loss restrictive 
thnn necdcd. 11 Huch of the concrete in buildings docs not need to resist the action of · 
.freezing and. tho.wing when in a wet condition; in fact, relatively very little concrete in 
bui.ltl:ines r.mst be able to rc::iist such c.n exposure in order to provide satisfactory perform
ance. Nevertheless, A.'311'! C 33··71 rcqu..:i.rcs (Section 5) thnt finA. aggregate must be tested by 
the snlfatc soundness procedure and not exhibit r::ore th2.n a stipulated mnount of degrada
tion-"'.o:r: have a sutisfnctol"'J service rccord--or perforlll satisfactorily in a freezing and 
thaw-lng test. Ho optio!l is given, other than through the general not.c to the scope, fo.r 

.'1-Taivlng the soundness provisions uhcn they are inapplico.blc. 

2 . 
Figures in po.rcntheces indicate tho literat~o references at the end of this paper. 



Tho criteria for selection of nr;;grc;::atcs for concrete need to bo revised so that tha 
level.a of 11 quc.lity" a<> measured by ::;tJ.ncfard tsst::J <tnd the tests ::>elected for ·such measure- . 
t.Jcnt aro varied to relate to the peri'orr:1::-ncc recmircd o.f the concrete jn tho service envi
ronment of the building in 1:hich tho cor:crct0 is used. This conccpt~(5stat.sd by f.CI Commit
tee 621 in 1961 (h) in the::>c \lords: "In sr:lecting an ;::ggregatc it is cconon:ical to require 
only those propcr"Cics pertinent to its use in a particular project~" This is not the prac
tice today. 

3. Cement 

The purchase specific;;.tions for portland ce:-;:cnt 1ier'1 ref;:irred to by P. H. Bates in 1940 
as being "as good as .'.l!1 outline of resoarch,•through their inadequacie::i, aa they o.rc good 
purchase specificntions 11 (h). H1•. Bates spoke of the activitie:J of the user of cement in 
th8sc terms: "He r;rust cktcrmino which type (of cern::mt) he should uac in an:;r cane by study
lng the conditicns u.1der ~;hich he will use the ce:r.ent, the conditions during its later life,, 
end the require::ients in the at.m1dard uherein the nature of the sE::veral types is given. In 
lll~:ay cases the choice is siraple snd can be quic!tly made. A high-e.:i.rly-~; tren~th ce:nc::nt would 
hardly be selacted ii' there is I!o nc3cl for ho.ste in constn1ction or in placing the fjnfalied 
shucture in use. A low~heat or sttlfate resisting cement would harcUy be celected for a re
inforced concrete fra:ne building to be covered with brick or st.one" (h). '!'his, I sugeest, 
is the performance concept in building--related, more than JO ynars ar;o, to the purciw.se 

. specifications for c.e.-nent. Yet, tod.5.y the degree to which we <JJ.'e uble to employ this con
' ccpt efficiently is not Vol"/ great. In 1970, I urotc the following: (5) 

11 Ccment anJ c.oncreto obtQined by the intclli17.ent use of current ::tondards Hill yield, 
together 1n.th compot.e..'1t structural design and construction prc.ctice, structures that will in 
nearly all ca:;cs serve well their intended pm•poscs. However, cm'l'ent specifications for 
Po1•tlo.nd cer.1cnt of ~ny given t~-pc n.1101-r prcd.ucts of ai.1 a.11azingly Hide vad.~tion in levels of 

. relevant properties to be offorcd in te.!'!lls th:-.t could load· to substantial d.ifffoultiea ii' 
i they were substituted one for o.nother os is ·sornetin1es attempted. 

11 In a. letter received this sprin1~ from a distinGuishcd engineer and past president of 
the /u11oric:m Concrete Institute, I .found those comments. 

I hwe observed considerable variation in the quality of concrete produced by 
va:dou.:J br2nds of cement ••• o The cement indus t.ry is sul'fcd.ng seriou::i economic 
problerris throughout. the country. o •• The dcprc1Jscd condition of tho cement in·~ 
duutry, in my opinion, ccin be attributed to the attitude of the conou.:w:irs of· 
cement, and this snd :.>tate of affairs .w.U.l cont:i.Jmc as lon~ as low quility 
f.ltrndards pre·ro.il, w-.i.t!1 the prico per ba.rNl as tho ya..'Y'Cl.stick for mu.rketing •••• 
We ho.vo mc.:u;ured the c:p.t:ility of the cei;icnts by their perfor;,1ance in producing 
high-quolit.y concrete for ua. H.'.lturally, i£ Brand x C<.Ul achievo our objectives 
with 25 lb las.> per cubic y::i.rd. th~11 Bronds Y or Z, l~O buy Brand x. If the 
choice of brr.nd ic left to the contractor, ho will buy J.110 cheapest, which 
encouro.e;cs J.o:r coat rut.lwr them high qua.l.ityo I u.rn not sm·o that the present 
AS'I'H tests m·e the best uay to r:ieasure quality. In om• e."::peri8Ilce, tho moat 

• succe:;sful rnoa:;ru·e is the quality of the concrete, c.s mo.de with our o.ggre
gates. Tho cc~1cnt industry necda incentives for innovation and technological 
brecl::t.hrouehs. It rm.wt shift it::i c:nphasis .from price to technical excellence. 
To do this the customer should provido thf) rewards. 

1 "Edward Cohen,. vic~-prcsidcnt of the American Concrotc Institute c.ncl c!vdrman of its 
8ui.ldin3 Code Co::rnittec, writi:16 in the February 1970 ismJ.O of Hat.crinJ.s Research <Jnd 
~~~ as a dcsic;ner ol' CO!'•Crcte structures, Sai.d, 'Hore research is nccuod tolnCorpo
,l'ato the variety of corr.en"!; properties into the art of CCMPi!t production. It is common 
1ltnowlcclge that crn~cnt:.> comln~ fror.1 ccr~,ain a.reo.::i of the country arc preferable to othe::-s--
i~hc de::iicner should be given the. opportlll1ity to specify tl1n.t type of cei:ient <rhich best 
'lill';)cts hi:J :.;t.ructur::tl and cconomictl requirclnents. 1 



. 11'l'ho project manager for the :::ontrc.-:tor on the l.::i.rgeot Corps of Eni:;ineers construction 
project noH coing on, speaking in Hn.r.-.:h J.970 at tho En2inc·Jrinr; l<'ound.:-,tion Conference on 
Rapid Construction of Concrete Dz.:-ns, noted. ns the first ite~n in a list of 'moot promising 
areas 1 for cost reduction in constru;;tion of d<:L'nS .1 better control Dnd raising of strength 
rcquire;~cnts of ccncnt--and optimization of S03 content or any other co::iponcnt to ensure 
maximum rcspcncc to admixtures to aid in better utilization of strength properties of port
land ccr.:c."'1.t concrete. 111 · 

4. Concrete 

If the cnviron:ncnt of scrvics imposes tensile stre;:;ses on the concrete that exceed its 
tensile strength, one or ;noro cr<,cks will form. If a given crack is one that interferes 
with the rendering of satisfc.ctory serv·icc by tho concrete, it is deGirablc that there be 
an investigatio:l to establish whether the er-ror that was rnade that allom;d the conditions 
t::> develop that required tho crack to fo11:1 was in (a) eut:i.mating the stresses that would be 
imposed, (b) esti.rnating the strength tho.t i·:ould be required,. (c) selecting concrete materials 
and proportions to give the strength estimat.;d to be required, or (d) producing co:1crete . 
having the strength estimated to be required. Note tho.t thoro are four stages where e:r;ror 
can occur; cto.tcd more generally these are: · 

1. Evaluating the environment3.l_ severity. 

2. Selecting the quality level of rclcva11t propert1.es appropriate to t,he environmental 
severity. 

J. Selcct:i.ng Io1atorials and proportions to yield concrete o:f tho app;ropr:!.ate quality 
level of rolc·rai1"!; properties~ 

h. Getting concrete of tha desired qu<J.lity. 

Stated bluntly, when concrete fails to belw.ve properly, the "questions are: (a) Did you 
order 11hat you should have ordered? (b) Did you get what you ordered? i.e., should you 
properly blame yourself or the contractor for the trouble you are in? 

Fleure I was prepared to snou tI1e roiatfo!1ship bctucen concrete properties and concrete 
behavior. It assumes that ·cone re tc, a material, is an elc:r.en i:. of a syJtem such as a build·
ing. It further a3sUi110s that tho concrete is desired to bi;;have in a eiven mnnner if the 
performance of the system of 1:hich it is .:i. part will b<J satisfactory. 'I'hus starting in the 
cr::nter of tho bot ton of the dfagra.'11 with ''porfonw .. '1cc of the syste~n, 11 we assu.·:ia that frcm. 
the criteria a.nnlicn.blc thereto ono cD.n establish what performance is desired of the con
crete. Knordng. tho de:>ircd level of peri'orna.nce, we s!:ould be able to establish the 
dosirc::d--and nccdcd--lcvol of rclcvc,:i.t properties, provided we nlso know the level of the 
environ.:n-;ntn.l influences that will ::>.ct upon it. When tho deGired levels. of relevant prop
erties .. <lro cstabli::;i1od. 1 the specification rcqufrc::.ents for m.::>.terials properties, materb;ils 
proportions, <.\nd construction pr.:1~i:.iccc mrJ.y be set. Once these require:nents have been 
stipulated, and enforced, the rc::;ult Hill be t:no prod'J.ction of concrete ho.yin~ such levels 
of a.ppropri.:i.tc properties that, aG the concrete interacts with tho cnvlroi;;::ent, its be
havior in service wlll be such that its achieved pcrformo.ncc will equal the desired per
formance and tho porforrr.:J . .nco of the sy3ton of which it is a portion will be satisfactory. 

In the prencnt state-of-the-art of concrete making, it ls not possible to state, with
out :i·dervation, that a particul:.n• concrete mixture is uniquely the rco:..t economical that 
CO)lld be specifir:?d ;md produced at a eiven tbc in a eiven place, to be placed at a given 
location in a particular structure. 'l'he t<;c}miques for evaluating the cnvirornncnt condi
tibns to which that concrete will be- subjected during its service life do not pennit pro
ci::;e co.J.culatio'"ls. We can cstimar,c dead lov.ds rnt.hcr <lccm•ately; live loads somewhat less 
nccm•atcly. E.'J.rthcp.q!rn forces arc boco~1ing bottcl:- umlerstood. Foundation i.ntcr:!ctions are 
often quite poorly prcclict;lblc. Chc::iical att::.ck and •rcatlwr severity arc evaluated general
ly only i.11 quolitJ.t.ivo terms. Sinco "\TO c::mnot evaluate c;;nvironrnent3.l conditions with 



precision, 1-;0 could not select c.pproprL1-\:c le\·cls of quali'Gy to match cnviroru:icnta.l aevcrity 
e·,r;-;n if •m h2.d a perfectly ln'ecioo b.:i.f;i::l for rcb.thig concrete quality lcyds to deerccs of 
C0'.11bincd .and clas:>ified environmental scvorityo 'v.'o are in better shape wiic:n it comes to 
cclccth1g materials md their proportions to yield predictable qLtn.J.it,y lovoln of concrete 
pre.parties, but in so;ne areas even here H•3 c2n only deal in cr.ialit1tive ter;;is, Finally, 
there is quality control aml inspectior.; the point at which we try to have assur~mcc t!w.t we 
ar.; getting 1rithin proper limits, <:hat 1.-c ordered md arc paying for. A grout doal of prog
l'e:.;s has been made in thia area rather rcci;.;ntly (6) •. 

Hilo Ketchum commented on the relation of concrete ::;trcngth <:>.nd building performunce in 
po.rt M folloHS ( 7) : 

"High strc.!1gth, alone, ha3 very little .:?.d•rant<:>.ge for ordinary rein£'orccd concrete build
ings. If prope1• production control could be ~1:iintained, a noninol. cylindi::1• ::;tren;;th of 2500 
psi (at 28 d:;ys) should be snticfactory for most concrete structures, and this c~i1 be 
achieved uith a. m:i.nimrnn cement content. High strcneth, howGvor, is a sy:;:bol for other do
slrcblc proporties end a pledge that the concrete Hill have enough cc;:1ent. Ultimate stren,r;th 
design for sections of concrete me:nb•::n'3 has demonstrated to the design profession that con
crete seldom fails in ccrnpre::ision. He r;pecify the higher stl'enr:;th bocau::ie of the ;-:on-uni
i'ormi ty of test results .snd bees.use it is insuro.ncc against concrete thD.t would have to be 
1'€rnovcd fro:a the structure. Considerine the thous.'.l.L'1ds of concrete cylindor.3 mo.de cvcr-y day, 
there is romarkably little concrete runovcd from buildings .bec.:msa of low strength. Even 
though the specifications ccll for rc:noval for undcrf;trength, it is difficult to wforce 
this clause and in most coses some compromise is me.do that satisfies everyone without having 
to remove the concrete. 

11 It uou1d make more ·sense to r.10 1.f we uere e.ble to forget strength n..'1d wore able to 
control the dcflcctfon properties of cor..crete by some kir.d of field test or proccd::..trc. Tho 
appa.rent modt~lus of elasticity is usuo.llJ tmb1po:rtant, but plastic flow of concrete is a 
scl'ioua problem i.'1 selecting structural aystena. Almost every cneineer can report exc.mples 
of ('.):cessivc doi'lec tions due to plastic flow or sh1·in.1<ar;e." 

'l.'his :>trongly suggest::; not on.ly tb.t concrete strength, specified at current levels of 
11 quolity" hi!::; little relation to siv1:Li'ical1t problc:ns of buildi1,13a perfo1~11once with regard 
to stren3th but that oth01• properties, not specified, are rr.ore significant to porform.:>nce. 
It hns been swmested that the sorts of safety f'e.ctorn that arc currently c::iployed 'to o·bta.in 
sp,;cifie:l lo7ols of ::;tren~th alco ;;.dd unneccs::;c.1'ilY to cost. I sw~Gcot that a. proper ele
rncnt in the 11 perform<:n.co concept in builclil1G_s 11 is G.Void:m.co of· unnccecsarily hif~l1 cost.<J. 
Herc my CXD;nple is taken from a discu:::sion of a.'1 arch da.'11, but I feel cure simiiv.i· consi.d
er<~tfons could be dovolopcd for buildings. Wenc;ler ( 8) showed that :i.t was custo;~ary to 
build nrch d;:i;:1s ;·r.i th a safety factor• of 4 a:; the r<!tio of cone rate s trcngth to d:;dgn stress. 
Ho sho,·red, for a specific ex2rr.ple, th3.t by reducing the concrete strerigth from 4Goo to 2400 
psi, keeping the 110rldng stress at 1200 psi, i.e., reducing tho safety fictor from h to 2, 
tho ce:nent content could have boon rcduc:od from 3 .5 bags/ cy to 2 .o and the cost of tho job 
l.;y 8 percent or by nearly $2 million. By kecpir1g the originally cpGcifi.c.cl concrete 
st1·ength, incrco.s:ine tho allouable 1:or!dng ::;tress from 1200 to 2!~co psi, :!..c., reducing 
the safety factor from h to 2 by onothnr route, a so.vine of $5 .h million or 22 percent was 
calculated. 

5. Concluding Statement 

The foregoing discussion lv1.s, I ·~rust, sum:cstcd that, iii.th rage.rd to the concrete 
Used in tho con:>truction of build:inr:;s, there are si..i.b::;tantial benefits that may be realized 
if one ;:ore to start with a uronor consideration of the porfonn<lnce of the bujlding syat-cr.i 
in goine throuc;h tho process" or' obtainine tho b.ppropri.::i.tc concrete for use therein. If enc 
Hero to catalog G.nd qu3ntify the cle'1:cnts of porform2:ico of tho sy::;tcm that ore nccdiJd for 
structural and acs thctic ::::uccccs, w.:iro to relate thc;;o :in tu.rn to the clcm-:mta needed for 
St1ti::;factory pcrforrnt:llC•3 of ·ccncroto, in tho cnvil•o!;;i1cnt of service, one could select the 
app1'opriato quo.lity lovel::i of materials properties, the appropriate 1:L'L:-..'ttu'O proportions or.d 
con::itructi0n pr::tcticcG, specify a!'l needed, .:ind enforce tho specifications. 'l.'ho rccult would 

I 
I 

I 



be, in sq fal' as the concrete is concerned, concrot<i appropriate to its j11tenckd use. Such 
concrete cuuld often bo J;lode tu.::lng ma.tcrial."> not ~l')W ullc1icd by specifications, usi.'1g con
crete nti:.ct.urss cont:cininr; 8iW.llcr qu:.ntities of r::o1·0 co0tly ingredients, on.d often in sec
tions of snaller dirnc.nsions. In so:nc co.sos, the reverse uou.ld be the cacc; in these cc.ses 
the structure ;-rould be mo.de safe '"nd. satisfactory 11horc under current pract.icas these re
sults arc not assm·ed. On balonce there would be a General reduction in cost and a conser
vaticn of natural rcsom·ces. 
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