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- ._Oostﬁareas of’ the celumns ehcwn m Appendlces Att 4 to A‘l1 1 1 ere calculated in :_-

| _Appendrx A‘l 1 lz and shown in. graphlc form in F‘gure 1.2 As can be seen ut the"‘

: : _. g . Cost——areais IGSS sensrtive ﬂ'lENbUilding OOBttQ thel’aﬂocf steB]areﬂ- .

_. ._. - E ..-_overell range of cost——afea for the colu mns mnsudered ,s proportl 0 n at ely muoh', -
o .._:_.._.\..:_-grealer than for bu;!ding cost the ratiﬁs for hlghest velue to lowest valu e ere' | |
S :"_i_approxrmately 6 3 lor cost~—erea end 3 0 for btnlding cost S o S

BRI At lower concrete strengths (30 end 40 MPe) hlgh eteel percenteges are more g L
S favourable than low steel percentages. At hlgher concrete strengths (50 to"- o
- A 00 MF’a) Iow steel percentagee are more. favourable then hrgh etee[-;_-:_:: _
_' percentages. At 50—-MPa concrete strength the mfluence of steel percentege-_ o

" B _'lS negligible

A comblnatlon of hlgh concrete strength {in this case 100 MPa) and low Steel e
o .porcentagels economlcally the mostfavourable although the differenco in cost- - B

: '_ erea between 90-MPa and 100—MPa concrete is smell

| _11&5 COnclusion f o

- The example ehows the economlc beneflte of us;ng hlgh-strength concrete for'--'._ . '_ |
-'columnsl T he’ concept of cost-aree. is ueeful in aesessmg the economic effects of .
concrete strength, stest per_centege _end colur_n_n- size, W_heth_er b_u:ldlng. cos_.t or__:ooet—.- .

 areals used as a crlterion, the benefits resulling from Increasing concrete strength are

~ subject to diminishing returns. tn practice therefore ft would be preferable o keep- o

'ccncrete cheractenstlc strengthe ) not more than 7'!‘ to 80 MPa while expenence in
the use of hrghwstrength concrete is gelned ' L '

11.3 ' Ccst of elemente In general
A coet analysis of oclumns le glven ln sect:on 11 2



BGCEUSG of the many verleblee mvo!ved a generally va!:d eost anelysus of elements

_; _'Such as beame and slabs IS net p,racticable._ L

-Hewever, censndermg structures nn general hlghmstrength c.oncrete may oﬁer thec
o '-fbeneflts of reduced dead Iead and feduced cress-secﬁonal drmensmns. How
RS __'_-'-'.sigmficent such beneflts wouid be weuld depend an the nature of the structure ln the""_'.__

- case of precast elements for exarnpfe ‘the use of hlgh-»strength cencrete ceuld make--_ s

-:_“it poselble te preduee Iarger elements requirmg fewer connectnons . 8 PR j;

-_'_ngh-strength concrete should be eon31dered and evaluated aS a matenai for__" L

s ?structuree or structurei elernents \mth coneiraints on mass er elze The evaluation;_._, L f_ _'

. .ehould cenender technieal eepecte and coet zmpheatuens

g



o 5_'_-;"2..'-- - C‘ONCLUSION

o '__Tho thes:s is’ based on. informanon obtained frcm the Ilterature, loboraiory _E::'

o mvestaganons. dasouss:ons wnh speonahsts in vanous fields and somo deductive
_'roasonmg Whale rnany of the ﬁndsngs were not unoxpected thero were smne _'3 |
surprises, - ln several instances: laboratory ﬂndmgs were not m agreement withf".- ER

'_.'-f.'statements made in the teohnical literature. e

} __:_mponfantf_}a'spedts-qf_;tfhe -w_oma;aq,:essshﬁa;,;mausg;s 'a'rio.- disoussed below.

L 12.1 Workabllﬁy of nesn oonoreto

| The workability oi oonventiona! oonoroto is dommated by aggregate charactonstxoo

" As oement oontont is moreasod, tho workabullty of tha pasta plays an increasfng!y'_":

o sugnifroant role 1n mﬂuenomg tho workability of the concreto. e

-The inolusmn of a hlghly effeotivo superplasticuzmg admixture is ossennal for the-__['{ B

praotloabie manufacture, handung and placing of hlgh—-strongth conorete In

anolastlcized concrate made toa g!ven slump, inoreased cement oontents result in S

R oonoretes with very. high water: oontonts, Such ooncretes are also extremely stncky- o

| :and would be lmpossrble to work with in praoﬂce On the other hand ) 8U perpiastiolzod .

| 'oonorete made toagiven slump shows constant or decreasing water roqulrament with

N moreused comont content up fo a cernent'wator ratio of about 4 . Sueh ooncretes .

- '_ oonsoquontly exhlblt an vxiremsly offioiont use of cement. ifany smglo faotor can be_ | o
sald to make it POSSibIS o make, and praotlcable to use, high—strength concrete it ls o

tho avallaba!ity of effectlvo superplastioizers -

'Various types of oommerclally avallable superplasticizor were testod ‘By far tho most 3
) offectwe was ong based on suiphonated naphthalene formaldehydo

Hheolog[cal properﬂes of superplasﬁolzed ooncroies dlffer from those of unp!astlclzed' . | _
concretes, Superplasticized concretes tend to be less cohesive, more viscous and . -
 less thisotropic than unplasticized concretes, - These features could mean that -

12.1_ | o



<L -::'teohniques used for handlmg and piacmg oonvenﬁonal oonoreto would Idoally neetf 10-:-: B

o he modifled for hlgh-strength concrete N T

- :' ?2 2 ilﬂlx proportioning

B ix proportioning is essontially a proooss of dotermming opﬂmum stone contont in'i S
L "_'order 1o &' fieve good workabmty of the fresh concrete and sé.‘eotmg an appropnato-. .

':oomont water ratuo to ensure- the: required strongth of the. hardened concrete e

~~ Methods used for propotiioning conventiorial cancrete do riot work satisfactorlly fori'_'__':..}
 high-strengtfi concrete. This Is because: of the combinatior of low water oontent and’_.g- S

o ’fhxgh oement content assocnated with highustrength concrete mlxes | SR

g -. .-._A method based on the ooncepts of aggregate packing capac]ty and m 0 rtar h}'draulic"_ e
" radius, and on empmoal hndings, was developed for the proportlomng of highmstrength o
- oonorete mrxes» The method was extensivoiy tested by being used- to. proponion o | _' 3:' .
2 mixes for afl °ﬁh9 Various '"VGStIQaﬂORS dono ltis bol:evod that the method oatersi"-. RN
for aggragates of an: iype, perticle shape or grating.” The methodology on whichthe .~
development of the meihed i based also makes it possible o dovelop chants or
. ._.I-formulae for slump requirements diﬁerent from the slump useo for the mvest: gat:on o -

N --12.3 The effeot of hlgh ooment.wator ratios orr tho hydration of cemenz

The hydraﬂon of coment i5a funotlon of the chemioal and. minoraiog:cai propertlos of R

tho oement and on re!ativa volumes of tho partioupatmg oubstanoas and products of

o _-hydration

Beoause proporﬁons of oxides used for the manufacture of modom porﬂaod coments _ '_
are kept wi‘{hm Narow. Iimlts and the manufacturing prooess is so tlghiiy oontrolled, G

o ;hydration proportxes of differant cements do not diﬁer s:gniﬂcanﬂy

- On'the othar hand reaat.ve votumos of oement and water i tha frash pas!e arej"

: detormlned by comontwater ratlo whloh oan vary within a wrdo rango



B o other hand if. mere then enough space is avalteble fer hydratron and water rs aveilable,
B *the cernent it fing enough can’ hydrate cempletely and we.ter—ﬂlled cspiltarles are teft

"‘Hydrate can. form enly rf suﬁicuent spaee Is avartabte tor its termatten If the evailahie .
space |s used up before all the cemsnt has been hydrated hydrahen ueases. - On the'

___"'-"m the hydrate matrrx The concept of cement—saturatron !s introduced te descnbe a.
g .'paste of whtch the ratre of cement o water is such the* the preducts of hydratron wﬂt
: exactly ﬂll the avar[able space when the cement is: oompletely hydrated. A!theugh B
: . cement: water rahe for cemsnt-seturatien cannot be precrsely determmedg csment— L
" '_.saturatron is'a cendrtren Whrch effectwely separates pastas mte twe types with

-:'_:-"5_-'.-__3'fundamentally drﬁerent properties : |

_ f"-_Cer ~antmum‘iersetureteet pef .es sre those m whfch comptete hydrstren s theerehcslty

g '_: o -pesstbte end eeprllary peres are present aftsr cempiete hydretion‘ | The prepertiee of
o such pastes in the hardened state ate significantly lnfluenced by the velurne frachorr

__and distribution of caplllary pores.An Increaise In cementiwater ratio has the effect -
) | et‘ reducmg the caplllary perosﬁy wrth a censequertt tncrsasa rn strength e}asttc |
strffness and smpermesbllrty SETRI o T

o 'cemsnteoverseturated pastes are those in whrch there is msutﬂcrent spaée avarleble
for compiete hyd ration.’ The hardened paste therefere contams unhydrsted cement -

. the coree -of cemen* partrcles but deee not contarn caprllary pores, | The preperttes |

' of such pastes in the hsrdened state are therefore not inﬂusnced by cepills"y perosity
~ An increase in cement water ratio. has the effect of msrely mcreasing the !rection of

L _unhydrated cement and Intuitivety should not resutt Inan mcrease in paste strength

 The strength of concretes made with cement—oversaturated pastes does however show. -
an increase in strength with an lncreese 1n cementwster ra:tro ltis suggeeted that
“such differences in strength ara - esused by drfferences in interface or. beundary
conditions and net by changes ln gerosity The behavrour of eemsnt-aeversaturated

: concretes with regard to strength and rrtovemant ptoperties ts dlseussed further rn

: sectlons 124 and 125 respectwely o - : :
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'.f'_._.:_Strengths of structural concreta: have inc'reased steadity durmg the twentteth century
e Conventtonal concrete has changad from a mater:al with & compresswe sttength ofr'r_;____" SR

S itt can be shown by calcutation that pastes wuth a carnent water ratta of higher than '_ R
: '-about 1.8 to 2 have 1o tmbtbe water tt potenttal hydratmn lstobe actueved* the ariglnal' o o
‘mixing water is msufﬁctent High- strength cancretes would a]most wnthou., 43X09ptlon'_.f_,;l.{ . '-
" have cementwater ratios in excess of 2. _ It is therefore essential thet. highmstrangth._f'_";._' e
concretas should. be cured by makmg at:iditlctrtal water availab]e at the surface Qf the.__":‘_;'_-'-1'5 -
'"""'"",--’etementtorasIeng as posslble T T A R

: '-_5.$trength ut concrete

" about 20 MPa 10 one with & range of 25 to 40 MPa, with 80-MPa conarste probabty_

_fthe mcst commoniy used, ln parailel with thts dev&"topment and starttng during the - . :_'_3 :
i B suxtaes "high-strength" cancrete has dews-toped frorn a matertal with a cube strength. '_‘3* =

~ of about 50 MPa fo the highest recorded strongth used in & structure of about e
o 150 MPa in 198? While such high strengths are very unusual when seen in the % .

. context of the construe.tton mdus*ay as awhole, it Is significant that they are not merely_ e

- !aboratcry curiosttles but have been used for actual eonstructton._ B

_‘ The factors whtch fundamentally 1ntluenee the strength of concrete are paste strength . __'.
N aggregata strength and paste-»aggregate mterface strength, thetr relative tmportance_ S
dlﬁers accordmg fo the strength of concrste, Aggregate strength becornes increasingly e

important as canrrete strength mcreases

) High—strength concrete can atso be divtded inta two categﬁﬂes The boundary ime | BT

s betwaen these categones ts the cementwater ratio tor cement—samratlon

| '_As explamed above oement-undersaturated hardened pastes ate chatactenzed by : S

'_ : theorettcaily complete hydration and ihe presence of captllary pores When' -

o fsement water ratio i is tncreased the volume of hydrate tncreases and capiliary pomsity:_';'-_' s e

'? ‘decreases; paste strength consaquently increases R



o Cement—oversaturated hardened pastes are characterized by tncompiete hydrahon and_'._ ;' - - - :'_

. the absence of caplllary pores. . - AR increase in cement water ratno has the effect of'_.f' '

T mcreasing the voiume fract:cn ot unhydrated cement it dces ot increase paste

- _strength by reducmg porosity, On the other hand concrete strength increases withran i

| - _increase in. cement wa'ter ratio This mcreese m sirength is caused by ths mcreasedﬁ__'__ )
- fraction of unhydrated cament fragments whlch drsp!ace true aggrega.es and actas =

- sggrsgates Because the bond between hydrate and unhydrated cement is supenor_._-' .

tothe bond between hydrate and aggregate, qverall Interfaoe strengfh is lmproved and :

_'cencrete strength improves. lncreases in ocnoreie strengths eﬁected ini this way are e

) smail Go mpered w:th mcreases to cement-—undersaturated rnixes as a result ofa gwen
addltlon of cement Cement—-cverseturated mixes are therefcre = reiatrvely mefflorent

C __use of cement

The effects of various factcrs on compresswe strength were Investtgated T hese were |

e :'stcne size and packing cspacrty, biends of porl and cement and varIous cement R

extenders. various: rap:d—hardenlng portland oements, the use of condensed silica S
| -__fume, and various aggregate types. . All materials Lised for the mvestugetion were
. available In South Africa; ‘through ordlnary commerclal channels In order to make

o ratlonal compansons of perforrnance the concept of "cement-efﬂorency factcr“ (CEF). |

-_ is introduced. CEF is-a measute of 1he strangth developed ata given age by unit

: _'quanmy of cement (or cement plus sxtender) and Is expressed in units cf MPa per 100 I

kg of oement per cubic metre of concrete
. _'The rnvestlgatlcn into the effect of stone size. shcwed that, usr ng Iocal aggreqates. fai rly :
large - stone {286, 5-—mm nominai slze) and blends of 26 5—mm and 8,7-mm were the
most efficient with regard to strength. - This is contrary to'the generally held: view.

expressed in the literature. A simple model was therefc;e developsd in order to
aﬁempt to explaln the di fference in performance between Iarge and smalt stone srzes. -

| -_In a series of tests done with a srngle rap:d—hardenrng porﬂand cement (HHPG)- _' |

" blended with varlous cement extendsrs itwas found that RHPC and condensed sillca - L

| ~ fume and RHPC on its own gave:the_-hl_ghe_s_t--s_tre_ngths. . Blends of ground granulated -
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blastfurnaee s!eg and fy aw.: performed relattvely poorly arrd are not ﬁbnsrdered to be- o

worth' using in hrgha-strength concrete. © Condensed silica fume (CSF) snowed the -

hlgheet GEFe et tower cementwater rat:oe while FtHF’G on. Its own wee the beet_'___-__' "

performer et high rattoe

3 A comparison of drtferent FIHPCs showed sigmfreently different performances tn terme s
-.of both strength and CEF. . It is rmpertant therefore that the proportlonmg of high~ L

 strength concret should be based on tests done with the specific cement to be used, .

Preferebiy, eeveral different RHPCs should be teeted and. the oement glvung the beet‘ B e

performarce eeleoted for the pro]ect

The meohememe by whrch condensed silica fume enhances strengthwere investtgated | o |

' Tne “fine—t”ller eﬁem appears fo be a eatasfactory exgranatlon for the phyeroal
meohenlem # wae found that condensed silree fume produeed eignlfleant o

improvemente fo CEF at the Iowest oement ‘water ratro in the test eerree Compared .

w:th RHPC on rte own, the C8F biend was eupenor in cernentmundersaturated mixes o

and FIHPC was superior in cernent-—overeaturated mrxes. Nevertheless, because the

pozzelemo reaoﬂon does not consume water, CSF ooncretes de have the advantage' o

| of reqwring Ieee eddrtional weter for curlng

The performance ot various South Atrroan aggregate lypes was oompered Of the
geologlcal types tested: endeeite. dolente dolomite, granite’ and quurizrte only the_
~Afirst three gave ecoeptable results. . At the higher oement'water ratios, andeette,. -
dolerite and one of the dolomites gave the highest strengthe but the dolomite
_coneistent!y gave ttre highest CEFs. . Gono_rete strengths did not show a _strong _

o 'oerrelation with direct or indirect indicators of rock strength. The very large differences
in performance between diﬂerent aggregate typee emphasizes the lmportance of - '

testing with speciﬂc materials and the selectlon of the best avalleble aggregat&

'_'Splitting'-teneile and ﬂ_e:'_(_erel. e.trengthe were'inveetige_ted-andi it was found that '_bo'th_ o

ware higher than predicted by formulue from the literature although generally notby a
. wide margin. Predictive formulae appear 1o give realistic to conservative values.
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- :It is: generahy aocspted th&t the aspsct ratlo of a specrmen usod for compressws—:"_f 5
- strength testmg mﬂuences strength siender specimens tsnd to fail at smaltsr Ioads' | SR

AR than squat spoclmsns made w:th the same oortcrets In tssis dons 1o find out tha A

'_ eﬁoot of hig‘-r oonorete strength on. tho aspsct—rsﬂo stfeot it was found ‘IhEt Strength._.:_ R :
had no nfluence. The q;gmtrsancs of this tind%ng s that the relation between'cube
- 'Sﬂ’ength and the strengtn of concrete inz rnore stender form in s strucmral otemsnt:_ RIS

" does tiot need tobe modlflsd wtrsn dosrgnmg 4 structure in htgh-strength oonorsto e

_ - Con\rerseiey, standard spsolmsn shapo for testlng for strsngth can be used for hlght.-'__'_:_ |
'strength mncmte S o o '. ’ C

" __:""Béseoi on 'a'n "ansiy'sis of some eighty strength tests it was found that the average L
- within-batch vatiation of cube strengths did not change in a strength rsnge of60to

3 120 MPa, - The rmplioation of this t“nding is that the ontst |on in the SABS tsst method o
' for vairdtty ofa test does not nsed to bs changed for highustrsngth ooncroto '

| : Tests carriscl out in ths oeurse ot ths invsstrgatrons discusssd above showed that It. |

-Was possrblo, us:ng oommsrclally avallable osmsn*s, oement extsno'srs, aggrsgatss : o

and admrxtures and normal recommended admixture dosagos, to produoe conorotes"_ |

'wrth 28— and 56w-day cube strengths of 11? and ‘12? MPa respec’trve!y Assumlng a _ | R
‘marginof 12 MPa, thsss strsngths are equwalsnt to oharacterrstro otre-rgths of 105 and . . e L

| 115 MPa rsspectively

Coment—efﬂotenoy faotors "of '2'6 and 36 IMPa?toé' kg osmsntr‘m" we'resohieved'“a't 28.

|  and 56 days respectrvely T. ese results oompared favou rasly wuth vaiuos reported in :
_ the Itterature ' ' ' '

ta grven set of mlxes. it must not bs assumed that highest strength ar*:i best CEF ars_
' achroved by the same mix. ‘And for a gwen ‘combination of, ratsrials, hrghest strength_ :

- ~and maximum CEF do not ocour at the sarme cement:water ratio. Highest strength is

- normally aohisvsd at the hlghest cementwater ratio used whils the hrghost CEF R
o normaily ooours at or about the cemerd; water ratro for cemsnt-samratlon .
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o Whethor a concrete max made of gtven materials should be proportioned for h:ghest-.
' poss:bie strength ot for max:mum CEF wouid depend on the spacstio apptcation and'

" 12.5 Movement proparttes '_ s

'.Moduius of elasticity, creep and shrinkage wers inveotigated with. three dttferent.-' S

_ aggregate typos and across a wide range rt Sement:water ratto It was fou nd that the

. 'oemant water ratio for - cement—saturation o c:tivety formed a boundaty oetween -_

concretes with different oharaotoristics in terfs of modulus of elasticity, and ¢reep.
- For cement-undersaturatod *‘nlxee, an increase in cement:water ratio resulted nan
inctease in strength, an increase in modulus of elasttotty and a deorease in speciﬂc'

-' creep. For cement-«oversaturated mixes, an tnoreasa in cement:water ratio resulted . N

ina relatlveiy small increase in strength and virtually no difference In modulus of

- elasttcity or specitio creep. it Is suggested that this difference in behaviour can be

: explained by the fact that properties of oement—undersaturated mixes are dominated

by capliiary poroerty whlle the preperties of oemant—oversaturated mixes; which have
ho .oaptliary_ porgs, are dominated by_ ag_gregate—pasta interfaces. Cement-
oversaturated mixes are in this respect analogous to'steel' strength is deterrnined by
_the properties of orystal boundaries and steels of driierent strengths have the same_- a
madulus of elasticity. - . o ' o

Shrtnkage did net show any clear patiern, relative to cement:water ratio or to water
contant. Generally though, shrinkege decreased with Increasing cament:water ratio
possibly because of reduood water content and greater impermeabillty whroh would
tend io impede the eeoape of moisture. . - '

Based on analyse*- of 180-—day results, shrinkege, eiaetic and creep strains for

concretes subjected to 0,4 times characteristic strength wearg caleulated for

characteristic strengths from 40 to 100 MPa.  Shrinkage strain remained vittually
constant, elastic strain increased linearly with Increasing strength whtie oreep strain -
teached a maximum at a strength of 70 MPa Maximum total strain vaned from 1 500_ .
microstraln to 2000 microstrain. ' ' o
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_ _Mcvementwrelated prcperties of a cencrete propcsed for uee nn a structure sheu}d be _ :"j S
~ determined by tests done on- Specufie materials. and according toa reglme Which' M

. rephcatee as clesely as pees:bie ccndniens expected in the f:eld

' -'12 6 " Burabllliy N . .
' Because of the high cement water reﬂce used !n hlgh—strength ccncrete it is extreme'y

.impermeable and is therefcre as remstant ae concrete can be to the ingress of -

L substances into the ccncrete. thh the excepttcn of alkall smca react:cn, ell'_\’

chemice!ly destructwe mechanisms involve mgress High—strength concrete can'-

therefore be regarded as ultra—dureble in the epectrum of concretes although there ie L

dcubt expreeeed in the lnereture as to the reslstence cf hlgh—strength eencretes te i
= _.damege by freeze-—thew cycies ST

127 Ecencmlc Impllcatlens

When cha ccnsuders that the development of hIgh—strength ccncrete has been dr:ven B

| ~_mainly by econormic forces, it is clear that cost is the ultimate criterien by which the
usefulness of the materiel wilt be judged . o

Based on mixes used for another part of the investigation, prices of concrete materlals
‘and bill-of~quantity concrete rates, the cost of a hypothetical column was calculated

for various characteristic concrete strengths and reinforcement ratios. It was found,
as expected, that the mast economical column conslsted of the strongest conarete with
the least stesl. The law of diminishing returne applied however: there was little to be
gained by increasing concrete- strength frem 90 MPa to 100 MPa But" _ccst was
”extremely sensitive to eteel'concrete tatio. -

The above analysis does not address the que~tion of ﬂcor space cccupled and thue o
rendered uhusable, by the column. To rectify this shcrtcoming. the cencept of "cost-
area” was developed. | Cost-area is defined as the product of tha cost per column
and the pian area of the column, Using the c_encept cf cc:st_%efiee,'.a further analysis.
showed that whiie the lowest'coet-éerea was achieved with the '-eircngest_cencrefe and
the least steel, ccet--area was generally faifly: insensitive to eteel :coniorate ratio.
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Slgnlfxcanﬂy, uverall range af aost—area WES. more than twice :he Qverall range of cost
whan ‘takmg the ratia af hxghest va!ua to Iowest va!ue, e e
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L “E’éi:leﬁaéﬁ Mixes and resﬂ{ts. Quartzite wath unwashed sand

RRE T Quantiﬁes
(kg) _ 'Admaxture o

70 % 265-min
.30 % B, 7~mm"
Unwashed Cl'UShGI'

L sem

s _
S0 Gemeny - RHPC.type "J*. _'
. Admixtu SNF lypa noﬁ o

Water (tqtai)
| cement

of eoncrete gf*o“nde

. '.-_--:_S-Cube strength R
- (MPa) - E

| ceF (paroo

kgcemerrtlm‘)

'_CUbe strength el el Al e

| kg cement{m‘) 20| 238 24| 22

L S

CEF (MPan oo 213 23| 204 21,3 193 ::




L Table ASA‘TQ Mlxes and results Do!arite

S _. Stona _65% 26 5-mm
S .::3::' 67—mrn
o --';..Sa_nd._ Crusher _-;
Gement ""RHPC type o ng
RN admixtu,rje BNF type "C" e e

qoew Lo 20 28 Vae
IR ({ of aon creta 4 Sand o ] o102270 - 987 _. 922_'. L B79 i ‘g3gll " SRR
1 | ncrixure 0| 64] J74f 87| esl 14l -

S Age 7days --..(Mpa) j AR SR TS il ST bt BN
o kg cementfm’) 15,9 1?22 8.0 196 19.5 o

A56d '(MP-a)_‘:v' R ERRRE DA TR A NS
PR leermpanon | ool seal ssal sea| sl




mn CIW values R L

.. : P ac kingcapacity (% Sg]id Watar
e _\_{Qlume_E'r‘__t;_:.ga_r'_r_:p_a_c_:ted. $,1‘at_e)._._ requrrement

|i-stone blend L - .} stone. | =--'41%;{'1_:. =38
R blend& TR SR
‘ --sand

| Ohfanzsfontem I I R

-""_'.-fPack:ng capacity of aggregaiaa and water raqulrement at

Todemsor | e e | eee | | @]

A -'Granita L {624 | 641 632 [ 160} 185 | .

S .--Uaiesm '.

'--*sand} S e e

o "(unwashed sand) q ;

1 quanzite (washed” 609 |ese | e22 | 15 | |



R _ ’Table Aa 4 14 Aggregate-crushlng values and Sﬁ—day cube strangths at:‘-_'_'_: : N
o C/W zﬂands,ﬁ B SR o

| - RockType | RECE Average
LT 26 s-mm 67—mm of(A). | . =20
BEEEEE SR — ~ stone stone '_&-(B)_
o ﬂ Do]m éx_ T mo Tus | PR Ee
| -‘Gran‘te 24.1 37,4 S 30,8 64 105 G
:_Dﬁlomite ex N <A '28 8 260 1 70 Jﬁa
i Daleside o copo oo fo s b e e e e
B Quartz:te (washed dgs ) 294 B Y- A '---108 ) .

o _'-:Quartzxte 19,8 29,4 e | 66 102 e

S _Do!errte C B : 15,7 27,7 21,? 69' 128

- . ' While the blends are not 50: 50, a we:ghied average accmrdmg to biend-:
proportions Is rot justified as it would nat take the sand into accoun‘t S

a2



APPENDIX AB.S'
Table AB.S 1

o ‘cormpacled siatﬂ}
P

COMPAHESGN QF THREI:. AGGREGATE TYPES EFFEGT ON TENSILE STRENGTH

:-passins .

:_."; SﬁuBSsIeveslm |

{mm)

Dnleritaex Floollcaa! o j_ |

Andasita ax Eikanhof _

_ Gradings and densmes of aggregatee used In sectnon 4 7'

- Dolom[te o% oﬁrantsfomein

26,5—mm

8.7—n1m -
stone -

265-111111 h

5,7_.‘_'“!"1 .

265-mm -

B.?-mm

Orushau'

i 51.'5

_ sone |

w0l

sand

Calone

ostong

" stang.

- sore
___11_00' L '

| osand

85 ”

=N

oo |

190

oaap |

o0

00t

Paroentage i
.87

o o

a0 |

K

8

" on

oo f

i8]

a

Coos |

. 0,30

o

0,15 |

@ |8 fe e jo

RS

L)

R I — .075'

Y

28]

g

- '_b.a £

13,8 -

Fineness mwodulus -

708 |

EXCRN

701}

spm |

768

e |

F{elathm tlenslty

e

Cpar

238

298

288 [

| Bulk densuy_ '

‘Loose

j480 |

AL

ST R

- 14wy

a0 |

1800

1se0l

17l

1565 |

Packhg capar.;lty {%solids fn

Gompaated )

823

._'55-13_ .

el

s |
C o

{855




Table A8.5:2:

| Materiar

. ﬁe_shtifs_'qﬂ(nix---a [CW=20

'Méésurj?d . s
1| property

Value (average |
‘of thirea '
| maaswements)

threa

| measurements

:-.Qpefficiéht of g
| variation of -

'_'_'Wate_r- .

| || Compressive -
i strength -

63 MPa

25%

| coment

|| spinting-

fengile

| strength . -

" as WPa

" 7e%

1 265-mm

|| dolomite stonie |

- '. B 7—mm

o _'dolomnestone o

- Fexural
|l strength -

| potomite
N ctushar. san_d .

1883 |

Admixture .

681 -

Siump : 130 mm

~ Table AB.5.3:

Mix size : 10 'y

aesu!t_s of Mix 2 : W = 2,0

|| Material

e

) Guantity

per m®

| Moasured
il property -

Value taverage |

of three

‘measurements)

Cosffulent of -

variation of

" threa

| Water

165

i Compressive
: strength '

57 MPa

, meas.:rements

09%

' 'Cen'ie_ni '

330

Sp!ltﬂng-
tenslle -

|| strength

26,5-mﬁ1’ '

780

dolomite stone

6,7-mm
.dolc:rntte storie

a5

1| Faxural

i 7,3 MPa |

- 185 %

_ Dolor_nite
crusher sand

' 96_’7"

Adrnlxture

616 ﬂ

Siump 130 mm

-strength

- Mix size 20 0

834



~ Table A8.5.5:

. Teble A4

i Bé‘éu_lt% of Mix 3: oW = 28

- Material

Quamﬂy
Ly perm®
| ko)

Measured k
- | property =

- 'Value \average
| of three - .
» measuremenis)

'coéﬂiciém'b{ |
| variation. pf

__measuremenls

three

O water

- fd;';mpr'qss_fyef'”':
W strengtn - |

90 MPa R

19%

| Gement -

1 spliting-
C 'tenSHQ o
-strength

- | 516 Mea —

o -'2;3 %

Mo gmm

; .-'dolomlte stone i

%l strength

Flexural

.dﬁlﬁmile 510“9 o

a00 §

Il Dolomite

il crusher sand * |

Il Admixiurs

RTR BN

' Slump T 25 min

 Mix size 3 10 ¢t

. Results of Mlx 4 : CW = 2,8

Méterial

| Quantity |

per m°
(kg)

_. _M.eai_sured '

p_roperty-_ :

1 Value (average
of three
) meastiremerits)

- three

GCoefficient of
variation of ~ |

measurements

| Water

145

i —

strength

84 Mia

Bl %

 Gement

4G6

Splitting-

|| tensile ;
strangth

| 26,5~mm

_ - 735
_dolomitestons | -

Flaxural

I strangth

83 MPa

8,7-mm

400
dolomiie stone |

| " Dolomita
| crushe_r sand

945

Admixture

Sllumb- :

180 mm

81¢ ||

Mixsize 20

as3s

21 %




. Table ABSS

Fesuits of Mix5:CW =36

Quantity ||
© |par m*
e

| s
| property -

Value (aVeraga
of three .
maa_sureme_ntg)

 Cosfficierit of
-variatlon of ©

three

measurements 1

Al Water o

|| compressive |
fstrengtn |

o

43%

: Cement

| seng- [
| tersile - -
| Strength

A

e

750

'dolomite' sfc:na

“WeRexiral

?~mm

j'dolomite slon& L

o |swength
[ a0

I polomite -
| criasher sand

'_ 856- |

“[LAdmixture o

' _10;1 E

" Table ABST

Slump ?5 mm

R

- Mix size 1100

-_Résults of Milx 6 : CW = 8,6

4t

| Material

Ouantity .

perm

| )

|| property

Measured

Value (average
of three
measurements)

 Goefficient of _

- varlation of
- {hrae. _
1 rneasurements _

Water

14’0'-'

Compressive
strength

42%

|| Gement |

. 504

Spiitting-
' {ansile
strength

26,5—mﬁ1 _
- dolomiite st_'_c:ne

750

- | Plexural -
| strength

657—mm _
- dolomite stone

400

‘Dolomite
crusher sand

_856

Adn_ilxtur_a

1011'

- Slump : 150-mm '

12,8 MPa

87%

Mix slza ; 20 !

_ a36




. Table AB58

| .M__a'ler_fal o

" ‘Results of Mix7 :CW =20

- Maasured -
| ] Property.

Value (average
~1.0f threa. -
-measuremants]

- Coefflclent of * ||

- varlation of
three

| Measurements

 Water

- _'démpreést?e -

strengihy

» "-s';sun'mg'.* i
oo :'iQﬂSiIB 1
1 sirengih- o

29% |

26 s—mm

[| andesite stong | . -

T f .
i strength

_Flexural_ -

1l s, 7-mm

andeslte stone

- Andesite

. P .

§ crushersand |
| Admixture

66¢ |

| _fsmhp_: 40 mm

Table A85.8

Mix size

104

" Results of Mix8: CW =20

Material

| per m®

Quantity _
_(kg)

“Measured

|t property

| value {average
| ofthree =~ -
measurements)

Cosdflclent of
varlation of
three

| water

165

| Compressive

- 6:4'ina |

measurements

02%

]

Cement

330

'stre_ng__lh B

tensile
strength

{ splitng-

26,5-mm

andesite stong

740

|

8,7-mm

a0 | -

|| andesite stone

Andeslte -~ -

988

: crt_:sh_e'r _s_a‘nd :
_ Admixture

688 )1

i Flexural

_sirength

. 33_7_

- 75MPa

3,4 %

e e e e e e e e e e 4 e




Slump

Table A8.5 10

160 mm .
Results of Mtx 9 GIW 2 8

Mtx size 2011 :

. __Matél;i o =

e

Quannty
pér m®

o
property

Value (average
“of three -
’ measure_mams_l

E Gueff:efent of

: _'variation ot
threg

' measurements

1 ;._1-56.-_' I

a ! Gompressive
L strength -

| oampa |

10%

| ceoment.

I sphting-
- [ fensile. -
| strength;

| 268-mm
: __andesila stane

|7hmm
andesite sione

Andesite .

It erushar sand

| .9_44.

B :Admlxlure .
-W

Siump

 Table ABSAT

150 rnm

Flexural .
fistrength

© Mixslze 1240

8% |

Results of Mix 10 : CW = 3,6

Materiat

Quaniity
petm®

1 (ke

Measured
propeﬂy

. _Value (average
| ofthres
- meéasurements)

- Coefficlent of |
| variationof
- three™

- | meagurements

Water

| Compressive |
il strength .

1oMPa |

08%

Cement -

© Bge

1 Splitting—
|i tensile

strength

60 %

26,5t

8 7—?"!111

410

| e |
andas!ta stone o -]

I strength -

- andesite stone |

Andesite.

crushersand |

839

Flexural

11.6_MPa "

38

.3’3%..: i,




|| Admm [

Slump
Table AB.S 12

50 mm

104! [I

Mix sme 24 !

Results a'i‘ Mm 11 CIW 2,IJ

f| Material

. | ;_(kg)

| .Quantlty
per m*

A Measured
- pro_perty-'_

F value (average
of thres
-_measurements)

' Goefﬂclam'of

- _._variation of
‘three .
'measurements

N Gdhpréééiv@ .

oo b [l stength

T sawea |

,ﬁ%

- | cement .

PR | 13?‘3“9‘ R .

Spliting~ "
s.treng‘_th- :

= 53 MPa |-

'dOIGﬂiﬁ S’(ﬁne___ 1 -

Rl |

Flosural .~

= 517MPa ":

: ?—mm

T

i+ Admixture

| e7¢ |

Slump

” .'__é'a'ble Aa.s__-:i;i

15mm

fdolante stone_ B

| ooterite
e _-crusher sand |

Mix slzé 124 :

. -nes;ujl-t__'s of Mix12:CW=28

Materlal

| Quantlty

e m®
_ (RQJ

g b property

Measured

. Vaan_'(avéragB
4 ofthres '
measurements)

I('_}beifici;en't of E
'} variation of -

: measuraments

three

| 'Wat_én‘

187

{| strength

_compresslve

" soMPa

7%

i Cement

470 ||

Splitting~
tensile .
_.stréngth_ e

Tawa |

10,6 %

|l 28,5-mm

dolerite stons
(Sample 30}

737

|| dolerite slone | -

- -:-strength*

| Flexural -

 77MPa

Bl %

4,8% K _'f.'- S




Dolerite
' crusher sand

K Admixtu:e

Slump aﬂmm Mixs}ze 243 . PR NS
'__.__'Table AB.S 14 | Hesults of hﬂiw 13 czw a,a S

ol Measured. Va!ua (avarage 'Coeﬁiouent oi

") property '_ ofthree © .~ - ._-_varlaﬂpnof i
S ] measurementsy | three ol

j-“_;_measurements SRR

[ vy
e et
e

e B e

Foomen | 606 | [spumge | eimpea | Teen L
S R _'1ensiie S EESURTRETTERNE SR

O Frexurmt - samPa | 7m0
Cfsength T

_dolerite stone'_- S
_ 67—-mm 3 415 ..
do1ama stone;'__.. e
- Y oolerite -} ra

- § ‘erusher a.and £ N I
Admigture b o118 fl

o _'Slurﬁp 140mm Mixlzeioat o



B '_ ELASTICITY, CREEP AND SHRINKAGE

Aggregate v
ts'ne

| S E Qe;mﬁhl s _.watar' Lo swne

B I (kg) S Zkg) 265 mm"_ 5:7 mm |

DRI e A R

e 15"3' - ees| _"-'.3'7'0'-"" o
7 ag | ovae | ees|  cam2] g2
| sied s o owmsl eeal ess '
| ses| vet] ms|  40) 7o) ""4“9
ooere f ze |  asl | 7es| . ato| esef QN

- .. - - ... G'Q . sl . .: . :

N ootome *

e guiphonated naphitialer tdqhyde type e, i Where va!ues are exprassed in Iitres the admbdure |
. was In fiquid form, dosed -+ a7 100 kg cement. - Whero valus are glven In Kilograms: the admixture -

wasin powdar fpr_m dnseu . .,,92 kg per 100 kg cemenl Dosages oi Ilquid and powder admbduré wara - e

S equiw 'ﬂnt

el




R APPENDIX AQ 2

. CHARACTERISTICS OF RHPC usen FOR mrxss MADE FOR mvss*nemom .
* DESCRIBED IN SECTION 912 | PSR

S Oxide cqntents accordlng ia manufacturer‘s anaiysis .

DXide "Conte'nt'
AR percentage TR T
N N B Y B

e | em)
oo | es)
© v [ sas|
ke [ em]
o '__'Nazo el
- |LFree Cao RN ) R
Clrotal | ees

F’ercentage contents of compouan accarding to Bogue {see sectuon 7. 2) are' - .

. CS- 40?x%0a0—?60x%810 —672x%A1203--143x%Feaoa--285x%80,

=E63% | |

C:S = 2a7x%5:0 -—0754:(%038 201%
) -GsA 2,65)(%AI203—169:<F9303 51% |

.*_'CAF 3o4x% Feaoa = 95%
(Totel = 910%

.othe'r'.compounds.:_9.0..-%. .

ah



: g}be

AP?ENDI‘K ﬁB.S MIXES USED IN SECTION 91 2 AND 9 1.3

. - - .

MATUB]TY

vy

e

lao

-
w—

24

omw
LD -_'Water SR
Cemen’c B §
‘Band . .
_ 19-—mm S:one

1 when mrxeci

LR

|
340
1 154 |
50 |
343

70|
374

11251
9501

16'%-'
1004

'_ 950

165 N
429
1084]
S 955
35|

| 160_: _-
1 076 '

- 180
o480}
1041 |
S ees |
Ad2|

160 :_.
o5 |
4Tty

160_:_
4|
963 |
085
500

o917

: Ca!cﬁlated_ o
yolumetric
_ _pruportlons o_f

mature -

1 concrate

| ""pnres

Aggragate

____._._:5?30 B

| cement

' |'Hydrafed . . _' B

:_0 723 |

___:: 10.'2'6'8:‘: |

0,284

0'_'2_9‘7'_-'

0,697

0887

7’0.‘2&8- |

| 0, 288 __

0,666 | _

| Unhydratedi :

cement

~ 0,005

Capiilary

0020 |

oor|

ol

0015

0,025

0085

ol

o Gel space ratno o

- 0.‘93’0 -_

| 0,976_ |

1,00

100)

' waterat maxmgstage

Volume of get is calcutated voiuma of hydrated cemertt paste

sp;:’:,;c'::e':_,i's"_- volume of cement able to hydrate plus volume of

1000 S



- pEsutrs of ﬁﬁEn? AND SHRINKAGE TESTS on CONCRETES MABE wm-: o

. THREE! DIFFERENT WPES oF AGGREGME

o '_""";_f_Tame A9.4 s

e -59 MPa

S _.2B—day cnby‘ s'mangth

- . :o-Preload strdss on spec:men - 0,94 MF’a
. Bustained siress: on Specimen 11,98 MPa
R Secant modmus A2 GP&

. "-§'t

L

<l Agé from
1 timeot

: joading -
(daYS)

Tol.aL -
cumulatlva _

csttaln

- _"Shrinkaige: 1
cumulatlve
siraln -

. --_creap :
cumulatl‘ve
~utrein

=y Gresp

factor

(M[ﬁmsira[ﬁ:
par MPa)

Spaclﬂc
‘ofaep -

| Crespstrain ||

- par pnit

stress:strengfth' S

ratio

(Mima"a'“) EM“’“’S"“"’)'\" (Microatrain)

(Microstrarn) 1T

I 4l ss] . am| . 2| esa] 11,9 RO o

1~ o |~ oa

0 el 0 0 0 T 0 _ ) _
— 4 - ; . - : ; 135 |



Tab!e AQ 4 2

R F\'oc& type o _' Sl Dolomlte
deay cube strength SEE 84 MPa
- -Preload stress on specimen . 0,93 MPa L
© o Sustained sfress on specamen ' 16,03 MPa-
Ll Sncant modu!us S '531 GP& '

"A'Qe'ffro_rh'-" "l"otal '?'_' | shrlnkage _.'C’r'eéé:f,;z '.:.QCreiapt Speciflc  Creep strain " B
o twol | cumulativa - cumiiative cumulativa- ~ factor créap - parunit R o
lp_ading'-. S0 straine afrain.. sfraln 1 (Microslrain st_fess.streng_tl-n
- (days) (Mtcrostrain)'_ (Mit:msfra:n) {prmsiraln) IR per MPa} L rafie
T T {.. =l (Micmstrafn} it
% wnl . ol . ol o] i ':-Lﬁ._{__ -
2 a'i ae ozs ) B4l - 450 SRR
- S ogea ) oad 0 qae] oae | el o o
o) cest) o owel| s wre)] tag ot
Cofem o yee} o sev| o peol ose| o o1ap) o yswef
ol el vore| ol o ams) ta] aa] ez




Age from

fimaof

eading |-

'mﬁiula'_ﬂvé" 1

L Rock type
S 28—day cube strength
" Preload stress on specimen

 Sustained strass on spaclmen
_;Secant moduius L

- o O S - '...'.'_..: . -
Shrinkaga_

eumulative
Cstraln
{Microstrain) -

'c:i

S '_Do!crmte
o __'-'_j'_3s6
,89 MPa .
19,88 MPa---_'”_', R
: '-_.-51 9 GPa o

"cumulatiste "

L

" Cresp ]

Grssp

faclar (\m l
g Crﬂstfa I'I" ]
o} e MPa) |

Speciﬁc
.Crasp -

- .(Mfcrostrafn}

Gre'ep' gieain,
‘par unit

strass.strength o

tatlo:

igg

_?'_ﬁ"j. B NS

. sog ]

158

oo '~

rsb o omy-

256

o6t

308

o8¢ .

164 ]

. t1ed

o]

A8

2473-- o

120 [

" mnnw|_ FEERE




' Zﬁ—day cube strength i __54 MPa
-« Preload stress on speclmen 094 MF’a
. Bustained stress on Speclmen 11,98 {rﬁpa
| _'_secant modulus e e '-47 3 GfPa

_.__
“- " varr &

= m’ﬁaf ol | Shrinkage | Cresp '---c_reep- -_Spéciﬁc : _._creep szréin."". o
ﬂma of | tive | cumulative. | cumulative: | -factor. { - creep - - par unit - TR

§B ':‘jays’ : W"‘“""“'“)f (M'Gfﬂmfaiﬂi (M.ic'l_‘ds'iraln)' S per ey | o, e

S LI MU SNSRI RIS SR .-(Mlcrostrain).

oot el - e o el o] o mbe ool
o L el wes| C ves| o o7el - s} ves2d

coMCc o esofc es)  asef oge| o tesioc 17
el ey oess| o ossd gard aael| J 7
_ten| o tosr| - spel- o aes| -

1785 |




i
,.

Tabla A9.4 5

"Aﬁdesute :
'28—day cube strength {'.93__M_Pa L R
© . Preload stress on specimen 0,983 MPa, -
T - Bustained stress an spnclmen 16,08 MPa
'Secam modulus R '526 GPA

" Rock type
CW

i Agafrom.} TMaI Shrinkage:- Coreep | ;Creiap S‘peclﬂc‘ | Craep strain- -
sl timeof cumulaliva '_cumulaﬁva_. | | Jeetor . ereep - | -peruhit
i loading -} . &fraln 7 straln” o] straln | (M!crostrain;. stress:strangth
: '.(days_)_ (Micmstrain)- {Mlcrostraln} -} (Microgirainy. | - - psr MIPa} _' o atin I
e N R T N ' : (Mlcraairain) R

; ?J

=
Tl ees| . eal el osr] . te@f o 1ol o

o oal - ms| . om| - a0l oss|  iea| - tsef
Caee|  dse | emal o ame| o vsal . wal . wes|o

e < lo lo :"

g FERE S



IR 28—day cube strength :

-+ Preload stress on spacumen
.4 Sustained: stress on spec&men
R :Sacant mndulus

) '0 8‘, MPa
_19,98 MPa

-

i of

S Tbtjal'_' '_

cumu]aﬂve 1

i
(Microﬁli‘ﬁln)

Age fwrn'

' - loading. -
 (days) _-

{Mlcrustrain)

-_Sh"rinkaigd. .' _
- cumulaia\ra

“eumulative.
giraln

cr_eefﬁf f

~gtraly
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CALCULATED STRAINS OF cowceer&s MADE WITH ANDESITE AGGREGATE
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GALCULATION OF RATES FQH CONCRETE OF VAR!QMS CHAR&C’?ERISTIG STHENGTHS
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- APPENBIX A11.4

GALCULATIONS GF QUAMT!T!ES AND: C‘OSTS FOR ONE C‘.’QLUMN 2 7 m HIGH f ﬁT 23 DAYS 30 MPa
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GﬂALCULATIONS OF QUANTITIES AND COSTS FOH QNE CQLUMN 2 7 m HIGH ; f AT 28 DAYS 40 MPa
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CM..GULATIONS @F‘ QUANTITIES AND COSTS FOR ONE COLUMN 2,7 m HIGH H AT 28 Bﬁ\’{S 50 MPa o
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cm.cu:.monss OF GUANTITIES AND COSTS FOR ONE COLUMN 2,7 m HIGH ‘E m' 28 DAYS 60 mpa
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CALCULATIONS OF QUANTITIES AND COSTS FOFl ONE CQLUMN 2? m HIGH, 1. AT 23 DAYS 7‘0 MPa
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- CALCULATIQNS QF QUANTITIES AND CDSTS FQR ONE COLUMN 2,7 m H!GH, ‘f AT 28 DAY* ?0 MPa
IEEETET T 138 -
o " 28 +2733p L ?)

£
Ik

o oot | oe2 | o008 004 T T

da@y 1 oae | oatz | o3 | o34 | 03 | 0811

AxA | o | o0 | o | oss | oms | osw |

lb=viA+AJ(m) . | 0673 | 0648 .| 02 | 0607 | 050 | 0574

Volume of conerete | 1212 {12 | 1020 | 096 | o8¢ | 080

A -

Area of formwork NE 7,268 : ._.51.999:: - 3-751: "1_.'6_.'556;' - : 6'-;372" o 6;1_99 o |

| Mass of steet 6@ | ro4 | " om0 et | st | a2 | a5

|costotconcrete | om0 | 28 | a8 | a8 ¢ w9 | zy

| (Rand) -

'Cost of formwork* 74 | 1e8 | 182 | 157 RN IR

o Costofsteel* ol e | ssc | 488 | se4 | ess | 768
| (Rand) _ T (R A AT TR AR A S

-_'Total cost (Fland) | e | ee | 908 | ss | -qor0 | 1132

e To nearQSt whole Rand o




APPENBIX M‘l 9
GALCULATIONS OF QUAN‘I‘!‘T!ES m\m casTs FOR ONE t.cu.umm z 7 m H!GH' f m* 23 a;mvs aa NiPa
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- CALGULATIONS OF QUANT!T!ES AND QOSTS FOFi ONE COLUMN 2,'? m HIGH f AT 28 DAYS ::. 9& MPa
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OALCULATIONS OF QUANTFTIES AND 00573 FOH ONE CGLUMN 2 7 m HIGH 1. AT 23 DAYS 1no MPa o
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COST&AREA FOB ONE COLUMN 2,7 m HIGH
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