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SHORTENING PROBLEMS IN POST-TENSIONED CONCRETE

~ Ken Bondy, 5.E.
Introduction

Cracking <auvsed by restraint to ghortening (RTS) le the
biggest problam assoclated with post-teneioned bullding
structuras. Other dasign coneidaratjena like membar sizing,
material quantities, code conformance, etc., are relatively
eagy to 3alve hecause thay lend themeelves to direct numerical
solutione. Furthar, highly afficiant and accurats computar
Frograma have been developad which rapidly do all thase things
for you. But no computer program, nor direct nmuuerlcal
mathod, has yat basn davalopsd to solve the ashortaning
problem,

Tha rasson for this s that restraint-to-ghortening (RIS)
problems and solutions cannot be guantified by eaguations.
Tha  time-dapandent wmechanlcs of wvelume change iIn
poat-tanaloned buildings is exceptlonally ocomplex, raquiring
an axpirical, rather than a numarical melutien. Tha =olutlon
to RTS problams ix a tachniguas, implemanted by Jeoinary
dataila, rather than a number. Thus experience and judgmant
ares the prime, and to date, only attributez for solving
shorteaning problams.

RTS eracking first becane apparant aa s potentially =zarioua
problam in post-tensioned buildings in the sarly sixtiaes, when
the first PT bulldings wera several years old. Recognlzing
the problam, daslgnare bagan trying wvarlour soclutiona on
aubsequent bulldings, They okserved the affectiveness of
thalr moluticna in the beshavior of the buildinga. Datails
which wara affectivae continued to be used and improved, thoss
which proved iflheffective or grossly expendlve wera discarded.
Thua a largs database of experience with tha behavior- of
post-tenajioned buildings began to be formed, ona which has
baen growing now for some 25 years, out of this base of
axparlenca, now covering thousands of PT bulldings, avolvad
tha tachnigquaz in ues today te solve ghortening problems.

Whila most affectiva saslutions te RTE problams teand to ba
simllar, experienced sngineers will wvary 1n thelir individual
approachas, Using somewvhat diffarant datails and approachas,
compatent PT daesignars nonetheless consilstantly produce
quality PT buildings, Thie jis nat surprising gilven tha
sublectlve nature of RTS solutiona. Thus there esiats a
gollection, or "hand" of techniques which can be called
"acceptabla' or "standard practice" or "etata-of-tha-art® for
solving Ehortening problsame. Tha purpcsa of thia papar is
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to aid the plan raviewer In determining if a aolution
pragented falls within tha band of tachniques which currently
wake up tha "stata-cf-the art™. Thae job of the plan raviawar
i not to dictats a particular shortening solutlon, but to
ansure that ona is prasanted which falls within the spactrum
of what is c¢oneideresd acceptable, one® which has "worked™ in
the past.

And. £inally a word about the goal of RTS salutiona. With
almoat 100 yesars of sxperiance now with reintorced concrakts
gtructures, weé can rallably genaraliza that "all concrets
bulldings crack.® They deo, and some mora than others. while
it ip vary difficult to quantify. wmost experienced concrata
aenyglnesra can finspect a concreta bullding and determina if the
cracking cbmserved is "normal®, or if the building comparas
favorably with most other concreta bulldinge in the area, The
goal of RTS sclutisns in post-tanaloned concrete bulldings is
not to produce a crack-free bhuilding. To the bast aof my
knowledga, that i1is not possihbla, Further, there ia no
acohomle or structural reason that post-tanaionad concratas
buildings muat axcead tha standarda which we have come to
accept for other types of concreta bulldings. Thux the goal
of tha dexigner is to minimnize cracking and produce a building
which would, by all stapdards, ba considerad acceptable for
concrata buildings in general. Having done that, the design
can be consldered auccezsful.

Hhint+'*w the Problam?

Tha proklem is not that PT bulldings shorten that much mara
than non-prestragzsed concrate bulldings but that they shorten
in a different way. Shrinkage is the biggest contributor te
shortenlng in both prastressed and non-prestressed concreta.
In prestressed concrete, elastic ghortening and creaap add only
about 15% to tha total shortening. So tetal shortening is not
dragtically different for prestressed or ralnforcead concreta.
The reason that shortening is a blg problem in post-tanaloned
conereta, and it 1sn’t in non-prestrezsad concrete, liea in
the manner in which they esach shorten.

Apgume two gonerete slabs each cast exactly 100' agquare, ona
of rainforced concrete, one of post-tensloned cooncreta
stressed to normal compression lavels {(150-200pei}. Tgnora
the axtra 15% contrikbutsd by elastic shortanling and creaep in
the PT glab and eay thay both try to shorten, with tiwe, about
1" in each direction. Az tha RC slab trima to ahorten,
movemant 1la resiated internally by the bonded reinforcing
gtael. Tha rebar is put inte compressicon and tha concrete in
tans{an, Aa the c¢oncrete tension builds up tha slab will
crack at fairly raegular intervals. ‘The ends of tha slab stay
in the same positlon in which they were cast ([the overall
dimenaion of the slab remaina 1007). The concrete DOBE beacons
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1" shortar, but not in overall dimension, rather in the sum
total of the many cracks which occur acrosa tha alab, thair
comblned wldtha teotalling onm inch. Tha rebar tende to
distribote the inch of shortening throughout the langth of tha
slab in numerous cracks, sach small encough to ba consldersd
acoaptabla. Thos RC tands to solve lts own shortening problem
internally by the craation, essontially, of hupdreds of amall
“awpansicn jolnts" in the form of shrinkage cracka distributad
throughout 1ta length. Raatraint forema in c¢onnected
alamanta, walla and column=, tend to be negligible since tha
“rallaf™ has been provided through grackling Iin the slab
itsalf. The sglab, as wa say, gata "soft" ralative to
connactad alomants.

Hot so wlith tha PT alabk. Its principal reinforcement is the
anbonded post-tensloning. Much less unstreasasad =taal 15
prasant and consacuantly mach lass restraint to tha ahortaning
is provided internally. Shrinkage cracks which form are
cloead by the poat-tensloning force. Lacking the maana faor
distributing its reguired 1" of shortening in the form of
munerong ahrinkage cracka, the PT slab DOES bacoma 1™ shorter,
half at aach &pd. Unlike the "soft" RC alab, the active
movarent of the PT slab gaenerates large rastralning forges ln
tha cunnictinq walle and columpa, partlcularly at the ands of
tha PT alab where the movement ls greatest. Thesa rastraint
forces, if larga enough, can preduce severe, concentrated
cracking in the slab, walls, or columns at tha axtramitiazs of
the =lab. .

The Consayuebses of ATA Crackling

RT3 cracking haa conalderable cosmetic apnd garviceakbility
consaquancas which have played a part in much of thae
litigation dealing with pogt-teneicnaed buildipnga ovar the laat
25 ymare. BRTS cracks are ofteh wide and unaightly, doue to the
larga forces involved and thair concantrated natura. Asaide
from thelr appearance, the woat seriocus conseguence of RTS
cracking is leakage.

The good news, such as it is, iy that restraint to shaortaning
cracking has had no wmeasurable affect on the strength of
post-tansionad mnembars. HNor does it significantly change tha
strength of attached members such ag columns or walls., HTS
cracks ocour early In the life of a structurea (most, to my
knowladge, in tha flrst 31 montha), quickly reach a maxiwmum
width, and do not increases in number or severity with timm.



Tactors and Boluticnm Influencing BT Cracking

Two major factora influence the presencea and savarity of RTS
cracks, concrste length and restraint conditione. Important
sacondary factors inglude floor leavel in multistory bulldings,
preastress comprasslon laval, and tha ghapa of tha
post-tengioned elab. Obviocusly they are all ralated but, to
soma degras, they ¢an ke lsolated and addrasaad ssparately,

311 solutions to restraint probleme in poat-tensloned
bulldings in ona way or another involve sliminating the
rastraint by separating the slab from the restraining slement.
The separation should ba parmanpent 1f possible, wlth
conkldaration to other factors such as vertical slab support
and lateral shear transfer. If a permanent separation ix not
posalkle, cracking can be mitigated to an accaptahle lavel by
uaing temporary separatians which allow aeanough of tha
ahortening to occur before thae connaction is mada, such that
cracking cause by the remaining shortening 1s not offenaiva.

All othar factors belng equal, RTS cracking tands to ba
proportional to 1nitial pour aiza, All elenents of a
monolithie plece of poat-tensicned concrate will shortan
towards its center of mass, a polnt normally <lose to ite
gaomaktrlis center. Thils center of shortaning deoes not mave as
the concrate shortens, while all other points move towarda it.
The farther from the centar of =xhortaning, the more the
movameant. Tha smaller the ¢oncrate masa, or pour siza, tha
smaller will ba the movemant dua to shortaning. Some general
guldalines have evolved regarding concrete langth, and thay
are as follows: 1) tha wmaximum permanent length of any
poat-tenajioned building (eithar #he total length of *the
bullding or tha length between expansion joints) is 300 faat:
2} the maxioum famuporary length of any mopnolithie pour in a
PT building is 150 fesat (200 feet i1f restraint im minimal).
The temporary length 1 maintalned batween placea of the
building by the use of a physical separation batwesn two
aegtions of deck. The length of time raguirad to zaparate tha
two slab mections is a function of the restraint conditions
and will be digcuesad later, :

Regtraint conditlons area the sacond major factor affecting RTS
cracking. They are a function of tha stiffness of the
rasktraining elements and thelr locatieon in the structurs.
Igclatad concrete columns praovide ralatively little restraint
te shortening and rarely produce cracking in peoat-tansicned
membara. However, ralativa deformation betwsen the tops and
bottons of c¢olumns can crack the column itsalf in certaln
conditions. Two conditicns deserve special attention, edge
columna with bullding dimensions greater than 200 feet and
interisr coluwmns between ramps in sloping floor parking
structurax. To mitlgate cracks in each of these conditions
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the columns should have near-ductile timm, at least $4 at 4"
maximum spacings. Lengltodinal column reinforcement appears
to have littim or no effect on column cracking in eithar of
thass two conditlons.

Structural walls, concrate or wasonry, preasant the ultimate
rastraint problem, cbvicusly because of thelr wuch graataer
strong direction stiffhess. By the way, restralnt providad
by the weak axis of tha wall is negligible and thus shortenlng
poerpendicular to the long axis of the wall presente no
problam, Wall problems ara a function of thair length,
number, and location in the building footprint. Specific
sclutlons to wall RTS problenms are a function of tha length
of jindividual walls and differ in the cames of long,
continuous onea puch a8 perimetar basement walls, and shorter
laalated ones such as shear walla. The border betwean long
and short walla is akbout 60 .faat. Restraint from long walls
is generally relieved by a jolnery detzil which allows tha
slab to move relative to the wall, elther pearmanantly or
tamporarily. This detail wust addresa not cnly the movemant
of the slab parallel to tha long axis of the wall but othar

raquirements of the wall such as bearing and lateral shear
tranafar.

RTS sglutiona for shortar, isolated walls depend on where they
are in tha building. Ideally, shearwalls should ba centrally
located abeam tha center of shortening in each direction ({=ae
Figura 1). If thia ig dona, and every &ffort should ha
extended to assure that it is done in the design process,
shortaning movement 18 emall at the walls and monalithic
connactions may ba unsed with no spacial joinery saeparaticns.
On the other hand, very undesirabla shearwall locatlons ara
gitown 1n Figure 2 where the walle ara located goma diztance
apart, pulling against aach other from the pointa of paxioum
slab movamant. This conditlon begina to arise whan the wallg
arm gwparated from sach other by about §0° and worsens as the
distanca increases. If undasirable shearwall lecaticns are
unavoidable architecturally, shortening cracking can ks
mitigated by providing separation details in the alab which
tenporarily lscolate tha offending walls., Normally, monolithic
alab/wall connection details are used with shesarwalls.

A spacial problem area exista at bullding corners whare
parimeter basement walle intersect. Because of the "two-way"
shortening actien of tha slab in this area, cracking in both
alab and walls can be particularly severs (Sea Figure 3). In
this case details must be provided which allew the slab to
move relativa teo the walls for as great a distance as poasibla
from the cornar, and in no case lesx than 30 faaet, Tha
separation detall should be parmanent 1f at all peesibla. If
other structural econsideratione preclude a permanent
separation, temporary eeparations may be used with some
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compromise In eyvack witigation. With s=short saparation
langtha, in wany cased the cracking iz meraly moved inbeoard
from the corner to tha and of tha sasparation detall, howavar
evan in that casa the severity of the cracke can be greatly
requesd [Figure 4). A good tachnique in "box" bulldings with
#nclosing parimater walls ig to detarmine tha abaslute ninloum
length of ahearwall required on all four aides, cantrally
locatm them, and free the rest {Figura 5),

Tha fleor level in wmultl-gztory buildinga 18 an lmportant
sacondary considaration in shortening conslderationa,
Shortaning problems rarely occur above the first supported
level in multistory PT bulldings. The reason for this ¢an be
deducad from Figure 6. Above the first supported lavel tha
floors tand to shorten uwniformly and produce lama and leas
ralativa deformation baetweean the tops and hottoma of thae
vertical «elemante as thse: gtory level incraasas. The
foundation, howaver, tends to stay put and thus ralative
deformaticong are a maximum in the first lift., That is why tha
most consearvative shortening solutions must ba applled at the
firat eupported level of multistory buildinga, but can bm
ralaxed on uppar {loorse as tha bullding geats "aofe* with
halght. T

High prestress compression lavals aggravate, rathaer than
alleviate, shortening problems and should ba avoldad. Any
axtenciva portion of a post-tensioned deck with comppression
levels abovae 200 pal should he consldered a "rad flag"
signalling shortening problams and dealt with accordingly.
Proportion post-tanaioned membary such that compression lavals
above 200 psi are not necassary. You’ll save money and atay
out of court.

Flnally, the shape of the post-tensioned floor system can
influence shortaning cracks. All corners, bends, and openings
are "stress concentratore® which attract cracks. Thim typs
of cracking can be minimized by tha propmr amcunt and location
of reinforcing stesl at the "hot spota® which "cut off' the
cerack at the polnt where 1t tries to start (&t the corners,
for axample) and distributa it a2z a egerles of amall cracks
rather than one big nasty one. Exatiplea of this typs af
cracking, and the relnforcing used te minimize it, ars shown
in Figure 7.

The Bpacific Datails Vasd to Bolve Shotrtaning Froblams

A group of separation detalls have survived the test of tims
and hava bescome somawhat Mstandard" in solving shortening
problems. They presant a good balance hetween effectiveness,
aasa aof construction, and economics. Theams datailas -are
presentad in thia saection. Certainly other detalls apd
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materials can do tha job but these are the onaes most commonly
uxed.

There are two general types of saparation details, permanent
and temparary, In tha parmanent typa, tha separaticn is
malntained for the lifa of the structura. In the tamporary
detail, the separation ie maintalnad for a apacifiad pariod
of tiwe, and then a solid connection is made batwsen tha
structural &laments.

Farnanant segparatlion detalls are shown in Flguras a-10.
Figure 8 cen, of course, only ba used if the wall is not
raquired for vertical slab suppert ({i.e¢., the alak can
cantilaver to the wall. In all threes of thess details, the
slab can be used as a "support", or reaction, for the wall
spanning vertically under tha action of soil preasure, All
three detall=s can he used with concreta or masoncy walla,
Hote that none of the detalila provide shear trangfer
capability parallal te tha wall, although Figure 10 doas
Supply samea "tia" betwesn the slabk and tha wall in the event
of voary large relative deformations.

Figures 11-15 show tenporary eeparation daetails, Figqures 11
and 12 are "pourstripe", 11 aseparates slak and wall, _12
saparatos two sections of alab. HNate the shoring reguired to
support ths edgas of the pogst-tensicned slabg untlil tha
pourstrip 1s ponred and up to strength. The pouretrip
reinforcement ls designed for the full continuity moment and
shear. Figure 13 iz a knitestrip detail used at the tops of
concroeta walls. Figures 14 and 15 can ba usad with eithar
concrata oF masonry wallas. Hote in thesa two details that the
shoar transfer provided by the slesved dowal is by bolt actlon
only. In Flguresz 14 and 15 the separation betwean the wall
and slab can ke accomplishad with twe layera af hesavy falt
paper in lisu of the masonite, however thia requires an
extramaly suosth surface at the top of tha wall to avold
"raying" betwean alabh and wall.

Finally, one last datail deserves attention. I recommend that
all post-tenzioned slabs contain a continuous, daveloped mat
of relnforcing ateel in both directions, which is in additlon
to aill other bars required for any other reason. Hormally I
uae §4 @ 36" o/c ow as a minimum, increasing this to #4 g2am
in "red-flag" shortening aituationa (long dimenslons, lots of
stiff walls, etc.) Thim contipucus mat ia in addition to the
"haot-spot” corper hars mentioned in the abova saction. This
mat of bare has proven to be effective in minlmizing all forns
of shortening cracks and is highly recommended., Continuous
support bars for tendvns may ba used to satixfy this
raquirement sc long as they are adequatealy developed.



How Huch Time?

Tha tima period in which temporary saparation detalls are to
ha laft "open", or "“free", ig critical to the success of tha
datall. Simply stated, the datail muat be laft open long
ennough as the the remalning shortenling doss not rasult In
excessive cracking. Scme underztanding of +tha baslc
tima-depandent voluma changa behavier in PT concrets s
nacessary to understand how much time ie necesaary.

The relationshlp between wvolume changs [let’s fugt call Lt
"ahortening™) and time in PT structures is shown in Figure 15,
raproducad from tha PTI Post-Tansioning Manual. One can find
this typa of curve in many refarancas but thaey are all
seimilar. It is understood that the curva la arffected to sonm
degres by concrets propertias, climatic conditionsz and curing
technigues. It 1s the ghapg.of the curve which ia partinant,
not tha praciss valuas.

Hote that- -the horizontal TIME axis ls logarithmlc, and that
tha rata of ahortenlng reduces gdrastically with tima. Abcout
half the total shortening to ever cccur Iin the nember occura
in the first two months; tha remaining half takes abouk 20
YAATA. it is suhstantially for this fact that tesmporary
shorteaning details work.

Tha forces ganarated In restralning elements are not only a
functlon of how much =hortaning occours, but how faat 1t
aocara, A half inch of shortening applied instantanecusly to
the top of a wall or column will genarata roughly twica the
rogtraining force as wlll thae sapa half-inch applied slowly
ovar a paried of five years. This is due to an Llnelastic
cresp behavior common to matariala known as "plastic flow™.
Thua tha dazignar can niltlgate cracking in twes ways by
tepporarlly preventing restraint: 1) eliminating restraint
forces from that partion of total shortening which occurs ln
tha "cpen” time pericd , and 2) minimizing ecracking cavsed by
supaeguent restraint foreces after the detail ia "clossdw
beacauae of the much slower rate of shortening.

So how much tima is needed? Shortening details cloged in leas
than sne month are probably a waate of time, affert, and
monay, For average reatraint condltions [(modest lengths,
walle relatively centarad, abovea tha first supported floor,
atc.) a 30-day separation 1ls considered adegquate. For more
severa shortaning conditions {long parimeter walls, sheaarwalls
Pulling agalnst one another from distances substantially ovar
60 femt, axceptionally large pour sizes, etc.), a two-month
saparation is in ordar. Hota that tha two-month separation,
By most shortaning curves, gets rid of about half tha total
shortening. This iy an appealing firgure, and whether the 50%
valua ia eorrect or not, the &0-day geparation seems to do the



job in thege situationa. PFor those days whan everything is
ganging wp on you (blg pours., leotsa walls, conmplex shapa),
just bafore you blow the whistlas and aamault the architect,
uga a 3I-month separation. I have hever sean tCemporary
separations apacified for longar than 90 days and longar
paricda are not raally nacasaary. Anyvthing which nesds a

separation longer than %0 daye nesds an expanmion joint ar
shouldn’t ba bujlt.

BunmaTY

Wa have discussed the thecretical and practical aspacts of
solving shortening problams from the parepactive of the plan
raviawer. Guldelinea have bean presented which defina the
ganara]l aresas of concarn and influenca In shertening problema,
and tha apecific detalls uged toc seive them. Usxing thaas
principlea, the plan raviawer should ha able to detarxine the
natura of tha shortaning problams, if any, and to racognize
1f the propoead solution falls withln normally aocceptad
"standard practioe® which has baan succaaeful on pravicus
structures.
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