Technical Tip

Understanding and Gontrolling Shrinkage
and Cracking in Shotcrete

Fig, [ Fdee curling and delamina
Henp it o8 shaderete-repeiired hridge
prer with (ngroper sirjuace prepara
Fichr.
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by OLH. Morgan
and C. Chan

hrinkage 15 a potential problem an
shoterete comstruction in that it can lead
o resirained shrnkage eracking
Cracking. o turn, con cause problems such as
providing a path lor ingress ol
chemicals, such as chlordes in marme structores,
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detcing chemical solutions, or salt spray 10 bridges
and parking structures, This can lead (o accelerated
rates O corrosion in reinforcing stecl in these types
ol slructures, wilh conseguent corrosion-iduced
shoterete cracking, delamimation, and spalling.

sShrnkige s also o potenoael problem me shot-
crele repairs i that i0can g2ive rise o hoeh mierla
cril bond siresses between the shoterete sind sub-
strate. This can result o curling and peeling ar
repar cdees and eracks and, ohimately, delami
mation of the shotcrete. Figo 1 shows an example
of such edge curlig wad delaminaiion in o shot
crete-repaired bridge ' { Improper substrate prepa
rution was a contributing factor to the probiem in
Lhis bradge, )

Shrinkage induced cracking can also lead o
problenis o shotorele-constracied water-retaming
structores sieh as anks, reservoirs, and swimiming
pools. Nel only can the cracks allow leakaze o
oceur, but they can also result in
unsightly busidup of leachates and
efflorescence at crack locations.
This can be particularty problem
atic in archilcctural struciures,
stch as arlificnd rock scapes, wi
terscapes, and theme parks, where
It can negabvely umpact on acs-
thetics.

For afl these reasons, 1to1s
desircable o minimize shrnkage
and atternpt w elominate cracking.
Is thes possible? The Trofinical
Fipe tha Tollow give guidance on
measures that can be adopted lo-
wards achieving this goal. Firsr,
howwever, o s mparlant o under-
stand the canscs of shrinkase and
cracking, so thal apprapriale pre-

venTative megsares cin he ;;]:l‘ﬂir)d.

What Gauses Shrinkage?

The prime cause of shrinkage in

concrete and showrere s 0 loss ol

waler [rom the mis, There are various types of
shribkaes:

Plasioe Shrnkagze: Shrimkage that cocurs mthe
fresh sheterete belore 11 has set and hardened as o
result of Toss ol mosire w the smbignt environ-
ent,

Dirving Shrinkage: Shrinkaee that ocours in the
hardened shoterewe as o result ol loss of moisiure
o the ambient environment (drving shninkage can
continue Tor many years, althongh about 70% ol
1 oceurs within about three months).-

Autoeenous Shrinkagze: Alsoreterred to as self-
desiceation., is caused by the consumption of wa
et by the cement hydration reactions {antazenous
shrinkage is usuully only about 105 of long-term
dryving shrmkape)

Thermal Contracnon: o addimion to the van

ous tvpes of molsture-loss-related shrinkage de-
seribed above, shoterete cun also contract as o re-
sult of thermal effects,

Hydrated pavrtland cement in voncrete or shuot-
crete has vanous types of pores within il 'There
are macropores such as voids of incomplete con
solidation (called “bugholes™ v concrete) and
mcrepores such as capillary pores that range in
slze from aboul 2.5 1o 50 nunometers, These cap
illary pores are mitially lilled with water. As wu-
ter 15 lost by evaporation and cement hydraton,
the pores become less than Tully saturaed and a
mrerise ns forms @t the ar-water mierlace, as shown
in Fig. 2. The surlace tension ol the pore solulion
meniscus exerts an nward Torce on the sades ol
the pore walls, pulling the walls together. Ttis this
torce thal causes the contraction that we describe
as shrinkage.

What Causes Cracking?
Just as there are varows tvpes of shrinkage, there
are also various types of cracking.

Plastie Cracking: This cracking s caused by
plastic ~=|'|j'!'|1'~.1|g|.' and is the result of the lreshly
applied shoterete drying cxcessively belore it has
had @ chance 1o develop any sigmilicant tensile
strengtlh.

Lirying Shrinkage Cracking: This cracking 1s
cansed by drving shrinkagze in the hurdened shot-
crete and occurs when the tensile stress at the s
Fuce of the sholcrete exceeds the tensile strength

of the shotcrete, as shownon Fra, 3. Shotcrete ex-
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posed to dryimg at an early age (say, | 2 hours to 7
davs) betor
clent tensile strength, 1s vulnerable to drying-
shrinkage cracking. NMixtures with high shrinkage

¢ 1t has had a chance to develop sufti-

capacity (for example, poorly designed mixtures
wilh excessive waler demand and/or overdosed
with acceterator) may crack at later apes, eve
they arc imitially properly cured (that 1s, protected
(rom drving) as shown m Fig. 3.

Autogenous Shrinkage Cracking: This type of

rare 1n conventional
however, oceur 1n very high
strength, say, 70 MPa (10,000 psty shoteretes, such
as high-performance sihica-tume-moditied

cracking 1s relatively
shoteretes, 10 can,

shoteretes, 1l they are not properly wet cured at
early ages (12 hours to 3 days).

Thermal Crackimg: While not morsture related.
shoterete can crack it 1t 1s subjected to thermal
shock. Tts caused by exposure of freshly applicd
(warm) shoterete to a cold ambient environment
and development of a strong thermal gradient
between the surtace and mtertor of the shotereto
before 1t has developed sutficient tenstle strength to
resist the strams imposed by the thermal gradient.

Mixtgre fesign Factors Affecting
shrinnkage

shotcrete, like concrete, 18 comprised of cement-
g materials (typrcally portland cement and
supplementary cementing materrals such as [y
ash, sithica tume, or sometimes blast furnace slag).
as well as specially eraded coarse and fine aggre-
cates and water. wet-mix shoterere
may contam chencal admixtares, such as water

In addition,

reducers, superplasticizers. and sometimes hydra-
tron-controlling adnuxoures, A entraining admix-

tures arc frequently used in wet-mix shoteretes and
sometimes indrv-nux shotcretes. Accelerators are
sometimes added to hoth wet and drv-mix
shoteretles, particularly in tunnehng and mmmng
applications.

All ol these constituent ingrechents have an
clfect on the amount of shrinkage experienced by
the shoterete, but 1t s mixtures with high water
demuand that experience the greatest shrinkage.

Gement GContent

Shatcrete 1s typrcally a cement-rich material com-
pared to common structural concretes. A cement
content ol 420 kg/m* (710 Ths/yd?) i1s common in
wet- and dry-mix shoteretes. This contrasts with
a typrcal 30 MPa (4350 pst) structural cancrete
that would have a cement content of about 310
kg/m’ (520 Ihs/yvd?).

Water GContent

The higher the cement content, the hizher the wa-
ter content ol the nux to produce a nuxture with a

aiven consistency (slump). Thus, while a typical
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30 MPa (4350 ps1) conerete
baltched
ine admixture may have a
waler demand ol about 150
L/m* (30 gal/vdh), a typical
wel-mix shotcrete contain-
ine a water-reducmg admix-
ture would have a waler de-
mand of about 180 L/m™ (36
cal/vd). The consequence
of these higher cement con-
cnts and water demands 1
shoterete 1s that they tvpi-
cally have drying shrinkage
at 90 days ol about 700
microstraim mdry-mix shot-

with a water-reduc-

crete and 850 microstrain m
wel-nix shoterete,
parcd 1o shrinkage of about
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Fieure 2. Meniscus forces th pore water
solution i capillary pores in hivdrated
cement cause confractian and shrinkaze.

SO0 microstram m a rtypical 300 MPa {4350 pst)

structural concerete.

Suppiementary Cementing Materials

With rcgard to supplementary cementing materi-
als, most fly ashes and blast turnace stags tend to
reduce the water demand of the shoterete mixture
tcompared to adding an cquivalent amount ol ce-
ment). By contrast, very finely divided materials
such as sihica fume tend o merease the water de-

mand ot the mixtare.

Water RBeducers and Superpiasticizers

With sthica fume modificd wet-mix shoterete. 1its

important o use nud- or high-range water-reduc-
ing admixtures (superplasticizers) to control rhe

water demand and, conseguently, the amount ol

shrin
derec
they

kage. A word of cautton: Do not add dry pow-

superplasticizers to dry-mix shotcrete, as

can activate on the wall, causing sagging.

Tensile stress in high
shrinkage shotcrete

Cracking

Stress
N

Tensiie strength
of shotcrete

Tensile stress in low
shrinkage shotcrete

Time

Figure 3. Cracking eccurs when shirinkage-induced tensife strexy exceeds

tensile strength of shotciete.
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Figure 4 ttop), Drving shomfoape Dioel-aif
sioteretes prodoced with apd witlieut shrinkage
reducing admivfures (SRAx).

friviore 5 {bottem ), Drving shrinkdge or dryv-mix
shoveretes produced widly amd withour shrimkage
veclicine admofures (SRA

slonghing, and tallout
of the applied shoterete.

Shrinkage
Reducing
Rdmixtures
Alternatively, shrink-
age can be controlled
using shnnkage reduc
ing admixiures (SRAs).
Fhey act by reducing
the surface wnsion in
Lhe pore water soluion
This reduces the caon
traction forces exerted
by the pore water me
misct on the capiliary
pore walls, which in
wirm reduces shrinkuge
and cracking. Figure 4
and 3 show the drving
shromkagze o wer- amd
dry-nmx shoteretes pro
duced wath amdd wathour
SRAs Note the marked
reduction tn unre
strained drving shrink-
age.® Inthis study, plion

Figure 6, Bridee prev vepetired with an aceelerated,

shoterews under restrained conditions cracked ex

tensively on exposure (o harsh drying o an cnvi-
ronmental chamber, whereas shoteretes with
SEAs added ar 2% by mass of cement developed
no plastuc or vestramed deying shrinkage crack

g

Rir Entraining Admixtures

Aarentrammg admixiures can be helptul wath re-
spect tominin zing water demand and henpce con
trolling cracking, It can be demonstrated that as
the mee content increases, the slump of the shor
crete increases. Thus for o given slump, air en
trainment can enable a
pumpable and shootable

mix 1o be produced with a redoced water demand.
Aar entramment also has an addittonal henefin: a
so-called slump-killing effeel. Wet-mix shoteretes
can be batched at 7 to ¥ atr contents, produg-
g very workable, casily pumped mixtares with
ahowt TOO mum (4 ok slump. As the shoterete hits
the wall. the air content is reduced w abowe 44
and the slump s mstantly reduced 1o about A0 mm
(L3 This is very beneficial for shoterete ad

hesion and cohesion and thickness of build-up”

Acceieralors

Research and practical experience have shown'”
thal most aceelerators will increase the shrinkage
ol concreles and shotcretes, particularly at early
ages. This, in torn, can lead o shrinkage-induce

cracking, Fig, & shows a photo of o bridge pier
repavired with a dry-mix steel-fiber-reinforced
shoterete. whoch contmned an aeecierator, 1
cracked extensively, in spite of being moist cured.
When the accelerator was elamimaled from the mix.,
the companion shoicrete-repanred bridee piers
were essentially erack free (they were properly
moisteured A word ol cantion: NEVER use cal-
cium chloride ag o showrete accelerastor, One
bridge owner made a shoterete contractor add cal

cium chlorde W the mix water added to o diry

mix shoterete (tor electrochemical reasons i a
cathodic repair apphcaton), The results were Ji

siastrous, The showcrete cracked, curled. and
delanumated. inspite of rigorous surface prepara-
Lo and curing by the contractor, Calcium chlo

ride con increase carly age (3 day) dryving shrink-

age by as much as 30750

Fiher Reinforcement

Steel and synthetic fibers, while not necessarily
reducing the amoum ol drving shrinkage (as mei-
sured m an unresiramed fice shrinkage tesr), can
he very benelhicil in controlhing or even climinat

ing plastic and restruned drying shrinkuge crack

steel-fiber-reinforced sheterete wirth drving

i i j -
slireRd e creeckin g,
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Figivre 7 Littlerock D seismic reteofis wirk crack-free, wet-nia,
steel-ftber-remforced silica fiome shoperete. Noge: coring Dlankets,
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g i shoterete, Low volume addition rates of

about | kg/m* (1.7 1bivd 'y of monohilunent or ¢ol-
lated fibrillated synthetic fibers have heen dem-
omstrated o be very elfective in niligaling plaste
shrinkage cracking.” High volume addition rates
of synthetic tibers of about 7 1o 10 kafm (12 10
17 Wh/yd ™y have been demonstrated o be elitective
i migating restruned drving shrinkage crack-
g * Simlarly, high volume addition rates of sweel
tiber reinforcement of about 4 o 60 ke/m!' (67 1o
O Ihdvd ') have been demonstrated w be ellec-
tve i controdling deying shrinkage crackinge.” For
example, m the seismic retrofit of the Littderock
Dum near the BEdwards Aar Foree Base im Calillor

tiin, 680 m (4800 1) of sihea-fume modified
wel-mix shoterete with 60 Kedme (100 Thivd'y of
steel Tiber was apphied wirth virtually no cracking

This was achieved in spite ol the sholerele bemng
constructed i a desert enviranment, with op to
AT O (N Fr ambient temperatures with hot dry

g Wt I"-'.i_!_’ill“lr'ﬂ mossl CUrmge wis, of course,

adopted. as shown m Fig, 7 and 5.

Control of Shrinkage Induced Cracking

The following 15 a brief summary of the most im-

portant points tor controlling shrinkaze-induced

-'.'1:|r]~_iu_!'_ i sholerei

= Selectaggregates with appropriate shupe, lex-
ture, quality, and gradation { ACT S06R-90 ara-
dation Mo, 2 is the preferred erading, although
gradation No. 1 ageresale may also be used).

«  Carelully design the sholerete mixiure o
avold excessive cement contents and water de-
mand. Cement contents n excess of 450 ke/
m’ (760 |bs/vd'y wre seldom justitied, and
water demands in excess of 200 Lim* (30 eal/
vi') should be avorded.

= Keep water demand of wet-nux sharerete 1o
a o using chemical admixtures such
as waler reducers, superplstcizers andfor hy
dration-controlling admixtures. Do nol

retemper azine shoterete with water,
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Fiewre 8 Foveing frexhfy
applied shotevete ar
Lirtlerock Dam uxing waler
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Take advantage of the water reduction and
slump kilhime effects prowvided by the use ol
air cntrimng adimistures,

Do not wse secelerstors unless essential we the

construchion process,
Mewver use caleium chlorde as an accelerator,

Crive consaderatien o the use of a shnnkage
reducing admixture

Use a low volume addition rate of about |
kedm' (1.7 Ihivd ™y of o syntheue microliber
For control of plasoe shrnkage cracking.

Consider the wse ol o high volume steel or
synthete fiber reinforcement, in leu of mesh,
if warranted by the desian

Use wandscreens or sunshiades o harsh envi-
ronmental exposure conditions, if reguired.

Use foommadmisomg o protect the freshly ap-
plicd shotcrete From deving (see B, 800

A osoon as e shoterete has hardened
sufficiently, cure for at least 4 days and
preferably 7 days wsing one of the following
methods:

tay Plastoe coated svathebe Tebre kepl
saturated throughow the curning pericd:

(v Saturated burlap, covered with plastic
shicets e prevent dryving: or

ic) Seaker hoses, sprinklers, or water
ponding where appropriate.

Mote; Curimg compounds can be wsed, but
they are second best Ly water cunng meth
ok, s they do not provide the external mois-
ture the shoicrete neads (o mitigate autog-
enouns shrinkaeoe,

Finally, protect the shoterete agamst thermal
"-ZI"II_'II;_'k-IIII;IiIIL',,'EI I;,'I.J.'l".;illl;_' o nciessiliy .I.‘“.i'.'IE.'
Lherirl 1..‘[[.:':I'|E‘_ blaikets ]:I|'..L‘-.‘:] an op ol the

oISt CUring.
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SNumerous barge and small sholorete consirue-
von projects. some ol them in onerous cnviron
miental exposure condisions, have demonstriced
thatt of the above good design and consiruction
practices are followed, 10 1s possible 1o construet
high quality, durable, aesthetically pleasing shin
crefe structores that are lareely crack-lree.
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