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2.3.7 _V1echanisms of dcbonding 

The term 'debonding' implies that bonding twd prtviou,ly developed but thtn declined tu 

ltW. Bund failure may occur at the interface, in the substrate, in the OVtrl~y, or in ~ 

combination thereof. However, repom on bond te~ts in the literature commonly do not 

include the location of failur~ but merely state the values for bond ~!rength. It therefore 

appears necessary to inve stigat~ th~ mechani5ms of debonding in relation to the actual failure 

plane tu conclude on fundamental bond mechanism5, 

Most cracks in concrete develop undtr combined mudes, of which the mixed mode 

(I (tension) ~nd 2 (in-plane shear» i~ the most common. According to Van Mier et al (1991), 

most interface shear tts15 will initiate in mode I and true mode 2 failures are very ditTicult to 

obtain. Robin~ and Austin (1995) propo5~d a \lund failure envelope for concrete repair~ based 

on the \-fohr circle and related it to intelface shear and ten51un ttst results. 

According to Carttr et ~I (2002), debonding usually causes the overlay to tail slowly, simil~r 

to concrete crack propagation, This may be divided into 3 different stages, namdy, initiation, 

propagation and disintegration. According to Knl1t~on (1990) and Carter et al (2002), 

dtbunding in areas within the center of an overlay i5 u5Ually caused by poor surface 

prepamtiun 01' weak ~l1b~trate ~urface concrete, Debonding usu~lly start, at the overlay 

boundaries, at the edges, juints and cracks (Carter et al, 2002, Silf.verbrand, 1997) The main 

rea~on for this is the developmtnt of interface stre~se~ due to differential ~hrinkage, which 

are commonly believed to have maximum valu~s at the boundaries uf an overlay. All existing 

~nal ;1ical models l' or the prediction of interface stresses due to diffe rential shrinkage assume 

that int~rtaee shear stre,s only exist~ at the end of an overlay, which is discl1~~ed in more 

detail in Chapter ), However, this aspect wa~ challenged in thi~ re~earch, as discl1~~ed in 

detail in Sections 4 ~nd 6, Th~ main r~a,un why debonding commonly occur, at the member 

ends is th~t the meeh~nism uf debonding i~ connected to overlay ~Jip. The latter can only 

develop fully at tht member ends where the overlay is not attached to a restraining 

"ntighbuur" (Figure 2.10). 

II>;; mcrnocr end allows overlay sl,p as it is not 

reSlrained by a "neighbourmg " pl~CC of overlay 

'----I " 

Figure 2.10: Mechani~m, of debonding at the end of composite members (neglecting 

peeling en'ccts) 
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Member end conditions can also exist at cracks. Granju (1996) identified cracking 

perpendicular to the interface as one of the main cau,es of bond deterioration and states that 

tibre reinforcement can effectively increase crack re,i>lance and therefore enhance bond 

durability, However, Laurence et al (2001) srndied the field performance of different concrete 

overlay, and concluded that exten~ive cracking had nn detrimental influence on bond 

strength. Shrinkage stresse, at the overlay boundaries occur in a mixed limn of ~hear and 

len~ile stre%, which is discussed in more detail in Section 2.4, I, Structural and thermal 

loadings induce cyclic ,tre,ses, which may lead to debonding from fatigue ctfccts 

2.3.8 Summllry, coudllSiollS aud Identification offurther rucarch 

.Many re'learchers have investigated bond properties between concretc substrates and 

overlay~. A large range of material parameters and environmental condition, can influence 

the quality of bond and in general it appear> dilTicult to interpret bond ,trength meawrements 

in term:; of individual test parameters, This is revealed in the onen contradicting opmions 

reponed in the literature regarding the influences of substrate surface preparation, the use of 

bonding agent" curing procedure~ and material propenies 

It is generally accepted that adequate soon·term bond strength can be achieved if the quality 
of workmanship is good and overlay materials are carefully selected, In the literature it is 

howevcr often emphasi~ed that the ",,:c/,anism.)' of bond "nd~r fonK-lerm inf"lmc~s have not 

yet been fillly rcscarched Available inlbrmation on bond durability indicates that differential 

<:hrinkage between substrate and overlay is the main mechanism affecting the long-term 

performance of bonded overlays 

Most :,tudies define bond strength as the stres, required to separate >ub:,trah: and overlay and 

provide information on the overall location of failure, i.e, wbstrate, lIlteriace, or overlay 

failure. In case of "interlace failure" however, the actual location of fracture i, often not 

exploited. Considering mechanical and chemical hond meclk1nisms it appears unlikely that 

bond failure occurs at the imerfacc as such, i.e. without fracture in sub,trate or overlay, 

I'undamental understanding of adhesion bel>vccn concretes of different age~ musl ba,e on 
information on the weakest link in the composite member. Only with such information, bond 

me<:hanisms call be idemitied. Tn respect to the above it appears impoltam to exploit the 

characteri,tics of the interface tran:;ition "one, which may exi:;t at the interface between 

>llbstrate and overlay ~imilarly to the intelface between aggregate and cement paste, in more 

detaiL 

The importancc of mechanical overlay strength is revealed in the assumption that lhe 

imerfac·e transition mne is hkely to be the dominant mne of fracture A maturity approach 

that link> bond strength to overlay hydration, as >ugge>led by Delatte et al (2000), appears 

u,eful as it facilitates the design of bonded overlays, However, as stated above, the durability 
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of bond is subjected to a larg~ range ofinnuences and the characterisation of bond ,trength in 

terms of single parameters is no t pr<l<.'tical. 

Test mct.hod~ for bond strength prcsented in the literatllr~ are numerous, which makes it 

difficult to compare results obtained Il'om different researchers. Tn g~n~ral it is important to 

use a method that repre,~nts the most signilicant stress condition in the typ" of ,tT1l<.'tur~ 

und~r investigation. From the lit~rature it appears that at occasions condu~ions were drawn 

from te~t reslllt~ that did not relate to the actual t~~t parameter Thi~ highlights the importance 

of the right <.:.boice of test method 

This research focuses on the long-term performance of bonded overlays under the inflllence 

of ditYerential shrinkage, Experimental research on bond properties bdween substrate and 

ov~rlay i~ dis<-,ussed in Chapter 7. The parameters identified from literatur~ review are: 

Short-term bond strength development in relation to mechanical overlay strenb'lh and 

the location of fracture 

Long-term bond properties III relation to differen t overlay materials, environmental 

condi tion, and interface textures 

Bond strength valucs were compared to strain measurements on composite beams. Test 

mdhods were designed that represent main ~tre,s conditions ~ll<-'ountered in bonded oy~rlays 

subjected to difl",r~ntial shrinkage With the above, fundam ental bond mechanism, in terms 

of mechanical overlay prop~rtie~ and long-term overlay shrinkage were investigated 

2.4 Onrla} ,'olume changes 

2.4.1 Introduction 

Differential volume changes b etwe~n substrate and overlay are commonly considered as the 

most critical a,pecb innl.!~ncing the durability of composite members The focus of this 

re~carch li~, in the development of an analytical model for the prediction of overlay stresses 

induced by ditYer~ntial shrinkage, To develop a fundamental understanding of the important 

mechanisms involv~d, relevam material propclties as well as the specific case of differential 

VOlllm~ changes in bonded overlays are discussed in the following. 

In general, the mechanisms of volume <-'hanges <-'an b~ dhid~d in to short-t~m\ and long-term 

en'ect~ During the early proce,se~ of ~etting and hardening, concrete may experience 

signilicant t emperatur~ and volume changes, The interaction between overlay and substrate 

and the restraint of overlay detormations resulting thereof may lead to early fai1ur~ ofth~ 
oyerlav while tensile overlay strcnboth and interfac~ bond str~ngth ar~ low Cominuous 
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overlay deformation resulting from ongoing drying shrinkage and cyclic temperature changcs 

may further a/leu the long-term performance of the system, 

Stresses due to temperatme and volume change are normally not constant throughout the 

overlay depth and can be divided into restraint stresses and intrinsic stre>ses,l{estraint 

>tresses re~ult from bond mec·hanism:. at (he interface between substrate and overlay and as 

>uch they are caused by an external restralning mechanism. They are related to the restraint of 

expamion or shortening parallel to the interface and pnmarily take the form of direct stresse~_ 

intrinsic stresses, on the contrary, are caused by internal restraining me"hani>ms, The overlay 

surface tends to cool down and shrink !lHler than the inner sections.. which results in 

temperature and shrinkage gradients throughout the overlay thickness_ rhese gradient~ 

generate intrinsic stresses due to internal restraint !rOln one depth increment to the next, In 

the case of reducing tempera\Urc or increasing shrinkage in bonded overlays, they can 

practically be "on>ldered as the stresses that cOlTespond \0 restrained curling deformations 

(Figure 2,11) 

overlay 
d" 

substrate 

AB.,_", AT = ~(J!1stant over do 
~ 

D 

&.-", AT (botromj 

[] I 
Thcor~1:ical free 
deformation 

,,----

-, 

Overlay stress due 
to restrllined 
delurmation 

""'b. t , " .... 

-, -' - . (), 

Figure 2.11: Simplified schematic of too main components of restraint stres~ and 
intrinsic stress in a bonded concrete overlays due to shrinkage and temperature ~hange 
(cooling) 

The evaluation of stresses resulting from di!Tercntial ~hrinkage or temperature gradients is 

"omplex, as rate and magnitude of stress generation depend on the development of material 
pwpenic8. The matcrial properties in turn depend on the rate of hydration and environmental 

~onditions_ Relevant parameters like shrinkage, ten~ile strength, elastic modulus, creep, and 

the degree of restraint develop at different rates and interact with each other, which makes it 
diffi~u!t to predict stres>es, especially at an early age_ 
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2.4.2 TempHatur~ effect!; at an carly age 

Cemetll hydration is an exothermic proce>s. cau>ing temperature increase in the fresh 

concrete. which result, in the>mal expansion. Thc amount and rate of heat energy generation 

is primarily governed by the type and amount of cemcnt used (Taylor ct ai, 1<)')4). The 

concrcte heats up until the heat Ius> on the surface exceeds the internal heat generation 

In a re>trained concrete overlay. thermal cxpansion and contraction produ~c compressive and 

len>ile >tres.>;C' resptlctively Springenschmidt (l')84) illustrated early age tempemture 

stresse> in bonded overlay >chematical1y (Jligure 2.12). 

T.~ = 

T ",11\ 'O",-",ct, 

Direct 
slress", 

t\' , j ____ -h· i 
~ c

j 

-,--~ ....... , ....... ,~~::::::: 

.:J, t",l 
H \) 

Fi!:ure 2.12 Stages of temperature develupment during hardening and the re>uiting 

stresses a) due tu los> uf hydration heat and b) due to drop in air temperature 

(Springen>~hmidt, 1984) 

In the [irst few hf)Ur.~ atler placement. the concrete is still plastic and stress development only 

stam ruler a pc>iod of approximately 5 to 7 huur> (I. T ,,). Until the maximum temperature is 

reached, the con~rete experien~es high cumpre>sive creep relaxatiun. The so-called zeru­

stre>.~ temperature uf the hardening concrete is reached during the cooling proce.~,. 

approximately I to 4 K below the maximum hydration temperature (2.T~,). Dific.ences from 
the zero-stress temperature result in stresscs due to thermal defurmations during the lifetime 

of the stmcture. l'ollowing the maximum hydration temperature the concrete cools and 

attempts to contract. The concrete, huwever, ha> hardened at thi> stage and the imposed 

30 



Univ
ers

ity
 of

  C
ap

e T
ow

n

stress OPlrtPT'!'Ittnn 

stress 

cement content 

a concrete as 

cement content 

COlltellt on 

31 



Univ
ers

ity
 of

  C
ap

e T
ow

n

a concrete m<;:mt)er 



Univ
ers

ity
 of

  C
ap

e T
ow

n

mortars. 

concrete 

-(.) 
(I -

5 
(minr 

2,5 

o 

10 

cement 



Univ
ers

ity
 of

  C
ap

e T
ow

n

- (X.TX xE 

E = "' ... ,"'." ...... v"', ...... ,'" 

stresses .... ,.v .. , .......... '" 

concrete 
.. ", .. , ... ,"",1"1 concrete structures. 

concrete can 
are 



Univ
ers

ity
 of

  C
ap

e T
ow

nSkwed inwalli!! 

in air 



Univ
ers

ity
 of

  C
ap

e T
ow

n

water V .... l ..... "i;) to 
are O'"".""",.'Q+.'I'I 

.. u ... .!", .... as 



Univ
ers

ity
 of

  C
ap

e T
ow

n



Univ
ers

ity
 of

  C
ap

e T
ow

n

) . ). 

= ss-:sectlon. u = 

) 

to= np~·u .. n at 7 



Univ
ers

ity
 of

  C
ap

e T
ow

n

on 

> 



Univ
ers

ity
 of

  C
ap

e T
ow

n

practlc:aJ .... " '1I"n''''''''~ it anlJears ",a,3Vl,'aUl'" to measure 
.......... /5 ... as a one-(JllmlenSlClnal Dairanlet~er 



Univ
ers

ity
 of

  C
ap

e T
ow

n

advantage, and disadvantages of available tests have been documented in detail (e.g. 

Emmons and Vaysburd, 1995, Rentllr, 200t). In the following, a short overview on common 

test methods is provided 

In the linear restrained shrinkage test, restraint of deformations i:; provided either internally 

by axially embedded bars, e;,JernaJiy by a steel mould or frame, or by a combination thereof 

A common linear restrained shrinkage test, which is often used in conjunction with the 

observation of relaxation characteristics, is the use of a prismatic, "dog-hofle"-shaped 

specimen, which is clamped at both ends (Figure 2,16 A). OIher tests use linear restraint in 

connection with regular-shaped prism:; and member-end restraint (Figure 2,16 B) (e.g. 

Banthia ct aI, 1993) The German ,tandard on concrete repair:; (DAfStb, 200t) recommends a 

free shrinkage te:;t for resin-based repair mortars u,ing a steel angle mould (lligur ... 2,16 C). 

The ring test (ASTM, 2003) is a common method tor te:;ting the cracking behaviour of 

mortars and concretes and has been used for over 60 years. In this test, the material i, cast 

around a ring of steel which provides restraint during setting and hardening (l'igurc 2.16 D) 

The relative ell'ects of material variations on induced tensile stresses and cracking potential 

can be estimated, The test appears very useful especially for the direct comparison of 

different mlX ingredients, e.g. it can give an indication of the increase in crack resi:;tancc 

resulting fi-om the addition oftibre:; (Co.-inaldesi et ai, 2003). The ring te,! may be carried out 

with a large number of different sample :;ile:;, as listed m a literature study by Emmons et al 

(2000), ranging from external diameters of 40 mm to 660 mm 

40 r 

Restraitl;ng frame 

A "Dog-bone" te,t 

85 

Sted angle 

C- Steel angle test 

woo 

R Clamped pri,ms test 

R<;,training ,t~el ring 
• 

D: Ring test 

Figures 2.16: Common restrained shrinkage test methods 
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The above test metho(is have been used extensively for the prediction of cracking in 

restrained concrete and mortar specimens.. In general they provide a good estimation of the 

influences of different material propellies on the developments of tensile stress and 5lress 

relaxation. Letsch (1991) >lares that the compari~n between stresses measured in restrained 

specimens and stresses computed from free shrinkage ~trains illl(i elastic mo(iulus gives a 

good indication of/he materials' relaxalion properties, 

However, the common test methods discussed above may not always representlhe degree of 

restraint experienced in actual composile members. llentur (2001) stresses the need to resort 

to lest~ which provide infoonation which is of physical relevance hoth in terms of material 

parameters and the nature of the 5lruclural system with respect to the restrmnt il produces 

To test the effects of overlay shrinkage restraim in real composite specimens, Vaysburd el al 

(2000) conducled a series of restrained shrinkage tests under sile conditions, uliliz.ing 3 

(lifferent environments in North America, The program induded the application of 12 

selected cementitiou~ repair materials in cavities on prefabncated (;()n~rete slabs 

(l'igure 2.17), and the visual monitonng oflhe repair surfaces for a period of 18 months. The 

12 repair materials tesled showed a higher resistance to cracking than was originally 

anticipate(i. This was accounted to the workmanship and qualily conlrol during the project. In 

respect to environmental innuenees, il was condu(ied (hat a (iry and hot climate in general 

has a detrimental eflec·t on specimen performallCe, 

,w I Iln_nn __ m_\nU'mnnml p"f,b'i~,oo'm'=',,"b , 
repair material (I ~30 x 457 x 75 mm) 

Plan view 

Figure 2.17, Restrained shrinkage specimens for sile monitoring 

(Vaysburd et aL 2000) 

Tesling effects of differential shrinkage may be investigated wilh any kind of composite 

substrate-overlay specimen that is assumed to represent reali51i~ conditions in terms of its 

mcasuremem and exposure conditions. 
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Emmons et al (2000) developed a test for the estimation of strains and stresses due to 

restrained shrinkage in the form of a composite steel to concrete specimen. In this test, the 

concrete is cast on to a thin, 1300 x 100 mm steel plate, and the whole ~pecimen clamped at 

its one end after the concrete ha.~ hardened (Figure 2.18). By measuring the curling 

deflection at the free end orthe specimen, the time-depended stresses can be calculated 

,M"ull,,#,i 

~U~cti~n 

)..~ '" ;,en\lth(~.J H' 
St.'~l l'ht~ 

HO """ Width (1 in.: 

Figure 2.18. "SPS Plate 'lest" (restrained volume change strain/:;tress indicator) 

(Emmons et ai, 2000) 

2.4.7 Summary 

Stresses due to differential volume changes have long been recognised as the main problem 

for the performance of bonded concrete overlays. Direct overlay stre,ses are caused by the 

re,trai11t of expansion or contraction parallel to the interface, whereby tenslie >tresses 

resulting from constrained contraction are the most c.ritical and can reSLllt in extensive overlay 

cracking. Bending stre~ses exist if c.urling. resulting from temperature or shrinkage gradients 

through the overly depth, is restrained Bending stresses can result in considerable interface 
tension at the overlay boundarie, and may thu, initiate debonding. 

Early age shri11kage and temperature eft"el1s may lead to crackillg or debonding ill the early 

days after overlay placement and are diil1cult to predict as overlay material propertie~ are 

changing rapidly. Long-term temperature eITects are prohlematic e~pecially in thin overlays if 
substrate and overlay have significantly different ooefficiems of thermal expansion 

Oifferential shri11kage IS generally considered to be the most critical influence on the 1011g­

term perfonnan(;.e of compo~ite members. The mechanisms of diver", shrinkage components 
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of stresses and strains, overlay and substrate are imagined to be unbondcd i', and l', produce 

direct stresses and bending moments in overlay and substrate respectively Interrace stmms 

can be calculated using the respective sections properties of overlay (Zo,;) and substrate (Z"i) 

at the interracc_ Thc magnitudes of F, and F, are then evaluated from thc compatibility of 

direct strains at the interfacc (Figurr 3.1), 

r\ 

- ~----- ----
Oveda" 

Substrate 

\ 
[_n_ ,". "j t c~ ~ Mo-',"" 

+. - --'--~. 
F, F, 

Bcnding moments due to F, and l', 

M().,_~, = Ft,~() 

M._., - I'e,e, 

Tensile overlay 8tm in at the interb.cc Eo,,: 

C(~npressi\'e substrate strain at 11"" interface F",;: 

C Sj = 

;.; ;';,e, 
-+-­
As Z" 

E, 

Compatibility of mtcrface ,trains in the bcmkd section => S (),; - S ., 

Figure 3.1 Evaluation of differential shrinkage stresses, according to Evans and 
Parker (! 955) 

"Partial restraint" of overlay shrinkage refers to the situation where the overlay is allowed to 

undergo a portion of its shrinkage deformations, as opposed to full shrinkage restraint where 

the overlay does not undergo any deformation at all, Evans and Parkcr consider partial 

restraint of overlay shrinkagc based on relative member stilTnesses of substrate and overlay_ 

Modelling the rcsulting streSlics through a force acting at the interlace appears reasonablc as 

the interface is the location of restraint and hence the location of stIess initiation in both 

substrate and ovcrlay liowevcr, the above analytical approach solely depends on 
compatibility of interface strains, whereas full bond also corresponds to the compatibility of 

interface CUf'.'ature_ The lattcr is not. taken into account in the modeJ, as overlay and substrate 

are imagined to deform independently from each othcr. Saha (1998) tried to improve the 

model by incorporating equations that account for curvaturc resulting from both differential 

shrinkage and seU:weight of the members_ Hov,.eveT, the suggested improvements cannot 
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account for compatibility uf interface curvature either, which shows the difficulties in using 

the abovc approach 

3.3 tlirkeland (1960) and jh~ prestress analogy 

A model developcd by l3irkeland (1%0) applies a compres:;ive force I', to a bonded 

compo:;ite beam ,ection, which i~ of magnitLKle cqual to thc tensile force Ft necded to cancd 

frce shrinkage strain s,.,,, un an unbonded uvcrlay (Figure 3.2) 

- """, 
F, F, 
+-; I'-

CJ 
"~ F==j-y; F, 

~ . 

o 
,,-fJAo 

Figu re 3.2' 'vfOOelling differcntial shrinkage qtres~es according to Birkeland (I %0) 

The mOOel's analytical proccdurc can bc divided into 3 stages: firstly, thc overlay i~ imagined 

tu be separated fi'um the substrate beam and allowed to qhrink freely. A tensile furce Ftis then 

applied in the centre ufthe uverlay cruss-sectiun tu cancel free shrinkage strain. Secondly. 

overlay and substrate are llOW bonded together and F, is cancelled through a comprcssive 
force F, of equal magnitude, acting un the whule membcr. hand F, act in the same line 

Thirdly, :;tresses frum the fir,t 2 qtages are ,uperimpused 

The sum of ~tresses generally lead~ to tension in the uverlay and buttum ufthe substrate. and 

cumpres~ion at the top of the ~ubqtrate. Curvature induced by restrained shrmkage generally 

cause~ contraction in the overlay, and relieve~ ~ome of the tenqile stress. A ,tiff substrate 

element, e. g. large section pl'Opcl1ies. results in thc minimiqation of curvature and hence m 
maximum overlay stress 

Thc eXlernal load applicd to the boundarics of the composite member, i.c the beam end~, 
cau:;es a const.ant mument and hence cun>tant direct stress along the membcr length 

Accurding tu cunventiunal beam analugy, :;hear ~tre s~ alung the member is created through 

the change in direct ~ tres~, which in turn eUITeqpund~ tu a change in bending momcnt 

(l'igure 3.3) Constant direct mes~ results in the non-existence of shear, Cunventiunal beam 
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analogy in connection with the a~s.umption of constant direct stres> can, therefore, not 

account for interface shear strtss dut to restrained overlay shrinkage. 

F, (a,) 

da = 0, -- a, 
dF-F, F,-(ac·a,) dLb 
,(xl ~ dF I (b dxl 

with a = con,tant ---, t = 0 

Figure 3.3 Relation between restrained normal stress and shear stress in conventional 
beam analogy 

Birhlalld applits essentially the ,ame theory as that u~ed in the ,tmcturai analysi~ of bonded 

prestressed members. The fabrication of pre,tre",ed concrett mtmbtrs jrn;llldes the 

elongation of the prestress strand by an outside fOfc-e F" which 1S transferred to the beam as a 

comprt%lVe force F, by cutting the end~ of the ,trand once the concrete ha~ hardened 

(Figure3,4). 

1, Sla~e: cxt~noing the pre,tr.s,ing strand 

2. St,,~e casting of concrete 

original length of stmnd 

• 

-- F, 

3. Sta~e: Load tmnsf.r to the memb.r 

C, -t-.I-;==:::::;"=tl" F, 

l"~_ ",, ~ 'I' 'I 1,,,,,,,, 
If,I - lf,! (excllosscs) 

,,= const:mt 

L""'-e< - knglh of preslrcs.~ rrallSkr lhrough inlcrfaru bond bd\v.en steel :md concrete 

Figure 3.4: I.oad transltr in bonded prestressed members 

Comprt%iv~ stre,s 11l the stdion dtvdops in tht member end 70nes through intelfacial bond 

between ,teel and concrete. lntelface ~hear bond stre,s, therefor~, devdops only at the ends 
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of the strand over thc length that is necded to establish a constant direct ~tress (eg 

Thomsing, 1998), This i~ rational and easy to agrec \vith, as the location of initiation of 

compressive ~tress, and thw; the activation of bond stress bctwecn steel and concrete, i~ the 

end of the member. By cutting the end~ of the strand, the ~trand tends to slip into the 

hardened concrete, ~taning from the ends, which makes the re~traint of slip a local 

phcnomenon at the member ends 

BirkelaTXI'~ analytical model has the advantage of being based on a simple and (apparently) 

logical theory. At first sight it seems reasonable to apply the pre~tres~ analogy to the problem 

of bonded overlays subjcctcd to diffcrcntial shrinkage, However, Birkeland's illustration of 

force application at the end, of the beam misjlldgcs thc location of strcss initiation. Ovcrlay 

shrinkage is rcstrained at the interface along the whole length of the member, and can thu~ 

not be transformed into a singlc extcrnal force acting only on the member end" The analogy 

to pre,tressed concrete member~ thus fails in modelling the actllal strc~s initiation. The i~suc 

of the location of stress miriarion i, ,ery important. During tbe development of a new 

analytical model, a~ discu~sed in Chapter 6, this issuc will be dealt with in dctaiL At this 

slage It ,hould be noted that all existing anal)1ical approaches model diffcrential ~hrinkagc 

through forces apphed at the member end~ irrespective of the circumstance that dHferential 

shrinkage is restraincd along the whole interface bel\,een substrate and overlay 

The basic idea, of Birkeland's analytical ap~roilCh have been used in a number of numerical 

models developed at a later stagc. Lvans and Chung (1%7) c},Lcnded Birkeland's lnodel to 

account jor the effect of eccentrically placed overlay rcinforcement and the bending ~tresses 

resulting therelrom, Tt i, mteresling to note that Evans, by adopting Birkeland', theory, seems 

to havc diseardcd his own analylical model (Evan, and Parker, J 955), \vhich was presented in 

Section 3.2. Yuan and i\1arsszeky (1994) and Yuan et al (2003) directly adopted Birkeland's 

approach, which wa~ originally dcvelopcd for prccast concretc elcments with in-sitll overlay, 

to model ~tress in repaircd concrctc membcrs. Othcr modifications and adoptions of this 
method are discusscd in morc detail the fullO\ving sections 

3.4 Alomo Junghanns (1997) 

\Vhen e~timating stre%es due to differential ~hrinkagc, the first, and one of the most 

important, classifications to bc madc is tbat of thc dcgrec of restraint from thc ~uhstrate 
Partial rcstraint infers that o,erlay shrinkage directly cau,es a ccrtain dcgrcc of substrate 

contraction, allowing the overlay to undergo a portion of its Iree shrinkage defurmation 

Alonso Junghann~ (1997) analysed difjerential shrinkage tre,ses in concrete repair patchcs 

and con~idered the degree of shrinkage restraint to depend on the ratio of bllbstrate and 

overlay stiffne~s' 
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[3_ll 

The ~hove equation is based on the aSSlimptinn that the deformations of the overl~y (r~) and 

the substrate (6,) are equal and constant across the whnle member depth, The whole member, 

therefore, undergoes the s~me linear deCormation and curvature is nol cunsidered, This theory 

can he related to a resultant three F"" acting in the centroid of the whole member. Figure 3.5 

shows the attempt to schematically present the abnve thenry 

Free oYerlay ,hrinkage str~in B ".,.,: 

Strain an.! stress of the cotnp~ite section-

• 

on,"" " . ";,, 0'0" F,) = f" 00" OO,f,% "",,,.1 
~ 

• F, 

Ao, Eo a 
• 

As, lis 

F >~, ,,~,. .. ~s >,"" ,E." ,A"~F,, 

(1o, '"'' '"''''''''' = (I: I'"" )' E, (tenSIon) 
(10" = so_ E" (compression) 

• 

Go" ",,, - Go, f:« "''''~. -'- 00", = (6 >'~, - [ 0 ) ,R, (tension) 
0'", = O',,'u(,] = <;, _ E,; (Compression) = 0',,,,,,1 

Figure 3.5' Slre,ses and ,train, due tn diITerential shrinkage, schematic b~sed on lhe 
model presented by Alnnsn lllnghanns (1997) 

The overlay experiences tensil e stress due to the fulJ restraint of fj-ee shrinkage deformations 

Tfle resulting tensile force of the overlay is eount er~cted by a compressive force of equal 

magnitllde acting at the centre nf gr~vity of the cnmposite member, The compre ,"ive _,tress 

induced in the whole cross section relieves parts of the tensile overlay stress. Resultant 

overlay and substrate stresses are dependent on tbe stifIhess ratio, and hence on the elastic 

properties and cross·sectional areas of hoth overlay and substrate. A sllb.llrate of inl1nite 
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~tinnes, would result in tot.al re~traint of overlay shrinkage and maximum overlay ~tre%. 

while &.jual stiffnes, of overlay and sub~trate, i.e. &'Jual cross-section~ and ela~tic properties, 

would re~u1t in 50% - re,traint of overlay shrinkage, 

Consideration ofpartialrc,traint, ba,ed on ela:;tic properties of the compo~ite, seems logical 

and rea;;onabk However, the con,ideration of member stiffne~s through conversion of 

restraint overlay ,hrinkage into a linear deformation of the \"'hole rnemher as sho'Wn in Figure 

35 i, not reali~tic, a, this does not respect the circumstance that differential shrinkage 

,tres~es are initiated at the interJace, The as,lllnption that the centroid of the composite 

member can be con~idered as the point of load application i~ (00 ~irnplistie to yield 

reasonabl c re;;tllt, in the analy,is of stre:;ses and strain~ 

rhe analytical approach u~ed by Alonw Junghann~ is esscntially the same as that pre,ented 

by Birkeland (~ee Section 3.3\ however with the difference that the t(>rce frorn overlay 

,hrinkage is con,idered to act at the centre of gravity of the composite member. which does 

not account for jXJ,~ib1e curvature due to eccentric load application. 

Alonso lunghann~ used the above analytical model to estimate ~hrinkage stre~ses III repatr 

morlal" bonded to ,tiff substrates, i.e. repair mortars experiencing full restraint of 'hrinkagc. 

Practical laboratory 'Work wa, carried out using fully restrained mortar ,pecimen, clampcd 

into rigid steellTames (Figure 3.6), 

3()(l , 

Figurr 3,6 Te't !i'arne for the evaluation of sl1'e,ses re,ulting from complete 
,hrinkage re,traint (Alonso lunghanns, 1997) 

Thc developmcnt of time-dependent tell,ile >tresses measurcd on the specimen, presented in 

Figure ],(; confonned relatively closely to the above tllCOl)'. However, full re~traint of 
shrinkage does not represent real-lifc conditions, where the elasticity of (he ,ubstrate material 

\,,'ill always allow a certain detbnnation at the interface rhe test ,et-up wa" therefore, 

designed to fit the theoretical model, irre~pective of the actual applicability of the mode\to 
practical ,ituations 
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3.5 Brrnard (2000) 

Denarii: presented a model to calculate normal stresses due to differential shrinkage in 

composite beams with complete bond, This model was part of a publication prepared by 

Denarie and Silfwcrbrand (2004) and is based on an approach first developed by Bernard 

(2000), The model is based on the assumption that overlay shrinkage restraint IS related to 

the amounts of axial and nexural "'freedom" of the composite section. where ·'freedom" is 

defined as a lack of deformational restraint Axial freedom is calculated following the same 

principles as those used by Alonso Junghanns, as discussed in Section 3.4 (compare 

equation 3.1). rlexural freedom is based on the ability of the member to deflect under an 

applied bending moment The principle of the analysis consists in balancing the tensile force 

in the overlay in the composite member by a compressive force and a bending moment 

acting at the centroid of the composite se~1ion. Therefore, the method used by Denarie 

corresponds to the method introduced by Birkeland (1M). as discussed in Section 3,3, 

using the same a~umptions and the same calculation8, Denarie associates the degree of 

overlay shrmkage restraint to the effect of release of the stress lor each degree oflreedom: 

[3,2] 

where 

~ ~ degree of restraint 

<>f.11 - tensile overlay stress at the interface, assuming full restraint of overlay 

shrinkage 

Ci:; = stress relief due to axial deformation of the composite member 

CiM = stress reli ef due to t1exural deformation of the composite membcr 
It:; = lactor accounting for shrinkage restraint resulting from axial 

defonnation of the composite member "axial release" 

It" - lactor accounting Illr shrinkage restraint resulting from flexural 

deformation ofthe cnmpo8ite member "flexural release" 

Figurr 3.7 sIlows a graphical representation of the method used by Denaric (Denaric and 

Silfwerbrand. 2004) for a rectangular beam with Eo - 25 GPa and F.8 = 35 GPa, Axial 

release of overlay stress increases in a monotonic way when the overlay thickness increases. 

The flextlral release first increases with increasing overlay depth, passes a maximum and 

then decreases to below zero, The decrease to below zero relates to the case where the 

overlay is thicker that the substrate, which results in negative curvature strain in the overlay, 
i,e. tensile strmn, hence increasing tensile overlay stress, For the chosen set of parameters, 

the global restrmnt varies significantly lOr overlay depths smaller than approximatelv 30% of 
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the substrate depth. However, for overlays with depths greater than approximately 30% of 

the substrate depth, the overall degree of restraint is relatively con5tant at 0,5 - 0,6, 

(J(f-!)/(Jf~ 
1.00 "' · 'T 

0,80 

0,60 

0.40 

0,20 

0_00 

--

-020 

-040 

o 0' 

--T --,; -- ;- -T- -:- 1'-- -T - - -r-- -- T ­

cumulative restraint 1-11"-IL~ 

axial rele~se: flI< 
1 

fiexural release: ,u~ i 

, 
" 

, 
Figur~ 3.7*' Principle of restraint of overlay shrinkage as a runction of axial and 

nexural tl'eedom of the composite member (DenaJlil and Silfwerbrand, 2004) 

* In Figure 3 7 aJ'e 

Cl.' = actual tensile overlay stress at the interrace, taking into account axial and 

flexural degrees offreedom 
Notation ., !lev,." refers to the overlay, notation "old"' refers to the substrate 

The method presented by DenaJle represents a userul and illustrative tool for the practical 

application of the theory originally introduced by Birkeland (1960), Hovv"ever. as :;tated 

previously, Birkeland's theory is too simplistic to model strains and 5tre5se5 in compo5ite 

members realistically. The assumption that stresse~ due to dill'erential shrinbge can be 

modelled through forces applied at the member ends does not account for the reallocation of 

load ~pplication. \vhich is the interface, This point will be discussed in detail in Chapter 6 
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3,6 Hartl (1983) 

Hartl (1983) assumed that re,trained overlay shrinkage stres, is transferred to the substrate 

only at the bouooaries, i.e. the ends and ~ide~, of the composite member, This i~ also rellected 

in later model~ presented by Klopfer (1987), Haardt and Hilsdorf (l9~~), and Haardt (1991), 

Haardt and Hilsdorf extended Hartl's theory by difre rentiating between two types of overlay 

boundary conditions, namely fi'ee member ends and vertically bonded member ends (Figure 

3.8), 

[====:JCI""~::===:==::: I ! 

CI ======1 

rrcc meml>cr end, 
overlay , 

substrate y 
L-o-------' 

BOllded mcmber ends 

\ 
, 

"" ( " 

Figure 3.8' Systems with bonded and unbonded (tree) vertical overlay perimeter~ 
Tran~mission of restrained overlay shrinkage forces into the 'lUb~trate, and overlay 
,tresses (direct ~tres'~: 0.,,0) and 1l1t~rlilCC ,hcar ,tre,s (, """r".) according to Haardt and 
Hibdorf(1988) 

According to tbi, tbeory, fi'ee member eoos result in a horizontal zone of force transmi"ion 

between overlay and ~ullSlrale. Analogous to the induction of concentrated forces into a 
concrete member, eg columns resting on concrete foundation" the ,lope of force 

transmission is aS5Umed to be 2: 1, which rewll, III a force tran~mi~sion zone length or twice 

the overlay depth, The fOrce transmis~ion zone i~ needed to establish constant direct stress 

conditions, Following the ~allle relationship between direct stress and shear stres, as 

presented in Section J 3, this zone of changing direct stress is the only location where 
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interface shear occurs. Venically bonded overlay ends, on the other hand, result in constant 

direct stress along the whole length of the overlay, v.·hich eliminates any interface shear 

stresses. 

As di~cu~sed in Section 3.3. from a logical point of view it ~eems unlikely that stresses due to 

differential shrinkage are only transmitted at the end, of the member, considering that every 

increment of the overlay i> experiencing shrinkage and the overlay is bonded to the ~ub~\ra\e 

along its full length This misconception uf ~tre~s transfer is in panicular apparent III the case 

uf venically bonded overlay boundaries as pre~ented in Figure 3 8. In that respect the above 

model represent> a purely academic attempt to analyse stres~es from dilTerential shrinkage 

without correlation to what actually happens in the member. 

In 2000, Hartl presented a parameter study on the influences of dilTerent overlay and 

,ubstrate material properties on direct stresses in the overlay fibre at the interlace. The study 

WdS based on the theory discussed above, i, e. it wa~ assumed that ~tresses due to differential 

shrinkage arc transferred at the member end~ only With tha t assumption, stre,ses and strains 

in the member can be calculated using common structural analysis, e.g. using Birkeland's 

theory, as discus~ed in Section 3.3 In his parameter study, Hanl accounted for the influences 

of overlay shrinkage, overlay relaxation, overlay thickness. and clastic moduli of overlay and 

~ubmate, Results were expressed in relation to a relerence concrete member with an overlay 

depth of20 mm, The results of this ~tudy are pre~ented in Figures 3.9 A lO E 

According tu the above parameter study, the most signilicant influences are thuse of 

shrinkage ~train and elaslic modulus of the overlay The influences of overlay thickness and 

clastic modulu s of the subs trate refer \0 the inIluence of the relative ~tiffnesses of overlay and 

~ubslrate. A thicker overlay, a, well a~ a sub>trate of lower elastic modulus, re~ult in a lower 

ratio belween overlay and substrate ,tifl'ness ~nd hence in a lower degree of shrinkage 

restraim The above parameter study \'v'as conduCled for a sub~trate member of Jinile 

thickness, hO\'v'ever without stating the sub,trate thickness used in the study. On a substrate 

beam of infinite thickn e ,~, the influences of overlay thickness and clastic modulus of the 

substrate shuuld be negligible as an inllnite substrate thickness, according to Uanl, result~ in 

full restraint of overlay shrinkage. 

A~ ,taled earlier. the assumption that stresses are unly transferred allhe member ends leadsLO 

unrealistic results. The above parameter study 1~ therelDre believed lO not repre~ent realistic 

su'es~ conditions in the uverlay. However, Harth approach to present the influences of 

different parameters separalely in graphic form seems very useful as it gives a good overview 

and indicates the main as~umplions that the model is based on. 
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0.77 

"~ c" 
, 

I O·50i "" 1 x&w x E", 
0. 00 

, 
".00 

o.n 0.~(1 (I,7~ , 00 1.2~ ,~ 0.25 "~ 0.7S 100 1.25 I~(I 

A: O~erlay shrinkage 'tnun~, Be Elastic modulus ofrh~ o\'alay Eo, 

I~ f l07 1 1):1 11,\>4 
, 

0.90 OM 0.84 

0 .0 1.0 2.11 .1,!) 4,0 ',(I M 

C- O,·erby reiaxatiOll \P D: Overlay rhickne" d 

"" 'I -,,-'C-CCC-
""' "" 100 1m T 

:: :" j[:=.:11 ::~ ':'; 
O.O!) 0.1.1 0.67 1.00 1 .. 1.1 1.07 

E: Ela.tic modulus of the .ubstr~te E" 

Figures 3.9 4 A to E·. Selected parameter influence, un restramed shrinkage stresses 

in a concrete overlay. Figures redrawn from Hartl (2000), 

• In fiigures 3 9 are. 
GT= Tensile stress due tu shrinkage, influenced by the change in magnitude of 
the relevant parameter 
Go = Tensile Slress due 10 shrinkage for the initial magnitude of the relevant 
parameter 
"= index: initi~l magnitude 
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3.7 JIaanlj Mild Hil~dorl'(1988) 

In respect to the degree of substrate restraint, i.e. the ability of the subffirate to reffirain 

overlay shrinkage deformations, Haardt and Hilsdorf (1988) linked the ratio between overlay 

and substrate stiffnesses to overlay stress 'j heir findings were based on FEM analysis. They 

considered that the substrate allows the overlay to undergo a portion of its shrinkage 

defonnation, In comparison to full restraint, this results in lower overlay stress, Haardt (1991) 

presented a more detailed version of these findings, which are surrunarized in Figure 3.10. 

, 

, , 
..... ""~ ' -- -- .j 

Figure 3.10*' Direct overlay stress due to restraint shrinkage in relation to stiITness 
ratio between substrate and overlay. Top: the substrate is free to defonn, bottom: the 
substrate cannot defonn (Haardt, 1991) 

*In Figure 3, 10 are: 

axo = mean overlay stress due to shrinkage restraint 
Eo = modulus of elasticity ofthe overlay 

4: = modulus of elasticity of the substrate 

&;Tui E:.lo - Stillness ratio between substrate and overlay 

ESO= overlay shrinkage strain 

do = overlay thickness 

62 



Univ
ers

ity
 of

  C
ap

e T
ow

n

stress at 

contrast to ....... ' ....... '" 

cOl1nnared to a cmnnlOsl1te mlemoer 

curvature 

stress. 
curvature are 

...... n. ... " ....... at mU]-SlJan 

extent on 

stresses are 

curvature 

stress 

a 



Univ
ers

ity
 of

  C
ap

e T
ow

n

curvature K = at mUl-SIJal1 

K ==Oat 

== 

a 



Univ
ers

ity
 of

  C
ap

e T
ow

n

-0.5 -0.4 -0,3 -0,2 -0, I 0, I 0,2 0,3 0.4 0.5 

constant 

10 ""'''''''' """',," """ 

I! ................................................................ .. 

6 ................................................................ .. 

4 ...................... ------. ----.-- ......... -- ......... -- ------ .. 

-4 -- .••••••••.•• 

-6 

-8 •..•••. 

·10 +--+---f---I---t---!---+--+---f--I----I 

-0.5 -0.4 -0,3 -0,2 -0, I o 
xlL 

stress as a U,U'''''~l'VU 

as a 

100 

constant 



Univ
ers

ity
 of

  C
ap

e T
ow

n



Univ
ers

ity
 of

  C
ap

e T
ow

n

3 

'"' ..... .., • ...,. 6. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

4 

test 

were lac:mtlm~a 



Univ
ers

ity
 of

  C
ap

e T
ow

n

an 

is concrete < .... , ... ,,,"". 

spC;:Clmems were 

same concrete 
concrete sp€~cllrnens. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

"'''Y'",,,,',, is one 



Univ
ers

ity
 of

  C
ap

e T
ow

nFigure 4.2 Photograph of a typical sandblasted concrete surface 

4.2.3.2 Smooth iutl'rface 

Specimens with smooth substrate surfaces were used to study differential shrinkage of 
composite members with relatively little mechanical restraint at the interface. Smooth 

suriaces were cast against steel formwork and. except for surface pores, had a roughness only 
on microscopic scale. Very little formwork oil was used for the casting of specimens in order 
to prevent deterioration of the interface. Figure 4.3 shows substrate beams with a smooth 
surface 

Figure 4.3: Photograph of substrate beams with a smooth surface 
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4.2.3.3 "'otch~d interface 

Substrate members with notched surfaces were prepared to represent interfaces with well­

defined macro roughness and minimum of micro roughness. To study the effect of macro­

roughness in more detail, notch~ were applied with a different spacing, in the following 

named notched inlerf(1'-'~ ! and flo/clied illlerjace 2 with a spacing of 1/11 and 220 mm 

respectively (Figllr~ 4.4) 

Ovcrlm 

~ / 
SubSTrate \........; 

I-
110 (notched I) 
220 (notched 2) 

30 

.'·igure 4.4: Schematic of notched intertace texture 

A no/clied ! interface provided more regular mechanical interaction between substrate and 

overlay. compared to a nOlched 2 interface. A photograph of the notched interfaces is shown 

in Figur~ 4.5 

Figure 4.5 Photograph of substrate beams with notched surfaces (nOlched f in the 

fronl and !latched 2 at the rear) 
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Tllble 4 3 O\,l;!I' vu:w of S(le<:i m~:flS and main test parameten; . 
Spec imen hllcrface le:<tu re 

Q , eT ta)' 
.\laln test pal'3llldcr 

T~p" • depth [mm] 

A' san<lbI;lStW I (LS) ... 
A2 s.lI1dbbstcd 2 (liS) .. (}, crb~ .tr:ltn dc, clopmcm aI 

A3 $lnOQlh 2 (US) '" 
di fferent locallons along the 
mterface and thll top of the 

A< 'OQ(ehed I 1 (I IS) 40 m.""bcr 

AS notched 2 1 (liS) 40 

BI , Wlot>lamd 1 (\1$) '" , 
Strams .. ,,,oss tb.: mtcrbc.o 

02 ~""'h 3 (\IS) '" 
CI 3 (MS ) '" C2 !<lI>dblast...:! 3 (MS ) " , 
C3 3 (MS) 

' Strain. acroo; . m., deplh of tf>" 
80 whole membcr , Ini1u~l\ce of 

0' 3 (MS) '" j "',,,,' "~H~OOM' ,=, 
3 (MS) 

of substrate and 0\ erla,. 
D2 !I.llldbla!t~d 40 . 

, 
D3 3 (MS) , 80 -- -~- -- ----._--

. "lumbe r' 1 - ~ )"""ti01" ohtrain re:xiing • 

/ ' 2 . , 5 6 7 , 7 6 , , 7 'y 
V , , J , , , 1 • 7 , , , J , I 

r----- ./ 
~ 

16l1li 

\ . 
Pm!! A -------

o 2 ® 7 

stram-meao;",ing <Ii""" 

0 , , 0 , 0 J '" , I, <3mm 
• • , , ". ' OIl 'OIl 

Figure 4.6 S(l ecimen ~ A: specimen dimensions and location of strain-measuring 
discs 
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Shri~kage readi~gs were taken with a BAM strai~-measuri~g e:<te~somet er, PFE.t\DER type, 

rated measuring length 100 mm, MeasL1ri~g re~olutio~: 0,001 mm. Developed by the Federal 

Institute for Material Research BAM, Berlin, Germa~y (I<'igure 4.7) 

Figure 4.7: Photograph of strain-measuring discs applied 10 lhe overlay and slrain­

measuring e:<tensometer 

Strain readings along the mterface were taken on only one side of the specimen. Prior to the 

test programme, composite specimens with the same dimensions as shown in Figure 4.6 were 

tested for differences in overlay strain between both sides of the member. Different overlay 

materials were tested over a period of approximately 8 weeks, In all cases, strain values on 

opposite sides were very similar, with measurements on the Iwo sides in most cases not 
differing more than 20,10'" This was observed along the whole length of the members, This 

led to the conclusion th~t specimens undergo a deformation that is uniform aero" the 
member width, He~ce, strain measurements taken on only one side were laken as 

repre~t~tive oftbe deform~tion of the specimens 

2 hearns were cast per test parameter in urder to allow statistical evaluation of strain 

measuremenls. Consequenlly, measuremenls were usu~lly taken at 4 different positions per 

strain location along the members 

In addition to the measurement of shrinkage strains, the specImens were used lor lhe 
observation of overl~y cr~cking. Cracks were identified visually with a magnifying glass 

Different inlerface lexlures and diITerenl overlay mlxe~ were te~ted. Table 4.4 summarizes 

Ihe specimens 
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Table 4.4: Summary of Specimen~ A 

Sp"cin~n Int~rfac. tnem,. Ov.riay 

" mndblastcd I (LS) 

" sandblasted 2 (HS) 

AJ smooth 2 (HS) 

A4 notched I 2 (I1S) 

A5 notched 2 2 (HS) 

4.2.5.3 Strains acro~~ the interfare - Specimens B 

Afier evalualion of strain results on Specimens A. it was apparent that additional mfurmation 

on strains across the interface would be needed in ordec to characterise the restraining action 

of the substrate. SpecImens B were cast with ,train target~ applied close 10 tbe interface on 

botb ,ubstrale and overlay (ngu~ 4.8) 

/" 
Det\,] 

~cim"n dime",io us s~c Figur~ 4.6 
l'l..2 3 4~ (i7~765432 'V 

/'" • 

• --.. 
0 l @' 0 3 • 0 
0 @ 0 • 

Si:rain-m. asming discs 
..-'C 

$: ~ < 3 nml 
• • . ; , . : ' • • 

lOll lOll lOll 

Figure 4.8 Specimens B' Location of strain-measuring discs along the interface 

Specimens 13 had the same dimensions a, Spe~imens A. i,e" the same substrate beam 

dimensions and a 40 mm overlay. To compare the ultluence of the different degree, of 

mechanical bond between overlay and ~ubstrate, bolh ,andblasted and ~lllQ{llh interface 

textures were used. The overlay (Overlay 3) was de,igned 10 have higher crack resistance 

than Overlay 2 and higher ,hrinkage ~train than Overlay L Only one specimen was cast per 

test parameter. Table 4.5 ~ummarizes the specimens. 

Table 4.5, Summary of Specimens B 

I Sp"~imcn 
: &am Bl 

! Beam B2 

lnt;;rfH-~~ t"xture 
s'llldbbst~d 

smexth 

Overla} 

3 (\is) 

3 (\is) 
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4.2.5.4 Strain across th~ member depth, membl'rs that cannot cune­

Specimens C 

Specimens C were desig~ed with the aim to isolate the effects of overlay shrinkage strains 
/l'om curvature strains (Figure 4.9) 

155 ,..........,50 

o 0 IS IS 

IS IS IS IS 

20.40. and 80 

O,.icntatio" of strain JTk;asur~m~'Ill' (with 
/ the same orra"gcmcot 00 the rcar) 

0 ® • • o , 

• • ® • . , 
.., " 

1600 20,40, atld ~O 

Figure 4.9, SpecimeM C: Specimen dimensions and location of strain-measuring 

discs 

Overlays were cast at 3 different depths, 20, 40, and 80 mm, Strain·measuring discs were 

applied on the overlay at the interface. and across the substrate with a spacing of 50 mm. 

Substrate strains were measured at 6 different heights. One specimen was cast per overlay 

depth. Measurements "ere taken at 2 ends and 2 sides of the specimens. resulting in 4 

measurements per test location. Test results for each level therefore commonly represent the 

mean value of 4 measurements, The i~tertace "as sa~dblasted, Tablt 4.6 summarizes the 

specimens, 

Tabll' 4.6 Summary of Specimens C 

4.2.5.5 

Beam Cl 

I Beam C2 

I Beam C3 

tnterfoee te"wre 
s.andbla't~d 

sandblasl~d 

sandblasted 

Ovcrlay 

3 (MS). 20 mm 

3 (MS)_ 40 mm 

3 (M~)_ SOmm 

Strain across th~ member depth, memb~rs that are free to {urve­

Specimens D 

Specimens 0 were cast in order to evaluate the influence of relative substrate and overlay 

dimensions on strain characteristics of the whole member if the member is free to curve 

(j"igure 4.10) 
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• 
18>1020304050 

• 

® +----> ® _0_1lI _0 ........... ®.-~ 
00®@®0 
18>18>00018> 
0®0000 

--.",--•• :~-.,,:,--.,--; .• , --,+:,--.,~,~ 
150 ' l()() 10() 100 l()() 150 

: . 

20.40 and 80 

"" 

Vertical 
spacmg: 30 
mm 

Figure 4.10' Specimens D. Specimen dimensions and location of >train-measuring 
di,c, 

Strain-measuring discs were applied on the overlay on lop of the beam and al the interface, 

and across the whole depth of the ~L1b~jraje with a vertical spacing of 30 mm, Tn total, 

substrate strains were measured at 7 different heights On each horizontal leveL 5 

measurements were taken as shown in figure 4 10, Test results for each level therefore 

represent the mean value of 5 measurements, Overlays were cast al 3 different depths, 20, 40, 

and 80 mm. Table 4.7 summarizes the Specilll€IlS 

Tahle 4.7 Summary of Specimens 0 

I Specimen Inlerface texture Overlay 
~ 

Beam DI sandblasted 3 (1\1S), 20 mm 

l ~mD2 sandblasted 3 (MS), 40 mm 

Beam D3 sandblasted 3 (1\1S), SO mm 

4.2.6 Curing 

All overlays were moist cured for R period of 7 days after casting, u>ing wet burlap and 

plastic sheets. Subsequently, the lest specimen~ were left uncovered in the laboratory where 

they were exposed to seasonal changes in temperature and relative humidity ranging from 16 

to 23 "C and 55 to 75 % RH re>pectively All overlays were cast in autumn or winter in order 
to prevent rapid shrinkage development. 

The >train result> presented in the following sections represent measured values, i.e .. values 
that were not adjusted for changes in temperature or humidity_ This wa~ based on the 
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condition that overlay strains were always interpreted in comparison to free shrinkage strains. 

Since these were measured on specimens exposed to the same cunng conditions as the 

overlays, the influences of temperature and humidity on the analysis of overlay strain 

readings were considered to be of minor importance. 

4.2.7 Statistical analysis and prest'ntation of strain mcaSUI·cmt,uts 

Strain values of the compositc specimens were rdatcd to thc position of the measuremcnt 

along the length or a~ross the depth of the member. Due to the number of test specimens and 

symmetry of specimens, between two and four readings were available for most measurement 

locations. Table 4.8 presents an example of the analysis of strain measurements. Rows ''I"' 

and "2" in the above table reter to the Erst beam, and rows 3 and 4 to the second beam tested 

for Specimens A3 (Figul·c 4.11). 

T~bk 4.8. Spe~imens A3, Location I at the interface: example of analysis of strain 

measurements 

Measurement! Oa: 

number 3 6 14 n " "' 149 

I ! 100 I 30 
-

I IOQ 150 HiO 2MI 560 

2 160 190 no 3lO 2~1l 270 581l 

3 160 170 320 350 330 460 630 

4 190 180 NO I -50 I 351l 471l (,](1 
.. 

, m= 153 143 257 190 m 331l 5~5 

Yteasurement numbers (all measurements taken at the end of the beams) 

Bemn I 

2 J f 3, 

---------~ Beam 2 

l'igure 4.11: Schematic of strain measurements on composite members as an 
illustration of the values given in Table 4,8 

The analysis of strains was done with a focus on the identification of trends in relation to the 
defined locations on the members. The mean strain values were therefure commonly used in 

the analysis. At instan~es a whole row uf values was very different /Tum the other rows, i.e. 

measurements at the same defined lo~ation were very diJl'erent between different beams or 
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different sides of the :;ame beam. At such oecasions, the "outlying row" of meaSllfemenL~ wa_~ 

presented separattly in the graphical analysi_~ of overlay _~train values along the member 

length (Section 45) A row of mtaSlirernents was unly ~onsidered to be an "outlying row" if 

it was con_'listently different from the other measurements at that location, For txampk tho;. 

strain value at day 6 in row ''I'' in the above tablt reprtsenh a ,ingle outlying vallie, 

Howtver, tur most of the other days, values of row 'T' cannot be considered as outlying 

values. For con,i sttncy, the wholt row " I" was therefore considered in the anal ysi_~ 

Single readings were omitted in the analysis only if they clearly reprt>ented a mea>l1remtnt 

error, which was commonly identified by comparing the resptctive vallie to previous and 

,;ub_'lequent values at the same position The valut in [llw4, day 22 (Table 4,R) i, an example 

In Appendix 4, all omitted single values arc pointed OlIt, 

Stati stical evaluation of strain measurements wa_~ carried Olit for all specified locations along 

the specimens, Detail> are provided in Appendix 4 for all measuremenL~. The mean standard 

deviation for measurements along sptcitled locations of Spe~imtns A and B (i t, Locations 

1-8, as illustrated in Figure 4~) ranged between 26% and 34%, which is in an acceptablt 

range, wnsidering the many faetors influencing overlay strain readings 

The timt-dependtnt development of strains could usually be related to trend lines, typically 

in the form of power functions, However, measured values were more valuable for the 

analy,is of strain charaeteri stics_ Trend lines were not lISed 

4.3 resting material paramcten 

4.3,1 Concrete compressiw stn'ngth 

Concrete compressive strength was tested in accordance with BS IR81 115 (1983) on \00 
mm eube_~. 28 day compres_'live strength_~ of Overlays 1-3 are presented in Tahle 4,2, 

Concrete tensile strength was evaluated as tensile splitting strength on 100 mm ClIbtS, 

according to BS 1~~1 - 117 (19~3) Test results for Overlays 1-3 are presented in Figure 
4,12 For the compo,ite sptcimen" day 7 m Figurt 4,12 rtpresc.nts the end of the overlay 

wring ptriod and henee the onset of overlay drying shrinkagt, Overlay 3. having ,imilar 

compressive ,trcngth as Overlays I and 2. had comparativc.ly low tensile strength. This was 
dlie to rclativc.ly largt inherent ,urfa~t stresses resulting from high paste content (Overlay 3 

had no ooarse aggrtgatt) m conntction with high ,hrinkage ,trains and air-drying 
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-3: 1 • 3 

~ 2.5 ' 
iY?" -c: : --+-- Overlay I (LS) 

---[J- O,wia\' 2 (lIS) 
n 

m ~ -,,\- Owrlay 3 (MS) 

o 10 2D 30 [da}sj 

Figure 4.12 Development of tensile splitting strength f"-,,, of Overlays 1-3 

Stresses due to restrained shrinkage in bonded overlay> can mainly be considered as direct 

ten,iJe Slres>e, According to Neville (2002), the tensile splitting strength is generally 

believed to be dose to the direct tensile strength of concrete, being 5 to 12 percent higher. 

The values presented in Figure 4.12 were therefore representative for the direct tensile 

Slrenglh of the tested overlays_ 

4.3.3 Elastic Modulus 

Elastic Modulus in compression was tested on 200xlOOxiOO mm prISms, usmg a 

cornpressometer device (Figure 4.13) in connection with electronic data aquisition, Test 
results are presented inl,'jgurc 4.14 

Figure 4.13: Te>ting of elastic modulus - Pholograph oflest eqUlpment and specimen 
(hydraulic compre>sion machine /lOt shown) 
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_--,J~O~, ].= _'C)C'~'~~~~~~~1~.6 
30 ~ 6 
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~ 25 -2t9~-;;'1 
----¢- O\'erlav 1 (LS) 

-ill- O\'erluy 2 (I IS) 

20 -- LF - ----&--O,erlay J (MS) 
1~,5 20_' ____ --_ 

ldoy. ] 
'0 o 20 

Hgure 4.14 Development of the modulus of ela,licily 1n compres'>lon E.." of 

Overla.vs 1-3 

Overlay 3 showed a unique development of elastic, modulus, as the measured modulus of 

elasticity had alreudy reuched it'> 28-day value after 7 da.vs and rcmaincd relatively constant 

thereafter. ",hich could not be explained 

Since bonded overlay, ,>ubjcctcd to diiferential shrinkage commonly experience tensile 

gtress, the modulu, in tension i, of greater <>ignificance than that in compression Howcver, 

the two can generally be considered to be very ,imilar (Neville; 1995) and the mea,urcd 

modulu, of elasticity in compression was therefore used in the unalysis of tensile overluy 

stress, 

4.41'ree ovulay shrinkage strains 

4,4,1 Test sllecim~ns 

Strains on honded overlays resulting from overlay shrinkage cun be analysed only in relation 

10 froc overlay shrinkagc strain, i,e" the strain the overby would have experienced had it not 
been bonded to the substrate, 

Free shrinkuge slruin, (r."ss) were mea'>Ured on specimens made from the '>ame batch of 
concrete as the overlay,>_ DilTcrcnces in frec shrinkage strains between Specimens with thc 

same overlay matcrial are a result ofditferent casting dutes, Measurements were taken over 

the whole test period under the same curing condition'> as the compo'>ite specimen" The ~ro,:~ 

sectional dimen,ion'> of the le,t '>pec.imen, were the '>ame a'> lho'>e of the te,>led overlay'> 

(Figun' 4.15)_ 

Two '>recimens were tested pcr mix Tcst results therefore commonly rcpresent a mean of 
four mea,>uremcnts, All specimens were moist cured during the first 7 days after casting and 

did not show any strain during this time 

0.1 
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./ 3 ,train-rn",,,,uing cii,e. (pro"iciing 2 ,(rainlll"'''lIfcm,,,,I,) 

I~ir ® ® c)T", 
~ " .: 15J 

100 
Iligur~ 4.15' Specimens for the testing oflree shrinkage strain of a 40 mm o,erlay 

4.4.2 Test results and analysis 

4.4.2.1 Short-tCI·m results 

Most important for the servIceability and durability or bonded concrete overlay' i, lhe 

~hrinkage strain during the first day~ and weeks, as this is the lime period where re,lrained 

shrinkage often exceeds tbe tensilc strain capacity of the material, thu:; causing cmcking 

and/or debonding, Figure 4.16 shows the short-term free shrinkage strains of overlay. I - 3 

(40 mm depth). where "day 0" denotes the end orthe moisl curing period at 7 days, 

(,(X) -, 
"f - 99.8,,°·" 

500 

<,+" II () "I 4IX) ~---

::~~~~=~===~:':'.O;J~'_'~',,;,": <) Overlay I 
CI Overlay 2 

A. * A Overlay 3 

y ~ 412xo." 

300 

' 00 

o 10 20 30 

Figurr 4.16, Free ,hrinkage slrains of Overlays I 3 (40 mm depth). shnrtlerm 

results and trend line, 

The lrend line, ,hown in Fi:,'Ure 4.16 are calculated by .lvficrosojt-Windows-EXCEL and show 

a close correlation of the test results to power functions, The e~ponents of the trend line 

equations are ah'iays smaller than 1, showing thaI lhe rale al which ,hrinkage develops is 

larger at earlier ages, 7-day ~hrinkag e '>lrain~ reach approximately 50-60"/. or the 28-day 

values. Thi, relatively rapid shrinkage strain development in early days explains the high risk 

or early age failure of bonded concrete overlays At young ages. concrete stress relaxation is 
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high and the ela~tic modull1s is low, which is of bencfit for the dcvelopmcnt of lowcr 

restrained ,hrinkage stres~es However, rapid stress increase due to high early age shrinkage 

in connection with low early age strength often leads to overlay cracking .Ihortly after the end 

of the curing period. 

4.4.2,2 Long-term results 

Long-term shnnkage strain~ of Overlays I 3 are presented in Figur~ 4.17. 

J(XX) 

,Wl "es [Hi" J 

200 

" 

28da:-> 

o 

--+- Overla:- 1 

----0- Ovcrby 2 

----.- Overhry 3 

l days J 
j(() 150 2(XI 250 3(XI 

Figure 4.17: Free <ilirinkage strains of Overlays I - 3 (40 mm depth), long·term 

results 

AI presented in thc abovc figurc, considerable shrinkage strain develops for much longer than 
28 days, C£B·FIP (1990) and ACI (1993) (oomparc Scction 245.3) cstimatc 2S·day 

sbrinkagc strains to be 49% and 44% of the ultimate >hrinkage strain, re>pectively. This. lfl 

comparison to test results of Overlays I - 3, >'Oems reasonable. 

4.4.2,3 The inf1uellc~ or th~ o~erlaJ depth 

Member dimen>ion> mtluence the rate at which shrinkage develops, as thin members tend to 

dry out quicker than thick member.~, The influence of member dimensions lS commonly 

expressed by the notional member thicknes~ h" (e.g, compare CEB-HI', l<)<)(), shrinkage 

prediction model, eql1ation 2,3) 

Specimens C and D werc cast witb ovcrlays of20. 40, and SO mill. l'rec shrinkagc strains for 
tbese overlays were measured on specimens of the >arne cros>->ectional dimensions as the 

overlays (Figun' 4. J 8). Test results are presented in Figun' 4.19. 
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I 

Strain-measllnng disc, , 
~S~. 

• 

., 1::::=3 J. 20 

.~155 
300 

Figure 4.18 Spt'cimen~ for the t~~ting or free ,hrinkage ~train 01'20 and 80 mm 

overlays 

400 3 

350 

31)1 -" 
--0-- 20 trm 

f< '" I ](r'l 250 0: ---ID- 40 rrlll 
NO 

/ "7 ---tr- 80 n'm 
150 

~ 100 

50 ---------

0 ldays] 

0 W 20 30 40 50 

Figure 4.19: Fre~ shrinkage ,trains or Overlay 3, lest re:lu1t, in relation to overlay 

thickncs, 

Thin overlays have a high~r rat~ of shrinkage developm~nt and hlgh~r ~hrinkage yalu~, at 

carll' ages The ditl",r~nce in shrinkage strain betwe~n diiTer~nt ovenay thickne~,e, becomes 

less pronounced a~ tim~ proce~d" The overlay thicknes:l therefore ha:l a lignificant intlu~nce 

on the rate of shrinkage strain development, which ha:l to be considered in the analysis or 
strains on compD:lite members_ 

Specimens for the testing of free overlay shrinkage were e)l:pos~d to the environment at all 

side~. However, at th~ interface to the substrate, bonded overlays are not expo,~d to the 

environment. Thi~ eJTeet wal neglected a, generally overlay~ allO loos~ moistur~ to the 

~ubstrate, re,ulting [i'om the sub,trate'l capillary suction 
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4.5 Overlay strain distribution along the kngth ofthr member 

4.5.1 Inll'oduction 

For th~ analysi, or overlay strain distribution along the length of the member, Specimens A 1-

A5 and B I (compar~ Sections 4,2.4.2 and 4.2.4.3) were llSed, 

Due to high overlay shrinkage strains, all members with Overlay 2 (IIS) (Specimens A2 -
AS) cracked extensively during the first 2 weeks after casting. which split the overlays into 

separate parts, Overlay strain measured across cracks was considered not to repre~ent the test 

paranlO;:ter under consideratjon. Therefore, for the analysi, or overlay strain distribution along 

the member, only sections situated betwe~n cracks were utili,,~d (Figure 4.20), 

/ cmcks "-,. 

• • • 

\ lIIlc:racked ,ection, utilized for the analy,i, 

Figure 4.20' Cracked overlay,; only uncrack~d locations were llsed for the analysis of 
the magnitude or overlay strain 

The influence of cracks on overlay ,train charact~ristics is di\-Cuss~d s~paratdy in Section 

4.11 Specimens Al and 131, which were mad~ with overlays of "low" and "medium" 

shrinkage strain, did not crack during the test period and were therefore taken as the most 

conclusive specimens for the analysis of strain distribution along the !cn!,'lh of the member 

Se~tion, 4,5,2 and 4,5.3 conlprise the pr~sentation oftest reSlllts, DisCll,sion and analysi s of 

th~ lest resuHs is pre~emed in Section 4.5.4. 

Figure~ 4.2] to 4.26 show th~ time-d~pendent ov~rlay strain distributions along the 

interfaces of the specimens with respect to different overlays and different interface te>..--rurcs. 

The ilgures show rree ~hrinkage strains (r.,,,J, overlay ~trains at the int~rface (100,,) at 

uncracked locations along the member. and the mean value or overlay slrain~. For the 
specification of different locations along th~ member, see Figure 4.6. The focus of this 

section lies solely on the Slrain distribution along th~ specim~ns. Th~ numerical magnitude or 

overlay strains will be discussed separately in Se~tion 4.7. Test results pr~sented do not 
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include measurements taken at the ends of the beams (Location 1). The member ends showed 

significantly higher strain values than the inner parts of the member, which will be discussed 

in Section 410. Specimens B2, on which overlay debonding occurred, are discussed 

separately in Section 4. 11.3. 

500 

"Xl 

"'" <~ 

0 200 ~ -, 100 

0 

0 

'~'--c------~-_I [day.] 

100 150 250 

Location 
---0--- 2 

(]--- 3 

---A --4 
__ --a.- - 5 
- -0- - 6 

-- [J .. 7 

---.-. Mean 
-¥-FSS 

Figure 4.21' Overlay strains at the interface: Specimens Al (sandblasted interface. 

Overlay I (LS» 

""" • 2 

10m ---" 3 

"'" "",/10""4 
~ 6m -- ., 0 

______ 0 ___ 0 ___ 
---<)" .. 7 

~ 

"Xl 
.0 -0 _ .~--o ---'-'II-lean 

" 2m 

0 , [days] 
""""*"" FSS 

0 50 HXl I'" X<l 25(1 3lXJ 

Figure 4.22: Overlay strains at the interface: Sp~cim~n~'-\2 (sandblm,led 

interface, Overlay 2 (HS» 

hXXJ 
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-e--- 2 
---" 3L 
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-- 1',,- 8 
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Figure 4.23: Overlay strains at the interrace: Specimens A3 (smooth interface, 

Overlay 2 (HS»l 

1 Locations "3L" and "311 represent the lowest and highest strain rncasured at Location 3 respectively. Due to 
the large difference boetween tile two, the mean vallJO was con.o;i<\ered nolto be repr=nt"tive for the 
r"P""~mation of trend._ In Figure 4.23, the two locatJoos were \homo", presented scpolnltc1y. 
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Figure 4.24 Overlay strains at the interface: Specimens A4 (notched interface A, 

Overlay 2 (HS)) 
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~. 3 

"" • "--h.- 4 
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~ , 200 

0 

0 '" 100 150 200 

Figure 4.25: Overlay strains at the interface: Specimens AS (notched interface B, 

Overlay 2(HS)) 

500 --0-- 2 

400 
--- ,,--- 3 
---", .. -- 4 

300 • (>-- 5 
.;:; 700 ".,-0." 6 - 7 - 0 

8 101 -"' --- 3 
0 

[days] 
----.-. .\1ean 

0 70 ., 
"' OJ 100 120 -*""FSS 

Figu,·" 4.26: Overlay strains at the interface' Specimens Bl (sandblasted interface, 
Overlay 3 (\-15)) 
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4.5.3 Strain on top of the owrlay- trst .nults 

Figures 4.27 to 4.31 show the time-dependent strain distributions along the top of the overlay 

with respect to different overlays and different interface textures, 

"" 
,.,.., ,,- 2 
--- <'> 3 .. , • 

"" 
.".-- -<.,,' 

5 • .- • 6 0 200 ~ 
. . -------

- --'El 7 , 
100 - 6 -- 8 

" 
[d"Y"l ---" 50 100 "" 200 250 """*"" FSS 

Figure 4.27: Strains on top )lfthe overlay: Specimens Al (sandblasted interface, 

Overlay I (LS» 
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'0 

600 

400 
2 2"" 

0 

" 

- 0---- 2 
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-.., - 'i 

~~~i~~~:~~~~= ["Y"J ~:kO" 
50 100 150 200 2" 300 """'*"" fSS 

Figure 4.28: Strains on top of the overlay S pecimcns A2 (sandblasted interrace, 

Overlay 2 (HS)) 

1000 ' '0" · 2L 
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"" "" -0" " 4 

'f; .. " " -0 -- 5 
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" 50 100 15() 200 250 """*"" FSS 300 

Figure 4.29: Strains on top of the overlay: Specimens A3 (smooth interface, Overlay 

2 (HS)i 

.. For locations 2L and m,""" fOOUlOle 1 olll~1ge HX 
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Figure 4.30- Strains on lop oflhe overlay Specimell~ 1\4 (notched interface i\, 

Overlay 2 (AS)) 
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j<'igure 4.31 Strains on top oflhe overlay Specimens AS (notched interface B, 

Overlay': (HS»' 

4.5.4 Djscus~ioll of test results 

Specimen~ A2-1\5 ~howed vcry large ~caller of te~l re",-dl~, ,,·juch a]'~ a result of the 

formation of overlay patches along the member. separated by cracks. The evaluation of ,train 
characteristics on continuous, "long" overlays was not possible with lhc~e specimens. The 

position of strain-measuring discs in respect to cracks migh t have influenced the mea,ured 

strain. However, no >train trends related to the distance t.o cracks could be established_ J.e., 

wme po>itjons next to cracks showed relalively high, olhers relat.ively low strain, 

Specimens Al and BI did not crack and were the mo~t conclusive in t.erm, of strain 

distribution along the member length It wa~ evident that lhe location along lhe ~pecimens at 

the interface or on top of the overlay had no inIluence on overlay ,train values, \faximum 
ami minimum strains OCGun-ed arbit rarily across different locations along the beams., wit~ lhe 

scatter of test result, being relatively small Typical variation of strains along the length of 

lhe member i~ presented in Figun' 4.32, using interface strains of Specimen, AI, mea~ured 

98 day, ailer lhe completion of curing, a, an example, 
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2 3 4 5 G 7 

Measurement !ocatioo 

Figure 4.32: Variation of strains along the interface of Specimens A 1, measured 98 

days after completion of curmg 

The substrate bo:am provided constant restraint to overlay shrinkage along its whole length. 

The only exceplions to this observation were the member ends, which will be disc1l5St:d 

separately in Section 4.10. 

4.6 Strain across the 0\ erlay depth 

Drying shrinkage in concrete members has a maximum value at the surfaces exposed 10 Ihe 

environment, which caust:, strain gradients throughout the member thickness. In bonded 

overlays, drylng might also tak", place at the interface to the substrate, depending on the pore 

stnlclUrc and moistllre condition of the substrate surfhce n:gion, Overlays tilerefore 

expclicncc a non-linear shrinkage profih: across tht:ir dt:pth, However, existing analytical 

models for bonded concrt:tt: overlays usually iJ5sumt: a constant shrinkagt: profile, and ht:nct: 

constant dirt:ct strain, across tht: ovt:rlay dt:pth (Chapter 3), Tn such modds, tht: only 

diffcrenct:s in strain across the ovt:rlay dt:pth are thost: rt:sulting from curvature, The 

simphfit:d assumption of conStant strain facilitatt:s the analyt.ical modelling and is generally 

belit:ved to be apphcablt: for relatively thin overlays, On Spo:cimens AI-AS, overlay ;;trains 

were meaSLlred at the interface aIld OIl top of the composite member, in order to test lftht: 
ass.umpti()n of constant slrain throughollt the overl u}' depth is realistic 

Overlay strains of Spo:Clmens AI-A5 are summarized in Figures 4.33 The strain values in 

the figures represent the mean value of all localions along the member, with exception of 

member end location! 
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Figures 4.33: Summary orle.q( results or Specimens 1\1-5, overlay shlinkage strain 

r., and !1-ee shrinkage strain ~rs, 

Specimcns A2 c;;-perienced very similar overlay strains al lhe interface and on lop of the 

beams, Tn Specimens Al and A3, overlay strains on top or the composite member ,,,ere 

slightly higher than at lhe interrace_ Specimens A4 _~ho"ed a ,mique and unusual slrain 
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distribulion ac1'O>s the overlay depth with the lOp of the membf1' experiencing sub;1antially 

larger strain than th~ interfac~, By contrast, Spt'clmens A5 exp~ri~nced sl ightly larg~r owrlay 

strain at the interface, eompar~d to th~ top of the memb~r_ Strains on Specimens A2-A5 

might have hcen influenced by the crack pattern in the overlay, which could explain the .~train 
profiles in Specimens A4 and A5_ 

The strain distribution.~ across the overlay depth of Specim~ns A I - A5, ~xpr~sse(1 as th~ 

ratio betw~~n overlay strains on top of the member and owrlay ,trains at the interface, arc 

presented in j<'igllre 4.34 

2,5 
-¢-- Al (sa.ndblasted, LS) 

0 , 20 /°0 a O -- - - ,--" , ° 
--D- A2 (sandNnsted. HS) 

" 
0 b'" 

~ L5 
,A--- • -- A3 (sm(X)(h, HS) 

g , ¢ 11.'<74'-
A" 

-;-,c'-'-'#-__ • S,,_ 0 
LO 0 - A4 (n<:(checl A, HS) , 0 <> ,<> ' 0 , , (J -'1 0 A5 (notched B, HS) 

(J,() 
[days] 

o 100 200 300 

J1igure 4.34_ Strain distribution across the overlay depth of Spocimen.~ A 1 AS_ ratio 

between strain.~ on top of the member and interface strains 

Figure 4_34 shmv5 that using Specimens Al-5 it is difficult to generaliLe the !.train 

distribution across the overlay depth However, it appears that strains on top of the member 
have the tendency to be somewhat higher than interface strains, This was expected due to the 

influ~nc~s of restraint decay in regions di stant from th~ r~straining substrate, and curvature 

On overlays with depths considerably gr~ater than 40 mm, th~ differenc~ between interface 

strain and slrain on lOp of the member wOllld be expeded lO increase with increasing overlay 

depth_ However, filr the computation of tensile .~tress in relatively thin overlays, j, e, overl ays 

up to approximately 40 mm depth, it seems reasonable to make the simpliiled as.'l<Jlnption of 
constant strain, and hence_ constant stress across the overlay depth If illlf1' fac,e strain values 

are utilised for this, the computation of stresses is conservative 
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Figure. 4.38' Specimens Al (,andbla~ted imerface, Overlay 1 (LS)) Summary of test 
results 

The initial mtio bet',"een f.{, and ~>'" on SpeClmens Al was relatively low, compared to the 
rest of the test period (Figure 43X, left), This lndicates high early age overlay relaxation as 

discussed in Section 4,7,4 Considering the remaining test period, the ratios belween r." and 

f-r1S were relatively constant at between 0.55 and 0_61. This was related!O a relatively steady 

increase in numerical str,un diiTerence between f.1"' and ~() (Figure 4,38, nght), Ho\vever, the 

critical ,alue of the tensile straw capacity of concrete of roughly 100-200,10-<' was only 

reached after approximately 100 days During this time, overlay relaxalion sholiid have 

reduced overlay tensile stress subltantially, which explains the ab,ence of cracb on 

Specimens Al 

Specimens Bl, which "ere made wilh a "medium shrink" o,erlay (Overlay 3) and 

sandblasted imerface, showed e,sentially SImilar strain characteristics compared !O 

Specimens A I However, overlay strain as a ratio of fi-ee shrinkage was considerable lower 

on Specimens B 1 (Figures 4_ 39) 

7 

" t: • 
~ , 

OW Speclflltlm 131 "" SjXcimcns BI 

OW 
'0 3( X) ----

3 200 -

(jAil ~ ~ 
, 
G! 

1m 
[days] rdays1 

1l,20 0 , ,--

" 1m 0" '" " 100 200 300 

Figul"es 4_39- Specimen, Rl (sandblasted interface, Overlay 3 (MS»)_ Summary of 
test re'llit, 
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During the first approximately 150 days, the mtio between EO and Erns on 5pecimcn.~ ill was 

relatively com;talll at between 0.35 and 0.42. Thi.~ wa, connected to a ,teadily increa.~ing 

numcrical diflcrence between ~l ~nd ~FSS Similarly to Specimen, A I, str~in& developed ~t a 

rate ,low enough for relaxation to reduce tCJlsile overlay strcss and prevent cracking Aftcr a 

period or approximately 150 day.~, overlay stfllins, compared to frcc shrinkage strains, 

developt'd at an increasing rate, which can prohably be related to thc increasing influcncc of 

substrat~ creep stfllins, 

The relati,ely high uverlay ,trains or Specimen, AI; in comparison to frec ,hrinka.ge, ,eem 

somewhat sta111ing Ilowev~r, absolute overlay ,tr~lllS or Specimens A I, in comparison to the 

other specimen.l, wcre low Po,itivc strain components, such as substrat~ cr~ep, might ha,e 

therefore had a relatively large impact on total ,tfllin valuc" which could explain the 

relatively high ov~rlay ,lrwns, 

As stated earlier, due to thc complexity of overlay stmin components. the focus of this s~.-.:tion 

rests on th~ identification of general trends. Specimcns A2-A5, which were made with the 

same overlay (O,er-lay 2 (HS» blit dill'erent interfaC<l textures, and all of which showed 

<lxten,iv<l cracking during th~ first 10 days, ue ther~fur~ discusoed concurrently, Re,uits of 

Specimens A2-A5 are presented in J1igures 4.40 to 4.43, 

~ 
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J<'igures 4.40' Sp~cimens A2 (sandblasted interface, Overlay 2 (HS»: S,lTllmmy or 
test results 
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I<'igurrs 4.41 Sprcimcns AJ (smooth interface, Overlay 2 (HS)): Summary of test 
resuits 
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Specimens A2-A5 showed a rapid in~rease in (~.'s - !O<,) during the first approximately 30-50 

day'\, \'v'hich resulted in overlay cracking at early ages. The characteristics of cracking are 

discussed in detail in Section 4,11 SubHCquently, (er" - EO) generally showed a relati'v'ely 

conbtant increa'le at a slower rate. Thi~ wa~ initially related to a relatively ,teady increa'lC in 

the ratio between GO and f.,ss, indicating a decreasing degree or re~traint while the overlay 

was able to increasingly undergo more orit~ '"de~ired" derormation, Thi~ eITect can probably 

best be related to the dominant intlueoce of substrate creep strains, as discussed in Section 

4,74, At a later stage (after approximately 100 days), the ratio between >00 and ~I'>S remained 

relatively constant a~ overlay strain and free shrinkage now developed at a simliar rate. This 

mdicated that none or the visco-ela~tie ~rain component~ had a ~ignificantly dominant 

influence as both substrate creep and overlay relaxation developed at relatively slo",' rates. 

The above re~ults on overlay strain~ in Specimens AI-5 and ill allow conclusions on 

llnportant strain charaeteristie~ in bonded concrete overlay", which i~ discussed in detail in 

the followin g sections. 

4.7.6 The m~gnitude and dnelollmenl of o~erlay strain 

All spc~imens experienced inilial interrace strain or approximately 25-35% or rree overlay 

shrinkage ~train. Subsequently_ they showed the trend of an inc.reasing ratio between >00 and 

r.." with time, The increa~ in interface strain can mainly be related to the following a~pcct~· 

High early age stress relaxation in the overlay (initially low f.(,) 
Reducing relaxation in the overlay with time (in<;rease in ~;/~F%) 

Increa~ing substrate creep deformations with time (increase in edErss) 

Stress relaxation in concrete is higher at younger ages. The overlay therefore had a relatively 
high relaxation capacity during the first days of loading, i.e. during the first days after the 

onset of drying shrinkage A substantial pan or overlay ,tre% \'v'a~ therefore released shortly 

after il was tran~mitted to the ~ub~trate. Due to redi~tribution or rorce'\, this re~ulted in 

reduction of elastic strain shm1iy after elastic strains were induced, which explains the 

relatively low initial strain values. At later ages, relaxation in relation to applied load would 
have been less, which is one explanation or the increasing ratio between ~) and ~.s.~. The 

overlay now had more "po",'d' to cause elastic derormalions at the interfa~e as less of its 

stress WdS released. The other major influence is that or increa~ing substrate ~reep 

defomlations under ~u~tained impo~ed ~rain. Thi~ eITeet is di'\Cu~'led in more detail in 

Seclion 4 7.8. 

Comparing all specimens, overlay strains in relation to free overlay shrinkage showed a 
relatively large range ofresul.,. In general, the overlay was able to experience approximately 

25 to 50'% of its tree shrinkage strain during the te,t period. Specimens A [ \'v'ere an exceplion 
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with relatively large lung-term overlay strains of approximately 60% of free shrinkage With 

information on overlay relaxation capacities, these numher~ serve as an indicator for ten~i!e 

overlay stres~, which i~ discussed In Section 4,7,9 

4.7.7 The influence of intcrface tcxtu rc on overlay strains II ntl stresses 

Specimens A.2 - AS were made with the same uverlay (Overlay 2 (HS)) but different 

interface textures, The alln of these specimens was tu investigate the influence of interface 

texture on overlay strain characteristics, The ratius between uverlay strains at the interlace 

and free shrinkage ,trains of Specimens A2 - AS are summarized in Fignre 4.44 

0.70 
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Figure 4.44: Specimen~ A2-AS (Overlay 2, (lIS)). summary of ratios EO I CfSS 

All interface textllre, oiIered a different type of mechanical restraint, The sandblasted 

interface of Specimen~ A2 had a relatively uniform micro-roughne" along the whole length 
of the member The mechanical restraint of Specimen, A3 (~mooth interface) was 

theoretically restricted to anchorage of overlay concrete in open pores on the substrate 
,urface The notched interfaces of Specimens A4 and AS provided good macro-roughness. 

with Specimen A4, providing notches in smaller intervals, producing more constant 

mechanical interaction. Rating the degree of mechanical re~traint, it was assumed that 

Specimens A.2 would have offered the highe,t restraint. followed hy Specimen, A4, AS, and 

AJ However, I'igure 4.44 shows that the differences in the ratios Eo I !OFI S were not connected 
to the degree of mechanical restraint as mted above. Overlay strains at the interface could, 

therefore, not conclusively be related tu interface texture, It seems that the degree of 

mechanical bond at the interface was not a relevant tactur tur shrinkage restraint on 

Specimens Al- A5. 
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By oontra~t, a, discussed in Section 7.4.3.1, interrace ~hear bond strength~ were significantly 

different ror spocimen, with different interlhce textures, Dift'eJ-ence, in ,hear bond ,trengths 

could mainly be related to differences in me~hani~al interaction between ,tLb~trate and 

overlay, interfa~es with a higher macro-roughness havmg hightr bond strent,>th, Interrace 

shear bond strengths tssentially conrormed to the rating of mechanical intera~iion as 

de<;cribed above, Hence, ln fully bonded overlay~, ~hrinkage re~traint appears to exist 

independently from interface texture and macro-me~hani~al bond strength, The ,ignificance 

Oftll1S obstrvation i~ that, in fully bonded overlays, stresses due to dilfertntial shrinkage ~an 

be modelled without consideration orinteJ"i'ace texture. 

4.7.8 Th~ characteristics of substrate creep deformations 

Compared to the initial magnilUde~, all specimens experienced an increase in the ratIO 

between Eo and EfSS \\(ith time (compare Figures 4,3S to 443). An increase of the rano 

between Eo and Em: with time indicates a decrtasing degree orre,traint a, the overlay can 

gradually undtrgo more of it~ '"desired" dclormation. As stattd in Se~tion 4.7.4, thi, 

phenomenon can in theory be explained by the mechanisms of interface slip or substrate 

creep. Measurements of strains a~wss the interlace, as discus~ed in Section 4 S, indicated that 

slip did not occur in the te~lCd specimens, Substrate creep is therefore considered to be the 

main mechanism causing the decrease in overlay shrinkage rcstraint, This c,nn be txplaintd 

by looking at the magnittLd~ of interface strain 

For example, Specimens A2 - A5 had overlay ,trains at the interface of approximately 

200,10-1' after roughly 50 days, whi~h further increa~ed with time, A,~uming full bond, 

overlay and suhstrate had the same interfac,e straln at any time (remits diseu~,ed in Section 

4,8 show that this assumption is reasonable) The substrate was thtrefore 5llbjected to 

considerable su,tained compressive stress: 

CI8 = E]. Fs co 200, 10';;,30 - 6/1,fPa 

The above Voias calculated with the simplifying assumption that the filll amount of substrate 

interface strain after 50 day~ caused clastic stress. Actual substrate strts~ would bt lower 

since a porlion or mea~ured interface strains consi sts of su bstratt crtep strains. HovoieVtr, the 
above numhers ~how that the substrate experienced relativtly high compre,sive stress at the 

interrace, which necessarily resulted in considerable creep deformations. USlng the ACT 

(1992) method for the estimation of ~reep strains 11\ the t~ted ~peeimen~, Inng-teml sub~trate 

crtep strains wuld be e~timated to he approximately 130% or imposed ela~tic ~train 

(wmpare Section 610) This ~hows that substrate creep was a major strain component in the 

compo~ite members 
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The influence of substrate creep wmld be less pronOllnced on composite members with 

relatively old substrate sections However, evcn old concrete members ex~ience 

considerable creep deformations under su~taincd load, \vhich can be estimated uSIng 

conventional models for the prediction of creep strain (compare Section 2j,I), 

Sllbstrate creep strains are commonly not included in the modelling of banded avcrlays. 

However, test results mdicated that they repr~ent a major strain component that should be 

considered if overlays arc to bc modelled realistically The mechanism~ of substratc creep m 

respe~1 to other ~train components arc discussed in detail in Chapter 6 

4.7.9 Sh"ess relaxation in uncracked o\,("rlays 

Specimens A2-A5 cracked extensively during the fir~t 10 day~. Overlay stres~ relaxation of 

these ~pecimens i~ discussed in Section 4 11.4 Ay contrast, Speclmens AI (sandblasted 

interface, Overlay I) and BI (sandblasted interracc, OVCI'lay 3) did not crack during the test 

period, The critical magniiude of shrinkage restraint, which is approximately 100-200 10'(', 

was only reached after roughly 100 and 50 days for Specimen~ Al and Al respectively 

(compare Figures 4.38 and 439). During this time. sufficient overlay relaxation developed to 

preveni iensile stre~~ exceeding tensile strength 

The ~train measurcments taken on these specimens allow an in~ight into overlay relaxation 

eharacteri~lics. The estimation of overlay stress relaxatian in the fai!owmg is carried out tor 

Specimens AI (Overlay 3), Elastic modu1u~ Eo and tensile ~trength fi of Overlay 3 at 28 days 

were approximately 30 GPa and 3 MFa re~peeliwly (compare Seelion 4,3). ReRtrained 

overlay shrinkage strain at 28 days, expressed by ihe numencal difference between 6) ~~ and 

f.( , (Figure 437), was 140,10'0 In the absence of stress relaxation, the restrained shrinkage 

w()uld have con'espondcd to elastic stress of 

Therelore, at 28 day~, ten~ile stress relaxation can be computed to a factor \]10 . 

\]I() >--- t;,icr(),,,. "i,-3.0/4.2 -0.71 

The factor 0,71 implie ~ that tensile relaxation reduced the actual stress to 71% or less of the 

ela~ie stress, thm releasing at least about 29'% of the clastic stress. Repeating the above 

calculations for days 50 and 100 computes rela:<ation factors of no less than 0.50 and 0.43 
respectively, These Sllbstantial stress relaxation values e:<plain the absence of overlay 

cracking on Specimen~ A I. 
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Specimens A 1 had comparatively low /Tee shrinkage strains and high overlay strain. The 

computed relaxat.ion factor at 150 days, followin g the above method. was no more than O,R2, 

which indicated the largt remaining main capa~ity, 

4,7.10 Summary of main findings 

Modtlling oonded concrete overlays in a realht.ic way requires information on differcnt strain 

components, The development of strain on the ttst sptcimens discussed in the previous 

sections gavt an insight. int.o the main ~train componellls expe[lenced in bonded overlays, The 

influences of substratt creep and overlay stress relaxation were identified In Section 6, these 

main components are incorporated in an analytical model, hased on strain characteristics 

discusscd in the previous sections, The innl1en~es of other stram componenls su.ch as ~lip and 

curvature are di~cusscd in the follo\',ing sections 

The innuence of interface textures on overlay strains was established i'or the de~ign of fully 

bonded overlays it is important to not.e that the interface texlure does not iniluence overlay 

~trains and strcsses 

Timt-dtpendent magnillldes of overlay strains discussed in the prcvious sections were used 

to dtvtlop and verify a new analytical model for bonded concrete overlays, a~ di~cus~ed in 

detail in Se~tion 6 Tmportanl int\lrmation gained from the testing of compo~ite specimens, 

including the above aspect s. whkh was l1std t\lr the development of the analytical modtl is 
summarized in Se~1i on 4, 12, 

4.8 Strain~ across the intf'rface betwel'n substratr and ovrriay 

Ovcrlay strain characteristics were discusstd in the previous sections, This section 

invcstigates tht ~haracteristics of shrmkagt restraint in relation lO >l1hstrate strains at the 

interfa~e , 

Spcc·imens ill and B2 were ~ast for the measurement of strains acros~ the imerface, Le. , the 

com pari :;on of overlay and substrate ~lrain~ at the interlace. Sped men dimen~ion~ and strain 

mtasun::ment locahon~ were pre~ented in Section 4.24,3. The overlay of Specimen B2 

(smooth interlace) debonded after a fcw weeks. Therelbre. no test results in rdation to the 
aCLUal te~l parameter could be gained from this Specimen. The me~hanisms of debonding 

observed on Specimen il2 are di~ussed in Section 4, 11,3, 

Test resu.llS of Specimen Bl (~andbla~led interlace) are presented in Figure 4.45 
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Figur~ 4.45: Specimen Bl: Overlay and subb1rate strains at the interrace in 

compari>on to free shrinkage >trains 

Slrain.1 in the above ilgure represent the mean value of all test locations along the .Ipecimen 

The magnitude 01' overlay .llrain.1 at the interface of Specimen 81 wa~ discussed in 

Section 4,7,5, The above figure shuw~ that at the interface, .Iub~lrate ~trains were very similar 

to overlay >train~, In the 6r>t 7 days, the overlay ~howed a higher >train rate compared to the 

substrate. This resulted in an early difference in strain values of approximately 30 10.('. which 

remained relatively constant throughout the test period Vely similar ohservations were made 
on Specimens C and 0, as discussed in Section 4,9 

Thi.1 initial overlay contraction relalive to the ~uhstrale is prohably the result of uverlay 

relaxalion, i, e, the overlay rei eased a porlion of its slrain energy belure it cau>ed la>ting strain 

ln the suh~trate, Another pos~ible explanation i~ overlay ~lip al the interface, However, 

overlay slip should have had a maximum value at the member end.l, hUl very similar initial 

strain differences were observed along the whole length of the member Ovenay .Ilres~ 

~laxation, therefure, was probably the main mechanism causing this phenomenon More 

important however is lhat. except fur this lIlitial "head->tart" of overlay strain. both substrate 

and overlay ~lrain.1 of Specimens 81 progres.'led at virtually the same rates, which indicates 

lhat overlay and .Iuhstrale were fully bonded 

The above allow.1 condu~ion~ on the mee-hanimls 01' interlace ~lip and interface shear stress 

Interface slip, which was used by Sii!werbrand (1997) lO model overlay defonnations 

(compare Section 3 8), was shown not to be a lactor respon~ible Ibr overlay >train. A>suming 

adequate bond, it therefore appears appropriate to model compo~ite member.1 with the 
assumption subslrate and uverlay are fillly bonded. 

Another imp0!1ant aspect related to substrate .Itrain~ i~ that of interface shear stress along the 

member. Substrate strains at the interface of Specimen BI were relatively CUll>tant along the 
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length of the member. Likewi~e overlay ~trains at the intelface (see Section 45) were 

sensibly independent of the me usuremen\ locations along the specimens, The only exeeption~ 

were the beam ends which showed slightly higher strain, than the rest of the member 

(Figure 4.46). 

4"' S""cimen B L subsl!ate ,trams at the in.terrae~ 
m~mb"r end 

I 
300 

'0 - 200 --" 
](Xl 

" 
[daysJ 

" 511 lW I 511 31 Kl 350 

l'igul'e 4.46, SpeC1men n I. dimibution of oubstrate strains along the interface (For 

the definition of strain location, 1-8, sec Se~1ion 424.3)4 

The ,ection to follow (Section 49) shows that strains "fade Oll\" into the depth of the 

substrate \0 reach a point of T.ero stnlin, This indicates that ,hnnkage restraint is a localised 

phenomenon at the interface, Tn connection .vith constant substrate >l:rain along the whole 

length of the interface this mean, that interface shear, which is the mechanism of restraint, 

must be constant along the whole length of the interlace The only exeeption~ to \hb are the 

member end locations that showed slightly higher interface slrain, indicating higher shear 

stress values. 

The a\xwe ,tands 1n con\n"t to exi,ting unal:-1ical models for bonded concrete overlays, 

which assume lhal interface "hear Slre~s.e~ due \0 dill'erenliai ~hrinkage eXl,t only at the 

member ends (compare Chapter 3). For the conect modelling of bonded overby, i\ " very 

important to identify the mechanisms of shrinkage restraint in respect to the above aspects. 

The following sections investigate the restraining action of the substrate in more delail 

, """in measuring ruses or loc.olion.' 5 ",nd Ii dc;i<ldlcd from II", ')J<>."lTIcn during tile 1M l'",.iod. No long-tellll 
n.-"u]t& arc ~\':ulahlc for these Jocalion.' 
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4.9 Strains acro.~s thE' substratE' dl'pth 

4.9.1 introduction 

The characteristics of overlay strains as well a~ substrate strains along the interface were 

dis(;.ussed in the previous o.ections. Substrate strains at the interface were found to he 

relatively constant along the whole length of the member, Illdi<.:.ating constant restraint of 

overlay sbrinkage along the interfa<,;.e. Test result~ on Specimens C and D. discussed III this 

section, were used to characterise the restraining action of the suhstrate in more detail. Tbis 

was done by measuring strains a<.:.ross the suh~trate depth. The restraint of differential 

shrinkage causes direct strains in the substrate and, in members that are fi'ee to defoml, 

secondary strains due to bending. Specimens C were not free to curve and were used for the 

assessment of dire ~t strains in the suhstrate. In addition, Specimens 0 were used for the 

assessment of the combllled influence of dire~t strains and curvalure Spedmens with 

dilTerent overlay depths were tested to assess the influence of tbe relative dimenslOns of 

substrate and overlay. 

Test results of Specimens C and D are presented and dis~ussed separately in Se~tions 4,9,2 

and 4.9.3 respectively in addition to tbe above aspects, test results on Specimens D could be 

used for the quantitali ve esti mation of substrate creep slrain, as discussed in Section 4.9.4 A 

summary oflhe main findings concludes tbis seLtion 

4.'),2 Memben not f'TC to cUI'\'e - SpccimCII~ C 

Specimens C were prepared for testing the direct mfluen~e that differential shrinkage has on 

substrate strains, excluding secondary dIeLts from rurvature Specimens C are not intended 

to represent the most wmmon restrainl ~haralteristics experien <.:-ed in composite members, In 

common members, the substrale wncrete usually provides longitudinal restraint, SpecJnlens 

C were designed to fundamentally discuss the question of strain localisation, Specimen 

dimensions were presented in Seclion 4.2.4.2 (compare Figure 49, page 78), Strams a<.:.ross 

the overlay deplh were nol. measured on Specimens C as these were discussed in the previous 

sections. Measuremellls on Specimens C were taken during a period of approximately 50 

days, as the early weeks are the most importanl period for the development or overlay 
stresses in composite members. l;igure 4.47 presents tbe development of interface strains in 

the overlay and strams across the substrate depth, rhe magnitudes of substrate interface 

i>trains are used lo wmpare the substrate's restraining a~tion in respect to different overlay 

deplhs. In all specimens, subslrate Slrains had a maximum value at the inlerrace and showed 

lhe lendency lo approach zero strain in regions away from the interface lnterra<,;.e strains 

increased witb decreasing overlay depth. which can be ascribed 10 the circumSlance thal 
thinner overlays bave a higber rate of shrinkage strain development compared lo lhicker 

overlays, 
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Figure 4.47: Specimens C, schematic of strain development acros, lhe subslrale 

On all 'pecimem. interfacc strains in the overlay were found to be slightly higher than lhose 

inlhe sub,lralc This effect was also observed on Specimens BI, as discussed in Section 4.8, 

The above test results allnw important conclusion, on the apphcability of the ti,llowing 2 

main assumplions On which existing analytical modeb (compare Chapler 3) are ba,ed' 

Bemoulli', hypothesis of plane sections remaining plane after being stressed applies 

to members subjected to differential shrinkage, i.e. str~in profiles across the sections 

arc linear 
Shrinkage restr~lnt is directly relaled LO the relalive member dimensions of ,ub,trale 

and overlay 
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Strains measured across the suhstrates of Specimens C indicatc that thc abovc two 

:L%umptions do not apply for specimens suhjected to diiTel'ential shrinkage. By contrast to the 

above assumptions, strain profiles across the sel1ions of Specimens C approaching a point of 

zero strain, were non"linear and strain magnitudes appeared to be independent of overlay 

dimensions, The restraim of dinerential overlay shrinkage appears to be a localised 

phenomenon at the lnterface that cannot be modelled using conventional beam theory. This 

shows the need for an analytical approach with which bonded overlays can be modelled in a 

more realistic way. The magnitudes of substrate intcrface strains imlicate the influence that 

the relative member dimcnsions have on the (\egree of ,hrinkage restraint, A, discusse(1 in 

Section 4.423, thin overlays expericncc a higher rate of shrinkage development, compared 

to thick overlay" Interface strains of Specimens C must therefore be interpreted in relation to 

the respcdive fi-ce ,hrinkage strain of the overlay, Free overlay shrinkage ,train, of 

Specimens C are presented in FiS'llfe 4,)<), Sub,trate interface strain, in relation to free 

overlay shrinkage are presented inl'igure 4.48 

0.6 
Specimens C, substrate ilteriace :ltrains 

11.5 

'" < 
0.4 

Overlay thicknes, , 
0.3 

~ 

----<>-- 80 nyn , 
02 

----a---- 4D nyn 

----fr- 20 nyn 
0.1 

" Iday,l 
(> 20 

I"igur~ 4,48 Specimens C, ratio between substrate strains at the interface and fi'ee 
overlay ,hrinkage ,trains 

The r~tio, between r., and ~L'-," and the development of interface strains of Specimen, C were 

verv similar 10 those of Specimens A and B. For the interpretalion of slrain magnitudes, 
reference is therefore made to Section 4.7 

Specimens Ci to C3 experienced similar whslrate interface ,trains in relation to the 

respective fi'ee overlay shrinkage. Thus, overlay dimensions (here pre,ented by overl~y 

thickness) had little practical influence on shrinkage restraint. Thereiore, as stated above, 

restraint of overlay shrinkage appears to be a localised phenomenon at the interface. 

However, the observation that Spedmens C) (overlay depth 2() mm) had the highest interlace 

,train in relation to its free shrinkage, lS of con,iderahle Intere,t ami funher research is 

necessary to conclude on the eflecl, of overlay thickTJes, on interface ,trains 
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4,9,3 I\lembers free to ,'une - Specimen~ D 

Spccim~m; D, in contrast to Specimens C, were free to deform and the resultiog strain, acmss 

the compo,ite ,ec!ion, were a combmation 01' direct ~trains and curvature. On thes~ 

~peeimens, ,trmn~ were mea,ured across the whole substrak depth a, well a~ across the 

overlay. Specimen dim~nsions are di,eus,ed in Section 4.2.4.5 (compare Figur~ 4,10, 

page 79), 

rhe development 01' slrain, acro% lhe members arc presented in Fignre 4.49, Numerical 

substrate interfac~ strains are presented as an indicalor for the degree of re,traint in re,pect to 

difrerent overlay depths 

'" 
000 

40 t 

'"' 

9 da I 23 dan 87 days 
I \ 

67 1m V" 110 ' 1 

"' 
70 106 [ Ill"] 

1)2 

Figure 4.49' Specimens D, schematic of strain development across the member 
depths 

1111"1 

interface strains in Specimen, D were very similar during the first approximately 50 days. 

Sllb,eqllenHy. the specimen, clearly ~howed increasing interface ~lrain, with ll1crea~ing 

overlay deplh. This development can be related to the circumstance thai thin overlay~ initially 

experience a higher rate of shrinkage development and therefore a lower rate at later age,. 
compared to thicker OVCl'lays 
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The innuence of eurvalllre on interface strains in relation to overlay thieknes~ is difficult to 

asse~s from the above measurements. Cw-vature IS linked to the overlay force re,ulting from 

restrained shrinkage (Figur~ 4.50) 

c.-j->/ ) , 
D'vI-r~,e 

t , ,,,,' Direct ,trai", across the mernocr (a"unung ,implifi~d "trarn profik ba'!UI On 
locali,cd strain dis~usscd m Seetio" 4,9,2) 

<J ~,." 

F" F, 

'" 

Dlra:! ,tress (inth<; ov~rla) ",suIting hom r~s(rained shri"kagc) 
Resulting forces in ov.,,-lay and ,ubstrat~ 
J.e,er al'm of intemal forces 
Bending: mOllK:nl 
Curvature ,tram resulting: from D'vI and mcmocr stillilcsS 
Distancc between centroid of the composit~ "'~tioll and mt~rf,,~~ 

l'i!!urt· 4.50: Schematic of ~train,~ and stresses in a composite member that is frcc to 

curve, aso;uming simplified strain pattern~ (the principle of el1rvalme ,train was 

discu.%ed in Section J.G on page GG) 

As iUuo;(rated in Fi.','llre 4 'iO, ~urvature strain at the interrace (&,..) i, dependent on lhe force 

Fo, which ~ombine~ the innuence, of shrinkage restraint and overlay dimensions, the lever 
arm of internal forces, the o;tiffness of the comlXlsite section, and thi; distance 7. between the 

centroid of the composite section and the interfa.:·e, An increase in overlay thickne,~ has the 

following effects on curvature strain at the interface: 

increase in F 0 (increase in curvature, hence increa.~e in ~ •. . ) 

increase in e (i]}Crease in CUf\'ature, hence increase in 6,-';) 

increase in member stiffness (decrease in curvature, ht;nce decrea,~e in 6..,) 
Decrea,'Kl in 7. (decrea~e in 8<,) 

As can be ,'leen II'om the above, the relation bet>vccn overlay thickness and interface curvature 

strain,~ i,~ complex. It is intere,ting to note that interface strains, resulting from the combined 

influence of direct strains and curvature, were initially very similar in members with different 

overlay depths rhis is a result of the contradiding influences that a change in overlay 
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4.10 Straiullt the memb~r cnd~ 

4.10.1 Introduction 

Specimens A and B \\(~r~ al~o u,ed l(lr the analy~i~ of strain distrihution along the length of 

the members. Member end strains w~r~ f<'lUnd to be ~on~iderably high~r than ~train, in inner 

r~gion, and are therefore discussed separately In general, member end strains can be used for 

the charact~ri~ation of ~tr~% initiation at overlay boundaries For the correct analy~i~ or 

member end strains it IS how~ver n~ces>ary to flr~t id~ntity ~haractel1s1ic, of ,hrinkage 

restraint at the illterface Existing anal)1ical models assume fuJj transfer of overlay shrinkage 

,tres~ al the member end~ (compare Chapter 3). High member end ~lrain" when analy,~d on 

lheir own, i,e. with<.lUt con~ideration or ~lrain pro!ile~ a~ro,~ \l~ member se~tion" ~ould be 

fabdy int~rpr~ted as an indication that th~ above assumption i, correct. In this section, high 

member end strains arc analysed in connection with test results discussed in previom sections 

\0 obtain a more realistic insight into the strain and stress charaeteri~tie, allhe m~rnb~r ~nds, 

The discus,ion of b1rmn characteristics in previous sections showed that interface strains are a 

u,~rul indicator of overlay ,hrinkage r~trainL for the ana.ly,i~ of member end condition" 

interface strmns were th~rcfore u,~d, 

On Specimens A and Fl, member ends were defined as being in the region of the first 

meamrement location at the ends of the beam (Figlll"e 4,52). 

detail r .. 
I 2 3 4 

-

~ 

"inner region," 

5 6 , , , 6 ' s' • 3 2 I 

Number. 1 8. locations of stnun readings (con 'pare Section 4.2.4.1) 

~ 
I 

@ @ 

, 
, 

® Stmin'"",asuring disc. 

Figure 4.52' Test locations along [he composite members: Definition of member ~nd 

locations on Specimens A and 13 
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Locations 2 along (he beam. i.e" the location~ adjacent to the member ends, ~how~d (h~ same 

strain as the rest of the inner regions along the members, High member end stram~ only 

occu1T~d in the region ofT.(lCation I. However, due to the distance of 100 mm belw~~n the 

strain measuring discs, it could nol be e,tablished if these maximum stram~ were in fact 

di~tribut ed over th~ whole lenb1:h of the 100 mm, or po,sibly only occurred closer to the 

actual member end~ 

4.10.2 T e~t rcsulls and discU!;sion 

.Figures 4.53 shu\.\' strains at the member end~ in c·omparison (0 lhe mean slrains along inn~r 

region, of the member (for strains in inner regions, compare Section 45). Strains are 

expres~ed as the ratio belw~en overlay strain and free shrinkage strain. 

In gen~ral, the specimens experi~nc ed notably higher ~lrains atlhe member end~ compared (0 

inner regions of the member. Specimens AS were the only exception The comparatively low 

member end ~lrain, of Specimens A5 could not be explained, However. since all other 

specimen~ showed signilican(iy higher m~mber end strains. Specimens AS were believ~d not 

to k representative of practical strain charact eriSlic~ and are therefOT'~ ~xcluded in the 

tbllowing discu,~ion. FU11her research is necessary to identify if the differenc·e in strain of 

Specimen~ A5 was actually anomalou~ Of' merely a result of the expected scatter of test 

results, 

The ratios between member end 8(rain~ and strains in IT\n~r r~glOns of the m~mber ar~ 

summari;l~d for Specimens AI-4 and Bl (Figure 4.54) During lhe firM approximately 50 

day~, a larg~ variation between the different specim~ns was observed, At a laler stage, 

member end ~lrain, were generally approximately 50"/" higher compared (0 inner region, of 

lh~ meml~r~. However, in Specimen~ Al (8mooth interlace), m~mber end strains were 

approximately t,vice as high as in ulT\er region,. This could be an indicator of interface slip, 

and hence partial or full debonding, a( the ~nd, of Specimens A3. This assumption was 

conflfmed through lhe hamm~r-tapping method with which a hollow sO\md was identified a( 

the member ends of Specim~ns AJ, indicating that a portion of interface bond strength had 

been destroyed. By contrast, d~bonding could not be identified on any ofthe other specimen~ 

D~spile high values, member end strams of Specimens A I, ,1,,2, A4, and B 1 w~re ~till 

con~iderably smaller than free ~In'inkage strains, with the mean raUo between f-u,l ("''''''"'''' enJ) 

and r",ss being in the region of 0,60, indicating lhal even at m~mb~r ends there was 

con~iderable restraint of overl ay shrinkag~, The practical explanation of high strain values is 

lh~ absence of a restraining "neighbour" in both overlay and substrate and hence a 

discontinuity effect at the m~mb~r ends. The beam end, which has no "neighbouring piece" 

attached to it, is relatively fre~ to deform (Figure 4.55) 
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----+---- member end strains 

0- _ strains in inr>er regioos 

Figures 4.53, Specimens Al - A5 and B. ratio between Eo and C!'S S at the member 

ends in cumparisun to inner regiuns uf the membeT, (Average strains from aU 
locations in inner region, of the member were u,ed)_ 

Observations on Specimen Dl showed lhat overlay and ,ubstrale ex.perience the same stram 
~t the member ends, conforming to complete bond_ Details are provided in Appendix 4 
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3,5 :>.1ember end straino. Summa!) 

30 
--+- A 1 (sandblasted. LS) , , 05 --0-- Al (sandblasted. HS) , 

2,0 
8 

-a- A3 (snlJOlQ HS) 

I L5 --<>--- A4 (notched A, HS) , 1.0 

0,5 

0.0 
[daysJ 

0 100 3(X) 

Figure 4.54: Specimen_~ AI-A4 and HZ ratio between member end strains and ,<trains 

in inner regions of the member, 

Beam end is free to m()\'e 

-- --- -
SImms L ; -

Fi!:urc 4.55 \fembers with free ends: ,chematic or strains at the member ends 

rhe above observations allow conclusions on stress transfer at the member ends 

Silrwerbrand (1997) measured a similar phenomenon, i,e comparatively high member end 

strains, in similar type, of specimens, From this he concluded thai stres>es due to differential 
shrinkage are transfened at the member ends only, i,e interface ,hear forces in inner regions 

of the member are zero_ This implies that restraint of overlay shrinkage is a localised 

phenomenon at the member ends, Ho\vever, test results di,<eussed in previolH sections 

indicate that mechanisms of shrinkage restraint exi st along the whole interrace, Ihml which it 

Can be concluded that stre,<ses are tran,ferred along the whole interrace Since the 

mechanisms of restraint at the interface can be modelled through imerrace _~hear stres_'!. tllis 

implies that the whole interface expenences shear Slress, High member end strains mercly 

indicate that interface ,hear f()ree_~ have a maximum value at the member ends and are 

constant in inner region, or the member The difference bet\veen the 2 approache, is 

schematically lliustrated in Fi!:ure 4.56 

It should be noted that the mechani,ms of shrinkage reslraim and imerrace ,hear stress at 

overlay boundaries might be difTerent in members that have fixed ends, i,e, in which the 

member ends are not tree to derorm (Figure 4.57)_ 
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, ,,- zero , 

~I 

,, - mllx t,J zero ,=m3X 

I' I' + 'I 

Transfer of forces only at the 
mcmbcc cnd~ (cx1Stinll analytical 

approaches) 

Maximum transfer of forc~s at th~ 

"",mber el}ck coru1ant ,tress In 

ltllK:r rcglOilS "f 
(conclusi()n drown 

rcsearch) 

th~ member 

from tins 

Figure 4.56' Schematics of mechanisms of shrinkage re:'1raint in relation to interface 

>hear stress, e"isling anaJy1ical m..-xicls and conclu,ions drawn from this research 

~~--c--c--cc-o-~~~ Member ~nds fixod 

Figure 4.57' Schematic of members with fixed >ub:,1rate end, 

In the ahovc-illllstratcd member, the substrate concrete at the member ends is not free to 

move under the compressive :,1r<:% that is im]Xl.<oed by overlay shrinkage, The restraint of 

shrinkage in this region should therefore be higher compared to members with fi'ee ends 

However, lhis case was not examined during this research 

4.lO.3 COllclllsiolls 

High memher end strains measured on Specimens AI-4 and Bl were used a5 an identificatiun 

of the mechanisms or stress transfer at membcr ends. Existing analytical mooeb assume that 

overlay shrinkage is restraint through interface shear furce, at the member ends unly. Test 

results ohtained during thi, research indicate that this assumptiun is not accurate. High 

member end strain, in connectiun with cunstant strain along inner regions or the member 

indicate that interface shear stresses have a maximum at the member ends and are or constant 

magnitude in inner regions of the member This observation is considered vcry imponant as it 
directly relates to the mechanisms of overlay shrinkage re:,traim at the interface. Only with 

realistic assumptions of the mechanisms of ,hrinkage restraint can overlay :,tresses be 
modelled ill a reasonable way. 
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4.11 Charact.eristia of overlay railur~ 

4.11.1 Introduction 

The characteristic, of overlay and SlI bstratc strains along crack_free regions were di scussed in 

the previous section,. Dirrerential overlay shrinkage might causc overlay failurc. i.e. cracking 

or debonding or both A comprehen,ive understanding of the behaviour of bonded ovc.rlays 

nHlst inelude aspects of overlay failure Specimen, A2-A5 ,howed e.xten,ive cracking at early 

ages_ From visual observations and strain measurements on these ,pecimens. fundamental 

characteristics of overlay crack development could be identified (Section 4,11,2) The 

mechanism, of debonding arc discusscd using observations and strain readings of Specimen 

B2(Section4,113) 

Strain measurements prior and subscquent to the occurrence of overlay failure allowed an 

e<;timation of the magnitude of overlay stress relaxation, as discussed in Section 4 II A. 

4.11.2 OHrla~ cracking 

4.11.2.1 Discussion of general ob~et"\' atjon~ and ovulay strain ~ alue~ 

The overlays of Specimens A2 - AS (Overlay 2 (HS), different mtertace textures) cracked 

extensively during ihe first weeks. This was the result of the combined influences ofa high 

rate of shrinkage development ai earl;' ages (compare Section 4.4.21) and low ten<;ilc 

<;trcngth (compare Section 43,2), 

Cracks were identified visually using a magnifying glass and were found 10 occur, 

independent from interface texture, at relatively regular spa~ing of 1 00 10 200 mm The tirst 

cracks along the member, were commonly sitllated approximately ISO to 250 mm from the 

beam ends, The majority of cra~b traversed the whole width and depth of the overlay, Visllal 

observations v,'ere analysed in ~Ollnedion with strain measurements across the crack> (Figur~ 

4.58), 

__ 'C5_0_-_'-_'O,--••. ~. ___ II_"_' -_"_IO_~ ••• _I_'_nC'.~;r cracks at 100 - 200 mm spacing 

Stram mca,urmg di,cs overlay 

~",:CbC"=,C"="=---Jl---------'"~=I==,,,~",---------, 
~ Strain reading, across cracks 

Figure 4.58, Typical overlay ~rack pattern on Specimens A2-A5 
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Strain vallie, at different crackcd locations along the mcmbcrs showed a fairly largc scatt~r of 

r~sults, indicating that some craeks opened wider than othcrs A typical ,catter of test results 

is pres~nted in Figure 4,59 

~ 
0 
~ 
~ 

j , 
~ , 

"" 
100 

0 

- )(X) 

-2m 

-300 

Specimens A2 - overlay ,!ram acros, crack:> 

[ daysl 

~ indin:lual 
lixalicm 

Figure 4.59: Specimen, A1, o\'erlay strains on top of th~ beam. measurcd across 

cracks_ as an e:mmpk of the scatter of lest results 

To facilitate the analysis of strain measur~ments, the mean yalues of all strains measured 

across the cracks of each specim~n were used in the following discussion. However, 

considering the large scatter of test results across cracks, the focus of this section lies on the 
identification of fundamental mechanisms and not on the interpretation of ab,olme te,t 

values, Th~ ,hon-term ,train development of Specimen, A1-A5 i, presented in Figure 4.60, 

Strain values of uncrae-ked locations are pres~nted as a comparison, 

Specimens A2 (,andblasted interface) and A3 (smooth interface) showed similar ,train 

characteristics. The majority of cracks on both specimens appeared between 6 and j 0 days 

after completion of curing. Locations that were going to crack showed lower initial strain, 
compared to th~ locations that would not Cnlck. These lesser values were a sign of incipient 

cracks_ indicating that the locations of major cnlcks were som~what predestined 

Compared to Specimens A2 and A3_ Specimens A4 and A5 (notched interfaces A and B) 

were different in respect to strain characteristics prior to cracking, Cracked location, showed 

negative strain values from the beginning of the test pt:riod, Cracks were only identified 

visually alter approximately 7 days but the ,train values indicate that cracks probably 

developed earlier, which could have been a result of the high mechanical restraint provided 
by the notches, 
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Figures 4.60' Specimens A2-M, overlay strain development at cracked and 
uncracked locations (mean values) The arrows indicate the time of first visual crack 

identification 
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Snbsequent to the onset of cracking uncracked locations showed a temporarily lower rate of 

strain development, indicating release of ovcr lay strain energy Strain at the cracked locations 

generalJy followed a negatively increa,ing trend, indicating fimher opening of cracks. 

HowevCf, this increase in negative strain wa~ relatively ~mall An increa~e in crack width at 

the inte!facc would have been connected to local debonding at the cracked locations. The 

relatively con,tant strain values at cracked locations at the interface indicated that major 

debonding probably did not occur 

Strain values acros, cracks at the interface and on top of the members were generally very 

~imilar, hence crack widths ,eemed to be relatively con,tant throughout the overlay depth 

Adnai crack width5 were however not measured on the specimens. 

rhe long-term ,train development ofSpccimens A2-A5 is presented in l'igurt 4,61. 

Over m051 of the te5t period, cracked location~ on Specimen5 A2 showed higher negative 

strain on top of the member compared to the interface Thb can be related to larger crack 

widths on top of the member By contrast, Specimens A\ A4 and A5 showed similar strain 

both at the interface and on top 

Cracks ,eparate adjacent part, of the overlay trom each other, thus creating isolated overlay 

"patche~" along the member, As mentioned earlier, increasingly negative value, at cracked 

locations would have been an indicator lor debonding, but were not measured. In general, 

strain~ acros> cracks were either relatively constant over the te,t period or slightly increasing 

toward, more positive value" Thi~ increa,e in po,itive ,train could theoretically indicate a 

decrease in crack width From a practical point of view, however, it ,eem~ nnlikely that 

cracks c1o~ed up again. Therefure, despite the tormation of5ingle overlay patches there was a 

global elfed along the whole memher, resulting in compressive ,ub,trate creep strains along 

the length of the interface. 
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Figures 4.61: Specimens A2-AS, long-term overlay strain development at cracked 

and uncracked Iocations_ 
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4.ll,2.2 Discussion oflbe main findings 

rhc visoal observation of cracking behaviour in connection with btrain mea>urements on the 

crac\;:ed specimcns allowed conclusions on fundamental cracking charactenbtics of bonded 

concrete overlays 

Tt is commonly accepted that overlays either crack at tarly age,1 or do not crack at all, which 

was confim\oo by the ,Ipecimens investigated during this re,tarch, Cracks on Specimens ;\2-

5 occurred at rtgl.llar ,lmall distances, while uncracked specimtns (Sptcimen, AI, B 1, C and 

D) did not show any sign of failure, This confirms observations made by Wehcr (1971) who 

staled that bonded overlays eithtr crack at regular and small di.ltances. or completely re,ILlt 

cracking through plastic and clastic deformations, 

Strain measurement> indicated that overlays did not move away from cracks, i.e. the bond 

between substrate and overlay wa, not afIecttd by the occurrence of crach, even lhol.lgh the 

ovtrlays had high ,dJrinkage strains. This is noteworthy tsptcmlly for the ,l1l00th interface,1 

of Spccimtns A3, which olTered low mechanical restraint of overlay >lip Bond failure, which 

is !Iometimes observed in actl.lal composite members next to cracks, can therefore probably be 

related to the influences of poor interlace preparation or cyclic loading due to temperature 

changes rather than the influences of ditYcrential ,hrinkage, 

\-Vith strain measurement, of Specimens A2-A5, tensile overia)' stre,ls relaxation can be 

estimated, as discussed in Section 4,11.4, 

4.11.3 Overlay dcbonding 

The overlay of Spec ill len R2 (smooth interface, Overlay 3 (MS)) debonded fi-om the sl.lbstrate 

after approximately 4 weeks, No crach developed in the overia)' and deixlnding was thus the 

sole I1lechani,m of stress release. Deoonding was observed visually as the overlay had clearly 

stparated from the sub,ltrate over approximately 80% of the I1lember length Deixlnding 
started on one end only while the other end remaintd ixlnded to the sl.lbstrate over the wholt 

test period (Fignre 4.62) 

Ovcr)ay and substrate strains at!l~ inttrfact. in compari,'l(ln to free overia)' shrinkage strain:;. 

are prtsented in FigUl'e 4.63 
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Figure 4.62. Sp~cim~ns BZ: Sch~malics or overlay debonding 
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Specimem Bl (~JnootI:L MS), interface stram 
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Figure 4.63, Specimens HZ Strain values at the illlerface compared to free overlay 

shrinkage strain 

During the first approximatdy 2 we~ks, ov~rlay ~tl'ain developed at a fairly low rate, ~o 

substantial substrate strain wa~ measured during thi~ pe1'iod This confirmed the previously 

discussro obs~rvat.ion or an initial relative movement between overlay and substrate_ After 

approximatdy 2 weeb, ~ubst.rale and overla~ strain at the imcrfacc began to develop at a 

smlliar rate Tn Figure 4 63, debonding is indicated through the sudden,iump of overlay strain 

t.o'yard~ higher valLLe~ ailer approximately 4 weeh. In the same moment. i.e. in the moment 

of ddlOnding, ~ubslrate compressive strain and st.ress were released, as indieat.ed by the jump 
of substrate strain towards lo'Yer values, 

Sub~equenlly to the onset of debonding, overlay strain deyctoped at a much faster rate than 

free shrinkage stram, Th~reafler, overlay and fj-~e shrinkage st.rains increased at virtually th~ 

sam~ rat~\ indicating that the overlay wa.~ nOw abk to ~hrink fredy. The step in tho;: oy~rlay 

st.rain cu,ve between days 28 and 42 ~uggesl~ that the bond wa~ deslroyed in stag~~ 

The aoove observations are significant as they can be used for the estimation ortensile ~lres~ 

relaxation, which is discussed in the followins section 
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-1.11.4 Overlay strus rela,atioJl through failure 

4.11.4.1 Stress relaxation through cracking 

The strain development of Specimens Al and A3 clearly indicated the time of overlay 
cracking, as discussed in Section 4.11.2,1 The estimation of overlay creep relaxation is 

therefore based on Specimens A2 and A3. 

Elastic mOlllllus Eo and tensile Strength r, of Overlay 2 at the time of cracking were 

approximately 22.5 GPa and 2,0 /l.-fPa respectively (compare Sel'tion 4,3), On Specimens Al, 

the majority of cracks were detected after 7 days when free shrinkage strains were 
<-'",,7J - 260.10-(' Free shrinkage strains measurell before cracking was detected were 

<-,""old - 200,1(/' at 4 days. H is therefore assumed that overlay cracking on Specimens A2 

rx:curred between 4 and 7 day~, with the fi'ee shrinkage strain at the time just before cracking 

being approximately Ct'",,,",,,,,,"< - 230.10-('. 

The average overlay strain at locations that were going to crack, measured aner 4 days, was 

EO,4d = 40.10-<1, Therefore. the restrained shrinkage at the time JUSt before cracking occurred 

can be estimated to be 

which, III the absence of rei axati 011, would COrrespond to elastic stress of 

At the time of cracking, tensile strength was ti - 2.0 \-W~ from which the short-term 

reJaxatiOl1 fal'tor for Specimens A2 can be estimated as 

\~() - 2,0./ 4,3 - 0.47 

The factor 0.47 implies that relaxation reducell tensile stress to 47% of the clastic stress 

Repealing the above calculations for Specimens A3 results in a short-tenl1 relaxation factor of 

0.63. Overlay relaxation therefore led to a reduction in tensile fflress of roughly 40-50'% 

4.11.4.2 Stre~!; relaxation through debonding 

Similarly to the cracked overlays of Specimens A2 and AJ, strain development of Specimens 

B2 can be used to estimate the magnitude of tensile creep relaxation. The ratio between 

overlay strain at the interface and free shrinkage strain of Specimen Il2 is presented in 
Hgurc 4.64. 
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Figur~ 4.64: Specimens il2 Ratio bctv.'ccn overlay strain at the interfa~,e and free 

shrinkage strain 

Th~ low ralio bdween overlay shrinkage and free shnnkagc of roughly 11.2 dunng the first 4 

weeks jndjcat~s hi gh initial re,traint. The onset of debonding led to a sudden incrca~ in the 

ralio of up to 0.47 arKi after approximately 6 weeks, when debonding was completed, the 

ratio ",ad~d a vallie orO.57 

The difference in overlay Slrain between (he onset and completion of dcbonding denotes the 

elastic component of restrained shrinkage, i,e. lhe component that could be recovered after 

[he restraining action was eljrninat~d_ The inelastic wmpllnenl of re,trained shrinkage, i.e. 

the component that could not be recovered after debonding, lS expressed through the 

differen~e helween free shrinkage strain and overlay strain at the completion of debonding, 

This strain difference corresponds to [he stress released. In that respect, the ratio behveen 

ov~rlay shrinkage and I'ree shrinkage or 0.S7 al (he completion or debonding corresponds to 

the relaxation fador ~I, Therel'ore, during [he first 6 weeks_ overlay relaxation led lo a 

reduction of restrained shnnkage stress or approximately 43%. 

4,11,4,3 Summ",>-' and discussion 

Tensile stft'SS rdaxation is a crucial mechanism for durability and serviceahility or bonded 
",-,n<;rete overlays. The magnitude of restrained shrinkage often exceeds [he [ensile strain 

capacity or the overlay. This would lead to failure in form of cracking and/or dehonding if 

these stresses were not partly released through overlay relaxation, The importance of tensile 
stress relaxation for \xlllded overlays has long been recognised (compare Section 252) 

However. detailed information on actual relaxation values is rare and information on stress 

relaxation m~asured on ~omposite m~mhers subj~~t~d to differential shrinkage was not found 
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5.2 Systcm and mod~ls used 

5.2.1 Gf"nerai 

The software uscd for the FEM analysis was ABAQUS Version 6.4-3. Thc basic strul1ural 

system chosen I'lr the lIIlalysis comprised the following: 

2-D continuum elemenl 

Plane stmin analysis 
One-dimensional strain effects (no vertical displ~cemen() 

Overlay and substrate were modelled as being fully bonded, i.e. slip between the composites 

was not considered, which corresponds to results from the experimentalreseare·h as discussed 

in Sedion 4.8 The direct modcHing of diffcrcntial overl~y shrinkage w~s not possible with 

the softw~re used, Overlay delhrmation was thus simulated by applying a decrcasc in 

tempemture to the overlay, which led to shortening and therefore to an equivalent cffcct to 

shrinkage. The changc in ternper~ture was applied as ~ constant lhrollgholl( (he overlay deplh 

~nd width (Fig"r~ 5.1) A decrcase in tcmperature was chosen that corresponded to a tree 
shortening of 3 00. I 0.('. 

5.2.2 Spf"cimf"n dimensions and makrial pl'opcrties 

Strains were modelled on mcmbcrs of I m width, Initi~l1y, substrate depths of5 m wcrc uscd 

in the analysis. However, substrate depths in excess of 2 m were found to have no practical 

intll.lence on the restraint 0 f overlay shrinkage at the intcrface A substmte depth of 2 m was 

therefore used in tho:: nl.lmerical simulation. Overlays were modelled with varying depths 

(Figure 5. t) 

Application of 

lcmp;;mtun; decrcas~ 

OOn.5taJ1t throughout 
the owrlay 

Varying ov~rIay ckpth' 

"'00 

1000 

Fig",,~ 5,1, Basic member dimensions uscd in the numcrical simulation 
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Substrate properties were kept the same for all simulations. The influence of the overlay 

stiffness was tested for a range of overl~y thicknesses and elastic properties. For clarity, all 

specimen par~meters, i,e. dimensions and cl~stic properties, are described in the following 

sections in eombi~ation v,ith the results of the numerical simulation 

5.3 Result~ of the numl'ricai s;mulati(ln 

5.3.1 Grneral 

The results of the numerical simulation were analysed in temlS of the following parameters' 

Str~in profiles across the member depth 

Strain values at the interface at the centre line of the member (Figurt 5.2). 

1 
~Jnterfuee strains at the centre line 

Stmins at the centre line aero" the member depth 

. : . . 
500 500 

t<'igure 5.2' Schematic of analysed parameters 

A:; stated previously, the numerical 8imul~tion of restrained overlays with FEM analysis was 

used to identify fundamental strain ~haradenstic:;, Therefore, a detailed investigation on 

strain values across the whole member depth and strain distribution along the interface were 
not carned out as this would have exceeded the scope of Ihis section. However, it is 

interesting to notice that strains at the edge:; of the member were generaJly higher than in 

mner regIOns. 

High member end strains were also identified during the experimental researc11 and ~re a 
result of the ab~en~e of ~ restrai~ing "neighbour" at free edges "1 he analytical model 

developed in Sedion 6 con~entrates on inner regions of the member, i.e. regions distant from 

the int1uence of member end effects These arc commonly the regions of most importance for 
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tensile slre~s development and hence cracking behaviour of the ovcrlay. Therefore, only 

~entre line strains as illu5tr~ ted in Figure 5,2 arc analysed in the scope of Ihis scction_ 

5.3.2 Strains in a ml·mbcr with "infinite" substrate and ow,.]ay lkllt.hs 

The ba,<;ie applicability of Bernoulli's theury of plane sections remaining plane after being 

51ressed was te,~\ed on a composite member with int!nite sub,~trate ~nd uverlay depths_ 

Overlay and substrate depths exceeding 2 m were found to have no noticeable intluc]K,e on 

the characteristics of restraint ~t the interface Therefore, overlay and substrate dcpths used in 

the simulation werc 2 m (Figure 5.3). 

E~- 200 GPa 
l\Tn corresponding to f. = 300, 10' 

2000 

E, = lOll GP~ 
l(~~) 

")00 
• • 

Figure 5.3 Simulation of a composite member with "infinite" ~ub,~trat e and overlay 

depths mcmber dimensions ~nd properties 

Both overlay and ~ubstrate were modelled with the same material properties_ i,e_ the same 

clastic properties_ Tu model perfectly elastic conditions, the composite member was defined 

as a steel sectiun with an elastic modulus of 200 GPa, However, it should be noted that the 
~hui~e of material, i_e, concrete or steel, was found to havc no infIue]K,e on the results of the 

numerical ~imulalion of the above member. The overlay 'was subje~1ed to a temperature drop 

corresponding to a free contraction of 300. 10-6_ Str~ins across the centre line of the member, 

resulting from the rc5traint of the differential contraction, are presented in Figure 5.4_ 

The b1r~ins illustrated in Figure 5.4 corre,~pond to a deformed member shape as shown in 

Figun· 5.5 

141 



Univ
ers

ity
 of

  C
ap

e T
ow

n

!(XXI 

Overlay 
depth Imml 

500 +-

-500 

-](XXJ 

- j 5C(l 
Sllh,tr"t~ 

depth lmml 

l'igllre 5.4 Specimen with "infinite" sub,trate and overlay depths, strain values in the 

eentre line acros~ the member depth 

overlay 

substrate 

, 

~ ",,,,- frc<; defOrmat.ion, no restraint 

do = 2000 

<is = 21)(~J 

[=0 

Figure 5.5 . .Memocr with ·'infinite" substrate and ovcrlay depths. deformed mcmber 

'lllape resulting from rcstraint of overlay contraction, 

As can be seen in Figures 5,4 and 5,5, according 10 the numerical ~imulalion, Bernoulli's 

hypothesis of plane seClion~ remaining plane does nol apply to the ca~e of diJTerenlial 

shrinkage in bonded concrele overlay~_ Al lhe interfacc, ovcrlay and sub~lrate respectivcly 

experience maximum restr~int and strain. in the simulation, the top of the ovcrlay was too far 
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removed rrom the interrace lO experience appreciable restraint and could deform freely, 

Similarly, the bottom or the ~ub~trate wa~ too far removed from the interface to experience 

noticeable ,train, The depth of ,train decay, i, e, the depth after which a reasonably constant 

strain was reached and where the restraining action at the interrace cea~ed to in~uence the 

behaviour or the section~, was approximately 800 mm ror both overlay and >ubb1rate, Strain 

prol1le~ in overlay and ~ub~lrale were parabolic, 

At the interface, 50% of the free overlay deformation was restrained (150,1 o-{'), l,e, the 

overlay "''as in effect pulled back by 150,]0-{' Simultaneously, the ~ub~trme was forced to 

undergo a compressive derormation or 150, [0-6 at the inlerrace, At the imerface, therefore, 

due to the same ela~lic propertie~ or overlay and sub~lrme, ten,jle stress in the overlay was or 

lhe same magnitude a~ corl\pre~~ive >Ire,s in the substrate. This phenomenon or equal but 

opposite overlay and Sllb,trate stre,se, at the imClfaee was di~eovered to not exi~t in 

members with overlay depths of less than approximately 300 mm, a, dlscus,ed in the 

i'ollowing ~ection. 

5.3,3 Strains in relation to ot'crlay depth 

The in~uence of overlay lhickness 011 II1terface strains was simulated u~ing ~b~trate 

members 01'2 m depth and overlays with depths ranging from I to 1000 mm (FigUl'e 5.6). 

Material parameters such as elastic propenies of overlays and substrate were the >ame a~ 

tho~e discussed ill Section ,';,],2. 

Ov~rl"y depth, 1,10,20,40,60, SO, 10() , 140, 180. 220, 140, 300,400 

600 , KOO, and WOO mm 

1:::" = 21)0 OP" 
liT" corresponding to e - JOO, Ill" 

2000 

1:::, = 200 GPa 

Figur~ 5.6' Simulation of composite member, with different overlay deplhs: member 

dimension~ and prope1"tie~ 

As ~hown in Figure 5,7, In members with overlay, of up to approximately 300 mm thicknes" 

interi'ace ~lrains were decrea~illg with decreasillg overlay thickooss. An incre a~e In overlay 

thickncss above approximately 300 mm did not reSlllt in significantly highcr interi'ace Wain, 

11 is interesting to note that even an overlay of I mm thickness causes notable interrace ~traLll 

on a 2 m thick SlIbstratc. 

14] 



Univ
ers

ity
 of

  C
ap

e T
ow

n

l1XX) 
Overlay 
depth Illlllll 

"" +----
"" t-----
400 

200 

---

o Stram [10 1 

" 
150 200 250 

_________ (rhe top of each curve represents the tC1l of the 
r"'JX:Ctiv~ ov~rlay). O\'~'rlay thi~kll~SS~S ar~ I, 10, 
lO, 40, c.l80, 100, 140, 180, 220, Wl300, 400, 

-6(0 (,(X), R(){), and woo llllll 

-800 Substrate 
dq)[h l1)]m] 

-I"" 

I<'igur~ 5.7 Strains across the member depth in relation to o\·erlay thickness 

300 

The basic shape of strain profiles across the member depth was the same for all simulated 

memb~rs, with strain magnitudes d~p~nding on the ov~rlay thiekn~ss, The zone in \vhich the 

substrai~ experienced strain due to its restraining action was virtually the same in all 

specimens, independent of overlay thickness. This zone. which can be termed the depth of 
strain decay, was appro»jmateiy 800 mm from the interface, 

The above results indicate that restraint of overlay shrinkage is a localised phellOmenOll at the 

interface. Tfthe oveday has a tllIckness greater than a certain limit, in the above simulatiOll 

approximately 300 nUll, relative member dimensions do not have a significalll influence Oll 

lnterface strain. Figure 5.8 shows interfac~ strain values as a function of overlay thickness 

For the computation of interface strains it is imp0l1ant to have informalion on the limiting 
overlay thicklless for interface restraint, i. e. the overlay thicklless above which an illcreao.c in 

thickness does not influence interrace strains. As stated above. in the numerical simulatioll 

this limi ting ov~rlay thiekn~ss was approximatdy 300 nUll 
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'" 
'" " '00 ~ 

" " " • • " , 
~ 25 • 
] 0 

~----- ----- (F - <) 

• • . --------

• • +-~--------• 
I • 

-------------_ .. (>---

O,'eriay lhickness [rrm1 ~ - ,-- -, -- ---
" '"' 200 300 

Figur~ 5.S interface strains in relation to overlay thickness 

In the experimental research programme dlSCllSSOO in Section 4 overlays 0[20, 40 and 80 mm 

were ((moo to result in very similar interface strain values_ Therefore, it ,eem~ that, in the 

temed compo~ite ~pecimens, the limiting overlay lhickness Ihr interlace re,train( lay below 20 

mm. More experimental research is necessary to ldentily this limiting overlay thickness for 

common overby materials under characteristic conditions, 

5.3.4 Illterfare strains in relation to elaslir overlay propertie~ 

The influence of ela~ic overlay properties was simulated on members with overlays 0[20. 40 

and 80 mm. Substrate and overlay were defined as concrete sections. The elastic modulu~ or 

the sub~lrate was 35 (ira Different elastic moduli for the overlay were 20, 25 and 35 MPa 

(Figure 5,9). 

f Overlay depths: 20, 40, and 80 Inm 

Eo ~ 20, 25, and 30 GPa 

.-\ To corrcSjX\nding to e - -'00.10" 
2(XIII 

E, = 35 UPa 

figure 5,9. Simulation of overlays with different elastic modu Ii' member dimensions 
and properti es 

As shown in Figure 5.10, interrace strains are related to the ela~lic modlllu~ orthe overlay 

An increase in elastic modulus of the overlay results in an increase in interface strains. A 
stiffer overlay has more "power" to cause contraction at the interface The difference between 

interface strains resulting from different elastic moduli increases with overlay depth. 
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I 20mm 80mm 

., 
-4(KJ "'~---------------~- ElastiC modulus 

Qfthc overlay: 
Sub,tmte 

'----------------- -------211 NlP,,1 depth -(~ X) 

[mm] --2j'VIPa 

-SlXl ------------ ~----------- -35 MPa 

.11 (1( ) 

Figur~ 5.10: Strains across the member section in relation to overlay thickness and 

elastic modllius 

A detailed analysi~ or ~traim wa~ not carried Ol1t a~ the above result~ are merely used to 

identify fundamental characteristics, The most important information that can be dnlwn from 

the above results is that interface strains are related to the relative elastic moduli of overlay 

and sub~trate 

5.4 Summary and conclusiolls 

The results of the numerical simulation of strains in composite members allow conclusions 
on fundamental strain characteristics or bonded overlays. The following aspects are 

considered as important in the correct modelling or bonded overlays' 

Bernoulli'~ hypothe~is that plane sections remain plane after being stres~e~ does not 

apply to bonded overlays 

Overlay ~hrinkage restraint is a locali~cd phenomenon at the interface. 

The overlay thickness int1uences interrace ~traiM when it does not exceed a certain 

limit. II' the overlay i~ thicker than this limiting value, shrinkage restraint at the 

interface is independent of overlay dimensions. 
Interface strains are related to the relative elastic properties of substrate and oyerlay 

An increase in elastic modulus or the overlay result~ in an increa~e in interrace ~train~. 

The numerical ~imulation cont!rmed aspects from the experimental research, most important 

or which are the non"applicability of Bernoulli'~ principle and the aspect of localised effects 
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at the imerface. These issues indicate that existing analytical models, as discussed in Section 

3_ fail to model honded concrete ov~rlays correctly, 

rh~ abov~ aspects were lL!;ed to sUpJXlri assumptions mad~ ror t.h~ development of an 

analytical model ror Wains and ~tresses in bonded concrete overlay~. as discu>sed in tile 

following Chapter 6 
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CHAPTl:R 6 

l\IODELLING COI\,IPOSlT~ ME.'\lB~RS BAS~D ON LOCALISED STRAIN AND 

STRESS CONDITIONS 

6.11ntroduction 

rhis chapter presents the development of an analytical model for the analysis of restrained 

overlay shrinkage stresses based on localIsed strain conditions inside the composite member 

Reference i~ made to the literature wherever appropnate. The development of the theoretical 

approach was accompanied by exten~ive practical research (Chapler 4). Seiecled parameters 

were rl.lrther vBrilied u~ing the Finite Elemenl Method of analysis (Chapter 5), For 

veriticalion of chosen paramder values, ret",r~nce will bt' made to the"" s~ctions where 

necessary (Figu re 6. J ), 

Labomtory work 
(Chap'--'r 4) 

Tesl results on strmn distribution along 

deplh of composite members, ,I., di,cussed 

adJusllhe mo<,kl to realislic comjXlsite beh 

me knglh and aero,s the 

in Chapler 4, ar~ applied to 

aVloor, 

Numerical modelling 'um~rical modelling or o,eria.' strams is usoo [0 verify 

erial-' strain characteristics. (Chapter 5) fundamental aspects conceming 0.-

Literature tmportant a&pects of C'(isting analytical m odel! ar~ discussed 

(Chapter 2) and ~.-aluat~d, 

I De.-clopmcnl of "D<~yticaJ model, based On a logical awroach I 
Figure 6.1' Schcmalic of the development of the analytical mood, ba,~d on literature 

research. strain measurement~ on composite memben, and numericalm()delling 

DilTerential ~hrinkage between overlay and ~ubstrate is related to internal mat~rial properties 

and external influences resulting from the environment. Due to the wmplex nature of 

concrde material properties under time-dependent inl111ences, any anal}1ical model for 

r~strained overlay shrinkage can only present an e,timation of actual ,train sand stre,se,. The 

model ,hould therefore b~ ,imple and logical a.nd based on reasonable a'~llmplions that can 
be verifiB(i through pmctical research, 

148 



Univ
ers

ity
 of

  C
ap

e T
ow

n

The analy1ical model presented in the following sections considers elastic strains and stres,e~ 

at an j~olated time increment. However, the development of actual slre~~e~ in the member 

will be ,'trongly inJluenced by time-dependent material propertie" e~pecially by the 

interaction between the varymg I1lfluence~ of shrinkage, creep, and eiastk modulus These 

time-dependent material properties will be di:;cussed in Section 6,9 

6,2 Basic philosophy of tilt, analytical modd 

The per~peclive from which this problem is observed depends on the philosophy of analysis 

and it i~ crucial to dellne perspective and philosophy before the analytical model j~ 

developed. There are three possible level s of anal y,j" namely the global level, the local level, 

and the micro level, (lI; di~~u~~ed below. 

6.2.1 Global level of analysis 

The common approach using conventional linear analysis can be de:.cribed a, a global 

analytical perspective that looks at the member as a whole, modelling internal ,'train and 

,tres~ through externally applied force~ without ~on,ideration of lo~al influences (Figure 

6.2) 

B c 

• 
_1m 

A: Con.,iciering thc whole mcmbcr on a global scale 
B Modelling stress,,", throogh external forces acting on thc mcml>cr crnJs 
C. Calculatiotl 01' strains and strcsses usmg c[)fIvcmionai solid mechanics 

Figure 6.2. ~Iodelljng ~tre,~e~ due to differential shrinkage on a global scale 

Curvature, bending moment~, ~hear and direct ~tres,es, and stress distribution depend on each 

other in the conventional way and can be calculated for any part of the member fairly simply 

with common theories, However, the shortcoming of anal)'1i~al models that are based on a 

globallevei alone is that they tend to oversimplify the problem to an extent where linear solid 
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analy~is can no longer expre% whal happens locally in,ide the member It I, ct ucial 10 

consider local parts oflhe beam, a, it is here where Slress is iniliated. 

All exisling analytical models opemte on a global scale, considering the eompo,ite member 

as a whole and calculating >tresses and >!rains Ihrough extel'1lally applie(i forces (see Secliu11 

3). The le,t re~lls oblained during Ihe eXp€I'imenlalresearch a~ well a~ the FEM model ~huw 

that the exn;ting analytical approaches Iil.il tu oorreclly model strain, in cumpo,itl:' m~mbl:'n, 

which highlights the problem of tt..;, glubal p~r'Dt'ctjvl:', 

6.2.2 Local level of analysi~ 

The main sh0l1coming of the global lcvel of analysis i~ thai it lilils 10 ackoowledge that 

differential shrinkage stresses are initiated in thc intcrface plane belween ,ubSIl'8.le and 

overlay By contrast to thc global approach. the local level of analy,is attempts to explain 

~1l'8.in and ,tress distribution in composite members rationally on the ba,i, of locali~ed 

oondilions acro~~ the eompo,ile section (Figure 6.3) 

B c 

F(dy~ c=u _________ F(dy.dx) .. 

-~-- ----
'---lmm 

A COIl.';]d~Tlllg str~" lllit~'lionlocally at Ihe llll~rface 
IJ Moddling =Iraint, strain and stress at the locallOn oftheir origi n 
C: Calculating st,.~in and stress across thv memkr section on a ratiolla] basis 

Figure 6.3: Modelling strl:'>ses due to differential shrinkage considering loc<llis~d 
conditions across the member depth 

Tt..;, local kv~l of analysi, olf~rs the advantage of taking into account the folluwing <lSPI:'Cts 

in Ihe modelling of diH"<:rl:'nlial shrinkog~ stresses: 

Stress initiation at Ihe interface bdwIX11 wb,trml:' and overlay, as oppo,ed lu exi,ti11g 

analytical models that model stre%e~ through forc~s appli~d at the member end, 

Lucalised, i.I:', non-lincar, strain dislribution acru~s tt..;, ~I:'clion 

The strain measurement, 011 compusit~ In<:mbl:'rs. as described in Chapter 4, ,how~d th~ necd 

to model strains and Slresses on a local kvd with consideration of the above paramdl:'TS 
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6.2.3 Micro level of lwalysis 

The micro level of analysis could bc used to expre~s what ~~tually happen~ at a rnicror...:opk 

,'l!;ale (Figure 6.4) 

dy 

I nllll -

subslrate :--:1 I,m 

Figure 6.4- Consideration of material parameters on ~ rni~rosnlpic· ~~ale 

Mi~ros,-,opi~ aspeds that may be of value for the analysis of composite members are: 

Microscopic mechanisms of shrinkage and crecp, which help to identify thc location 

of ~tress origin and lhe resulting characteristic of stress dcvelopment and stress 

distribution 

Assessment ofpanial or full bond failure. Definitiun ufthe aduallu~atiun uftra~ture 

after overlay failure (ic_ intcrface or material failure on a microscopic scale) 

Aspecls relating to the micro level of analysis are commonly not considered in existing 

mrxlels for bonded concrcte overlays. 

6.2.4 Combinlltion of thr 3 difTerrnt kwh of anlll~'sis 

As slated prc;-iousiy, most cxisting models arc based solely on global analysis cven though 

phenomena occtlr on a minuswpi,-, s,-,~le. To model compositc behaviour of ovcrlay and 

sllbbtr~te on a minu~copic· sc·~le alone is, however, nut pr~~tic·al In this thesis, the micro 

~cale is u~d to logl,-,ally expl~in ,~tress Initia(ion at the intert~c·e between substrate and 

overlay_ 

The local level of analysis proved to be the mOSI appropriate tool f()r the modelling of ~tresses 

and strains in bondcd concrcte overlays It fa~ililaled the interpretation of ;tr~m 

rncasurcments in composite specimens and provided a rational basis f()r ll~ development of 
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proportiunal to the di,tance from the netltral axi~ of thc compositc section. In connection with 

Hooke's Law_ i.e. ,tre~, i, proportional to ~train, thi~ lead~ to a linear strcss distribution 

across cach section (Fig\lrr~ 6.7 and 6,8). 

=~= 
LJ + 

+ 

Figure 6.7 Application uf Bernuulli' ~ Principle' Strain and o(reso distribution acru~s 
thc composite member (model introduced by Blrke1and, 1960) (compare Sectiun 3 .3). 

. - - - - --- - .. 

Figure 6.8' Application of Bcrnoulli' s Principle: Strain and stre~s distribution acros.~ 
the compusite member (Alonso Jllnghann~, 1997) (compare Section 3.4). 

The analytical approachcs di~Cl1sscd in Sections 3,2 to 3 S model differcntial ~hrinkag e 

~tre~s.e, through extemal forces applied to the vertical boundary of the composite section. 

These foree~ are either applied at centre line of the overlay (Figure 6.7) or the neutral axis of 
the whole section (Figure 6.S). Stresses and strains can then be calculated according to 

Bernoulli's Principle Sato et al (1')94) measured strains on composite mcans subjected to 

differential shrinkage and concluded that Bernuulli', prinCIple is "oot necessarily" applicable. 

however without incorporating thi, issue in an analytical appruach The assumption that 

plane sectiun~ remain plane after being ~tresoed i~ une of the most cummun prerequisites in 

the ~tmctural analySl' uf concrete member, and at fir,t sight it , eems appropriate tu apply this 

principle to the ca~e uf diffe rential ~hrinkag e However, the application uf this principle in the 

present case cOll'esponds to a misconception of actual ~tres~ transfer between uverlay and 
Sllb~trale_ which will be discu~scd in detail in the following section~ 

The anal;1ical model develuped in this the,is i~ based un the as,umption that local strain 

conditions result in cru,~-~ectiuns that 00 nut remain plane after being ~tresoed, The 

assumption uf nun-linear strain and stre~s distlibution was verified by ~train mea~l1rements 

acru~s the ~l1b~trate, a, discllS.~ed in Section 4,9 (compare Figure 4.47), and FEM analy~i~ of 

bonded overlay~, a~ di~Clls~ed in Section 5 (compare Figures 5.4. 5,7 and 5 10) 
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6.5.2 Sh-css initiHtion Ht the interl~"lcl betweln overlay Hnd substratl 

6.S.2.1 ChHractcristics of res/rHint along the interface 

Ooc of the key issues in modelling 'tre'>Se~ due to dilTerential shrinkage is the correct 

llIlderstanding of bond mechanisms in the interface plane bet ween overlay and substrate. and 

the stress initiation resulting therefrom. 

The characteristic, of tree ,hrinkage strain help illustrate the mechanisms of interface bond 

All length increments of a concrete overlay. if they were li"ee to defoml, would experience 

the same linear shrinkage strain. The accumulation of deformation, along the overlay would 

cause the \vhole memocr to shrink symmetrically towards its centre line (Figure 6.9). 

<t 
L, 

dL, dL , dL, dL, dL, dL, . , . , . " . , •• 

Overlay divided,",,~,,~o'---E===I===I===I===I===I===J incr~,""llts dL, I- I 
Accllmulated ddormatioll = 3 2 I I 2 3 

~ ;+--->, - - ~ ~ 

, 

I I 
, , , , 
. _---- ----_ . crss = (L, I"JIL, 

~ (d1., - d1., )ld1., 
•• 

dL, dL, dL, dL, dL, dL. 

Co 

Figure 6.9: Schematic of deformations due to free shrinkage strain Ers~. assuming no 
restraint of the overlay 

A, indicated in Figure 6.9, the accumlLlalion of de formati om of the ,ingle lenglh increment, 
lead, to a maximum displacement of the member end boundaries, lL is important to note that 

lhis maximum displacement is not connected to maximum strain at the member end" The 
length increments at the centre line experience minimum displacement but the same strain as 

the member end increments. 

It "vas stated earlier that sub,trate and overlay are a'>Sumed to be completely bonded. Existing 

anal}11Cal model, a<;>ume "tres:~ lran<Jer only at the boundarie, of the composite member 

However, linear free shrinkage strain as illu'>trated in Figure 6,9 and oomplele bond bety,een 

overlay and substrate results in constanl overlay shrinkage restraint along the \vhole length of 
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the interface. This can at hest be demonstrated by comparing micros.copie and global 

perspeClives (Figu re 6.10) 

• • 'm 

----..- contraction force, owrlay 

I!- - - re,trainnl£ forces suil,lrate 

• 

,,"bstrale gel pores 

--~.: 1~!lll ~YdraliOn 
L _________ -'" products 

~ 

cont raction forc~s from 
~- drying Shrilllmg~ 

Fignre iiJ 0 Illustration of local restr~i nt of overlay shrinkage along the interface 

Figure 6.IOA shows a composite beam un ~ global sc~l e , On a microscopic level. the 

interf~ce between substrate an,1 u,,.erlay may be consl(lered tu have an arbitrary shape as 

lllustrate,1 in Figurr ii.IOB Shrinkage is ~ phenomenon that includes the deformation of the 

cuncrete matrix on a microscopic ,cale and wh~t is commonly me~'ure,1 as shrinkage stralll is 

the Slim of microscopic deformation, Thi, delormation i, c . .'l.l1sed by contractiun furce, that 

are generated mainly as water is removed fi'om the gel pores (compare Section 2AS.2). Since 

each increment of the overlay experiences the s.t1.me drying mechanisms, contraction loree, 

exist inside the overlay along the whole length of the member (l'i!:ure 6.10<':) At the 
interface, the counteraction of contraction furces, i, e, the restraint of overlay shrinkage. 

occur' locally along the oon,lline between uverlay hy,lration products ~nd substrate (Figure 

ii.IOD) This is best vi " LaliLed by projecting the piGl(Lre back untu the global scale presented 
in Fi.gllfe (" lOA. At this scale, inner regions of the beam wonld be far relllo,'ed ii'om the 

beam ends, which illustrates th~t member end cunditions would not influence overlay 

shrinbge re,tnlint in inner regiuns ufthe member, 
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On a microscopic scale it appears logical that overlay shrinkage is restrai~oo at the location 

ofit~ origin, i.e. at every increment alo~g the i~terfaee This conscque~tly leads to con~tant 

shear <;tre<lS initiation due to restrained ~lu'inkage along the interface. 

6.5.2.2 PI"C~tl'e~s analogy versus thermal ronlraction analogy 

The them}' on which mo~t analytical models are basoo i~ that originally introduced by 

Birkeland (1960) who nsed a prestress analogy to model ~trains and stresses in bonded 

concrete overlays and a~~umed stre~s initiation only at the member end~ (compare 

Section 3,3). The characteli~ti~ of ~hrinkage restraint alo~g the i~terface outlined in the 

previous se~tion. as well as the practical work discnssed in Chapter 4, demonstrate that this 

analogy is not applicable for the characteri~ation of differential shrinkage stresses 

1'0 help visnalize the principle of overlay shrinkage restraint, a~ analogy may be made with 

bondoo thermal contraction, eg the hypothetical case where a heated steel bar is embedded 

in cold concrete As~uming complete bond between stccl and concrete, the thermal 

contraction of the steel bar is restrained along it~ whole length and the as~nmption that forc~ 

arc only generated at the member ends would be not correct, Figure 6.11 illustrates the 

differences hetween the two analogies, 

A concrete overlay, fully honded to the substrate, can be compared to the case of thermal 

contrfl(.tion In both ease~, the contracting member (cooling stccl bar_ shrinking overlay) 

would undergo the same linear defonnation along its whole len!,<th if it was free to deform 

Restraint of that dethrmation takes place along the whole area along which it is bonded to the 

restraining member. The end of the member experiences the initiation of restraint at the same 

moment as the inner parts. The end of the member~ can therefore not influence the restraining 

action in inner parts. By contra~t, a prestressed strand has from the beginning only heen 
r~trained at its ends. The cau,e of restraint changes from the damps holding the bar at the 

beam end~ to the concrete holding the bar at the heam ends. Jn~er regions are not affected by 
the change of one restraining mechanism to the other, He~ce, they do not experience any 

re~traint themselves once the damps are cut otT. Tt appears logical that an analogy to 

prestressed strand is not applicable to bonded overlays, 
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• ~:"p:mslOn of ,(eel 

F_ -----_F 
E I, E .::. ____ ~ ___ .J. ;~ 

• I, ----~. 

t~F/(A .... "E.. ... ) 

• Sted bonded 10 roncrc«:~ Forcc 
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~ -- ' 
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S~r IIlI'eSS HOII} de"dGp' a! the mcmIx:r 
ends 10 Il3IJSli:r Ihc fGlOl F 0u1S1d<:: !he Inmsfu 
kI,gth, CQIJlr.taion of !!~'l:1 .! rcwaincd !htOOgh 
tho: member end war f()l'ces. hencl: mOlde s,,",ar 
IS zero 

Interfacc shear between substrate and bonded 
ov~riav when prestr~5 an:t.l.,8Y is applied, 

~I 

H: '1lIumal , ... n! ' Ml ion " nal"IQ' 

• E'!)XI""fln of ,Lcd 

sr 

, I, , 
'- , 

- I, • 

• Slod bonded to OOI'Cret~ Force lran.'Imlssioo 
throu:9>. cooling of 5l1:(:l 

, -
Alon!! It. wbote lrngth the !11.'C! bar lI."nm to 
contract Each length incr.:ment is >ntrained 
local!} through she,.,. foroc! that an: gcocratcd 
at the intcrfacc bctwC'Cn .tc~ 1 and concrde, 
Member end condition! do IlIlI influence tm. 
8.:rtCralloo of in«:rfacc sheaf lfL'Iide the 
member .... all f"UU 'If the Sled bar experience 
the n;:s\r3JfJ1 allhc same rnom~nl 

IntcrfuC'C slx:.ar lIi.'twccn $\lbslrntc and boT,d\:d 
overlay" hell thermal eontl'1lCUoII analogy IS 
applied: 

I~ .01 ----
Figurr 6.11 ' Schematics of the prestress Malogy (Al and the bonded thermal 
C<)rrtraclion analogy (8) 
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6.5.2.3 Summ~'1' and main conclmions from practical research 

Strain measurement, along the intelface of eompmite members ~howed that. in regiom 

removed from the member end" overlay and substrate maim developed independently from 

the location along the member (S<x1ion 45) It was further shown that, in the substrate, 

localised maximum strains occurred at the interface along the whole length of the member, 

indicating localised interaction between overlay and ~ubstrate at the interface (Section 49). 

These observation~ confirm tnc assumption of local shrinkage restraint at the interface in 

connection \>,1th con~tant stress initiation along the member. 

However, ~train and ~tres~ dilTerence, along the overlay may result from different boundary 

conditiom, At the member end~, mea,ured strains were higher than in inner regions of the 

members, indicating that a certain !enb'lh exist~, over which the restraint of overlay shrinkage 

must be developed rhe anal}tical model developed in this ~ection only considers the inner 

region~ of the composite section. i, e, the regions of uniform strain, re~traint and stress, This 

region i~ commonly subjected to the highe~t temile overlay messe~ and i~ therefore the most 

critical region for the development of cracks. 

Overlay and sub~trate stre~ses due to restrained shrinkage have their O[lglll at the interface, 

To directly model the~e s1re~ses on a global wale with an outslde force acting at any location 

other than the interface plane is, therefore, incorrel1 and unreali~tic, 'Jhe analysis of strain 

and stres~ must start with an under~tanding of what happens at the mterface 

6.6 Strllin~ lind ~trcs~e~ in a very thin comllosite ~ection 

The characteristic~ of strain and stress development in composite members subjected to 
difrerential shrinkage can be~t be identified by fir~t wmidering a very thin section with equal 

substrate and overlay depths (figul'c 6.12), 

,"bstrat~ 

dy,o=dy,; and A:, = A, 

"' Figure 6.12' Sketch of a thin composite section with equal substrate and overlay 

depths 

Due to the ~mall stiffness (resulting from the small thickness) of the member sketched in 

Figure 6,12, differential ~hrinkage between overlay and substrate would cau~e the whole 
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member to curve considerably. Hm,ev~, the focus of this section lies on the identi!kation of 

direct strains and stresses in overlay and Sllb~tra!C. Curvature will therefore not be con,idered 

in the modelling of the above member, The eITects of curvature in compo,ite member, is 

discussed in Section 6,9,3. 

The whole member expeflences shortemng as the tree overlay ~hrinkage generates 

contral1ion forces in the ~ubstrate Overlay shrinkage i, re,tralned at the interface to the 

wbmate, with the maximllm re~traint being experienced at the interface The charactemtic, 

of restraint decay throughout the overlay depth were di<;Clls~ed in Section 6.4. However, due 

to the small depths of overlay and substrate of the above member it may be as~umed that 

strains are constant throughout the member depth. Since the bond between ~ubwate and 

ov~lay is assumed to be perfect, both substrate and overlay undergo the ~ame linear 

contraction, Linear strain leads to linear stre,s in each section (Figun' 6.13). 

c 

~.v--.~~---,~ 

-+1-----1 • 
• 

d, 
Figure 6.13 Schematic, of strains and stres'\e~ in a thin composite section (ignoring 

curvature) 

The overlay experience, tensile stre,s as a portion of its free shrinkage deformation s"" I, 
restrained. This stress can be written a,: 

[6.2J 

Compressive sllbstrate stress due to thc actual slrain can be written as 

[6.3 J 

The forces of the ,ystem must be in equilibrium. 

'\0 (r.,.,,-f.) Eo - As f. E, [6.4] 

From Ao = As follows' 

[6.5] 
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Solving equatiun [6.5[ (or the strain E 

C f~· E=f(l=ES=-" ':' 
F, 

1+ ­
Lo 

[6,6] 

Fwm substituting equation [6.6[ in equations [62] and [6,3] it ful10ws that the magnitude of 

tensile stress in the overlay equal s the magnitude of eompres,ive stress in the substrate: 

I ao I-I as: [6,7] 

6.7 Locali\ed interface strain in a member of infinite depth 

The (onnulae developed in the previous s<x1ion refer tu ver)' thin composite sectiUll>. Tn 

compo.~ite members of larger thickness, substrate and overlay dimensions must necessarily 

inlluenee '>train and '>tress distribution across the member. Tn order to fdeilitate the 

under'>tanding or .~train~ and stresses in composite members of common dimensions, 

reference ,viII fir'>t be made to the other extreme. i.e. to a member with infinite substrate and 

overlay depths (Figure 6.14). 

overlay 

__ dx 
• 

do - infinite 

<is - 111l1ni!e 

dc=d, = infinite andAo = As ~intinite 

FiguI"e 6.14' Sketch or a compo.~ite '>ection with infinite ,>ub~tra!e and overlay depth~ 

In the analysis of the member sketched in Figure 6.14. only direct strains will be C0n~idered. 
The influence of curvature on strains and stresses in composite specimens is diseu.~~cd 

separately in Section 6,<).1, 
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In Section 6.4 it was arf,'Ued thut On un overlay orinfinite thickness, the surface of the overlay 

i~ >0 lar removed from the substrate that the restraining action practically does not influence 

the sllrlace fibre of the overlay This phenomenon, temlCd decay of res/rammg action, was 

demow;irated llsing FEM analysis as discussed in Chapter 5, It wus ~hown that local strain 

condjtion~ re>llH in cross-sections that do not remain plane after bei~g ~tres~ed, which 

illustrates the non-applicability or BernoulJi'~ principle for the case of differential shrinkuge 

in bonded concrete overlays, It lollow> that the part or the overlay that lies outside the zo~e 

orrestraim decay virtually does not experience uny restraint and can shrink freely Similarly, 

there is a Lone of strai~ decay in the wbstrate and Ollt,ide this zone, the <;ubstrate doe~ not 

llooergo any appreciable defonnatio~ (Figure 6.15), 

defo~d mcmb\;r 'hapc deformed boundary 

,ubstIat~ 

detaIl 

&:0.1 = "S.I 

E~., ~ OVL'Tlay ,train allk imL'Tfacc 

restrainoo shortening 
~ impos~d tcn,ilc 

deformation III 
lk o\'~rlay 

i
-

imJX>" M 
conrprem ve 
deformation in 
th" ,ubstrate 

E~.d Re,1rained overlay strain at the int~rface - L" S - E~., 

~,, ' S,,!>strate strain at the interJlm; 
(h, Lmgth of r"'tr:lim deC:lY in the ov~rlay 
d",. Length ofstrain decaj in the substrate 

Figure 6.15 Schematic of i~terface strain, restrai nt decay in the overlay, and strai~ 
decay in the substrate i~ a member with infinite S\lb~trate und overlay depth>, ignoring 
curvature 

In Figure 6. 15, strai ns in the regio~s of substrate strai n decay and overlay restraint decay are 

illustrated as to folio,,, puraholic gradient~, 

The parts or the member that lie out,ide the. regions or restraint and strain decay do not 
influence the degree of shrinkage restraint at the intelface. If these parts were cut 011' li'om the 

member. strain patterns at the interface would vinualJy still he the same. The influence orthe 
rdatjve member dimensions is toos eliminated. In terms of the influence of ~ectional 
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dimensions, interface strains 8; depend '>olely on the strain patterns in overlay and sllbstrate, 

],e, the depths and shapes of restraint decay and strain decay, The rollowing 5 unknowns 

determine the magnitudes of strains and stn~sses in overlay and substrate: 

Interface stram (equal in overlay and substrate) 

Shape ofrestraint decay in (!\ferlay 

Depth ofrcstraint decay III overlay 

Shape of strain decay in substrate 
Depth of strain decay in substrate 

Strain paUerns in overlay and sllbstrate must adhere to two prerequ.isites 

Interface strains of overl ay and substrate are equal 

The sum of tensile overlay forces and compressive <;ubstrate rorces mUSl he zero 

Overlay and substrate forces depend on the respective "hapes and depth" of restraint and 

"train decay. Of the 5 variables 4 are independents If any of the 4 variables are known the 5Lh 

can be determined, 

For the analysis of strains in the memher <;ketched m Figure 6, 15, it i'> assumed that overlay 

and substrate are made of the same material compositions, In general, tensile and 

compre"sive '>train characteristics of concrete in medium stress conditions may be considered 

lO he similar (compare Sections 2,5.2 and 4,3 3) For simplicity, it is therefore assumed that 

in the above member ten"ile strain characteristics in the overlay are similar to compressive 

strain characterislics in the substrate, i.e, the restraint decay in the overlay is assumed lO have 

the ,>ame shape and depth a, the '>train decay in the substrate, With lhis assumption, overlay 

and substrate shape patterns have the same inl1nence on interrace strain and thus their 

influence'> cancd out each other The restraint or overlay shrinkage at the interface becomes a 

locali,>ed phenomenon that is not influenced by section dimensions of overlay and sllbstrate. 

As snch, illlelface strains and stresses can be obtained following the same equations as those 
developed in Section 6,6 

f.[ - r~J-' - f.s,j - [6.8] 

and I Go,I I = I OS.I I [6,91 

Both overlay and snb,lrate experience a stres,> maximum at the interface, In regions distant 

from the interface, stresses in overlay and sllbslrate will decrease according to the shape and 
length of restraint decay and strain decay respectively. ii;gure 6.16 presents the schematic 01' 

strain" and stre'>ses acros,> the member, assuming paraboli c strain and stress gradients. 
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direct strain.' F. 

overlay 
a=U 

intcrfa~~ 
) 

a,.: 

'lIb,trate 

o~.[ Ovnlay ,t",,, at the interface due t o F.c;,d. (temion) 
0',1 = Substrat~ stress at th~ i ntedace due to f,',J (cornpr~ssjon) 

Figure 6.16, Schematic of strain., and stresses across a member of infmite depth, 
subjected to differential shrinkage 

However, in members with dilTerent strain shape proliles in overlay and substrate, the 

detcmlination of interfdce strains becomes more complicated, A typlcal case where overlay 

and substrate SlnUll patterns are diflcrent is a composite member of common dimensioll3. 

This case is discllssed in the fonowing section 

6.H LOGllised restraint in members of finit~ dimensions 

6.8,1 General 

In the previous section, jnterface strains were evaluated for a member of infinite dimensions 
with the assumption that overlay and substrate have the same materjal compositions and 

hence the same strain characteristics, The relation between member dimensions and interface 

strain appears more complicated with common members of fLnite dimensions, i c. for 

members in which the pOilll of Lero restraint in the overlay is not reached and in which 

substrate and overlay are made of different materials. A crucial aspect I()r the modelling of 

interface restraint, and therefore interface strain and stress, are the assumed lengths and 

shapes of strain decay in both overlay and substrate. This section investigates the case of 
relatively thin overlays on thick substrates. 
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6.8.2 Review of existing analytiral models 

As dis.cussed in Chapter 3, eXISting analytical models use member end forces to model strains 

and stresses in overlay and substrate, Stresses applied at the ends spread into the member and 

cau'le constant direct ,tres'> over the section depth in inner regions of the member Strains and 

stresses caused by differential shrinkage are therefore related to the relative member 

dimensions of overlay and wbstrate, which i~ a direct oon'>equence of Bernoulli 's principle of 

plane se~iions remaining plane, The relation between relative overlay and substrate 

dimensions and direct strains in the member based on the above principle was expressed in 

the equation presented by Alon'lO Junghann'> (compare Section 3.4) (Figure 6.17) 

fl'--,'II<I' - length offcxce distribution 

, , , , 
F , , f , , member ~nd fcxc~s 

, , , , , , , , , , , , , 

I, ,I 
length of constant strain and stress with (see equation 3, 1 ) 

Ifigure 6.17, Principle of I(>rce application and spread of stresses into the member, 

based on existing analytical theories as presented by Alonso Junghanns (1997) 

The principle illustrated in Figure 6,17, which consider,> direct ,trains to be constant 

throughout the member depth. represent'> the global level of analy"i, that uses the whole 

member to model strains and stresses without consideration of localised effects across the 

member depth As stated earlier, existing analytical approaches generally operate on the 

global level 

6.1'1.3 Resulls oflbe numerical simulation 

According to the numerical sllnLllation described in Chapter 5, interface strain value~ are 

dosely related to the depth of the overlay, The magnitude of interface strains decrease, with 

decreasing overlay depth, corresponding to increasing degree ofrestraint. As such, interface 

strain value~ can be determined by the characteristics of strain decay in the substrate and 

restraint decay in the overlay. Through the FEM modelling a relatively constant depth was 
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computed of strain decay in the submate d,.,. i. e. the depth over which the substrate 

experiences imposed strain is independent ofllle overlay depth. Similarly, the basic shape of 

the deformed member is always the same. The only variables are the strain values across the 

member depth. The strain values must adhere to the prerequisite that the sum of tensile and 

compressive forces in the memher is zero. Interface strains are thus determined by the strain 

functions of overlay and substrate, which in turn depend on the overlay depth (Figure 6.18) 

O\crlay stmin 
function' c(do) 

interface 

d,., '0; con,tant for different overlay depth., 

Figure 6.18: Principles of strain distrii:>ution across the member depth. assuming 

perfectly elastic conditions, based on rEM analysis 

However, the res",l ts of the above numerical simulation indicate trends under elastic 

conditions, !:>utthey do not represent real strain values in actual concrete members. In orderta 

model interface strain values, assumptions must be made for the strain patterns in overlay and 

substrate. This is explained in the following Section, using a simple example 

6.8.4 Modelling interrace strain values in relation to strain profiles 

As stated in Seltion 6.7, the magnitudes of strains and stresses in the composite member 
relate to strain characteristics, i e. depths and patterns of strain decay_ in substrate and 

overlay. The basic relation between interface strains and strain characteristics in substrate and 

overlay will Erst he demonstrated using the following simplifying assumptions, which 

roughly correspond to results from the experimental research discussed in Chapter 4. 
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The overlay has constant strain throughout its depth 

The strain decay in the substrate is hnear (Figure 6.19) 

f.o~ uniform = Cj 

Fo FGI 
d;; 1 

~,. Os 

Fs = Fo 

linear substrat~ strain and 
stress de<;ay 

Figur~ 6.19 Schematic of assu~led ov~rlay and substrate strain and resulting direct 
stre8se8, using the simplifying assumption oflinear strain patterns in over1~y ~nd 
substrate 

The only 2 unknowns in the system are the magnitude of interface strain and the d~pth of 

strain deeav in the substrate, Interlace 8train can be calculated in terms of the depth of 

8ubstrate strain decay with the prert:(lUlsit~ th~t the sum of forces in the member must be 

zero 

Fo - oo_h()~ Eo (ro[ss-roIl_ho [610] 

F,-<JS,l O.5d,,_, - Es f~_O.5ds., [611] 

L F~O 16.12] 

Substituting equ~tions [610] and 16.1 I] in 16_12], 

[6 UJ 

Therefi)re, intelfaee §trains arc a function of the depth of strain decay in the substrate It is 

apparent that the basic form of the equation used by Alonso Junghanns (eo~lpare equation 3 I 
in liigure 6_17) can be maintained if interface strains arc expressed in ternu of strain 

eharacteristic5 in ov~rlay and substrak Tt was previously argued that the relative member 

dimensions, in equation 3, 1 expr~8St:(1 ~8 the ratio bclween the are~5 ofsubstr~te and overlay 

(A,iAD), are not appropriate parameters lor the prediction of interfa~e 8train, The tewl 

(A,iAo) shnuld thus be exchanged by a term that account, lor the combined miluern;~s of 
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member dimensions and strain decay charactcri,tin. In equation 6,13, thi~ i~ the tenn ll\ 

(brackets), 

Equation 6.13 is based on thc simplifying as,,umption that str~ins in oyerl~y are constant and 

strains in the suhstrate follow a lincar proiilc. In actual concrctc mcmbcrs. thi, may not be the 

ca~, Figurr 6.20 ~hows a typical schematic of a strain proJlle in the composite membcr 

, 
F ' o ? , ·1 

E,iC::::_- F, - F 0 

Figure 6.20: Schematic of non-linear oyerlay and ~ubstrate strain ~nd resulting direct 
stresses 

For the above member, the tensile force in the ovcrlay can be computed as: 

' _ ... 
Fu = fE o '(~m ~(do))ddo 16.141 

"''''"'' 

The compressive force in the substrate can bc computed a, 

[6 [5] 

The sum of forces in the above member must be lCro (1'0 = 1'8, compare equation 6.12). 

Similarly to equation 6.13. interface strains can be exprcsscd as a function of the remaining 
unknowns. In thc aboye easc of schcmatic ,train patterns, thesc unknowns dcnotc the strain 

pattern, in substratc and overlay (6(ds) and ~(do», and the depth of strain dccay in the 

wbMratc (ds~), For the gener~l ca,e, i,e, for arbitr~r)' str~in pattem~ ll\ overl~y and sub,tr~te, 

equ~tion 6,13 can thw. be tranSI{lrmed to' 

[6.16] 
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bending moments due io diiTerential shrinkage might cause considerable eurvalure, re~ulting 

in compressive strain in the overlay and hence in partial relief of tensile overlay stress. 

To compute bending moments, strain patterns in overlay and sllbsirate are needed ~ince they 

determine the lever arm of internal forces (Figure 6.22) 

strain ~ 

F, - Fo 

H'>1 = Fo e 

Figure 6.22 Schematic of stresses, resulting forces and internal lever arm 

In absence of detailed information on overlay and substrate strain patterns, simplified 

as>umptions need to be made to compute the internal lever arm c. As discussed in Sectioo 

6,~.5, tor relati,tly thin overlays it appears appropriate to assume constant strain throughout 

the o,erlay (!epth and linear ~train decay in the substrate, The schematics of direct strain and 

stress, boon(ling moment, ellTvature K, and total elastic strain and stress, using simplifying 

assumptions lor strain patterns, are pre~ented in Figure 6.23 

EJ;"", 

- Fa c 

Figlll"(' 6.23' Schematic~ of direct elastic ~train, ,lre~s, bending moment and 
curvature, assuming simpliiled strain palterns 

The lever arm e belween Fo and F, Can be computed as' 

e = 0,5 11.0 I 0,)) ds .• [(,20J 
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The above formula for the internal lever arm relates to thc simplifilXi a,sumption that straln, 

are linear in thc substratc and overlay strains are eonstanl. Il'direct interrace strains arc 

compllted with equation 6.17, the relating intcrnal lever arm, u~ing the above ~implil'ying 

a%umption, for curvature strain, ean be computlXi as 

The bending stress initiation is analogous to the case of prestressing fhc tensile prestress 

force in the steel i~ counleracted by compression in the concretc and the resulting elastic 

strain in thc concrete lead, to a partial Io,~ of pre~tre ,~, Tn the ca~e of eccentricity, the 

remaining tcnsile force in thc steel, i.e. the force that corresponds to thc rcstraincd shonening 

of the ,1eel, causcs bcnding >lres~es in the member. In the ,ame manner it is only the 

re~trained part of overlay ,hrinkage that induce, ~tre%e, in the section, 

Dircct and bending strcsses Hl concrete membcrs are commonly calculatlXi individually and 

subsequently supcrimposed to compute total stress. Umvevcr, simple superimpo~ition of 

direct and bending otre,sc, caused by diOerential ,hrinkage would lead to an overestimation 

of the beneficial effects of curvature Moments induced by restrained ~hrinkage are intcrnal 

moments and as such they depend on internal deformations The forcc that produces bending 

momenlS and lhu~ curvature in the compo,ite >eetion resu!!, from restrained overlay 

~hrinkage, i,e, it results Il'om re,trained shortening of the overlay, Curvature causes 

compreSSlve ,train, i, e, additional ,hortening in the overlay and thus rlXiuces the forcc that 

initially caused the curvature Bending moments and curvature nIlSt, therefore, be computed 
with thc total ovcrlay strcss rcsulting from clastic strain including curvaturc (fijgur~ 6.24) 

'" 'jE 
, , 

" 

(J,,,,,,,, (osJl()! ,how11) 

. I 
_) _ ~o~~ Z __ ldZ 

Figurr 6.24' The interaction between direct overlay stress ami curvature 

Thc resulting overlay force 1'0,,",,,,1 that produces bending momcnt and eurvalUre can be 
computed from the average stres~ in the centre of the overlay at di,tance z from the centroidal 

axi, of the compo,ite section, Fo,tc<., per mm width can thus be expre,~ed a~: 
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[6,22] 

16231 

where ~, is the curvature strain in the centre of the overlay, F" the elastic modulus ofthe 

composile section, and l the transformed second moment of area accounting for differem 

elastic properties orthe composites 

Substituting equation [622] in equation [6_23] results in 

I -'- E, 
E, 

I -_ .. _- - ----- ~ 

E ·h _eo ;>; I + __ 2 ____ ~ __ 
[6_24] 

E .. ' I, ) 

where the term in front or lhe{ brackets}is the curvature computed direc!ly from elastic 

overlay stress and the term in the{brackets)is a correction factor accOlmting for the 

interaction between curvature and internal forces For the specimens tested during the 

eXpe!'imental research the correction factor computed with equation 6.24 was approximalely 

0.90 and hence lor lhese specimens the above efrect could in practice be negl ected, However, 

specimens with relatively thin substrates might experience considerabl e curvature and 

neglecting the above mechani sms would result lil an overestimation of curvature strain_ 

l'or any fibre at a dislance dz ii'om the centmidal axis of the composite member, the curvature 

can be computed as ' 

, , 
j 

+" 
~," 

c, J 
E, ,h~·e·dz' -

I I 
[6,25] ~,. '" E, E. I, II E o - h" . e . , 

1-- , 
E, F, ,I.. 

",here e = 0,5 he, '- 0,]3 ds .. (see equation 620) 
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6,9,4 Suhstrat~ creep strain 

As a result of its restraining action, the "ub"trate undergoes con"iderable deformation at the 

interfacc. Imposed elastic strain and stre~s consequently cause creep dethrmatiom. Since 

bond between substrate and overlay lS assumed to be perfect, this leads to additional 

"hortening of the overlay and hence to loss of shrinkage restraint and the asso~lated 

relaxation of tensile overlay stre~s.es (I<'igllrt 6.2:!'} 

Figure 6,25, Schematic of overlay ~tres, relaxation at the interface through ~ub~trate 

creep strain 

The relation between wbstrate creep at the interface and direct elastic interface stmin due to 

restrained ~hrinkage is complex. The ,tre>.~-producing interface strain at any time t, which is a 

~ombination of direct ela~tic "train" and creep "train~, may be called ill5lmltaneOIlS inte~face 

,Itmin (,;,",,!tj), It is inf1uenced by the substrate creep tha t took place between the time of 

stress initiation to and t, Therefore, the general equation for lllterface strain (equation 6, 17) 

~an be extended toe 

[626J 

Substrate creep in turn depend" on the impmcd in,tantancfllls ,train and ,tre,~' 

E~"" ",: (t) '" f (cr '''' ,: (t, to))- f(E .... , 1 (t, tv),E, ) [6.27] 

The eharaclCristic~ of creep under incremental loading were discussed in Section 2.5.3. The 

BolTzmann superposition principle will be adopted to express substrate creep strain under 
increasing stress due to overlay shrinkage, C,ing a stepv,isc approa~h of the Boltzmann 
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principle., " e, considering ~tres~ increment~ for (he calculation of creep, 2 different simplified 

approaches can be applied a~ presented in Figure 6.26, 

incremental stress 

+----~' 

Figure 6.26: Schematic ofpossiblc approaches for the application orthe Boltzmann 
principle 

The firsl approach (Hgure 626, left) is based on the concept that the total stress during a 

certain lime increment was present from the beginning of that time increment, The second 

approach (Figure 6,26, right) acctlllnt~ for lhe total incremental ~lres.~ only at the end of the 

particular time increment. The first approach leads to an overestimation and the ,econd 

approach to an undere~limalion of creep strains, Over· and underestimation may be neglected 

if ,mall time increment~ are ",.ed, For practical purposes, an aging coefilcient p of 08, as 

proposed by Walraven and Shhlllkani (1993) (compare Sedion 2,5), can be applied in 

connection with the first of the above two approaches, Creep strams are calculated with the 

simplifying assumplJon that 80"10 of the incremental stress was present from the beginning of 

lhe particular lime increment Con~equently, the interaclion between substrate creep Slrain 

and Instantaneous ~train at the interfac.e may be expressed as 1'o110ws' 

atl - t,,' 

~'~"" .<.I (t",) = ° 
f. ... ", (t,,) ~ f." .. ,." (I,,) - f., .. ,~,(tl)· R, 

1 + -c 
Ro(t u) , 

att=tj, 

f.,,~l"" (I ) - f.""JI,)· ,p, (I" t,,) + (f.;_ " (I ) -- ~;~, ,J (t,,» -0,8· 'l', (t,. t,,) 

1 
f. ... .1 (I,) = (I:"",(t,) - f. _ ,,[ (I,»)' --'E"---

1 + ' . C 
EQ(t,) • 

[6,28J 

[6291 

[6.30] 

[6.31] 

[6.32J 

16,331 
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att ~ b: 

att=I;: 

E"" .... '.1 (I , ) '" e .... ,1 (1 0), (~, (1 2 ' I, ) + (e,,,,, ,, (t , ) - e"' ,1 (1 0», (,tis (12 ' t ,) + 

+(E ... ,I (I,) - E "", ,I (I,))' I),R· (P , (I" t,) 

e~.."",I (I.) = t [( e."" (t i _. ) - E"",., (t i_I •• ,) ) . !p, (t i' t i_J 1 + 
" ", 

+ (E ~~., (I;) - E ... ) (t,_,»· 0,8· (P, (I; , t,_J) 

1 
E .... ", (I;) = (E.., (I; ) - e, ... ",,-, (Ii»' ---;Ei---

1 + ' ·C 
Eo(t) , 

E,,,,,, I (I, ) = E"", ,j (IJ + E"""",-, (t,) 

Subslituting equation [6.37] in equation [6 38] results in 

[6.34] 

[6.35] 

[6.36] 

[6.37] 

[6.38] 

[639] 

E_.I (t i) = (Em (I, ) + e""" ,1 (I i _, ) . 0, 8 . <p & (I ;, t;_1 ) - ~ Ke ... . 1 (t i_, ) - & .... ,,1 (1 ;--(.'1)) rp , (t i, t ;_. ) lJ . 

{I + E~(~.) ·C, +08'<P, (t ;, t;_,)r [640] 

When the whole period since commencemcm of overlay shrinkage is considered in a one­
step-analysis, equalion [6.37] can be written in a simple manner: 

Since instantaneous strain al I" - 0 is zero, equalion [641] can be written as: 

~,_.'.j (Ii) =~ ... " (t,)' O.R· lp, (t" t,,) 

Substituting equation [6.42] into equation [6.38] results in ' 

E ... ,)(I;) =E,,, . __ ~ __ " _ ___ _ 
1+ E , .C, +0.80, (l i , lo) 

E a (I ,) 

[6.42] 

[6.431 

170 



Univ
ers

ity
 of

  C
ap

e T
ow

n

The outcomt of tquations 6.40 and 6.43 wtrt compartd for a rangt of difftrtnt substratt 

ages at the time of first loading. 11' sllbstratts are subjected to differential shrinkage at early 

ages (e.g 10 days), instantaneous strains computed with equation 6.43 owr a period of 150 

day~ are approximately 10 to 15% less than tho>e computed with equation 6.40. The 

dinertoct inertases with increasing age or the eomposilt membtr. With an incrtase in tht 

substmtt agt at first loading, the difftrtnce bctwttn tqllations 6.40 and 6.43 becomes Jess 

pronounced (l'igllr~ 6.27) 

£ 
1();") 

0 % " & 
" n 
" " ! "" 
M 

" "' & 
" 
~ &l 

" 0 , '" lW 

tim.; after k>ading I day~ J 

Submale 
age at first 
loading: 

-0- 10 d:oys 

-0- 50 davs 

-----.\- 2o:l days 

----e---- W ) days 

Figun' (,,27 Cumpari son ur test results eompUled with eq ualions 6.40 and 6.43 

For concrete repairs, ~ubmate~ arc usualJy rdatively old at the time of overlay application 

Equations 6 .40 and 6.43 would lherefore give very similar re~ults. In order to facilitate the 

computation uf differential shrinkage stre~~~ in bonded concrete overlays, it thererore 

appears appropriate to u>e the ~implified equation (eqllation 643) for the calculation of 
instantaneous interface strains. The total intcriilce strain at any time t can thus be computed 

by combining eqllations 6.39_ 6.42 and 6.43 to 

[6.44] 

Hcscarch on cuncrctt creep strain gentrally refers to llniformly loaded member';, i.e 

members that experience unil'oml stress ovtr thtir cross-section. Tn tilt above case of 

dineremial ~hrinkage ~tre~~es, the ~ub~trale i~ subjected to non-unifoml stress cunditiuns. In 

that respect substrate creep strains calculated with the above formulae might be 

overestimated. However, strain measurements on composite ~pecimens indicated a 
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6.10.4 Computational results and comparison to experimental rese:tn:h 

6.10.4.1 Specimen~BI 

Figure 6.33 (on the following page) show~ the numerical te~t re~ult~ computed with the 

programme. Measured overlay mlerface >train:. of Specimen BI and interrace strain~ 

computed with the programme are pre,enlcd in Figure 6.34, 

For lhe first approximately 150 days, the analytical model was able to relatively accurale 

estimate both overlay strain developmenl and numerical strain val lies. In general, the 

prediction model led to an underestimation of overlay >trams, Pos,ible reason> for differences 

between computed results and actual measurements arc numerou>, The undereslimation of 

wbstrnte creep ~trains is one of the possible explanations. As indicated in Section 49.4 

(compare Figure 4.51 on page 117), measured substrate creep appeared to be higher than 

creep predicted using the ACI (1992) method 

Considering that time-dependent int11Iences on actual overlay strain had to be estimated and 

simplified approaches were used for the estimalion of overlay relaxalion and substrate creep 

in the computation, the model can be considered to have predicted overlay strains of 

Specimens B I reasonably well 

It is also intere>ting to compare the ratio between inlerlace strains and free >hrinkage strams 

(I<'igure 6.35), 

The effects of increasing ratios between interface strain:. and free shrinkage strall1S (e..A."l 
with time were discu>sed in SeClion 4,7.5, The prcdil1ion of the development of W€.-"s with 

time shows similar patlern as lho>e l>bserved on Specimens A 1-5 and B I To not exceed the 

scope of thi> section, only re~ult~ obtained with Specimen B I are pre~entoo in the above 

tiglJ1'e, The inc.rease in ~ohj-'''' with time mainly relates to the mechanisms or slibstrate creep 

f1 appears that these mechanisms can be modelled reasonably well with the prediction model. 

The main objective of the prediction modd is to assess the risk or overlay cracking by 

comparing tensile overlay strength with computed tensile stress. Computed values 1'01' tensile 

overlay ~tress can be found in Figure 6.33 in column "J" Measured 28-day tensile ~trenglh of 

Overlay 3 was approximately 3 IvlPa (compare Jiigure 4.12, page ~2l Computed tensile stres~ 

never exceeded the tensile strength, which explains the absence of cracks on Specimens 131 
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Figure 6.34: Specimens Bl, overlay strains at the interface, comparison between 

expedmental res.ean;h and prediction model 
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l'igllre 6.35- Specimens UI, strain ratius fo,[icrss_ cumpalisun between experimental 

rese~rch and pre di~tion model 

6.JO.4.2 Spcdmcns Al 

Computing strains for Specimens Al led to a substantial underestimation of overlay ~train 

values (l-'igllre 6.36) The unusu~lly high magnitudes of overlay strains uf Specimens Al are 
discussed in Se~tiun 4,7,5,2 and could nOt fully be explained as all other specimens had much 

lower relative ove rl~y strain values, It ~an however be seen thm the analy1ical model was able 
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to predict bask chara~teri,tics of overlay ,train development, cven though the predicted 

strain rate was 100 low 

JG() -, Al (sandbla,ted LS) 

2511 

":0: 2(X) --+- prediclioo -, 
150 ---<>--- experimmtal 

resull, 
100 

50 

0 , rday,] 

0 50 100 150 "" 
Figlll'C 6,36 Spe~imen~ AI, overlay strains at the interface, comparison between 

experimental research and predktion model 

Computed tensile overlay stress was always Im·veT than ten,ile strength. Also, w nsideTing the 

dilTerence be(ween computed and measured overlay ,trains, ten,lle strebS was oveTe,timated 

with the analytical model. This explains the absence of cracks on Specimens AI. 

6.10.4.3 Spcdmcns ,1,,2 

Specimens with Overlay 2 (lIS) showed extensive ~racking during the first weeks afteT lhe 

on~e( of drying shrinkage (wmpare Section 4.11). The analyt ical model wa, able 10 

reasonably well predict overlay strains during this period. especially in the critkal fir~l week 

(HgllU 6.37) 

Tensile strength of Overlay 2 wa~ mea,ured to be approximately I 8 r>.lPa be(ween 7 and 14 

days (compaTe Figure 4.12, page 82). Cracb were identified viwally after 7 days The 

anal:viical model compu(e, tensile overlay stress of I 8 MPa at 9 days and was thus able to 

prooict the time of overlay failure reasonably ac~urately. 
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Figure 6.37 Specimens A2, overlay ,trains at the interfac~ at early ages, compari~n 

between experimental research and prediction model 

6.1fl.4.4 The influ~nce of C, on the computation of interface strains 

The computation of ela~tic ,[rains in the analytical model developed in Sections 6. I to 6.9 

dep~nds on the COnStant C, that e~timates the eombin~d influenc~s of relative cross-s~ctional 

areas and strain charaetenst.ic, of substrate and overlay On the degree of overlay shrinkage 

re,traint In S~ctions 6.10.4,1 to 6,10,4 3, a ,alue ofC, - I 0 wa~ u,ed for the compari,on of 

[he analytical model with ~)(perim~ntal rewlts, l,e, it was assumed that relative cross­

sectional dimension, had no influence on overlay shrinkage re,trainL Th" section examines 

the inl1uence of the magnitude ofe. on total ov~rlay strain, including time-d~pendent ,i>co­

elastic components. using Specimen~ D 1 as an ~xampl~ 

It must be noted that C, cannot take a value ~maner than I 0 a~ this would correspond to 

decrea,ing restraint with deerea~ing overlay thickness, which appears illogical 

Computed overlay strain~ u~ing different values for Co, and measl.ll~d strains of Sp~cimens 

Bl are presented in Iljgur~ 6.38 Overlay strains ofSp~cimens BI could at best be pr~dicted 
using a value of C, =1. Increasing values ofC, .. i,e, increasing degree, of restraint. resulted in 

lesser comparability between experimental re~ult, and predicted ,trains, However, a, stated 

previou,ly, C, should be te,ted for a range of different overlay material~ to confirm the above 

ob~ervation for practical application of th~ prediction model 
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Figu re 6.38: Sp~cimens B I, computed overlay strains in relation to the constant C, 

6.10.5 Conclusions 

In general, the analytical model led to an undere,timation of overlay strains in the tested 

specimens As stated prevlOusly, po,sible reasons for this are numerous. The influences of 

suhstrate creep and overlay relaxation w~re estimat~d using simplified approaches. 

Accounting for more substrate creep and/or I~ss overlay relaxatioQ lor example. would re,ult 

in computation of strJ.in values that are closer to strain, measured on the test specimens. 

However, exact prediction of overlay strams is practically dirtlcult as discussed previously 

Th~ computed strain values therefore appear to predid overlay strains reasonably well. 

l.'nd~r~:;ti!TIation oj' overlay strains generally leads to conservative computational results of 

t~nsile overlay ,tress, which is acceptable 

Th~ main intention of the anal)1ical model is to c.ompute tensile stress and predict crack 

development in the overby. Modelling Sp~cimens A2-A5 (Ovnlay 2 (HS» led to the 

prediction that cracks would occur after approximately 9 days. Most cracks on Specimens 

Al-i\5 were identifl~d after 7 days (compare Section 4.11) By contrast, Specimens Al 

(Overlay l(LS» and B (Overlay 3 (\1S» did not crack during the test period lor these 

specimem th~ anal}1ical model predicts tensile stress to not exceed tensile strength. The 
above indicates that the anal)1ical model was suc·cessful in predicting cra~king III the tested 

speCllnens 

The influern;.e of the ~mpirical comtant C, on the prediction oj' overlay strain, of was t~sted. 

Til;, be,t agreement hetween experimental and computed strains were obtained J'or C, - '1 
and there lore appeared to develop independently of relative sectional dimensions oj' sub strate 

and overlay HoweveL this phenomenon should he tested with a range of common overlay 
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materials. including concrett repair mortars, to draw final conclusions on the influence of 

relative cros,-sectional dimcnsions of substratt and overlay, 

6. t I Influence ofiudlVidual material paramdcr on dirc\·t on-rlay knsik stres~ 

Direct tensile overlay stress at the intcrface can be computed with equation 6,54 (page 185) 

A range of material parameters ini1uence oVNlay stress values (EFSS, ~IO, Eo, Es. C" and ([l~ (as 

a function of substrate age)), The infllIence of each of these parameters on tensile overlay 

stress is discussed in the following, neglecting the effects of curvature, Overlay stresses were 

computed with varying material parameters and compared to a reference stress vallie The 

laner was computed with the material parameters listed in Tabk 6. t, 

Table 6.1 Reference input parameter~ for the computation of tensile overlay stress' 
.. 

verlay ar"md~", 

t,(da>') , 
0 0 

28 300 II. (,(J 

O\·crla>, &pth d.., (mm) 

, 
ubstntt~ amm<,1en I 

Elastic modulus F, (GPa) 

ubstmt~ d<;pth tis (mm) 

ammeters for substrate creep stram 

ge of concrete at r'rstloadmg (days) 

ariatiun III RH ('Yo) 

'lump (mm) 

toarsc aggregate (kglm') 

fin~ a 

'Constant C~ 1.0 

Eo O"~.: (+) -
00 0.00 

25.1) 2.02 

40 

I 30 
200 

. f--'S"'"",--;,iS years) 
20 
9<l 

985 
7';() 

I 

dude curvatur~ III caiculatil1l?"'o""I", ,'w~'cO"I ___ L_c0'-_~ 

* Values in italics: parameters that were varied for the evaluation of their ini1uence on 

ovtrlay tensile stress 
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From equation 6.54 (page 185) it is immediately apparent t.hat tensile overlay stre,;:; I'> 

proport.ional to iree shrinkagc strain cl'ss( t) a~d overlay relaxati on fact~ \II(t.,to). 

The influwces of clastic n1Od1ili of overlay Eo and wb'>trate Ls arc prc'>cnted in Hgure 6.39 

, 
! 
" , 
c , 
i 

" , , 

" 
0.9 

08 -

06 

Elastic roodu!i. I'<J and F, 

---+-- E, 

0.7 08 09 " L2 D 

Figure 6,39, Tensile overlay stre,~ in relation to elastic moduli of overlay and 

substrate 

Tncreasing value,> for E, re,ult in increasing restrai~t and hence i~ereasing overlay stress 

Tncreasing values ofE" remit in decrea.;ing restraint but also in incre.1'.ing ~tres.~, m; the latter 

is a product ofrestrained strain and E" The relationships between elasti~ moduli (F. , and E,) 

and overlay stress arc virtually hnear 

An increasing value ofC, rcsults in increasing restraint and hwce inereasi~g ovcrlay ,tress 

Similarly to the i~f1u ences of elastic modllh of overlay and substrate, there is a nearly linear 

relationship between the parameter C, and ten~ile overlay stress (FigUl'C 6.40), As can be 
seen ITom the figure, the influen~e ofC, on overlay "tres.~ i'> relatively signitkant 

An in~rea~e in '>llb~trate age results in a decrcase of sub'>trate creep strain~ and henc.e in an 

inerea"" of overlay stress. Howevcr, the i~lluencc ofthc substratc's age on ovcrlay ~tre,>~, 

when crcep is computed with the ACr method (ACt 1992), is only noteworthy if the 
substratc is fairly young, i,e you~ger than 5 years (Figure 6,41) However, it should he noted 

that even relatively old substrates, i. e ~ubstrate s older than 311 year,>, have noteworthy creep 

detomlations 
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1. 6 ! Paran-.:ter C. 

1.5 ---- ___ ~===:::~~~ 
1 ;-:L: 
g 
-- 1.2 --g 

'.1 +-7'-----------­

,,¥'------------------
1,(X) 1.50 2,(X) 

c. l- J 

2.50 

Figur~ 6.40: Tensile overlay ~lre" in relation to (he parameter C. 

1 . 1 - Soostmte age 

c: • ! 1.0 

• " d 

" ~ 00 
0 

" 
0.8 --~-__ --~-~ , 

" 20 
Substrate age [year,] '" 

Figure 6.41: Tensile overlay ,tres.~ in relation (0 the age orthe subslrale 

6.12 Summary 

Results from experimental research and numerical simulation indicate that existing analytical 

approaches do not model the behaviour of bonded concrete overlay~ in a realistic way. A new 
analytical model was developed, based on localised strain conditions at the interface between 

substrate and overlay. 

Elastic and vis.co-ela,tic strain mechanisms were dis.cu,~cd individually. Equations for the 

prediction of different strain and stres.~ components were developed The following main 

assumptions were made and incorporated in the analytical model' 
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Overlay and substrat~ are fully bonded 

Shrinkage i<; eoo,taot throughout th~ overlay depth 

The restraint of overlay shrinkage is a localised phenomenon at the interlace, 

Bernoulli's hypothe<;is of plane Stx-,\illn, r~maining plane docs not apply 

Overlay ~hrinkage re~traint can at best be modelled through the prediction of 

imerface strain, 

Elastie imerfaee strain, can be computed in relation to an empirical constant C that 

describes the combined liltlu~nces of relative substrat~ and overlay dimensions and 

<;train characteristic<; 

Substrate creep strains are an important component for the behaviour of bonded 

concrete overlays. The effect, of substrate ~Teep can be e<;timated u,ing a simplified 

approach that accounts for creep in a on~-step analysis 

A significant part of overlay relaxation occurs shortly after ,tres.~ induction 

Relaxation ther~for~ develops at a consid~rably higher rat~ than str~ss related to 

continuous overlay shrinkage, The effects of overlay relaxation can therefore be 

consider~d lil a simphtied way, a,summg full relaxation to occur simultan~ously 

with str~ss induction. 

Lxi~ting analytical model~ relate overlay ~hrinkage restraint to the relative member 

dimensions of ~ubstrate and overlay The ba~ic form of the generally accepted equation 

resulting from the above a~<;umption was kept fi)r the new analytical modd How~ver, the 

term that account~ for the direct influence~ of relative member dimensions wa<; exchanged 

against the factor C, 

Curvature in composite ,pecimen~ commonly caus~s overlay contraction and hence partial 

release oflen,ile overlay ,tres,. Tn exi>ting analytical approaches, dir~ct strains and curvature 

are generally computed individually and ,imply added up to obtain total strains. 1hi<; 

howevcr leads to an overe<;timation of the beneficial efr~cts of curvatur~ as discussed in 

Section 6.9.3 The analytical model developed in the previous sections computes cUlYature 

strain with consideration of a correction factor. rhi<; factor account> for the drcumstanc~ that 
a portion of direct overlay stres, is released through curvature 

Substrate "Te~p ,trains can be eSlimat~d u,ing creep prediction model<; pre<;ented in the 

literature For the analysis oft~st ,pecimen~, the ACT predi~tion model for creep (1992) was 

used 
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Infurmation on tensile stre~~ relaxalion is ~carce and more re~earch is necessary to lind time­

dependent relaxatiun functiuns fur different concretes. In absence ur mure detailed 

inlormalion it appears appropriate to account for overlay stre,s relaxation in the simplil1ed 

way mentioned above 

Any analytical model can merely present an approximation of overlay strains and stresses. 

Numerous visco-elastic int1uences and time-dependent material parameters make it 

practically impossible to predict overlay strains exactly. Huwever. the comparison or the 

analy1ical model wilh results obtained during the experimental research revealed that the 

model is able to reasonably closely predict overlay strain development. The predictiun of 

tensile overlay stress conformed to experimenlai test results_ The analytical model can 

thereli)[e facilitate the design of bonded cuncrete overlays_ 
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CHAPTER 7 

lNTl:Kh·\CE BOND STRE"IGTH 

7.1lntroductioll 

The bond between substrate and overlay is often the main aspect concerning durability of a 

"OlKTete repair project and hence its suc{:ess, Fundamental mechanisms of adhesion bctween 

eoncrete.~ of diffcrent ages and factors affecting short- and long-term bond development are 

diSUl>sed in Section 2.3 From the literature review, 2 parameters "ere identified for 

experimental resear"h (wmpare Section 2.3,R): 

Short-teem bond strength development in relation to mechanical overlay strength and 

the l(){:ation ofi'ailure 

Long-term bond properties in relation to different overlay materials, environmental 

conditions and interface textures 

Bond me<.:hanisms. discussed in Section 23, irKlicate that overlay mechanical strength might 

havc a signifi"ant intluen<.:e on bond strength. The relation between overlay strenb1:h and bond 

has however not yet fully been examined In relation to bond mechanisms it appears 

important to identify the actual location of fracture, which, in connection with mechanical 

material .~trength, can help identify fundamental bond meehanistm. 

Factors concerning the long-term performance of bonded wncrete overlays relate mainly to 

"racking and debonding, The c·hara"teristic5 of overlay cracking in relation to overlay 

>hrinkage were discussed in Chapter 4. The testing of bond durability was carried out in 

"onjunc·tion with the measurement> of strains on composite members, using the same 

material> and interfa"e textures, The long-term bond specimens were thus designed to 

estimate the intlue~e of >hrinkage restraint on bond durability, 

7.2 Test methods 

7.2.1 General 

Bond strength was meawred as the stress required for separating substrate and overlay. 1n 

general, bond tests are designed to apply tensde, shear, or torsional strcss to the interface of 

the member. The most wmmon test method is the tensile pull-oft' test on cores. The 

popularity of the tensile test relates mainly to the c·ir"umstan"e that it "an be carried out on­

site on an exi.~ting structure a.~ welJ as in the laboratory, By contrast, interface shear tests can 

commonly only be carried out in the laboratory and can thus not be used for chara"ten>ation 
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of bond strength in existing ,tru~1ures Torsional te,ts may be applied on >ite and in the 

laboratory, but are very s.cJdom used 

For this fe>earch project, shear and ten~ile \e.qts were initially used for the iden!iflcation of 

interface bond ~trength. However, ~everal dimcultie,~ were encountered with the tensile pull­

off test, which made this method unfavourable fur the characterisation of interface bond 

eharacteristie~, as discussed 

For the identification of tensile interface strength, a force must be applied perpendicular to 

the interface plane Any misalignment of the pull-olT force leads !o stre~s peaks in the 

member, which might have a signifkant inlluen~e on measured strength values 

Mi~alignments might be induced by the core dlilllllg pro~es~, an uneven subb1rate wrfa~e, 

and the te~t equipment and are generally difficult to avoid, A combination of misalignments 

from different sources might intensify the problem s.o that the measured stress at failure does 

not represent actual tensile Interface ,trength. Some of these problem~ might be eliminated 

when the core i,~ isolated from the stru~1ure and both ends ~arefully ground to be parallel 

before the member is tested Thi,<;, however, is a cumbersome procedure if a large number of 

tests have to be oonducted, 

A ,eoond problem that i,q commonly encountered with tensile pull-off tests is that only 

seldom doe, failure lake place in the intelface plane. Repons on pull-off ~trenb<ths in the 

literature often relate to material failure in either substrate or overlay This problem was also 

extensively encountered during this research as cores under pull-off stress mainly failed in 

the substrate or overlav but seldom at the interface. If material failure occurs, the mea~ured 

failure stress merely represents a lower bound value for interface strength, For practical 

purposes, this may be sufficient to prove that required minimum ,trength has been achieved, 

which make,~ the pull-off test a valuable tool for in-situ ~ontrol of concrete overlay>, 

However, for the identilkation of al1ual interface strength in relation to dinerent test 

parameters, the tensile-pull of test i~ of little value. A third problem encountered with pull-otT 

tests is that the ~oring procedure might damage the bond between suh,~!rate and overlay, 

which could result In premature failure when the pull-otftorce i~ applied 

For thi, resear~h, interface hond was characterised with shear te~t method~ Ten~ije le,qt 

re,ults are not eon,~idered, a~ they were inconelusive due to the above reasons 
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7.2.2 Intuface shear bond tests 

The ,hear bond specimens consi'>ted ofa 150 x 150 x 75 mm concrete ,>uhstrate body \vhich 

re~eived overlays of75 or 40 nun thieknes" depcnding on the test method described below. 

Two different interfacc shear bond tests were de,igncd to suit different test parameters, 

Method A (Figure 7.1) is a modification of the FTPtes/ for direct intcrface shear (FlP, 1978) 

and was applied where the overlay thickness was thought to have no inf1uence on the le'>t 

param::ter, WhlCh was the ca'>e with ,pecimens fuJly cllred in water. 

Figure 7.1' Photograph of interface shear bond test method A - direct shear 

for specimens that COlKerned the intluell<.'e of ~uring and environmental ~ondition&' a 

modified guillotine te,t, method B, wa'> utili,>ed a, ,hown in Figure 7.2 r>.lethod B allowed 
an overlay thiekne,>s repre,>enting common repair patch dimen,iofl'>. An overlay thiekne", of 

40 mm wa'> cho,en for ,peeimen'> te'>tcd with method II 

Details of the dimcnsions ofthc test cquipments arc givcn in Appendix 6. The schematics of 

load application and interface stresses resulting from both methods arc presentcd in 

Fi!!urc 7.3, 
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Figure 7.2 Photograph of interface shear bond test method B - Guillotine test 

Wilh mdhod A, a forc~ was appli~d in the int~rface plane of the <;pecimens. This, in tr.;,ory, 

led to pure shear stre,s at the interface . ./I,Iethod 13 applied the force with a ,mall eccentricity 

and therefore caused shear and bending stre<;<;e<; at the interfac~, The calculation of direct 

stresses at the imeiface, resulting from lh~ l~nding moment induced by method 13, is given in 

Appendix 6. 

Comparison ofte<;t results was always done betv.'e~n spt'cimens that had been tested with th~ 

same method_ i.e te<;t result<; obtained wilh melhod A were not compared to those obtained 

with method 13. Therefore, direct stres<;es at the interface were neglected for the analysis Test 

re>uits of both methods A and 13 arc expres>ed as interface sr.;,ar stress 

The size of test specim~n, was chos~n following two main rea<;ons. Fir,tly, common cube 

moulds could be llsed for the fabncation of specimens (150 x 150 mm), which makes thi, test 

suitable for practical repetition in Juture re<;earch proJects. Secondly_ the relatively small 

interface area faci litates the investigation of the inDllences of di tf~r~ntiaJ shrinkage. Interface 

stres<;es re>uUing from r~strained overlay volume changes ar~ high~st at the houndaries oflbe 

ove.rlay, ,uch as fr~e member ~nds. joints and cracks. The si7~ of t~st specimens therefore 
allowed tbe development ofr~kvant shear stresses over the l~st ar~a 
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Specim"n depth 150 mm 

r -

substrate I· I 
substrate overlay 

7S 75 , 50 75 '" 150 

, _L 

7167 f..r:==t--f==l7/67 F 
6(J/67 F 

Q 
M 

53/67 f 7167 F;C==I-j"---

Figure 7.3. Schematics ofloau application and interface shear stresses resulting from 
T~st methods A (left) and 1I (right) (Appliedforas and stresses resultjrom the 
dimensions of Ih~ r~81 equipment, a\' dismssed III Appendix 6) 

7.3 Test specimens 

7.3.1 Short-term bond strength development (Specimens SI-4) 

The mechanisms of concrete compressive and tensile strength development with time arc 
well known. By contrast, littk work has been done on the mechanism, that influence bond 

strength development between concrete of different ages. The test series described 111 thi~ 

section aimed at establishing a direct relatioJl between the developments of compres~ive 

overlay strength and interface bond ~trength. Shon-lerm shear bom! strength developmclll 

was teste<l U811lg sp~cim~ns with sandblasted interfaces and overlays of di tf~rent compressive 
~lrenglh,_ Sandbla;t~d interfac~s were chosen since they were ~hown to provide good bond 

~trength and relatively consistent results <luring prcviou~ le,t~. Substr~te bodi~s with 

sandblasted interfaces are pre,ented in Figure 7.4, 
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Figure 7.4' Suhstrate hodie, lor interface ~hear bond !e~t,. with ~andhl~,ted 

intert~ces 

Prior lO overlay application, the ,ubstrate bodies 'Nere wetted with moist ,heets for 24 flours 

and >ub~cquently exposed to the laboratory for approximately 30-45 minute~ to dry until the 

moisture <;IJrface shine disappeared. Overlays \vere compacted u,ing a poker vihrator and 

smoothened "i!h a trowel. Curing was done with we! hurlap for 24 hours. Subsequently, 

speclmens were cured in water ~ t 23"(; until testing. Test method A (direct shear te>t) was 

llsed for determlnation of bond strength, Therefore, the overlay thickne>s "vas 75 mm 

Overlays were de,igned with con,!am water content to achieve simil~r worbhility, Mix 

design, are pre~emed in Table 7.1 Shear test specimens were denoted Specimens SI, S2, etc 

(Specimen, S hear L 2, etc). 

The overlays were de,igned for 2R-day compressive strengths of J 0, 20, 30. and 50 !'.lPa. Oue 

to ins"tficient n"mbers of wmple~, interface ~hear te,ts of Specimens SI and S2 were 

completed ~t 14 days, For comp~rison of overl~y 'trength~. 14-day compre>sive ,trength 

values are therefore given in Tahle 7.1. 
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Tabll" 7.1 Overlay mix design~ and material properties for Specim~ns SI - S4 

I SpecImen g, S2 83 84 

Cement CEM I Ikg/m'l 510 392 294 23S 

\Vak-r [kg/m '] 235 235 235 235 

9 mm Gr~ywaeh [kg/m'] 940 940 940 940 

Kliph~'uwd ,and [kg/m'] '''' m g40 8., 
W/C ratio [ ~ I 0.46 060 O_gO LOO 

-------- . 
Slump Imml '"' 90 90 80 

-------- ----
2X-d dc,ig" stre"gth IMFal 50 '" 20 10 

14-d compr. Strength [MPa] 42,7 2X,7 17,1 'U 

7.3.2 Long-term bond strength in dilfuenl and changing ~nvironments 

7.3.2.1 General 

DiITerent factor~ influence long-ternl bond properties and compatibility bet\veen concretes of 

different ages, The overlay undergoes volume change, due to temperature cycles and 

shnnkag~. which can bo: very diIT~renl Irom those of the substrate, These differential 

movements may weaken interface bond strellglh and result in panial or full debonding 

Prt:\;OUS r~search on bond durability wa~ discus,<;ed in Section 2.3 6 

To date_ data on the direct influence of ov~rlay shrinkage on interface hand strength is not 

available_ The tests describ~d in thi, s~ction aim~d at lnv~,tigating the influence oflong-twn 

~hrinkage on bond durability with respect to different interface textures_ different overlay 

materials. and different curing conditions, To test the direct influence of overlay shrinkage on 

bond strength. specimens were cur~d in the laboratory for a period of approximately 2 years_ 

Specimens us~d for these tests were cast in conn~ction with th~ beam ,pecim~ns d~scribed in 

Se~tion 4,,!, having th~ same interface textures_ material prop~rtie" and curing condition" 

The influence, of diITerent and changing environment~ on bond ,trength were te,ted on 

~pecimen~ that were stored for 2 years in different outdoor locations in the Western Cape In 
additiOll, temperature- and moisture cycles were simulated in the laboratory 

Tho;: proc~dures for the control or substrat~ moisture condition and ov~rlay application \vcre 

th~ ,ame a, those described in Section 7.3, I for Specimens SJ-4, 

All long-term bond specimens were tested with interface shear lest method B (Guillotin~ 

te~t)_ 
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7.3.2.2 L'.mg-t(·rm shrinkage under laboralory conditions (Specimens S5-8) 

The long-term bond strenglh le~ls on ~pecimen~ cured in the laboratory were designed to 

supplement the shrinkage measurements described in Seelion~ 4.5 to 4.7. They were further 

u~ed a~ a reference in compaJison to the site-cured specimens, 

All substrate bodie~ had an age of at lea~t 8 months at the time of overlay placing to ensure 

that most of the substrate shrinkage had laken place. Imerface textures compri~ed sandbla~led 

(compare Figure 7,4), smooth, and notched illlerface~ (Fi!!ures 7.5 and 7.6) 

1 

~ ~ 

.~ 

Figure 7.5. Substrate bodles with smooth surfaces 

The preparation of interface textures was done in the same ,,"'ay as discussed for the beam 

specimens (compare Section 4,2,]), 

Owrlay~ were moi~t cured tor a period of7 day~ after casling, u~ing wet burlap and plastic 

~heet~. Subsequently, the test spocimens were len uncovered in the laboratory where they 

were exposed to seasonal changes in temperature and rclative humidity ranging from 
Hi to 23°C and 55 to 80 % RH respectively, All overlays ""'ere cast in autumn or winter in 

order to prevem rapid shrinkage development 
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Figur~ 7.6: Substrate bodies with notched surfaces 

Two overlays with different shrinkage characteristics were used, namely Overlays 1 ("Low­
Shrink, LS") and 2 ("High-Shrinl, HS") as discussed in Section 4.2.4 Mix. design and 

material properties of Overlays I and 2 are prescnted in Table 4.2 on page 73 

The influence of di lTer~nt interface t~x.tures was only tested with Overlay 2 (HS). The 

influence of different overlay shnnkage characteristics. using Overlays I and 2, was tested on 

sandblasted interfaces only. Specimens arc summarized in Table 7.3 (page 213). 

Specimens wer~ test~d after 28 days for short-term bond strength, and after approximately 26 

months for long-term bond strength. 

7.3.2.3 Site conditions (Specim~n~ S9-14) 

To evaluate long-tenn bond strength in realistic environmental conditions, different sites 

were chosen for the exposure of specimens Specimens on all sites were placed such that the 

ov~rlay was exposed to the ~nvironment without protection against sunlight or rain. An 

overview on the location of the sites is pres~nted in Figure 7.7, Tabk 7.2 summarizes the 
environmental conditions encountered on the sites. 
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""" ........ - " I',"'~'i" ; 
"~ 

Figurl" 7.7: Overview on site locat ions forthe curing of shear test specimens 

Table 7,2 ' F. nvi ronm~n lal conditions e ncOlln l ~rtOd allhe ~ i le localions ior the curing 

of sh<oar t~st sp~ciJl1~ns 

00. Location Conditions 

1 Wellington Winter; rainy. T > +3"C; Summer, dry and sunny. T< +3S'C * 

2 
Cedar Mountains! ' Winter: rainy. T > _SoC; Summer: dry and sunny, T<-35'C; 

Tulbugh RH25-90% *· 

West COOS! / 
Winter: rainy. T > +rc; Summer: sunny. T< + 35' C: RH ; 

3 Koeberg 
stored on a breakwater damn, regularly cxposoo to splashing 

t sea water, Average RH 70%·" 

• No data OIl RH is available for this site 
•• Data on RH supplied by South African Weather Semce 
* .. Data OIl RH supplIed by the weather station at Kocb<.lrg Nuclear Power Plant 

All specimens were prepared with sandblasted interfaces, Overlays consisted of Overlays I 

(LS) and 2 (HS) (compare Section 7,3 ,2.2) , 

The test specimens were moist cured for a period of I day after casting, using wet burlap and 

plastic sheets, and transported to site and exposed to the envirorunent the next day_ A curing 

period of one day was considered to represent common conditions encountered on site during 

concrete repair projects, All specimens were stored on site for 26 months arxl subsequent ly 

tested in the laboratory, 
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7.3.2.4 T('mperatpr(' and moi~tpr" cydes (Specimen~ SI5-18) 

remperalllre and moisture cycles v,'ere simulated in the laboratory. using the same types of 

speeimen~ a~ described in Section 7,3,2.2 (Specimens SI-5), For this. the specimens v,'ere 

cured for approximately 23 months under the same conditions as Specimens SI-5 and 

mbsequently exposed to a total of 40 temperature and moisture cycles comprising the 

following: 

4-5 hours oven drying at 40- 45"C 

25-30 minutes rain SJll1U lation. using tap \vater (typically 12-14"C) 

Period between cycles: 20 hours minimum 

Specimens ,"'ere placed in such a manner that the water carne in contac.t with the overlay 

surface only. All other faces of the specimens were sealed with silicon (Figure 7.8) 

Rain ,imul,,!iOll A 

""ler now 

$ 11~r11 rl '1tf 
[J Silicun seal 

Figure 7.8, Arrangement of specimens for the ~imulation of temperature and moi,ture 

cycles 

The duration from the flfst to the last cycle was approximately 3 month~ Specimens were 

te~ted on completion of 40 cycles at an age of approximately 26 month~ 

7.3.3 Summary of test specimens 

Tahle 7.3 summariLes the shear test ,pecimen, 
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Table 7 3 Summary of' shtar test spe<.:imens . 
5jXX;iITICn Curing condition Tnterl\uo¢ Ov¢rl~v rc~ a'c 

" 50 ~IP~ 1-14day,-
SO Viot¢r cured So.ndbl;u;ted 30 ~IP~ ------ ----

S3 20 MP~ 3 - 28 day.,--
S4 
~ 

, lO .\1P~ 

, 

I 

I 

S5 SOl)ibb.,ted Ovcrla):: 1 (LS) 
-

S6 Laboratory I month ~nd 

" 
ellVlrtlllmenl Smooth Overlay 2 (US) 30months 

-

S" Notcilcd - -- -

S9 Sit~ I _. 

SIO Site 2 Ovcrlay I (LS) 

SII 5ite 3 , Sandb1;u;ted 
m Site 1 

, , 
--- - .. -

513 Site 2 Overlay 2 (HS) 
311 months 

51.) Sitc 3 

SIS Overla,. I (LS) 
Tempcratur¢and Sandblasted 

S16 
moisture cycl~s in 

Q,erla" 2 (lIS) sn the laboratory 5mooth 

Slg Notched 

• SjXX;imem Sl and S2 were tested ~t 1, 2,3,7. and 14 days ~s the first 2 weeks are 

cCllsidered lmporl<Ult fur strcngth dcvclopITICnt 
- - Sp"",mens S3 and S4 w.,,-e of too low ,lr,,"glh to be tested before d..,y 3 and were 

therefore at day 3_ 7_ 14. al)i 28 days 

7.4 Test results 

7.4.1 Stati~tical evaluation 

, 

, 

Per w;t p~rameter and te~t age. between 4 and 10 ~pecimens, depending on availabilily, were 

tested for interface shear strength. Analysis of tesl results and compari;mn bet ween din'erent 

pam meters w~s done using the mean v~Jues of aU tests after exclusion of outliers 

Outliers wtrt dete~ttd using a method dts~ribed by Montgomery and Runger (2003), which 

is sh(lrtly describtd. Resll]t, obtained tor a certain test parameter at a certain age are listed in 

ascending order. Quartiles are the three values (If ;mch a ,et (lfresliits that partit.ion it into four 

equal part,. The centre value i, called the median. and the upper and l(lwtr values are c·alled 

lower and upper quartile" respectively_ The interquartile range i, dellned as the data range 
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between lower and opper quartile. An outlier was defined as a data point that lies outside a 

region of 1.5 times the in(erquanile range from the lower or upp€!' quartile, The method is 

illustrated in figurt' 7.9, using test results of Specimen~ S9, 

lower 
median 

upper 
lJUarLilc 4uartile 

numhe, , , ; , , , 
" ; , 

" W , 
test value jkNj ", " "' " 93 97 "" 105 11 (j 113 

Interquartile rdllge IQR = 10) - S~ = 17 

Outliers: values below 8X - I,)" 17 - 61, and value' above 10') + 1,')'(17 = lJ 1 

Figure 7.9, :\1ethod ofddermination of outlying value'!, exemplified using (~t result~ 

of Specimens S9 

As shown in hgure 7,9, test results of Specimens S9 did not have any outlying values, Due to 

the relatively ~mall nlllllber of test results lor each parameter from a statistical point of view, 

outlier were found in a few instances only Statistical evaluation of all test results is given in 

Appendix 7 

A statistical analysi~ on the Significance of difference~ belween (es( r~ull~ obtained on 

different sets of samples was not carried out Sets of sample~ were compared on the ba~i~ of 

engineering judgement, using mean values ddennincd as dIscussed above 

7.4.2 Short-term oond strrngth development 

7.4.2.ll.oration of bond failur~ 

Specimens Sl and S2 were tested at 1,2.3,7, and 14 days Specimens S3 and S4 were tested 
at 3, 7, 14 and 2~ days (compare footnotes Table 7,3), 

Practically all ~pecimens faded in the interface plane, with very lillie failure occurring in (he 

overlay or sub~(rate, However, the (erm "'interface failure" u<;&.1 for the d~criplion of ~hear 

failure in thi~ project in aClUaI fact refers to material failure very close to the interface. 

Failure truly along the interface would refer to separation of overlay and substrate witholl! 
leaving overlay material attached to the substrate or vice versa, Substrate concrete surfaces 

always have a certain roughnes\ provided by open pores and cavities (micro roughness), and 
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surface texture (maCIo roughnes,). M~chanical k~y, are formed between !be two composites 

whcn the overlay llows into the interfacc tcxture and fIlls open pores and eavitie, on the 

sub,trate surface. Tnt~rfae~ failure a, ,uch could only occur if these mechanical key~ ar~ 

pulled OUl of!hcir anchored position, which i, virlually impo><>ible. Therefore, failure mostly 

oGCUr, inside the materials. At most instances it wa, Glearly visible that a very thin layer of 

overlay material r~main~d on the interface, even if, at first sight, th~ failure seemed to have 

happened at the interfa"" plane as such. The overlay layer remaining on the interfac~ u,ually 

appeared to be of an estimated thickness of up to approximately 0.5 mm (Figure 7.10). 

Owrlay hydration products 

: Substrate 

Anchorage of overlay hydration pnxiuets at [oc intcrl1~cc 

Figure 7.10 Schematics of "interface failure" 

In ,ome in,tances, "intcrfa"" failurt" wa, al~o ob~erved !o refer to ,ub,trate failurc very; close 

to the interlace. "1 he above observations point out that. Ibr well prepared sub,trate surfaces, 

tho; w~ake,t parl of the bond line betwe~n substrate and o,er!ay is not the interface a, such 

but tl"" material very c10;;e \0 the interface Thi, ,how, that o,~rlay and oubstrate material 

"It'ngt.hs are signillcant factors for interface bond strtngth Thoorefore. for ,trtsoe, mduced by 
ov~rlay shrinkage. overlay strength might be a critical factor for bond durability This 

obs~r.,.ation relate, to the assumption that a transition mne ~xists at the interface between 

concrete, of different ages, similar to the tran,,\ion mne between aggregate and cement 

pas\e_ a, discu,sed in Section 2,3,2 

Significant material failur~ OCCUl1'ed only in Specimen, S4 a\ a test age 01'7 and 14 days In 

these specimens, failure oceul1'ed to approximately 7iJ'/, and 30% at the interface and in the 
overlay re,pectivcly, with overlay failurt reaching a depth of up to 10 mm from the inlerfaee. 

The rea.,on for thi, lies in the low strtngt.h of the overlay of Speeimem S4. 

In general, the appearance offailur~ v~ry c1o,e!o the interface showed that the test method 

successfully induced shear stre" in the interface 
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7.4.2.2 lnt~rface shCHr bond str~ngih in relation to ovcrlHY compressivc strength 

Overlay compressive 5\rength was rOLind to have a significant influence on interface shear 

bond strcngth (Figure 7.0) TndividLial test results of groups of samples. indicating the 

scatter of results. arc presented in Appendix 7 

Shorl-lerm shear bond strength developmlnt 
3.5 

~ 

30 

/ " -+-51 (SOMPa) 

" , " • 20 
----<ii>- 52 (30 MPa) 

5' / 
" " "h 

----.!r- 53 (20 I\IPa) 

§ >Q ----<>- 54 (10 MPa) 0 / 0.5 -

n,n [days1 

0 , 
'" " '" " " 

Figllr~ 7.11' ShOTt-ternl bond strength development or Specimens 51-4 Strength 

values in (brackets) refer to overlay design compressive "trength, 

Bond strength development was fimnd to correlatc consistently to overlay compressive 

:;trength development. Table 7.4 summari;tes the ratios between interrace shear bond strength 

and overlay compressive strength 

Table 7.4, Ratio between interface shear bond strength and overlay compressive 

strength (in %) 

S.11ecimen \ da~' , , , , 

H " " ~~ 

" 
, " , , 

" 9 9 W 9 8 

" '" " " W 
~ 

S4 " " " " 
1'0[ all specimens, the ratio between interface shear bond and ovcrlay eompressivc strength 

was relatively constant during the test period within anyone group. Intclfacc shear hond 

strength in all specimens was measured to be approximately 10% of overlay compressivc 

strength, independent or the test age. This oonsistent correlation indicates that overlay 
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compressive strength can be lls~d as an indicator for bond strength development, assllmmg 

proper bond is provided This observatiun relates to the ~xist~nce of an interface transition 

zone, in which mechanical material strell,l,'1h ddermin~s bond pfllp~rti~s, as dis.cussed 

pr~viollsly , 

\Vith the observation that in most cas~s bund failllr~ occurs in the ov~rlay very close to the 

mterfdce, it is apparent that shear bond strength correlates to the shear str~ngth ufth~ overlay 

paste at the intertac~, D~cr~asing overlay compressive strength led to an increasing ratio 

between interface shear bond strength and owrlay strength as shown in Table 7.4. Shear 

jailllr~ in concrete is generally consider~d to be initiated by tensile-type stress, Shear strength 

of concrd~ can thus be related to its tensile strength, which in tum relates to compressive 

strength, Huw~wr, there is no direct pmponioillliity between compr~ssive and t~nsil~ 

strength as the ratio b~tw~~n th~ \wo depends on dle general level of sll-cn,,'1h of the cuncrd~ 

(Neville 20(2). As the compr~ssive str~n;;th incr~as~s, tensile strength also increases but at a 

decreasing rat~, This was believed to be the explanation for th~ slightly decreasing ratio 

between interface sh~ar bond strength and overlay compressive btren,,'1h as overlay strength 

increased 

7.4.3 Long-lerm bond strcngth dcyciopm('nt in dilTerent environments 

7.4.3.1 Specimen~ cured in the Jaboratory 

Specimens S5-8 were cured in the laboratury and test~d at 28 days and 26 months for shon­

and lung-tenn interface shear bond strcn,,'1h respectively Test r~Slllts ar~ Sllmmarized in 

IIjgurc7.12, 

HI 
• Jl 

• ___ 3 l'~,(,-" 0, __ 

8~U~~Ill2.23 8 r ~ ,. c 
: L43 i 1.1II 

]10-1,9{1----8 ~A 
if. A ~ 0,71 

'" S6 (,"udbL. high-'hrinl) 

'" S7 (smoulh. higll_shriTlk) 

a S~ (u{ll£hcd. high-'hrinl) 

X mean "allle, 

0.0-· <>unfillcd; 26 months 

Figure 7.12 Development of interface sh~ar strt'Tlgth under laburatuT}-' cunditions 

Comparison betwe~n vall1~s at 2R-days and 26-m)nths. 
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Specimens S5 (sandblasted interrace, LS) and S8 (notched intcrface, HS) showed higher 

interface shear bond strength aller 26 months, compared to the 28-day value. By contrast, 

Specimens S6 and S7 (sandblasted and Sn1<.lOlh imerfaees respectively, l1S) showed a 

decrease in bond strell6'1h after 26 months. 

Specimens S5-7 failed mainly at the interface, with very little material failure in overlay or 

;;ubSl.rate. However, it should be noted, as stated in Section 7.4.2, that "'intertace failure" 

mainly refers to failure in the overlay very close to the interface. Specimens S8 (notched 

interface) generally showed a mixed mode offailure, as illustrated in l<'igure 7,}3 Shon-tenu 

and long-tenu specimens failed in the same nl<.Jde. 

illterf~ce f",lUT" 

\ 

1 
\ / 

failure III the substrate 

Figure 7.13: Typical modes offailure in specimen~ with notched interfaces 

Specimens S6 and S7 (sandblasted and smooth interfaces respectively) both had interfaces 

with very little macro-roughness. For such interfaces, the test results show that high overlay 

shrinkage can result in a noteworthy decrease in long-term bond strength By contrast, 

Specimens S8 (notched interface), having the same overlay shrinkage characten;iics as 
Specimens S6 and S7, showed an increase in bond ~trenb>th with time The mechanical key5 

provided by the notched interface often led to material failure m overlay or substrate before 

the interface was atfe~ied. Tn Specimens 58, a major part of the shear strength between 

substrate and overlay therefore related to matelial strength of .wbstrate and overlay rather 

than "interface ;irength~ This explains that the bond strength of the~e specimens was not 

atrected by overlay shrinkage. 

Shear stresses in specimens with smooth and sandblasted interfaces were mainly transferrcd 
along the interface, leading to failure in the "weak link", i.e. in the overlay at the intcrface 

By contrast, in specimens with notched interfaces. stresses were to a large e}c,ent transferred 

inside the overlay, distant from the weak link at the interface (Figun' 7. t 4). 

218 



Univ
ers

ity
 of

  C
ap

e T
ow

n

~oIched interface / forcc transfer inside the overlay material 

\\J 

Sandblasted interf= torce transt.r along the weak link in the uvmlay <lIthe interface 

Fignre 7.14 Shcar force transfer in specimens with notched and >dndblasted 

int~rfaces 

Ine practical significancc of this obs~rvation is that illterfaces with a high macro-wughn~ss 

ean be expocted to have a more durable shear bond strcnb>th compared to intcrfaccs with a 
low rnaero-roughne<;<;. 

The innuence of overlay shrinkage on long-term bond strcngth can be estimated by 

comparing Specimen<; S5 and S6, both of which had sandblasted interfaccs but differellt 

overlay shrinkage values. In contra,t to Specimens 56, Specimells 55. havillg "Iow-,hrink" 

ov~rlay, showed increa<;ing ,hear bond strellgth with time, de,pite the low interface macro­

roughness. Th~ m~chanisrns of bond dderioratioll therefore appear to bt' rdat~d to the 

magnitlld~ of overlay shrinkage In future studies it should b~ illvestigated as to how far 

ovcrlay shrillkag~ values relat~ to bond det~rioratiOll. With only 2 overlays tested, it could not 

be ~stablish~d ifth~re is a thr~shold value for overlay shrlnkage, bdow which bond strength 

IS not affect~d 

7.-1.3.2 Spl"'dmcns cUl"ed in different en\'i ... .mments 

Long-term shcar bond strcngth t~st r~sults of Specim~ns with «jow-shrink" (S5. S9-11) and 

"high-shrillV (56, 512-14) o\'erlays ill r~latiOll to exposur~ conditions are pr~sented in 

Figures 7.15 and 7.16 respectivel y_ 
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~ Ii i~-~~ 
& 4,U --------l~lccc--l2f-------
G 0 1;1 3.73 :>:: 3,1,-' 

'to ' 0 ___ ~,~ __ ,, _______ O"-__ _ 

~ ;, ~2_~~ III , 
] 2.0 ---i.----~.---

• 

I 
'" 10 

0.0 

o S5 (lab cured) 

o S9 (Site I) 

'" S10 (Site 2) 

OSII(Site3) 

Xmcan value, 

o unlilled .'ymOOl: outlier 

Figul'l' 7.15; Long-term shear oond ~lrcngth of Specimens with "Jow-shrink" overlays 

m relation to curing environment 

4.0 -

• 
" 0 • ::: 3,() 

~ 2Ag 

o S6 (lah cured) 

" ~ 2.41 0 
0 

&ll<L-
I:] S12 (Si\~ J) 

c , 
'" 0 • , • AS13{Site2) " • 0 

] l't l.43 D • , 
'" * 

"S14 (Site 3) 
> 
" X mean val~, 

0.0 L _________ _ 

Figure 7.16: Long-Ierm shear bond strength of Specimens with "'high-shrink" 

nverlay~ in relation to curing envIronment 

in comparison with laboratory-cured specimens, all site-cured specimens ~howcd notcwonhy 

higher long-term shear bond "rength, The difference in bond strength resulting from different 

site conditions wa" wlth exception of Specimen~ Sll which showed comparatively high 

bond strength, lnsigniticant, On average, ,Lte cured ,pecimen~ with "low-~hrink" and <'high­

shnnk" over1ay~ re~pectively ,howed 55% and 63% higher bond ~trength compared to 

laboratory-cured specimens 

As mcntioned earlier, mo,t laboratory-cured specimen, failed along thc interface By 

contrast, site-cured ,pecimens showed comparatively high material failure in ovcrlay or 

~llbslrate (Figures 7,17 and 7,18)' with most maledal failures occurring at a di~tance from 1 he 
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lI1tertace of no more than 5 mm. The relatively high malerial failure in the site-cured 

specimens supported the observation of high interface bond strength 

S9 SlO Sll 

Figure 7.17: ProjJ()rtion of interface 
failure, specimens with "low-shrink" 
overlays 

S12 SI3 S14 

Figure 7.18' Proportion or interface 
failure, specimens with '"high-shrink'" 
overlays 

The comparatively high bond strength that was measured on site-curcd specimens is believed 

to relate to ongoing curing as sporadic rain and dew contillllOusly provided moisture 

However, compressive strengths meawred on site-cured ,pecimens were only ,lightly higher 

than lhose measured on laboratory-cured specimens. This indicates that the higher bond 

strength of the site-cured specimens did not only relate to the common mechanism!! ongoing 

cement hydration 

As mentioned earlier, bond strength in the laboralory-cured ~pecimens was mainly governed 

by overlay strenglh at the interface In comparison, site-cured specimens showed less 
illlerrace failure and higher bond strength values (Figurt'" 7.19) 

L"loorat()I)'-<oured specimen, 

"\V~ak link' lllthe owrla" 
at the lllterface 

Siti?Cnred specimens 

The overby at the intert':tce is c()mparativety 

strong, A rdativ~lr large amount of failnre 

occnrs milie overlay and substrate material8 

Figure 7.19. Schematic of diITerelll faillire pallerns in laboratory-cured and site-cured 

speCImens 
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The ~ite condition~ therefore had a much more significant influence on overlay propertie~ at 

the interrace, compared to the influence on the oVfflay material in general, the latter being 

expressed by compressive strength value, 

Alexander (1995) made ,imilar observations when he inve~tigated the etTe~ts of ageing on 

elastic properties of concrete For certain concretes, unexpectedly high increase> in ela>tic 

moduli with time were ob~erved, Thi~ wa~ a~cribed to the mechanisms of densifying Ihe 

mitially porous interface lran~ition zoot: between aggregates and cement paste, The 

mechani~m, in the transilion mne hetween substrate and overlay appear to adhere to similar 

principles, Thi~ is a further indication that the bood mechani~m~ between aggregates and 

cement paste can be compared to those between concretes of different ages, 

With the above observation~, overlay ~trength at the interface proved to be a significant factor 

tor long-ternl bond strength 

7.4.3.3 Specim('n~ suhjecLed LO Lemperatu~ and moisture cycil's 

For approximately 27 month" Specimens SI-5 and SI5-1~ were cured under the ~ame 

laooratof}; condition~, Sub~equently, Specimens S 15-18 Wffe exposed to 40 temperature and 

moisture cyclcs as dc'cribcd in Section 7,3,2.4. All specimens were lested al the same age of 

approximately 30 months, The comparison between ,hear bond strengths of specimens with 

and without exposure to temperature and moisture cycle, is pre,ented in Figure 7_20 

., 
1 , 

0 
< , 

5JI 

2.0 

'" 

D 

Q Dr---------'"------
~271 

: Q l:~~~ 
o 

c-------'----1I1----n-0 ')4 -------

0,71 

0.0 ----------------','---

Q S5 - S15 (sandhL L") 

iii S6 - S16 (sandhL HS) 

A S7 - S t7 (smooth, lIS) 

o S8 _ SI8 (nulch~d_ HS) 

• filled "ymboh- SI-S5 

Q LLnfiJkd ,ymlXlls SI5-IX 

l'igure 7.20 Compariwn between shear bond strength te~t re~ults of SpeciO]en~ S5-~ 

(laboratof)' cured) and Specimens S15"1~ (expo~ed to temperature and ITKlisture 
cycles in the laboratory) 
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mortars 

Parameter Class of mortar I concrete 

Ml M2 M3 

cementitious resinious cementitious 

2 

2a condition: 23 / 50% RH 

Flexural tensile stre:ng1:h 

2b condition: in 

f). Conlprel;iSive strelllg1:h 

f). Flexural tensile stren 

3 Deformation I'hllr91'tprillilil'IiI 

3a 

3b 

3c 

3d 

3e 

3f C 

;:: IOMPa x 

2) 

x 

x The par.am(~ter has to be ICleJntI1lleC1., but there are no qWlmtiltati"e rf:quiirelltlents 

- No """""'tiJ, .... requiremlent 

;:: IOMPa 

:s; 1.2 %0 

;:: 30MPa 1) 

:s; 

f). BZ 90 :s; 30% 

:s; 1.0 %0 

:s; 0.3%0 

1) 

;:: 30 

1) 

1) 

:s; 1.0 %0 

:s; 0.3%0 

1) 

code 

M4 

;::45 

;:: 15 

:s; 25x 
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or mortar 

mm mm mm 

>4 

<=4 

concrete >4 

mortar <= 4 

concrete >4 

mortar <=4 5 

concrete 
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mortar 

I The maximum water content speCffieXl the material was used. 
2 was measured at 28 lOOxlOOxlOO mm. The values are the mean of 3 sanl1pll~S 

material. 
0",·"",-", was measured at 28 on speClmlens 1 OOxl OOx30 mm. The values are the mean of 2 

sam_pIes per material 
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,.0.6 SHEAR TF:ST F.QUJP:\fKNT 

Spe~imen d~pth, 150 mm 

i Detail A 

) j I 

75 75 - ~ 1 SO 

Overlay 

Substrate 

T J 
T Detail A 

Detail A Line load 

rl.--'IC5_'rl' _____ '_O ______ ~_c1__7-..;;___~",. Steel strip 1()x6x1SO mm 

6c6, 
IJ
' Sted platc IOlIxl8xl50 mm 

1 RIO -----. 

,-~-,--___ ---,--+--,-----"I 
o Stcel bt'aring )50,,)0 mm M 

10 I 10 I 2 1,10.1 

75 
___ L __________________ ' ____________ . 

Figul"" ,.0.6-1. Schematic oCtest eqllipment Interface shear test method A 
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Specimen depth: 150 mm 
Detail II 

j )-

" 30 
150 

Overlay 

Substrate J 
1 See Detail A, Figure A6-1 

Detail B 
l,reIO",~ 

Steclbeanngl50xlOmm 0 

10 2 I, ,I, , 
75 

Figure A6-2' Schematic Orlest equipment Inlerface shear lest method B 
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A7 SHEAR TEST RESULTS 

Tablt' A 7 1 SpedmlOns S I • - . 
AS.~ at test (davs . 1 , , , 

- I_L 
19 35 58 80 7fi 

22 " 09 88 88 
res! values (1N/ n , 

4~ 72 93 91J , 
23 I 50 " 95 

, 

wi, " 10lJ 
.'.'lmi.l,tical analy,"J., 

1,5 lQR low 20.5 10 ~7,5 77.5 

1,1 Ouartik n " 84 88 
M."Jian n " 90,5 90 -

I 3rd Qua,1i1c ~.23 " " 95 
, 

I 5 IQR high 24.:1 n 111 5 lOS,S 

rOR I , 14 11 , 
Outlier (yes/no) • I " " " • 
Slrengt" values 

Shear (me",,) [MPa] 
, 

0,79 I ,~(I 2,33 , 3 15 320 -
( ["ira] IIJ,6 20.2 25,7 n 42,7 

Rmio: shear I (%) " 7,9 9, I 8,' " 
Table A7-2' Specimens S2 

A~e al W~[ (d:t;~s): 1 2 , 7 14 I 
10 OJ 32 " " 11 " " 49 ------L 48 

7'",,, val""" Ik,N; " 28 40 57 " 29 41 ~5 77 -,-. 
, 3-9 44 ,0 82 

80 
Stati,'h'eal anal)'s;,-

1.5 lOR low , 19 
, 

" 17,5 4,.~ 

1,1 QUal1ile 25 33 " 48 
rvledLaJl 28 40 61 72 
.lrd Quartile , 29 41 70 77 , 
1 ,5 lQR high 35 ')3 I (I I 5 121J,5 

lQR 4 8 " 29 

Outlier (wsltlo) " , , 
" " " 

Strength values 

Shear (mean) ll>TPal 11.39 0.92 1.34 2.13 2,22 

( 1·\lPal 4 1 9,9 13.8 22) 28,7 

Ratio, shear / f. (%j 9.4 , 9,' 9,7 9.3 n 
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Table A7-3 Specimens S3 

A eat t.;,[ (dav, 3 7 " '" " " " '" n 44 I 53 " Te51 "alues {kNj n " " 56 

" " , 61 64 

65 
. 
1,5 IQR low 9,75 J4 42 39 , 
lSI Quartile 19,5 43 52.5 54 

Median 22,5 45,5 55.5 55 

3rd Quar[iI~ .. 20 " 5~.5 64 

1,5 IQR high 3i. 75 " 7(1 79 
IQR (;,5 6 7 10 , ---
OutJi.r (ves/no) " " , " " 
Stren;;lh vall,es 

Sioear (lllcmJ) ["-fPaJ O,RO 1.62 
, 

lW 2.02 

f, [MPaJ 14.4 17.1 20,~ 

Ratio ,hear 1((%) 1(1 1 1 1.2 I,"'"'~~9C7_ 

Table A 7 4' Speclruens S4 • . , 

Aile at t.~ ,Cday,) J 7 14 2. 

" 25 20 55 

" OJ " 37 
Te;'1 values /<"{j 16 30 31 " 18 32 38 40 

44 .. ._-_ . 
Slatislicai anal}'sis 

/.'l lQR low 7 lU 15,75 32,5 

1st Quartile 13 26 27 37 ... 

"-1cdian 1.5 2S,5 , 29,5 '" 3rd Quartil. " 31 34,5 40 
1,5 IQR high 21 3S,5 45,75 44,5 

1QR 4 5 7,; 3 
-----.0~tli e.!Jy~,;no ) " " " " .. -----

Sirengih "Glues 
Shear (mean) lMl'a] 0.53 L(JO LO~ 137 

( IMPa] 4,5 ~,3 9 7 12.2 

Ratio: ,hear / I; ('Yo) 11.7 1 2, 1 1I,1 11.2 
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Table A 7-5, Specimens S5-8 

~ 

Spe<:,men S, SO " S8 
A 'e at test (IE()nth,,) 1 32 1 32 1 n 1 n --- - - - r - - ----

J5 
~ 

46 46 23 18 5 68 n 
~ 

" 
, 

" 53 n 25 14 n 79 
Tes! values fkN} 42 56 56 % 27 " 51 ., 

53 70 59 38 33 24 51 I "' " 78 , 
"" W " 

7~ 95 95 .7 , 
" 57 " i IlO 

" i SI<I!islic"lonalysis 
i , 1.5 IQR l()w 22.5 05 

, 
44 1.5 13 ·1 56 i " , 

1st Quartile " 47 " n 25 14 71 79 . ~ ---, 
Me<ljatl 4X,5 " '" ;g n 21 81 92 I 
3rd Quanile _3~5 ___ 78 f-}9 44 33 24 81 95 
l.S IQRlugh 70 12i'5 68 69,5 45 J~ 96 IlS 

~ 

lOR 13 21 8 n 8 10 10 16 
Outlier (vc';no) " " " " " " " " -- ----- -- ---- -

Slrcnglh va!,,~s I ) I 
Shear (mean) IMPal 1.90 2.55 I 2,23 I 1.43 \.IO I O,7l 3, 15 I 3_62 . 
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TabieA7-6: Specimens S9-14 

S!",cjmcn S9 SIO S II 512 S13 514 
~ .. 

Si\e 1 2 3 1 2 3 _ .. -
Age al te~l_ (months): 30 30 '" '" 30 30 
Ovcria\' , 1 1 2 2 2 

68 49 SO " 35 " 75 " ]]0 " " 50 --- --
TCfI va/'Ie"lk.';! " 93 113 6J 49 56 

88 98 115 66 '" " l 

93 OS '" 69 " ~ 

" 102 71 , 94 
100 '06 80 
I 05 '" Il1J 110 

, 113 
~ 

. 
1,5 IQR low 625 33.25 102.5 " ~7 41J,75 , 

i 1s! Quartile , 18 77.5 "0 49 I 44 46 I , ~ , \lcx1ian 95 98 113 6<\ 56.5 53 
! 

~ 

3rd Quartile lIJ5 107 115 71 78 49.5 

1,5 lQR high 1305 15L25 122.5 104 t-}29 _ 54.75 

1QH 17 2905 5 22 " 35 

Outlier (vesino) 0 0 , 
" 0 " 

Strength value_, 

4,54 I ?.4R 241 I Shmr (m""nJ.fMT'al I 3,n I 3,65 I 2, 10 
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Tablr A7-7: Specimens S 15-18 

-cJmen Spc 
A ~ at test (months) 

Te. <I values {kXJ 

tiS/ic,,1 "nal.nis 
IQR I(m 

Quartile 
d,an 

Quartiic 
IQR high 

tli~[ (X~:<Inoj 

SIS 

" 31 
0<, 
66 
71 
n 
n 
95 

" 1,0 

71 

n ., 
In , 

S16 Sl7 

30 30 
53 " 
" '" 58 " W 3~ 

75 

85 

;0 7 

57 17 
---- -

59 " 75 33 

102 " 18 16 

" " 

Sill 
U 

1& 

Me 

3rd 

1.5 
IQR 

<m 
Sir 

She 
englh values I I I I . I 
-ar (meanj 1r.IPal 2.71 2.44 (1.~4 

SI8 .. 
30 

" 
~5 

% 

!O2 

115 

, 

X-1.5 

95 

90 
102 

112.5 
7 

I 

3 H~ 
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