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Abstract: Cracking of repair material due to restraint of shrinkage could hinder the intended extension of serviceability of
repaired concrete structure. The availability of model to predict shrinkage stress under restraint condition will be useful to assess
whether repair material with particular deformation properties is resistance to cracking or not. The accuracy in the prediction will
depend upon reliability of the model, input parameters, testing methods used to characterize the input parameters, etc. This paper
reviews a variety of models to predict shrinkage stress in patch repair system. Effect of creep and composite action to release
shrinkage stress in the patch repair system are quantified and discussed. Accuracy of the models is examined by comparing
predicted and measured shrinkage stress. Simplified model to estimate shrinkage stress is proposed which requires only shrinkage

property of repair material as an input parameter.

Keywords: cracking, prediction model, repair, restraint, shrinkage stress, simplified model.

1. Introduction

Spalling of concrete cover is an indication of degradation
that could impair the performance of reinforced concrete
structure in service. This type of damage could be due to
reinforcement corrosion or other causes. Patch repair is a
common method to recover the size and appearance of this
damaged concrete, protect the exposed reinforcement from
further corrosion and partially regain its structural capacity.
The effectiveness of this repair method to restore damaged
reinforced concrete is controlled by the performance and
durability of the patch repair material being used.

Matthews (2007) investigated performance of repair
materials via case histories and found a variety of modes of
repair failure. The principle modes of repair failure were
cracking (32 %), debonding (25 %), continued corrosion of
embedded reinforcement (22 %), alkali aggregate reaction
(4 %) and others (17 %). In term of cracking, this mode of
repair failure could be triggered by restraint of drying
shrinkage. As repair material is applied on top of damaged
concrete, they turn into composite system. The new repair
material will shrink considerably while the shrinkage of the
substrate concrete is negligible. This differential shrinkage
creates restraint to the deformation of repair material. In turn,
tensile stress is induced in the repair material. If the induced
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tensile stress (termed as shrinkage stress) exceed tensile
capacity of repair material, it will cause cracking in the
repair material.

Assessment of repair material performance related to
shrinkage cracking has been suggested in literatures and may
be categorized into three methods. The first method is to limit
the magnitude of shrinkage as a criterion to determine the
cracking tendency of repair material. The basis of this method
is an assumption that material with a higher shrinkage property
should have a higher risk of cracking and vice versa. Limita-
tion of magnitude of shrinkage has been specified in several
standards and literatures (ASTM 2000, 2007; Hongkong
Housing Authority 1991; McDonald et al. 2000). Suitability of
performance assessment based on a limitation of shrinkage
value alone may be inaccurate since cracking is not affected
only by shrinkage, but other parameters such as creep and
elastic modulus are also involved. As noted by Mc Donald
et al. (2000), there is no correlation between restricting
shrinkage with the field performance. This is an indication that
more reliable performance assessment is required which
should take into account other parameters as criteria.

Method of shrinkage cracking assessment is improved
when parameters influencing cracking behaviour of repair
material under restrained condition are reckoned. An
example of the method is a measurement of shrinkage
cracking on ring specimen where restraint is provided by
inner steel ring. This method has been standardized in
AASHTO PP34-99 (2006) and ASTM C1581 (2007). There
are slightly differences in the dimension of the ring test
between those two standards. Parameters observed during
the test include time to first cracking, number of cracks and
width of cracks. The stress occured in repair material could
also be determined from measurement of strain on inner steel
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ring. Parameters observed in this test are product of inter-
action between shrinkage, creep and elastic strain property of
repair material. Thus, this method measures a better and
proper behaviour of repair material under restrained
shrinkage condition in comparison to limitation of shrinkage
method. However, it is noted that this test method is only
capable to be used to compare cracking resistance between
various repair materials (Bentur and Kovler 2003). This
method does not have a link to correlate cracking resistance
of repair material as observed in this test with its field per-
formance. This is because cracking behaviour of repair
material is not only affected by deformation properties of
repair material, but it is also influenced by degree of restraint
(termed as a fraction of shrinkage being restrained that
causes shrinkage stress) which in this test depends upon
elastic property of inner steel ring and dimension of ring. In
actual (field) performance, the degree of restraint is depen-
dent on bonding between repair material and substrate,
deformation properties and dimension of substrate.

A better method to asses cracking tendency of repair
material is by quantifying the development of tensile stress
induced by restrained shrinkage and compared the value
with tensile capacity of repair material. The development of
tensile stress due to restrained shrinkage (defined as
shrinkage stress) in the repair system is affected by magni-
tude of drying shrinkage, creep and modulus of elasticity of
repair material. In addition, properties of the substrate con-
crete will also influence the magnitude of induced stress.
Many models have been suggested to calculate shrinkage
stress under restraint condition. In the development of the
models, restraint of shrinkage could be provided by end
restraint, base restraint or inner steel ring restraint as illus-
trated in Fig. 1 (Carlsward 2008). For end restraint type, the
shrinkage stress occured in repair material solely depends
upon shrinkage, creep and elastic properties of repair
material. For base restraint type, there is an interaction
between repair material and substrate concrete which affects
the magnitude of shrinkage stress. Thus in addition to
shrinkage, creep and elastic properties of repair material, the
magnitude of shrinkage stress is also influenced by degree of
bonding between repair material and substrate, deformation
properties of substrate, the dimension of patch repair system,
etc. For inner steel ring restraint, elastic property of steel
ring, dimension of ring and deformation properties of repair
material will determine the shrinkage stress occurred in
repair material. Among the three type of restraints as
described above, substrate restraint is thought to be properly
reflecting the actual restraint in patch repair system.

Quantification of shrinkage stress using prediction model
could provide rational tool to assess a risk of cracking in patch
repair system. Accuracy of the model will be a key in devel-
oping such method of assessment. The aims of this paper is to
review models which may be applied to predict shrinkage
stress in patch repair system. Effect of creep and composite
action to release stress considered by the models will be
quantified theoretically and using input parameters extracted
from various literatures. Accuracy of the models are examined
by comparing the predicted shrinkage stress with shrinkage

stress data obtained in literature. Simplified model to estimate
shrinkage stress is proposed which is derived from correlation
between shrinkage and the induced stress.

2. Review of Shrinkage Stress Prediction
Models

The stress induced by restrained shrinkage in patch repair
system may be calculated by examining Fig. 2 as follows: at
the start of repair material being applied on top of substrate
concrete, those two materials are in equilibrium state (Fig. 2a).
As time increases, a new repair material will shrink at signif-
icantly a higher rate than old substrate concrete. If the two
materials could experience shrinkage independently, the
repair material would exhibit shrinkage at a magnitude of
€sh—r(p at time ¢ while the substrate concrete will shrink at a
magnitude of &5, (Fig. 2b). However, since repair material
develops bond to the substrate, consequently it turns repair
material and substrate becoming a composite system. The
movement of repair material will be restrained by substrate. If
it is assumed that full restraint is occurred, then the magnitude
of shrinkage of repair material being restrained is equivalent to
Agsney which is the differential shrinkage between repair
material and substrate concrete. When shrinkage of repair
material is restrained, tensile stress, o, is induced which is
equivalent to the stress required to pull the repair material at an
elongation of A4, (Fig. 2¢). The magnitude of induced
tensile stress is going up in time following increase of
shrinkage. However, there are factors which could relieve the
magnitude of tensile stress i.e. elastic and creep property of
repair material in tension. Thus, the final induced tensile stress
may be expressed in the following equation:

o) = E (M) = et — Gapis)) (2
G 0()
(1) <t>< Esh(n) Ey Ey %) e
E)
__Bo A, l.c
0(1) 2+ qs(t)) h() (1)

where (), Eq), Aesp@), Eeigry Ecrpry a0 ¢y are respectively
shrinkage stress, elastic modulus, differential shrinkage,
elastic strain, creep and creep coefficient at time ¢.

Equation (1.c) could be applied to calculate shrinkage
stress for finite time interval (#;,;-t;) and so Eq. (l.c)
becoming:

E,
Ao,y = ™ ) Aesp(s, 1) 2)

(2 + ¢(tl+l_tl

From Eq. (2), shrinkage stress in repair material could be
estimated as cumulative of 40y ;4

tn

O(t,) = Z Ao, 1) (3)

;=0

Shrinkage stress estimated using Eqs. (2-3) could be
reduced when full restraint of shrinkage is not achieved due
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Fig. 2 The magnitude of shrinkage induces stress in repair

system.

to imperfect bonding between repair material and substrate
concrete. In this situation, only a fraction of differential
shrinkage, A4, is restrained. Other factors could also
reduce the value of differential shrinkage, 4., for
example due to deformation of substrate concrete. Hence,
if u represents a fraction (degree) of restraint, then
magnitude of shrinkage that will induce stress is u Az,
The value of u is between zero and one.

Further assessment of Fig. 2c, it is noted that when tensile
stress occurred in repair material the system is on condition
of unbalance forces. For equilibrium of forces, a compres-
sive force of N = g, 4, is required to be applied on the
system at the center of gravity of repair material where A4,
representing cross-section area of repair material. This
compressive force N causes the composite system undergoes
two type of compressive stresses i.e. axial stress oy due to
compressive force N applied on the center of gravity of
composite and bending stress ), due to moment M = N - y,
where y,. is distance between center of gravity of repair
material and composite (see Fig. 3). These two type of
stresses have releasing effect on the shrinkage stress of repair
material (Denarie et al. 2011). Thus, the final stress occurred
in repair material o,,,, becomes:

Cpew(t) = O(1) — ON — Oum (4)

It is obvious that gy is distributed evenly across the section
of repair material while o,, distributed linearly with the

minimum at the interface between repair material and
substrate concrete. For evaluation of shrinkage stress, the
use of o), at the interface will give a conservative value of
shrinkage stress. The values of both ¢, and a,, depend upon
elastic modulus and dimension of both repair material and
substrate concrete.

In the development of model to predict shrinkage stress as
given above, the only time-dependent deformation property of
substrate concrete which has been taken into account is
shrinkage while creep is omitted. If shrinkage of substrate
concrete is negligible, the differential shrinkage that causes
shrinkage stress is equivalent to shrinkage of repair material
itself. The elimination of substrate shrinkage could be accepted
when substrate concrete being repaired is that of old concrete.

A different model has been proposed by Silfwerbrand
(1996) where shrinkage stress o, may be calculated using
the following equations:

() = HE (&) (5-a)
~om(l—o){m(1 —®) + (3 + o)}

H o m = ) {m(1 — o) — A} (55)

=B (5.0)

(1+0)

Fig. 3 Compressive stresses in repair material due to
balancing compressive force.
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where &g, E:,) and p are shrinkage of repair material, mod-
ified elastic modulus of repair material and degree of
restraint, respectively. Equation (5.a) indicates that stress
induced by shrinkage is partially released by creep and a
form of restraint. This restraint is due to stress distribution on
composite system where Bernoulli’s hypothesis i.e. plane
sections remain plane after bending is applied. The value of
degree of restraint is always less than one and it is affected
by m and o which are, respectively, ratio of elastic modulus
of substrate concrete E, to E and ratio of depth of repair
material d to total thickness of overlay plus substrate con-
crete h. Creep coefficient ¢, is used to obtain E* from
elastic modulus of repair material £;. Thus, creep is taken
into account to modify the value of elastic modulus of repair
material and so its value is reduced. Several assumptions
have been used for developing this shrinkage stress predic-
tion model and those which represent parameters related to
mechanism of shrinkage induces stress in repair material are
outlined as follows: the shrinkage of repair material is &g,
throughout the depth of material while shrinkage of concrete
substrate is neglected; complete bond exists in the interface
of repair material and substrate which provides full restraint
of shrinkage; creep of the substrate concrete is negligible.

Carlsward (2008) proposed similar model with that of
Silwerbrand. The only difference is that the method of
Silfwerbrand is a one-step calculation i.e. a single stress
value is calculated based on the final shrinkage whereas the
method of Carlsward is an incremental procedure. The stress
at any time ¢ due to shrinkage applied at time ¢,, is estimated
using the following equations:

T(1s) = HE( 1) Esn(s) (6.2)
_ migy (1= o) {miyy (1 — o) + (3 + 0)} (61)
Mgy + (migy — D{m (1 —of) — ot}
* El(t,t,-)
Efpy=7—""7 (6.c)
(1 + ¢(t,t,))

The total stress at any time ¢ is calculated by summing the
contribution from each increment as:

1

Z O(1,1) (7)

i=1

Other model to estimate shrinkage stress is proposed by
Baluch et al. (2002) where shrinkage stress at time ¢z, a(¢), is
computed by multiplying elastic modulus of repair material
E; with total strain, in which total strain in repair material is
obtained from shrinkage &g, minus creep & The
contribution of elastic strain of repair material is omitted.
The model is also developed by assuming that time-dependent
deformation properties of substrate concrete are negligible. In
addition, rigidity of substrate concrete is incomparable than
that of repair material. In turn, effect of elastic deformation
of substrate concrete could be ignored. This can be achieved
when the size (thickness) of substrate concrete is far greater
than that of repair material. Obviously, these assumptions

lead to similarity of the model with end restraint situation.
The model is expressed in the following equations:

— Eerp(t)) (8.a)

The value of creep may be expressed in term of specific
creep c(, defined as creep due to unit of stress. Hence, Eq.
(8.a) turns to be:

() = Ei(eano)

Etgsh(t)

P E— S-b
70T Eey) (85)

Many more models could be found in literatures (Weiss
et al. 1998; Yang et al. 2000; Zhou et al. 2008; Raoufi et al.
2011). Computation of shrinkage stress using these models
require numerical techniques which are beyond the scope of
this paper.

3. Comparison of Shrinkage Stress
Computed from Different Models

3.1 Input Parameters

Computation of shrinkage stress in patch repair system
using a variety of prediction models requires input param-
eters which are determined experimentally. The input
parameters at least consist of shrinkage, creep and elastic
property of repair material. When effect of deformation
properties of substrate concrete are taken into account, the
models require another input parameters to be determined
i.e. shrinkage, creep and elastic property of substrate con-
crete. The effect of releasing stress due to composite action
could be included and for this reason dimension (thickness)
of both repair material and substrate concrete are necessary.

Various experimental results found in literatures are
gathered to be used as input parameters for this current
study. Type of material, dimensions of specimens, testing
methods, age of testing and other relevance condition for
measuring input parameters obtained from various sources
are presented in Table 1. With data extracted from these
sources, the main parameters influencing the shrinkage stress
are investigated.

3.2 Degree of Restraint and Stress Release

Various models as presented in previous section would be
expected to give dissimilarity in the results of shrinkage
stress prediction. The difference in estimating shrinkage
stress calculated using various models could be identified
from the degree of restraint and stress release considered by
each model. If the magnitude of shrinkage of repair material
at time ¢ i &y(,), the shrinkage stress at time ¢ is equivalent to
Oesi(y = E-egp;) When full degree of restraint is assumed.
However, these shrinkage stress will be reduced due to effect
of creep and so, the value of elastic modulus £ is modified
by E() to account for creep at time . The reduction in
shrinkage stress may also be viewed as a reduction of the
degree of restraint. Hence, the degree of restraint due to

224 | International Journal of Concrete Structures and Materials (Vol.6, No.4, December 2012)



Table 1 Sources of input parameters.

Information related to input parameters

Source of data

Material Shrinkage

Elastic modulus

Repair material and

substrate are concrete

with compressive cube
strength of 48 and 52 MPal

Specimen: prism of
400 x 10 x 100 mm,;
tested according to
Swedish Standard SS

at 28 days, 13721; measurement
respectively; thickness started 7 days after
of repair material and casting

substrate are 50 and
100 mm, respectively

Specimen: prism
400 x 100 x 100 mm,
loaded incrementally in

compression; cubes
measurement started at
7 days after moistening

Estimated to E = 34 GPa
through evaluation of
compressive stress on

Silfwerbrand (1996)

Repair material is high
performance shrinkage
compensated repair sealed in aluminium foil
concrete; substrate for 7 days prior to
concrete is normal curing
concrete; thickness of
repair material and
substrate are 25 and
50 mm, respectively

Specimen: prism of
285 x 25 x 25 mm;

Specimen: prism of
300 x 40 x 40 mm
loaded in tensile creep

Evaluated according to
ASTM C 307-94

Baluch et al. (2002),
Carlsward (2006)

Repair material is mortar
while substrate is concrete
having compressive
strength of 25 MPa;
thickness of repair
material and substrate are
30 and 150 mm,
respectively

Specimen: cylinder of
7.5 x 275 mm;
measurement started at
1 days after casting

Specimen: prism of
500 x 100 x 100 mm
loaded in flexure;
measurement started at
1 days after casting

Specimen:prism of
500 x 100 x 100 mm;
tested in flexure in which
stress and strain
relationship in tension
was determined

Kristiawan et al. (2009)

Repair material is fibre
reinforced concrete with
strength at 28 days is
51.5 MPa; thickness of
repair and substrate
concrete are 50 and
300 mm, respectively

Specimen: prism of

500 x 100 x 50 mm;
measurement started
5 days after curing

Specimen: cylinder of
150 x 300 mm loaded
in compression

Estimated based on
compressive strength
using CEB FIP MC90

Carlsward (2008), Rahman
et al. (2000)

effect of creep, pgp, of repair material could be quantified as
the following

a. ,ui; (2+¢) for Eq. (1.c).
b. uy = =) + ¢) for model of Silfwerbrand (Egs. (5.a-5.¢))

C. py =7—— for model of Carlsward (Egs. (6.a-6.¢))
(1+¢)(m,‘))

d. %:m:m for model of Baluch et al
(Eq. (8.b))

The degree of stress release due to effect of creep /4 will
be:

a. lpj;:l—u;):l 2+¢ forEq (1.0

b. Yy=1-py=1- (quj) for model of Silfwerbrand
(Egs. (5.a-5.c))

c. Y4=1—py=1—-—— for model of Carlsward
(Egs. (6.a-6.¢)) 1+¢(,,)>

d Y,=1-u,=1-
(Eq. (8.b)).

Comparison of degree of restraint due to effect of creep, 1,
of repair material accounted by various models is presented in

o) (7)) for model of Baluch et al.

Figs. 4 and 5. It is obvious that effect of creep to release stress
is similar for model of Silfwerbrand (Eq. (5.a)), Carlsward
(Eq. (6.2)) and Baluch et al. (Eq. (8.b)). On the other hand, in
addition to creep effect, influence of elastic strain to release
stress is also included in Eq. (1.c). Therefore, the degree of
restraint yg used in Eq. (1.¢) is lower than others. To reckon the
influence of elastic strain in releasing stress, superscript
asterisk is used in the notation of degree of restraint y;,. Based
on data of creep coefficient (¢,)) and elastic modulus extracted
from Baluch et al. (2002) as input parameters, the value of
of Eq. (1.c) is about 10-20 % below those of other models
(Fig. 4). For the whole data extracted from sources shown in
Table 1, the different between degree of restraint pu, of
Eq. (1.c) with those of other models could be quantified using
polynomial expression as shown in Fig. 5. It is seen that the
values of 114 is in the range 0f 0.1-0.9 and it is reduced by about
40 % if effect of elastic strain is reckoned as in Eq. (1.c).

In the meantime, the degree of restraint due to composite
action, (., used in Egs. (5.a) and (6.a) could also be iden-
tified from Egs. (5.b) and (6.b), respectively. In the devel-
opment of model to predict shrinkage stress, the values of u
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Fig. 4 Degree of restraint due to creep effect u, calculated
using input parameters extracted from Baluch et al.
(2002).

y =-0.4337x2 + 0.8991x
R? = 0.9982

Degree of restraint, pg, Eq. (1.c)

0.00 0.20 0.40 0.60 0.80 1.00
Ho, other models

Fig. 5 Relationship between degree of restraint due to creep
effect ug calculated from Eq. (1.c) and other models.

in Egs. (5.b) and (6.b) are derived from composite beam
theory where Bernoulli’s hypothesis is applied. Thus, it can
be deduced that the value p represents the degree of restraint
due to composite action p.. For Eq. (4) the value of pu,. is
equivalent to:

O() —ON —OMm

=T 02)

fe=1—=ty =ty (9-b)

where V/y and V,, representing degree of stress release due to
axial and bending action, respectively.

Figures 6 and 7 show degree of restraint and stress
releases due to composite action in the repair system for
cases of beam having total thickness (included thickness of
repair material) of 300 mm. For this parametric study, value
of relative thickness of repair material to total thickness of
composite system o is limited to 0.333 which corresponds to
a maximum repair material thickness of 100 mm. This depth
of repair material is thought to be a representation of max-
imum depth of general patch repair on beam having depth of
300 mm. Generally, it is found that degree of stress release
due to composite action used in Eq. (4) u. has exactly
similar value with g used in Eq. (5.a). The similarity of
degree of stress release of both equations is not surprising
since both of them derived from similar principle of com-
posite action. It is also seen that for cases as in Figs. 6 and 7,
the value of . is in the range of 0.44-0.87.

Effect of a is investigated at relative ratios of effective
modulus of substrate concrete to repair material m = 1 (See
Fig. 6). It is confirmed that degree of restraint due to
composite action decreases at diminishing rate when o is

T —o—|, as in Eq. (5.b)
c _ . —

© 08 h= 300 mm; m= 1 —=—yN, as in Eq. (9.b)
=2 %% —a— M, as in Eq. (9.b)
£9 —¥—pc, as in Eq. (9.b)
E g 0.6 HC, q -
a2

2204l

54

§ £ 02

[=2]

8 o0 .

0.00 0.05 0.10 0.15 020 0.25 030 0.35
o1

Fig. 6 Degree of restraint ;1 and stress release  due to
composite action on a beam with 300 mm thickness
and m = 1 at various o.

[7]

¢ 199 |h=300 mm;a=0.100

£ 0.9

T 0.8

s 0.7

2> 06l —e—, as in Eq. (5.b)
§ & 05 —=—yN, as in Eq. (9.b)
*g % 0.4 ——yM, as in Eq. (9.b)
=7 034 —¥—Hc, as in Eq. (9.b)
° 024 ; \.\5:

o 0.1

2 00 . .

a 0 1 2 3 4 5 6

m

Fig. 7 Degree of restraint 4 and stress release  due to
composite action on a beam with 300 mm thickness
and o = 0.100 at various m.

increased linearly. Examining Fig. 6, it is also discovered that
the component of axial stress release y/ increases linearly
with «. On the contrary, the component of bending stress
release i;, increases in the beginning (lower o) and then
reaching a peak value before decreasing. It is also seen that Y
is inferior than ,, especially at lower ¢, but the trend is
reversed at a higher o

Effect of m on degree of restraint could be examined from
Fig. 7. An opposite trend is shown if it is compared with the
effect of a. The degree of restraint due to composite action
accounted in Eqgs. (4) and (5.a) increase at diminishing rate.
This behaviour is related to reduction of both , and v, as
m increased. Thus, if relative property of elastic modulus of
substrate concrete to repair material is increased continu-
ously, the amount of stress released by axial and bending
action in the composite system is reduced and approaching
zero value. Consequently, degree of restraint is increased and
shrinkage stress approach to its original value when stress
release due to composite action is omitted.

3.3 Magnitude of Shrinkage Stress Estimated
by Various Models

An example result of shrinkage stress calculation are given
in Fig. 8 using input parameters extracted from Baluch et al.
(2002). As can be seen in this figure, different model will give
different value of shrinkage stress with the higher shrinkage
stress is obtained from the use of Eq. (8.b) or model of Baluch
et al. followed by Eq. (1.c), and then Eq. (5.a) or model of
Silfwerbrand and Eq. (6.a) or model of Carlsward. The
lowest shrinkage stress is obtained with the use of Eq. (4).
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The order of shrinkage stress values as seen in Fig. 8 is
predictable and could be related to the degree of stress
releases considered by the models. Examining all the models
as described in the previous section, it is clear that the stress
release consists of two components i.e. due to effect of creep
of repair material and due to effect of composite action. For
model of Eq. (1.c), it considers not only stress release by
creep but it also takes into account influence of elastic
property of repair material. Meanwhile, the effect of com-
posite action to release stress in repair material is neglected
in Egs. (1.c) and (8.b). None of the models takes into con-
sideration other stress release which is caused by deforma-
tion properties of substrate concrete. Model prediction which
consider all possibilities of stress releases i.e. (Eq. (4)) will
give the lowest magnitude of shrinkage stress and vice versa.
Figure 9 illustrates the magnitude of shrinkage stress com-
puted by various models from its original value (o).
Original shrinkage stress o, is a stress calculated where
none of degree of restraint is considered.

Comparison between shrinkage stress calculated using
Eq. (8.b) and other models with input parameters taken from
various sources (Table 1) is given in Fig. 10. Equation (8.b)
could be viewed as the basic shrinkage stress prediction
model where only stress release due to creep effect has been
taken into account. If other stress releases would be inclu-
ded, the magnitude of shrinkage stress should be reduced.
Figure 10 clearly illustrates this situation. Generally, it can
be said that elastic property of repair material could reduce
shrinkage stress by 40 % (see relationship Egs. (8.b) vs.
(1.c) in Fig. 10). Composite action could release shrinkage
stress at 10 % more than effect of elastic property of repair
material. Combination of elastic property and compos-
ite action could bring shrinkage stress down to 29 %
(see relationship Egs. (8.b) vs. (4) in Fig. 10).

4. Accuracy of the Models

Accuracy of the model to estimate shrinkage stress in
patch repair system could be evaluated when concurrent data
of input parameters and observed shrinkage stress are
available. However, it is difficult to establish shrinkage stress
measurement induced by substrate restraint which reflects
actual deformation properties of substrate concrete. The
available complete input parameters and shrinkage stress

3.50
E 3.00
g
@ 2.50 —e =0 © =G V-85
[7]
2 2.00-
7] pnvEv
g, 1501 —e— Silfwerbrand Eq. (6.a)
£ 1.004 —0O= Carlsward - Eq. (7)
£ —a— Baluch et al Eq. (8.b)
£ 0.50- =0= Eq. (1.c)
)
0.00 : —¥—Eq.(4) . .
0 10 20 30 40 50 60
Age (days)

Fig. 8 Shrinkage stress estimated by different models (input
parameters extracted from Baluch et al. 2002).

Shrinkage stress

Age
—— Oeshy ———-Eq. (8b) — — = Eq. (1.c)

-------- Eq. (5.aor6.a) — —"'Eq.(4)

Fig. 9 Magnitude of shrinkage stress as influenced by
degree of restraint.
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data for evaluation of the models are those obtained from
measurement of shrinkage stress induced by end restraint
(Lange et al. 2003). If these data are used, only Eqgs. (1.c)
and (8.b) may be evaluated since these models neglecting the
effect of substrate concrete properties.

Table 2 provides background information related to the
materials and specimens used to measure input parameters
and their corresponding shrinkage stresses. Free drying
shrinkage strain, restrained drying shrinkage stress and creep
were measured from the first day after casting. Details of
experimental works could be referred to Lange et al. (2003).
Based on these data of input parameters (free drying
shrinkage strain and creep), shrinkage stress is estimated
using model of Egs. (1.c) and (8.b). The results of calcula-
tion is compared with the shrinkage stress observed in
restrained shrinkage stress measurement and presented in
Fig. 11. As can be seen from this figure, computation of
shrinkage stress with Eq. (8.b) will give almost similar value
with the measured shrinkage. The difference in estimating
shrinkage stress is only less than 10 %. The 10 % overes-
timate value of shrinkage stress by Eq. (8.b) could be tol-
erated. Therefore, Eq. (8.b) may be accepted as a method to
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predict shrinkage stress when effect of substrate concrete
properties is ignored. On the other hand, application of
Eq. (1.c) will underestimate shrinkage stress by 30 %.
Hence, Eq. (8.b) is favorable compared to Eq. (1.c).

5. Simplified Model

Method to estimate shrinkage stress required several input
parameters which have to be experimentally determined
simultaneously. Based on the values of input parameters,
shrinkage stress could be computed and the risk of cracking on
repair material could be assessed. Thus, input parameters may
be used to set criteria for assessing shrinkage cracking ten-
dency of repair material. If a model is developed with huge
variety of parameters to be taken into account, it certainly will
create complexity in setting criteria for assessing shrinkage
cracking. For this reason, it is desirable to reduce the input
parameters to as minimum as possible without losing in
accuracy of the model for estimating shrinkage stress.

Beushausen and Alexander (2007) proposed simplified
model to estimate shrinkage stress which requires less input
parameter than models presented in previous section. Strain
produced in patch repair is a combination of shrinkage,
relaxation and elastic strain. For most specimens they tested,
measured repair material strains on composite members were
approximately 35 % (between 30 and 40 %) of free repair
material shrinkage strains &y, and relaxation could be esti-
mated to reduce tensile repair material stress by approxi-
mately 50 %. Therefore, they suggest strain which induces

StIess Egyress-producing 1N patching system as:
Estress—producing = (1 - 0~35)O-53sh = 0.33¢y, (10)

This corresponds to shrinkage stress in repair material of:

2.50 -
—_ | y = 1.0604x
T 200 R? = 0.7796
£
?
g 1.50 - =0.6756x
n 2 = 0.7593
T
2
L2 1.00
o
o
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Fig. 11 Comparison between predicted and measured
shrinkage stress (input parameters and measured
shrinkage stress are extracted from Lange et al.
(2003)).

o = 0.33E¢g, (11)

where E, is elastic modulus of repair material. Thus, the
simplified model requires only two input parameters i.e.
elastic and shrinkage property of repair material.

A constant factor of 0.33 in Eq. (11) represents combi-
nation of degree of restraint due to creep and composite
action. For degree of restraint provided by creep p, the value
is equivalent to 0.5 and for that due to composite action . it
is equal to 0.65 (see Eq. (10)). Hence, if a comparison is
made between Eq. (11) and other models, the following
conclusions are drawn. It seems that the value of py = 0.5
as suggested by Eq. (11) corresponds to average values of 1,
given by other models (see Fig. 5). Meanwhile, the value of
U = 0.65 matches with the mean values of yu. as given in

Table 2 Information related to data used to validate model (after Lange et al. (2003)).

Material Proportion (m®) Specimens
ISTD IHPCl1 IHPC2 IHPC4 IHPCIF* THPC2F*
Cement (kg) 605 465 465 565 465 465 All measurements of restrained
shrinkage, free shrinkage and
Fly ash (kg) - 120 120 - 120 120 creep are determined on similar
. B B B specimens size.i.e. prisms of
Silica fume (kg) 25 25 25 1000 x 762 x 76.2 mm,
Metakaolin (kg) _ 27 _ _ 27 _ where their edges were
gradually (rounded) enlarged
Coarse aggregate 1,820 1,820 1,820 1,820 1,820 1,820 to fit the end grips
(kg)
Fine aggregate (kg) 1130 1,095 1,095 1,150 1,095 1,095
Water (kg) 268 269 268 260 269 268
w/c ratio 0.44 0.44 0.44 0.44 0.44 0.44
AEA (oz/cwt) 0.2 0.5 0.5 0.5 0.5 0.5
Type A WR (oz/cwt)| - 2.9 2.9 35 2.9 2.9
Type D WR+R (07 3 43 43 43 43 43
cwt)
Type F HRWR (oz/ - 4.6 5 5 4.6 5
cwt)

? Using field materials indicating difference sources to materials used in the laboratory.
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Fig. 12 Regression analysis to obtain simplified model.

Figs. 6 and 7 where the range of p. is from 0.44 to 0.87.
Thus, simplified model as given by Eq. (11) may be used to
substitute model for estimating shrinkage stress in patch
repair system where stress releases both due to creep and
composite action are taken into account and the only avail-
able input parameters are shrinkage and elastic modulus of
repair material.

Other simplified model has been proposed by Kristiawan
(2011) where shrinkage stress at any time ¢, o), may be
calculated using the following equation:

O—(t) = 0.00938311(1‘> (12)

where &g, denotes shrinkage at time #; and the unit of stress
and shrinkage is MPa and microstrain, respectively. The
model is derived from regression analysis which relates the
induced tensile stress with shrinkage. The data used for this
analysis are taken from several literatures (Silfwerbrand
1996; Baluch et al. 2002; Weiss et al. 1998; Hossain et al.
2008). It should be noted that the shrinkage stresses
employed in the regression analysis are those estimated from
shrinkage stress prediction models. When actual shrinkage
stresses as measured in the laboratory are used (Lange et al.
2003), similar result is obtained as seen in Fig. 12. Thus,
complexity of the model is simplified by Eq. (12) where only
shrinkage property is required to estimate shrinkage stress.
All other factors influencing shrinkage stress in repair
material are contained in the constant factor of 0.0093. Since
this simplified model is derived from data of measured
shrinkage where restraint is provided by end restraint, the
model (Eq. (12)) could only be used to substitute Eq. (8.b)
where rigidity of substrate concrete is far greater than that of
repair material as in the case of thin repair overlay system.

6. Conclusions

Various models to predict shrinkage stress in patch repair
system has been suggested in literatures and the different
values of shrinkage stress computed by these models could
be traced from the difference degree of restraint and stress
release considered by each model. Based on the provided
data within the scope of the current study, the degree of

restraint due to effect of creep p is in the range of 0.1-0.9.
Meanwhile, the degree of restraint due to composite action
U 1s in the range of 0.44-0.87.

Accuracy of the models to estimate shrinkage stress in
patch repair system is evaluated based on available concur-
rent data of input parameters and observed shrinkage stress.
For this current study it is confirmed that shrinkage stress
estimated from model considering effect of creep to release
stress (Eq. (8.b)) is slightly (not more than 10 %) higher than
measured shrinkage stress. On the other hand, if elastic strain
is also included (Eq. (1.c)), it will underestimates shrinkage
stress by about 30 %. For this reason, Eq. (1.c) and other
equation derived from this i.e. Eq. (4) are not recommended
to be used for estimating shrinkage stress.

Two simplified models (Egs. (11) and (12)) have been
suggested where each of which has distinctive application.
Equation (11) may be used to substitute model for estimating
shrinkage stress in patch repair system where stress releases
both due to creep and composite action are taken into
account and the only available input parameters are shrink-
age and elastic modulus of repair material. Meanwhile,
Eq. (12) may be used to substitute Eq. (8.b) where the only
stress release taken into account is that due to creep as in the
case of thin repair overlay system and the available input
parameter is the magnitude of shrinkage alone.
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