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Abstract

The focus of this study is on the shrinkage differences between new and old concrete, which can cause cracks at the bonding surface
of the interface. The effects of various factors on shrinkage, such as the content of shrinkage reducing admixtures (SRA) the content of
basalt fibers (BF) and the roughness at the new-to-old concrete interface (RI) are also examined. In this research, nine groups old-new
concrete composite specimens were tested for shrinkage to gather experimental data. The restrained shrinkage mechanical model
(RSMM) was deduced, and the restrained shrinkage model based on grey correlation analysis (RMGC) was proposed. The effectiveness
and convenience of both prediction methods were evaluated by comparing their results to the experimental data. It was determined
that the RMGC was more effective and convenient. Additionally, the research found that as the content of SRA and BF increases,

shrinkage decreases. The effect of SRA was found to be more significant. As Rl increases, shrinkage undergoes an initial increase and

then decreases. The study can be used to inform the design and construction of structures that use both new and old concrete.
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1 Introduction

Long-term exposure to loads and environmental condi-
tions in concrete structures, such as roads, bridges, airport
runways, and dams, can lead to significant concrete shed-
ding and cracking, posing a threat to their structural integ-
rity. Therefore, it is essential to remove and replace dam-
aged concrete with new material to ensure the ongoing
stability of these structures. However, practical applica-
tions often encounter a discrepancy in shrinkage between
the new and old concrete, resulting in cracks at the bond
interface. The shrinkage of repair material cannot pro-
ceed freely due to the restraint provided by the substrate
at interface. Typically, the shrinkage of the old concrete
stabilizes over time, thereby restraining the shrinkage
of the new concrete and inducing tensile stress within it.
This results in the development of stress concentration
at the interface, leading to a premature failure of repair
overlay [1, 2]. Interfacial failure is generally caused by
incompatibility due to the difference in shrinkage strain
between the old concrete substrate and the newly applied

concrete [3, 4]. Cracks may form when the tensile stress
exceeds the tensile strength of the new concrete or the
bond strength between the new and old concrete.

The behavior of concrete is significantly influenced by
the occurrence of cracks caused by shrinkage [5]. Cracking
problems associated with shrinkage are the topmost threat
to the durability and safety of concrete today. In order to
mitigate shrinkage and reduce the issues stemming from
cracking, researchers have proposed several methods,
including internal curing, modification of cement mix pro-
portions, utilization of expansive agents or fibers, among
others [6—8]. These approaches aim to control shrinkage
and enhance the overall durability and safety of concrete.

This study builds upon previous research on the bonding
performance of old-new concrete, which has been investi-
gated by scholars in various aspects [9-14]. The content of
SR A plays a crucial role in the shrinkage of old-new con-
crete [15—18]. SRA is widely used technology to reduce
drying shrinkage and subsequent cracking of concrete [19].
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SRA reduces the water surface tension stored inside the
concrete pores, which is the primary mechanism of shrink-
age [20]. Qin et al. [21] specifically examined the impact of
SRA on the interfacial fracture roughness of the new-to-
old concrete interface and observed an increase in interfa-
cial fracture roughness when such admixtures were incor-
porated into the design mix of new concrete. Additionally,
the addition of fibers has also shown potential in reduc-
ing the shrinkage of old-new concrete [22-24]. Cheng
and Ga [25] conducted shrinkage experiments to iden-
tify the key factors influencing the adhesion between new
steel fiber-reinforced concrete and old concrete. Yousefieh
et al. [26] evaluated the performance of different fibers in
reducing drying shrinkage and cracking under restrained
conditions. Besides, the RI has been recognized as a factor
affecting shrinkage [16, 27]. Santos and Julio [28] assessed
the influence of differential shrinkage on the bond strength
of new-to-old concrete interfaces and investigated the
behavior of RC composite members considering surface
roughness, differential shrinkage, and stiffness experi-
mentally. Furthermore, Lampropoulos and Dritsos [29]
developed an analytical procedure to calculate the stresses
induced by shrinkage in new concrete, considering a vari-
able modulus of elasticity over time and relaxation due to
creep. Wang et al. [30] conducted research on the long-
term bonding behavior of prestressed old-new concrete
composite beams under sustained loads. Beushausen and
Alexander [2] and Beushausen and Bester [23] discussed
the parameters that influence the bond strength between
concretes of different ages using innovative experimen-
tal methods [31]. Mahsa found that surface moisture may
increase the water-to-cement ratio, thereby potentially
increasing the shrinkage of concrete [32].

The purpose of this study is to investigate the shrink-
age in the new-to-old concrete interface. The effects
of SRA, BF and RI were studied through experiments.
The restrained shrinkage mechanical model (RSMM)
and the restrained shrinkage model based on the grey
correlation analysis (RMGC) at the new-to-old concrete
interface were established. A comparison of the results
obtained from the experiment with the results obtained
using RSMM and RMGC was presented. The findings
from this research can provide valuable information on the

constrained shrinkage at the interface of old-new concrete
and can inform the design and construction of structures
that use both new and old concrete.

2 Experiment

2.1 Material

(1) Concrete

The concrete mix proportion used in the study is presented
in Table 1. The type of cement used was P.O 42.5. The tech-
nique data of cement are listed in Table 2. The granularity
of crushed stone is 5~25 mm. The grain size distribution
curve is shown in Fig. 1. The fine aggregate uses river sand
with a fineness modulus of 2.58.

(2) Shrinkage reducing admixtures

SR A used in the study is composed mainly of alkyl poly-
ether. This is a type of chemical admixture that can be
added to concrete to reduce the amount of shrinkage that
occurs as the concrete dries and cures.

(3) Basalt fiber

BF is a type of silicate fiber, characterized by its high
strength and temperature resistance. The average length of
the basalt fibers used in the study was between 25-30 mm.
The properties of basalt fiber are presented in Table 3.

2.2 Tests design

The content of SRA, the content of BF and RI were
selected as the factors that influence the shrinkage perfor-
mance. The roughness of interface was measured by the
sand-filling method [33]. The experimental design scheme
for the tests, including the levels of each factor, is pre-
sented in Table 4. There are nine groups with three speci-
mens in each group.

2.3 Experimental procedures

The specimens used in the study were composed of two
parts. First, a cuboid of old concrete, measuring 50 mm x
100 mm x 515 mm was poured. After 180 days, the sur-
face of the old concrete part was artificially rough-
ened. Then, a cuboid of new concrete, also measuring

Table 1 Concrete composition

Component Cement Water Sand Stone

Content (kg/m?) 460 195 580 1165

Table 2 Technical data of cement

Weight of screen

0,
residue (%) MeO (%)

SO, (%) Initial setting time (min)

Final setting time (min)

Compressive

Breaking strength (MPa) strength (MPa)

1.75 3.60 1.8 150

210 8.1 49.5
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Table 3 Properties of basalt fiber

Density  Tensile strength Elasticity Elon- Softening
(kg/m?) (MPa) modulus (GPa) gation (%) point (°C)
2870 3000~4840 79~93 3.1~3.2 960

50 mm x 100 mm x 515 mm was poured on top of the
old concrete, as shown in Fig. 2. Shrinkage of the new
concrete was measured using a non-contact shrinkage tes-
ter, as shown in Fig. 3. The basic principle is to fix the
non-contact displacement sensor on the concrete, which
can deform together with the concrete to determine the
shrinkage of the concrete [34]. Each test lasted 30 days
and was conducted with temperature of (20 + 2) °C, rel-
ative humidity (60 £ 5)%. In addition, a group of speci-
mens was poured to measure free shrinkage, which had
the same conditions as G3. The specimen was a cuboid of
50 mm x 100 mm x 515 mm.

2.4 Experimental results

The shrinkage behavior of each specimen was presented in
Fig. 4, illustrating the progression of shrinkage over time.
It was observed that the shrinkage exhibited rapid develop-
ment in the early stage and a gradual increase in the later
stage. Notably, the results of free shrinkage were found to
be greater than those of G3, with G3 displaying the least
shrinkage while G1 exhibited the highest shrinkage.
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Fig. 3 Non-contact shrinkage test

It should be noted that a direct comparison of all speci-
mens is not feasible. To illustrate this point, taking G6 and
G8 as an example. Initially, the shrinkage strain of G8 was
higher than that of G6. However, after a period of 10 days,
the shrinkage value of G8 decreased to a lower level. This
variation can be attributed to the difference in the SAR
content between G8 and G6. Due to its lower SAR content,
G8 initially experienced higher shrinkage strain compared
to G6. Moreover, the RI of G8 was greater than that of G6,
resulting in a lower shrinkage value after 10 days.

In summary, the results depicted in Fig. 4 highlight the
varying shrinkage behavior among the different speci-
mens. Further analysis and investigation are required to
gain a comprehensive understanding of the underlying
mechanisms driving these trends.

Table 4 Experimental conditions

Group Gl G2 G3 G4 G5 G6 G7 G8 G9
SRA (%) 0 2 4 0 2 4 0 2 4
BF (kg/m®) 0 3 6 3 6 0 6 0 3
RI (mm) 0.4~0.5 0.4~0.5 0.4~0.5 1.5~2.0 1.5~2.0 1.5~2.0 3.0~3.5 3.0~3.5 3.0~3.5
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Fig. 4 Shrinkage test results

3 Restrained shrinkage mechanical model (RSMM)
After the old-new concrete specimen is formed, the new
concrete will shrink, while the old concrete will not shrink
as its shrinkage has already occurred. As a result, the
shrinkage of new concrete is restrained by the old con-
crete. This creates a tension /| on the new concrete and
a pressure F, on the old concrete, as shown in Fig. 5.

E@O)=-K0)=-F(@) 1

It is an eccentric force for new or old concrete. The
stresses of new concrete and old concrete are

F(0) , M@0,

o,(1) = y A o)
1 1
o, (t) — F124(t) + sz)yo . (3)
2 2
Thus

_KO  M©®Oy, _ 1o |
o(t)= yl + I —E(f)(AlJr I J g, @)

_EBE@ M@0y, _ A Y |
o,(1) = 4 + 1, —Fz(l)(Aer lzj F(0g, (5)

where F(¢) indicates the force of old concrete on new con-
crete, F,(¢) indicates the force of new concrete on old con-
crete. o,(#) indicates the stress of new concrete section,
o,(f) indicates the stress of old concrete section. 4, 4,
indicate the section area of old and new concrete. M (?),
M,(¢) indicate the bending moments acting on new and old
concrete. /,, 1, indicate the section moment of inertia of
new and old concrete. y,, y, indicate the distance between
the force and the neutral axis of the new and old concrete.
y, indicates the distance from the stress checking point of

New concrete Fl(t)
Old concrete
Fa(t)

Fig. 5 Force of restrained shrinkage of new and old concrete

new concrete to the neutral axis of new concrete, y_ indi-
cates the distance from the stress checking point of old
concrete to the neutral axis of old concrete.

The shrinkage at time ¢ is [35]

e(t)=

gc((’t)) [1+ (0t o 1oty [+ 40 (1) ©)

where 7, is initial loading time. £ (¢) is the elasticity mod-
ulus of concrete at time ¢ x(¢,¢)) is the aging coefficient.
p(t,t,) is the creep coefficient. ¢ ,(¢) is the free shrinkage of
concrete at time ¢.

The deformation compatibility equation on the bonding
interface between new and old concrete is [25]

&)+ Ensh,tt, () =¢&()+ Eoshitt, () (7

where ¢,(f) is the shrinkage of new concrete. &,(f) is the

shrinkage of old concrete. ¢ (¢) is the free shrinkage of

nsh,tt,

new concrete from ¢ to z. ¢ to(t) is the free shrinkage of

osh,t,
old concrete from ¢, to #. Then

M[l +x (4,1 )] Fenni, (1)=
Ey

F, (’)gz
Eyg
Thus

F(1)

(13, (1.1 )03 (16 |+ Eogn s, (£)

(Snsh,t,tﬂ (t) - gosh,t,to (t))

B [1 +x1(4,20) @1 (1,1 )ng N [1 +x, (8.8 )@, (l,fo)]gz
Eng Exg

Then according to Eq.(6), the shrinkage is

6(1)= (Snsh,t,to (1)- Eoshitt, (t))[l +x, (120 )y (1.1 ):|g0
[+ (o) (100) J #1432 (1) 2 (10)
+eq, (7)
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If the geometric shape of new and old concrete is the
same, g, = g,= g And the free shrinkage of old concrete
€osi11,() = 0, if the duration of old concrete is long enough.
Then the Eq. (8) is simplified

Enshtt, (t)[l +x1(1,10)p1 (1,1 )] 8o () 9
sh

e(t)=
24 x,(2,80)py (1,10) + x5 (2,00 )5 (1,1) &

1 +y0yn

where, go:[Al I j is the distance from checking

point to neutral axis of new concrete. This is the concrete
restrained shrinkage mechanical model (RSMM).

4 Restrained shrinkage model based on the grey
correlation analysis (RMGC)
4.1 Grey correlation analysis
Grey theory is a new approach to study problems with
uncertain data and a lack of information [36, 37]. Grey cor-
relation analysis (GCA) is an important part of grey the-
ory, which determines the correlation of factors based on
the similarity of the geometric shapes of sequence curves.
GCA can solve the defects caused by using mathemati-
cal statistical methods for system analysis by introducing
correlation in the analysis. The similarity of geometric
shapes of sequence curves can be reflected by the grey
correlation degree, which is a quantification of geometric
shape similarity [38, 39]. This approach can be used to
analyze complex systems with incomplete data and pro-
vide a more accurate understanding of the relationships
between factors.

Assuming X, is factor behavior sequence, Y, is system
characteristic behavior sequence. Operator D for normal-
izing sequences X, Y.

X! =X.D :(xi(l)d,xi(Z)d,...,xl«(m)d),

¥i=¥,D=(y;(1)d.y;(2)d.....y;(m)d),
where
(10)
xi(k)d: xi(k) ;y-(k)d: yj(k) ,
L x; (k) ’ lzm y; (k)
m L l=1" m Ll k=1"/
k=12,...,n.
The steps to calculate the grey correlation degree are as
follows [40, 41].
(1) Calculate the initial sequence of each sequence X,
Y, (=12,..n)=12.h).
(2) Calculate interpolation sequences Ai(k) = \Yj.'(k)Xl.’(k)L
(k=12,...,m)
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(3) Calculate Maximum and Minimum

M= qumgzxAi (k),N = mmmkzn A; (k)

(4) Calculate the correlation coefficient
N+&EM

(k)y=——"—""—,£€(0,1

7 i (k) A (K)+EM ¢e(0,D

where ¢ is distinguishing coefficient. If ¢ is smaller,

the distinguishing ability is greater. In general case

&=0.5[37]

(5) Calculate grey correlation degree

1 v .
Vi=—> (k). (i=12,...n)
mi3

where m is number of samples and n is number of cor-
relation factor sequences.

4.2 Hyperbolic shrinkage model

The shrinkage of new and old concrete after bonding has
a hyperbolic correlation with time [42]. To describe this rela-
tionship, the bond shrinkage equation is assumed as [43].

e(t)=At/(B+1), (11)

where ¢ is the shrinkage of the old-new concrete. 4, B are
the fitting coefficients. # is the time after concrete initial-set.
This equation describes the relationship between shrinkage
and time, and it is commonly used to express the shrinkage
behavior of bonded old-new concrete. The fitting results
are shown in Fig. 6.

4.3 Modified formula based on the GCA

The values of the coefficients A and B in Eq. (11) are differ-
ent for different experiments because the factors SRA, BF
and RI are changed. The shrinkage of new and old concrete
bonding is uncertain, so GCA can be used to find the import-
ant factors that affect the values of A and B. This simplifies
the regression equation by reducing the number of variables
and providing more accurate predictions of shrinkage.

The coefficient 4 and B can be considered as the sys-
tem characteristic behavior sequence Y, and the factors
SRA, BF and RI can be considered as the factor behavior
sequence X,. Then, the similarity of geometric shapes of
the sequence curves of 4 and B can be compared with the
sequence curves of the factors SRA, BF and RI.

A= f(SRA,BF,RI),

(12)
B = f(SRA,BF,RI).

According to Eq. (12), the results of grey correlation
degree are list in Table 5. And grey correlation parameters
of rate plotted in Fig. 7.
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Table 5 Results of grey correlation degree According to Eq. (13), the comparison of the predic-
Property 4 B tion results and test results on the 5" day, 15" day and 30t
SRA 0.579 0.612 day are shown in Fig. 8. The coefficient of determination
BF 0.538 0.614 R?=0.8, indicating that the fitting results have a high level
RI 0.577 0.568 of practical significance and accuracy.
The results of the GCA analysis show that SRA and RI 5 Discussion
are important factors for coefficient 4, while SRA and BF The concrete restrained shrinkage of G3 is calculated and

are important factors for coefficient B. In order to make the plotted in Fig. 9. The results of the RSMM are closer to

prediction equation as concise as possible, only the main the test results, indicating that it is more accurate than the
factors are selected for fitting of coefficient 4 and B. Then, RMGC. RSMM has clear physical significance and rig-
RMGC under the influence of SRA, BF, and RI can be orous logical reasoning, but it includes some factors and

established.

requires additional testing. On the other hand, RMGC is

w(t)=

(454.3 1-90.31SRA +69.13RI +10.52SRA> —=30.11RI* +12.72SRA xRI)t
(7.91 —2.85SRA+0.9BF +0.54SRA> —0.2BF* +0.2SRA x BF) +t

(13)
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based on existing data and is less restrictive, making it
more effective and convenient to use. Thus, depending on
the availability of data and resources, both RSMM and
RMGC can be used to predict the shrinkage of new-to-
old concrete, but RSMM is more accurate while RMGC is
more convenient.

According to Eq. (12), the effects of SRA, BF and RI
on shrinkage have been analyzed and plotted in Fig. 10.
The results show that as SRA increases, the shrinkage
decreases, and this is likely due to the shrinkage reducing
admixtures’ ability to slow down the concrete's shrinkage
rate. The effect of BF on shrinkage is faint and it might
have a minimal effect on the shrinkage. The effect of RI
on shrinkage is varying and non-linear. With increase of
RI, shrinkage undergoes first increase and then decrease.
This is because, on one hand, the rougher the contact sur-
face, the smaller the effective contact area, leading to
a reduction in bonding force and shrinkage. On the other
hand, the roughness of the contact surface increases, lead-
ing to an increase in the deformation resistance of the con-
crete, resulting in an increase in bonding force and shrink-
age. So, within a certain range of RI, shrinkage decreases
with the increase in roughness.

6 Conclusions

In this paper, an experimental study on the restraint-in-
duced shrinkage behavior of the new-to-old concrete inter-
face was carried out. RSMM and RMGC were proposed
and discussed. The results of the experimental study were
then compared against the predictions of both models to
evaluate their accuracy and effectiveness. The following
conclusions can be drawn.

250
k"‘"A-A
A

225 kAA_A-A

0 . 1 . 1 . 1 . L . 1 . I
0 5 10 15 20 25 30

Time (days)

Fig. 9 Comparison of the prediction results and test results
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@ (b)
Fig. 10 Effect of SRA, BF and RI on shrinkage: (a) SRA (BF = 3%, RI = 1.5), (b) BF (SRA =2%, RI = L.5), (c) RI (SRA =2%, BF =3%)

1. The results obtained from RSMM were found to be
more consistent with the experimental data, as com-
pared to those obtained from RMGC. Additionally,
RSMM has a clear physical interpretation and is sup-
ported by logical and rigorous reasoning. However,
it should be noted that RSMM incorporates addi-
tional factors and further testing is required to fully
validate its performance.

2. RMGC is a data-efficient approach that combines
a hyperbolic shrinkage model with grey theory.
It is specifically designed to work effectively with
a limited number of data, making it less restrictive
in terms of input requirements. This makes RMGC
more effective and convenient when compared to
other methods that may require larger datasets.

3. In RMGC, a data-efficient approach, considered
SRA, BF and RI in its analysis. The results obtained
from RMGC indicate that as the SRA and BF content
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