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Abstract

This research aims to develop durable repair materials that can resist shrinkage cracking by exploring the role of creep in
reducing shrinkage stress. In this regard, the creep effect can only be quantified if an accurate creep prediction model and
theoretical analysis of the shrinkage stress in the patch repair system exist. For this purpose, the research was carried out
in the following sequences: first, the research investigated the short-term creep of the patch repair materials containing
accelerator and micro-synthetic fibers in the 0.00-0.12% volume fraction range. This short-term creep was measured on
five-cylinder specimens (having a diameter of 75 mm and a height of 275 mm). Three specimens were used to determine
the deformation of the repair material under unloading conditions, while those remaining were used to determine the total
deformation under loading conditions. The amount of creep deformation was determined by taking away the unloaded
(shrinkage) and instantaneous (elastic) deformations from the total deformation of the loaded specimens. Secondly, a
modified prediction model of ACI 209R-08 is introduced to accurately capture the rate and magnitude of the observed
creep of the repair materials. Finally, a formulated theoretical analysis of shrinkage stress in the patch repair system was
proposed to examine how creep potentially reduces the repair material's cracking tendency. The results show that the
asymptotic value of the creep curve is attained at an earlier age and that its magnitude is greater than that of most concrete.
The modified ACI 209R-08 prediction model can closely estimate the repair materials' creep behavior. The best-fit line,
residual values, and coefficient of error analyses confirm the modified model's prediction accuracy. The analysis of tensile
stress development in the repair layer suggests that creep can reduce stress by up to 50%. With such a reduction, the repair
material is expected to be durable in resisting shrinkage and cracking tendency.
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1. Introduction

Concrete is a relatively robust and durable construction material, so it is widely used to build various civil
engineering infrastructures. Nevertheless, concrete structures often experience deterioration, which can be detected by
several signs of damage, such as cracks, pop-outs, scaling, spalling, delamination, etc. The deterioration may be induced
by physical or chemical processes [1]. Spalling and delamination of the concrete cover are often found on aged concrete
structures that have experienced corrosion of their embedded reinforcements. These types of damage can be repaired
using a patching method combined with a strengthening technique. However, some researchers have noted that the
patching method might fail to restore the damaged concrete due to cracks and delamination of the patch repair material
[2, 3]. These failures are closely related to the difference in the extent of shrinkage between the repair layer and the
substrate concrete. The minimal existing concrete shrinkage restricts the substantial repair material shrinkage, generating
multiple stresses within the repair material and at the interface bond plane [4, 5].
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Repairing concrete with low-shrinkage repair materials is generally preferred as they minimize the stresses resulting
from the differential shrinkage. However, almost all repair materials contain high early-strength agents to expedite the
hardening process, even though some studies have shown that these agents have a negative impact on shrinkage. The
use of high early-strength agents can cause the shrinkage to reach up to 500-600x10-6 within four days of drying [6, 7].
Additionally, since the coarse aggregates are absent, the ultimate shrinkage of repair materials can be as high as 1800x10"
5[8]. As a result, the repair materials are prone to cracking due to potentially induced high shrinkage stress. However,
other factors also influence the differential shrinkage stress development, such as the elastic modulus and creep of the
repair materials. It follows that the successful development of the repair materials should not solely be concerned with
obtaining mixtures to attain rapid strength of repair materials but also with assessing the interaction of all properties that
will affect the durability of the repair materials.

One way to improve the durability of repair materials is to add fibers. Numerous researchers have incorporated fibers
into repair material mixtures to enhance their tensile and ductility properties [9-11]. Although adding fibers can lead to
improved tensile characteristics and increased resistance to cracking, the actual development of shrinkage stress can still
be significant. The reason is that incorporating fibers may decrease creep [12—14], while creep is recognized as beneficial
in reducing shrinkage stress. However, the fibers' influence on increasing or decreasing the creep depends on the type
of fibers used. A high-stiffness fiber tends to reduce creep, and vice versa. Accordingly, using fibers with a low elastic
modulus, such as polypropylene fibers, will be preferable as they positively affect tensile properties, creep, and cracking
resistance [7]. Therefore, the fiber types should be carefully selected to improve the whole performance of the repair
material. Once it is selected, an accurate identification, quantification, and prediction of creep of the fiber-reinforced
repair materials have to be established to assess the materials' effectiveness in reducing shrinkage stress development,
which potentially diminishes the cracking tendencies.

To quantify the creep behavior of fiber-reinforced mortar, it is necessary first to understand the fundamentals of
creep, its influencing factors, and a predictive model that can be used to estimate creep behavior. Therefore, in the
following paragraphs, the origin of creep and the fundamental factors influencing the rate and magnitude of creep are
presented comprehensively. This is necessary because the creep prediction model is developed by considering these
factors. Thus, any changes in the rate and magnitude of creep in a concrete/mortar mixture compared to the prediction
model can be identified and traced back to these factors. Furthermore, modifying a prediction model that aligns with the
observed creep rates and magnitudes will have a solid ground in such cases. In the end, the accuracy of the prediction
model will affect the precision of calculating the role of creep in reducing the differential shrinkage stress.

The term ‘creep’ refers to a material's gradual deformation when subjected to a constant load for a prolonged period.
It is plausible that the observable deformations at the macrolevel stem from the viscoelastic nature of the cement paste
system at the microscopic scale [15-18]. For instance, using different types of cement with varying chemical and
physical properties can cause different microstructural formations of C-S-H. Similarly, adding mineral admixtures, such
as fly ash, slag, silica fume, or limestone filler, can also alter the microstructure and pore system of the concrete. The
water-cement ratio is another critical factor affecting creep. A higher ratio leads to higher creep due to the concrete's
larger and more interconnected pores [18—20].

The use of admixtures can also influence creep. For example, adding an accelerator to a concrete mixture can result
in rapid setting due to the increased hydration and heat generation within the concrete, which subsequently increases the
volume of C-S-H at an early age. Since the capillary pores of the C-S-H structure are the origin of both creep and
shrinkage, while the unhydrated cement and aggregates are the inert components, the shrinkage rate of concrete increases
at an early age [21]. A similar effect can be expected to occur in creep. Of course, the influence depends on the specific
type and dosage of accelerator used. Using a superplasticizer in the mixture to reduce the water-cement ratio will
improve the microstructure of the concrete by reducing the number of capillary pores [22, 23], which can also help
minimize creep [24]. Tang et al. [25] showed that the use of superabsorbent polymers tends to increase creep, but the
incorporation of shrinkage-reducing admixtures gives the opposite effect.

The type, size, and amount of the aggregates used in the concrete also affect creep. Principally, the aggregate in the
concrete acts to restrain the cement paste's creep: the stiffer the aggregate, the greater the restraint provided, and vice
versa. Therefore, using lightweight, recycled, or other porous aggregates can increase creep [24, 26]. A higher aggregate
content can also result in lower creep rates, as the greater aggregate volume restricts the paste's deformation [27].

Adding fibers to the concrete mixture affects the creep. The effect can be complex and depend on various factors,
such as the type of fiber and its volume fraction. High-elastic-modulus fibers, such as steel fibers, can result in lower
creep deformation compared to concrete without fibers [13]. However, adding 2% steel fibers to the ultra-high
performance concrete (UHPC) mixture causes a higher creep coefficient compared to that of a 1% fiber content. The
reason for this is that the 2% fiber content causes a reduction in the concrete flowability compared to the 1% fiber
content (in the low W/B ratio mixture) [27]. Meanwhile, using low-elastic-modulus fibers, such as PVA fibers, tends to
increase creep [14].
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The creeping behavior is influenced by humidity levels. Higher humidity can significantly reduce the creep
properties of C—S—H [28]. Additionally, the curing regime also impacts creep behavior. The creep coefficient is reduced
when the steam curing regime is used compared to the tempered curing regime [14].

Understanding the influencing factors, as discussed in the preceding paragraphs, is essential for predicting the time-
dependent behavior of creep. Several methods have been developed for predicting the creep behavior of concrete. One
such procedure is outlined in ACI 209.2R-08 [29], which offers a framework for calculating and modeling shrinkage
and creep in hardened concrete. This model consists of two components that govern the time-dependent development
and asymptotic value of creep, respectively, and can be expressed as Equation 1:

(t-to)¥

Ptto) = grcoigyw Pu ()
where ¢ IS the creep coefficient, ¢, is the ultimate creep coefficient, t is the loading duration (days), d and y are
constants, and to is the time at first loading (days). ACI 209.2R-08 recommends that d=10 days and y =0.6. Both the
asymptotic value, i.e., ¢, and the time-dependent behavior (represented by the time ratio in Equation 1) take the influence
of the cement type, aggregate type, aggregate/cement ratio, water/cement ratio, humidity, temperature, and age of
loading into account. In the absence of such data, ¢, may be assumed to be 2.35 or determined by measuring short-term
creep. Once the short-term creep is obtained, then the time-dependent behavior of the investigated concrete can be
extrapolated. In this way, both the time-dependent behavior and the asymptotic value can be suggested. This approach
is useful for estimating the creep behavior of concrete with non-standard materials and conditions. The approach can
also lead to modifying the model to suit the particular creep behavior of the investigated concrete.

The accuracy of a creep prediction model may be assessed using a best-fit line, residual values, and a coefficient of
error in a similar manner to a shrinkage prediction model [6]. To determine the most suitable best-fit line, one can
perform a linear regression analysis between the laboratory creep data and the projected value. The residual values (R)
method computes the discrepancy between the predicted shrinkage and the laboratory creep data. If the R-value is
positive, it suggests that the projected creep surpasses the test data, while a negative R-value indicates the opposite. The
coefficient of error M can be obtained by utilizing the following equation:

’ 2 1/2
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BIGED) n

where ¢ (t — t,) is the average creep coefficient, n represents the number of creep data, and ¢'(t — t,) is the predicted
creep value.

The previous paragraphs highlighted the risk of cracking in repair material, the cause of such a risk, and the possible
reduction of the risk due to the creep effect. It also discussed the factors influencing the creep and the model for
estimating the creep's development with time, as well as the method to quantify the prediction accuracy. It is also
important to remember that cracking occurs when the shrinkage stress exceeds the tensile capacity of the repair material.
High shrinkage stress is triggered by the significant shrinkage magnitude of the repair material, mainly due to the use of
an accelerator. On the other hand, the tensile capacity of the repair material can be enhanced by adding fibers.
Additionally, creep can reduce tensile stress and help mitigate the risk of cracking. However, the creep effect can only
be quantified if an accurate creep prediction model and theoretical analysis of the shrinkage stress in the patch repair
system exist. Current creep prediction models were derived from the database of conventional concretes, which have a
different evolution of creep compared to that of repair materials owing to the mixture composition. Meanwhile, a
simplified analysis that can indicate stress development in the patch repair system is required to straightway assess the
repair layer's shrinkage and cracking tendency. The present study develops durable repair materials containing an
accelerator and micro-synthetic fibers that can be expected to resist shrinkage cracking by exploring the role of creep in
reducing shrinkage stress. For this purpose, the research first investigates the short-term creep of the patch repair
materials. These admixtures' effect on the repair material's creep behavior is determined. Secondly, a creep prediction
model is employed to assess the long-term creep behavior, and its accuracy in estimating the repair material's creep
behavior is evaluated. A modified prediction model is introduced to capture the rate and magnitude of the observed
creep of the repair materials. An accurate creep prediction will help assess creep's role in reducing the shrinkage stress
in the repair layer. The study also proposes a formulated theoretical analysis to examine how creep potentially reduces
the repair material's cracking tendency.

The following section describes the research method covering the materials and their mixture proportion for
producing the repair materials. In addition, the preparation of the creep specimens and the testing method are explained
in sufficient detail. After this, the results of the creep investigation are presented and discussed. Firstly, the discussion
begins with the influence of the material composition on the creep behavior and highlights the main finding of the
accelerator and micro-synthetic fibers' effect on the creep. Then, the discussion moves to the accuracy of the creep
prediction model to estimate the repair material's creep behavior. In this section, a modified prediction model is
suggested to suit the creep behavior of the investigated repair materials. Following this, an analysis of the effect of creep
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on the tensile stress development in the repair materials is presented. Finally, the conclusions section highlights the
overall findings of this study, covering the influence of material composition, the accuracy of the creep prediction model,
and the effect of creep on reducing the potential cracking of repair materials.

2. Research Method
2.1. Research Workflow

This study consists of three sequential works, i.e., investigating short-term creep behavior, proposing a modified
creep prediction model, and analyzing shrinkage stress development in a patch repair system. Figure 1 shows the
flowchart diagram indicating the details of the workflow of this research comprehensively.

. . Formulated
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Materials Testing: Prediction Model &
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fineness modulus) M ;;_Op; ieglthgR | Analysis of Shrinkage Determine the
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Specimens Calibration of
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Figure 1. Research workflow

2.2. Mixtures Composition

The repair materials prepared in this research were cement-based mortars. The aggregate used was sand with a
fineness modulus of 2.8, bulk specific gravity (in saturated surface dry conditions) of 2.52, and gradation within the
limit of the ASTM C-33 grading curve. The sand-to-cement ratio was set at 2 through all the mixtures. The water-to-
cement ratio (w/c) was 0.35, and an accelerator replaced 10% of the water to speed up the setting time and achieve high
early strengths for the repair materials. The accelerator was a liquid free-chloride admixture obtained from Sika (i.e.,
Sika® set accelerator). The dosage used in this research was greater than the recommended dosage. The reason for this
is that the repair materials were designed to have a compressive strength of 13-15 MPa after one day of age. Based on
several trial mixes, the required quantity of the accelerator was found to be 10% to achieve this target strength. The
researchers also utilized monofilament micro synthetic fibers to modify the repair materials' properties. The micro-fibers
were added at a varying fiber volume fraction (0.0-1.2%). The properties of the micro-fibers are given in Table 1, and
the mixture composition of the repair materials is summarized in Table 2.

Table 1. Properties of micro-synthetic fiber [30]

Category Properties
Fiber class EN 14889-2 Class 1
Raw material 100% Polyamide 6.6
Fiber type Monofilament
Specific gravity 1.14 gr/cm®
Length 12 mm
Filament diameter 27 mm
Tensile strength 900 MPa
Elongation at break 17.55%
Melting point 260°C
Alkali resistance Excellent
Resistance to corrosion Excellent
Number of fibers/kg 111,000.000

2035



Civil Engineering Journal Vol. 9, No. 08, August, 2023

Table 2. Mixtures composition

Mixture Code Cement Fine Aggregate (Sand) Water  Accelerator  Micro-Synthetic Fiber

(kg/md) (kg/md) (It/md) (It/m3) (kg/md)
RMM 0.00% 800 1,600 200 80 0.00
RMM 0.04% 800 1,600 200 80 0.40
RMM 0.06% 800 1,600 200 80 0.60
RMM 0.08% 800 1,600 200 80 0.80
RMM 0.10% 800 1,600 200 80 1.00
RMM 0.12% 800 1,600 200 80 1.20

2.3. Specimens Preparation

Five cylindrical specimens were made for each repair material mixture. These specimens have a diameter of 75 mm
and a height of 275 mm, with a height-to-diameter ratio of 3.67; this slenderness met the RILEM recommendation [31].
Three of the specimens were used to determine the deformation of the repair material under unloading conditions, while
those remaining were used to determine the total deformation under loading conditions.

Once they were cast, the specimens were kept in the laboratory. On the following day, they were taken out from the
molds and the still-wet surfaces of the specimens were wiped with a clean, dry cloth. Following that, four sets of DEMEC
points were attached to the dry surfaces of the specimens using epoxy plastic steel adhesive. As illustrated in Figure 2,
each pair of DEMEC points was positioned 200 mm apart (measured as the gauge length).

#—75 mmﬁ“

demec point —

. I e
demec point — RN
)

Figure 2. Creep specimen with demec points attached at a gauge length of 200 mm

In addition to the creep specimens, cube-shaped specimens were formed with dimensions of 50x50x50 mm and
cylindrical specimens with dimensions of 50x100 mm. These cubes and cylindrical specimens were used to determine
the repair materials' compressive strength and elastic modulus, respectively. The compressive strength value (obtained
from the average of five test results) was needed to determine the applied load level (i.e., 30% of the compressive
strength) on the creep specimens. Meanwhile, the elastic modulus value (obtained from the average of three test results)
was used to calculate the magnitude of creep, where the amount of creep deformation was determined by taking away
the unloaded (shrinkage) and the instantaneous (elastic) deformations from the total deformation of the loaded
specimens.

2.4. Creep Testing

Figure 3 shows a creep loading frame where two creep specimens and a steel pipe, with an outer diameter of 275
mm, were placed in series. The ends of the specimens and the steel pipe were inserted into the circular recess of the steel
plates; the recess was 275 mm in diameter and 2 mm in depth. The recess served to help position the specimens and
steel pipe in line. In addition, a ball bearing connected the steel plate of the steel pipe and that of the specimen. This ball
bearing helped to keep the load transfer from the steel pipe to the specimens centered.

Stesl rod Recessed steel plate

Steel ball bearing

Demec gauge — Steel pipe

Recessed Steel plate _

L T |

| -
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demec point

/@
e

Specimen
Tie rod E Loading nut

Figure 3. Arrangement of specimens in creep loading frame
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The steel pipe served as a dynamometer to measure the load applied during the creep test. Four pairs of DEMEC
points, with a gauge length of 200 mm, were attached to the surface of the steel pipe, similar to the creep specimens.
Before being used in the creep test, the steel pipe was first calibrated by applying incremental compressive loads up to
a certain magnitude. Deformation of the steel pipe was recorded at each load increment. To obtain the steel pipe's
deformation, the shift in distance between the DEMEC points was gauged using a demountable mechanical strain gauge,
known as the DEMEC gauge. Then, the average alteration in the length of the four pairs of DEMEC points was correlated
with the load and the resulting regression equation was plotted (Figure 4). This regression equation served as a basis for
determining the required load level for the creep test.

60 -

50 1

N
o
1

Load (kN)
8

20 A

10

0 T T T T T ]
0 20 40 60 80 100 120

Distance change of the demec points (micron)

Figure 4. Relationship between distance change of DEMEC points of the steel pipe and the load

Loading for the creep test was carried out at one day of age. The loading was executed by tightening the nuts at the
right end of the loading frame. Tightening these nuts caused a compressive force to be transferred from the steel plate
to the steel pipe, which was then centrally transmitted to the series of specimens through the steel ball. The magnitude
of the load applied was equivalent to 30% of the compressive strength of the repair material, e.g., for the RMM 0%
specimen, which had a compressive strength of 13.07 MPa, the required compressive stress for the creep test was 30%
x 12.75 = 3.83 MPa. If this value is converted into force (load), it will be equivalent to 3.83 MPa multiplied by the
surface area of the cylindrical specimen (4,415 mm?), which equals 16.89 kN. Based on the regression equation of Figure
4, the load corresponds to a target distance change of the DEMEC points on the steel pipe of 32.6 microns. For other
mixtures, the same procedure was applied but the target sustained load was determined according to the respective
compressive strength (Table 3).

Table 3. The compressive strength (1-day) of the repair materials and their respective sustained load for creep test

Mixture composition RMM 0% RMMO0.04% RMMO0.06% RMM 0.08% RMMO0.01% RMM 0.12%
1-day compressive strength (MPa) 12.75 14.71 14.98 14.51 14.12 13.42
Target sustained load (kN) 16.89 19.48 19.85 19.22 18.70 17.77
Target distance change (micron) 32.60 37.61 38.31 37.11 36.11 34.30

Once the load was applied, the deformation of the specimens was observed by measuring the distance change
between DEMEC points attached to the surface of the specimens. This measurement was taken continuously from the
day after loading, until 84 days had elapsed. Before the actual measurement, the sustained load's magnitude had to be
checked. If there was a decrease in the load, the nuts needed to be re-tightened to attain the target sustained load, as
before. Along with measuring the deformation of the loaded specimens, a similar measurement of the unloaded
specimens was also carried out (see Figure 5). The deformation of the loaded specimens consisted of three deformations
i.e., shrinkage, elastic, and creep deformation. Therefore, to separate the creep deformation from the others, the
deformation of the unloaded specimen and the deformation due to the elastic properties were subtracted from the total
deformation observed in the loaded specimens. The elastic deformation due to the applied sustained load can be
estimated from the measured elastic modulus of the repair materials, as shown in Table 4.
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=

Figure 5. Measurement of deformation on the unloaded (left) and loaded (right) specimen

Table 4. Elastic modulus of the repair materials

Mixture composition RMM 0% RMM0.04% RMM0.06% RMM0.08% RMM 0.01% RMM 0.12%
1-day elastic modulus (GPa) 13.27 15.14 15.93 15.12 14.73 14.50

3. Results and Discussion
3.1. Short-Term Creep

The short-term, time-dependent deformation of the repair materials is shown in Figure 6. The total deformation
represents the measured deformation on the loaded specimens due to the materials' elastic, shrinkage, and creep
properties. The sudden increase in the total deformation at the start of loading indicates elastic deformation.
Subsequently, the increase in total deformation with time is governed by shrinkage and creep behaviors. The shrinkage
behavior of the repair materials shows a rapid increase in deformation at an early age (see Figure 6-a). After 14 days of
drying, the increase is negligible as the curve approaches an asymptotic value. This behavior can be related to the
materials' rapid setting and hardening processes due to using an accelerator, as noted by Sheng et al. [21]. The fast
hardening process significantly reduces the drying time of the mixtures and so shortens the shrinkage needed to reach
the asymptotic value. On the contrary, the creep continues to show an increase in deformation. Thus, the deformation of
the repair materials at a later age (i.e., after 14 days) is dominated by creep behavior. This implies that shrinkage stress

development tends to diminish after 14 days of drying, so the critical time to assess the shrinkage cracking tendency is
within these 14 days.
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Figure 6. Short-term time-dependent deformations of the repair materials. (a) Total deformation; (b) Shrinkage; (c) Creep
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The general creep behavior of the repair materials suggests that creep increases with time but at a diminishing rate.
This behavior is similar to that observed by others [14]. After 56 days of loading, the creep rate slows down and the
curves approach an asymptotic value. The time taken to reach this asymptotic value is longer than that of shrinkage. It
seems that the compression stress applied to the repair material is still capable of forcing the moisture in the capillary
pores out, causing further deformation, which cannot be achieved by insignificant drying at a later time.

The reduction of creep rate over time can be related to the aging process, which refers to the change in viscoelastic
properties over time, leading to a decrease in creep in the later stages. According to the solidification theory [32], the
phenomenon of creep aging is linked to the formation of fresh hydration products that exhibit non-aging creep
characteristics. With the growth in the amount of hydrates, the load distribution changes, resulting in reduced creep.
Bazant et al. [33] later suggested that long-term aging (microprestress-solidification theory) could be ascribed to the
relaxation of microprestresses present at shear sites within nanopores. The use of an accelerator will speed up the aging
process at an earlier age. Hence, the asymptotic creep behavior is attained just after 56 days. This value is considered
shorter than the general creep behavior of concrete without an accelerator [24, 26, 34].

The influence of micro-fibers is to reduce the magnitude of creep. Figure 5 (c) shows that the repair materials without
the inclusion of fibers exhibit greater creep than those with micro-fibers. The micro-fibers work by forming a network
within the mortar, which reinforces the material and helps to distribute stress more uniformly. This can reduce the
localized stress concentration, where this localized stress can cause micro-cracking and affect creep in the material.
Also, the micro-fibers can help absorb energy and prevent crack propagation, reducing the potential for creep and
deformation. The reduction of creep depends on the fiber volume fraction, as suggested also by Vitor et al. [13]. Too
much fiber content affects compaction, increasing pores and subsequently impacting creep. Figure 7 shows the fibers’
effect on creep at 84 days of loading. The figure suggests an optimum fiber volume fraction of 0.04-0.06%, resulting in
the minimum creep of the repair material.

1800
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900 -

600 -

84-day creep (106)

300 -

0 T T T T T T 1
0.00% 0.02% 0.04%  0.06%  0.08%  0.10%  0.12% 0.14%

Fiber volume fraction

Figure 7. Effect of fiber volume fraction on 84-day creep

3.2. Prediction of Creep

Creep behavior is characterized by an increase in deformation over time, at a decreasing rate. This behavior can be
formulated in a mathematical model that traces time-dependent development until the ultimate value is reached. The
ACI 209R-08 model (Equation 1) expresses the development of creep over time as a time ratio, multiplied by a value
representing ultimate creep. It should be noted that the model predicts creep as being expressed as a creep coefficient.
The creep coefficient is a ratio between creep and elastic strain.

In this section, the ACI 209R-08 model is used to estimate the creep behavior of repair materials using short-term
creep data. Figure 8 shows an example of the comparison between the predicted creep coefficient and the observed
short-term creep coefficient of RMM 0.00% specimen from the laboratory investigation. The ACI 209R-08 model
cannot accurately predict the creep behavior of repair materials. The inaccuracy of ACI 209R-08 in predicting the creep
behavior of the repair material can be expected due to the differences in the mixture between the repair material and
conventional concrete, which result in changes in the creep rate. Factors such as a higher fraction of cement paste and
lower aggregate content in the repair material contribute to these differences, along with using accelerators and fibers.
Delsaute et al. [19] also suggested an adapted version of prediction model (MC2010 model) to estimate the changes in
the evolution of creep due to the high substitution rate of cement by limestone filler and/or slag. The mismatch between
predicted and observed values is shown by an increasing deviation between the two values over time. Therefore, the
time ratio and the asymptotic value of the model should be adjusted to capture the observed creep rate and its asymptotic
value. The asymptotic value can be estimated more easily by extrapolating the short-term creep measurement curve.
This extrapolation will provide an indication of the ultimate creep coefficient (¢4,) from Equation 1 and the results are
presented in Table 5.
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Figure 8. The predicted vs. measured creep coefficient

Table 5. Estimated the ultimate creep coefficient of the repair materials

Specimen RMM 0.00% RMM 0.04% RMM 0.06% RMMO0.08% RMM 0.10% RMM 0.12%
Pu 10.38 7.62 7.33 7.95 8.82 9.68

The ultimate creep coefficient (¢.) values are much higher than those recommended by ACI 209R-08 for normal
concrete, which is 2.35. The magnitude of these asymptotic values indicates that creep in repair materials is higher than
that in conventional concrete. This is also consistent with the findings in Putri [35], which showed that the ultimate
creep coefficient values were in the range 6-13 for various repair materials. The high values of creep coefficient in repair
materials can be traced to the fact that the composition of repair materials does not contain coarse aggregates, and the
aggregate/cement ratio is smaller than in concrete. Aggregates, as inert materials, play a role in resisting deformation
(creep and shrinkage) originating from cement paste, and so a decrease in the number of aggregates will reduce their
role in resisting deformation. Consequently, the creep coefficient values in repair materials become much higher than
in normal concrete.

Referring to the asymptotic values in Table 5, the time ratio of the model can be modified by adjusting the value of
d in Equation 1. After conducting several trials, the proposed constant value is d=12, so the following modified equation
is suggested for predicting the creep behavior of the investigated repair materials:

_ (t—t )0.6
Peeto) = 12+(tft0)0-6 Pu €))

Figure 9 shows the prediction results using the modified ACI 209R-08 model, compared to the short-term creep
coefficient measurement of the RMM 0.00% specimen. Compared to Figure 8, the prediction made using the modified
model is much closer to the measured values. The accuracy of the predictions can be further evaluated by quantifying
the best-fit line, residual values, and coefficient of error.

s

+ Measured
6 .

Modified ACI 209R-08

Measured creep coefficient

0 7 14 21 28 35 42 49 5 63 70 77 84

Predicted creep coefficient

Figure 9. Creep coefficient predicted by the modified models vs. measured values
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As shown in Figure 10, the best-fit line shows that ACI 209R-08 estimates the creep coefficient value at only 32%
of the measured creep coefficient value (Figure 10-a). By modifying the ACI 209R-08 equation, the prediction accuracy
can be improved, where the predicted value is almost the same (over 99%) as the measured creep coefficient value
(Figure 10-b). The regression equation's coefficient of determination (R?) also approaches 1, confirming a very good
correlation between the predicted and measured values.
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Figure 10. Best fit line of predicted vs. measured creep coefficient

From the analysis of residual values shown in Figure 11, the ACI 209R-08 model produces negative residual values
throughout the time elapsed, indicating that the ACI model always underestimates the creep coefficient value, with the
residual value reaching nearly -4. The modified ACI 209R-08 reduces the range of residual values to +0.5. The small
residual value confirms that the modified ACI 209R-08 is reasonably accurate in estimating the creep coefficient.
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Figure 11. Residual value of predicted vs. measured creep coefficient

In addition to the best-fit line and residual value analysis, the prediction accuracy is also evaluated using the
coefficient of error, calculated using Equation 2. The results are presented in Table 6. A drastic decrease in the coefficient
of error is obtained when the ACI 209R-08 model is modified. A coefficient of error in the range 15-31% is considered
accurate

Table 6. Prediction accuracy

Method ACI 209R-08 Modified ACI 209R-08
y =0.324x y =0.9965x
Best fit line
R*=0.9777 R?=10.9965
Residual value 0to -4 -0.5t0 0.5
Coefficient of error  231%-283% 15%-31%
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3.3. Creep Effect on the Reduction of Differential Shrinkage Stress

The differential shrinkage between the repair layer and the substrate concrete causes tensile stress in the repair
material. This stress can cause cracking if it exceeds the tensile capacity of the repair material. Creep plays an essential
role in reducing this tensile stress, so this section will analyze and discuss the effect of creep on the resistance to cracking
of the repair materials. To do this, we need to examine the tensile stress in the repair layer by inspecting Figure 12.

Esh )
"
- ) -
P> S—
h,__ hr__ Ony+ = Oupy
h, h,
(a) Balance forces in patch repair system (b) Stress in patch repair layer due to N an M

Figure 12. Shrinkage stress in patch repair

To simplify the analysis, it is assumed that the shrinkage of the old substrate concrete can be neglected, whereas the
shrinkage of the repair material at at time t (days) is &sn(t.t0). Due to a perfect interfacial bond between the repair material
and substrate concrete, the substrate concrete restrains this amount of shrinkage. Consequently, a tensile stress of oung
= Er. & IS induced in the repair layer, where E,) is the elastic modulus of repair material at time t. Based on an
equilibrium principle, a compressive force of N = o(.Ar is required at the center of gravity (cgc) of the repair layer,
where A, is a cross-section of the repair material. This compressive force is equivalent to a compressive force of N at
the cgc of the composite plus moment M=N.y, where y is the distance between the cgc of the repair layer and the
composite (see Figure 12-a). Both N and M cause a compressive stress in the repair layer, on and omg) (See Figure 12-
b). Hence, the total stress o(y at the repair layer is equal to:

O(t) = Oesh(t) — ON(t) — OMm(t) (4)

Considering the elastic and creep properties of the repair material, we may adjust the first term on the right-hand
side of Equation 4 and so [36]:

I O)
Tt) = Grpy E5h(D ~ ON® ~ Om(®) 5)

For concrete/mortar still developing with time, ageing coefficient y is introduced in the (er(g) term. Hence, Equation
5 becomes:

_ _Erw
Tt) = Gayan E5h® ~ ON® ~ Ou(e) (6)

The range of values for y is typically between 0.4 and 1.0, with recommended values of 0.65 to 0.80 for early-age
creep and relaxation issues [37]. However, the concrete type and loading time can influence this value. For instance, the
ageing coefficient of geopolymer concrete decreases from 1.0 to 0.84 when loaded on the second day after casting [38].
Equation 6 may be used at a discrete time Ati=(ti+1-ti), and the total stress in the repair layer will be a cumulative of
stress

Er(at)
Oy = 2 [m Esn(ati) — ON(atD) — UM(Ati)] (7)

To illustrate the effect of creep on the resistance to cracking of the repair material, a simulation of stress induced by
the shrinkage of repair materials was carried out. First, we took the case of a beam with a cross-section of 250 x 350
mm?, where the depth ratio of the repair to the substrate layer, hr/hc, is 50/300. The elastic modulus of the substrate

concrete, Ec, is 30.000 MPa, while the elastic modulus of the repair materials is given in Table 4. The shrinkage of
repair materials shown in Figure 5-b was modeled as follows [6]:

(t—to)
Esh(t,ty) — ﬁ‘gshu (8)
where eg,¢.¢,) is shrinkage at time t from the beginning of drying to and &gy, is the ultimate shrinkage of the repair
materials. In the mean time, the creep coefficient is represented by Equation 3.

Figure 13 visualizes the difference between the two types of stress development and indicates the creep's effect in
reducing stress development. Creep can reduce the tensile stresses by up to 50%, potentially delaying or dismissing the
cracking in the repair materials.
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Figure 13. Tensile stress development in repair materials due to differential shrinkage

4. Conclusions

The durability of repair materials containing micro-synthetic fibers and accelerators has been assessed in this study
concerning their resistance against shrinkage cracking. Specifically, the study focuses on investigating the role of creep
in reducing shrinkage stress in the repair layer of a patch repair system. The main conclusions that can be drawn from
this research are as follows:

¢ The deformation of the repair materials investigated in this study indicates that it is dominated by shrinkage at an
early age (14 days of drying). In contrast, at a later age, it is governed mainly by creep. This implies that shrinkage
stress development tends to diminish after 14 days of drying, so the critical time to assess the shrinkage cracking
tendency of the patch repair materials is within these 14 days.

e The asymptotic value of the creep curve of the repair materials is attained at an earlier age than most concrete; a
rapid aging process causes this phenomenon due to the inclusion of an accelerator. Additionally, the magnitude of
the creep coefficient of the repair materials is within the range of 7-11, which is higher than most concrete. This
higher creep coefficient can be due to a higher volume of cement fraction and a lower aggregate content of the
repair material mixture. The differences in the creep behavior of the repair materials and conventional concrete
can be a good justification to propose a modified model of the ACI 209R-08 in order to accurately capture the
creep rate and magnitude of the repair materials. Best-fit line, residual values, and coefficient of error analyses
have confirmed the prediction accuracy of the proposed modified ACI 209R-08.

o A formulated theoretical analysis has been proposed in this research to assess the induced shrinkage stress in the
repair layer. The analysis assumes a perfect bond between the repair layer and the concrete substrate; and omits
the shrinkage of the concrete substrate. Although the formulated theoretical analysis has limitations due to the
assumptions made, the formula can still be applied broadly for comparing the performance of various repair
materials. Based on the shrinkage stress analysis of the patch repair system carried out in this study, it is indicated
that creep can reduce the magnitude of the shrinkage stress development by up to 50%. With such a reduction, the
repair material is expected to be durable in resisting shrinkage cracking tendency. However, it should be noted that
the shrinkage and creep in this study were measured after one day of drying, so the analysis omits the earlier
values, which could significantly affect the analysis results.
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