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Abstract

:

Repair materials have been developed in this research by adding micro-synthetic fibers in cement-based mortar. In addition, accelerator is incorporated in the mortar to obtain high early strength of the repair materials. Their shrinkage behavior is of interest. This study aims to determine the shrinkage of the micro-synthetic fiber-reinforced mortar and propose models to reflect their shrinkage behavior. The results show that rapid developments of shrinkage are observed at an early age where the 3-day shrinkage already attains about 40–50% of the 84-day shrinkage value. Moreover, after 14 days of age the shrinkage curves tend to approach the asymptotic value. The ACI 209.2R-08 and CEB-MC 90-99 models do not reflect the shape of the shrinkage curves of the micro-synthetic fiber-reinforced mortar. Therefore, this research proposes a modified ACI 209.2R-08 and CEB-MC 90-99 that can describe the shrinkage behavior of the micro-synthetic fiber-reinforced mortar. The accuracy of the modified models has been confirmed quantitatively using the method of best fit line, residual analysis, and coefficient of error.
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1. Introduction


Damage of concrete to various extents may be observed in structural concrete building and it affects the strength and serviceability of the structure. Therefore, repair to the particular damage is necessary to restore the safety and functionality of the concrete structure [1,2,3]. Moreover, good repair to the damaged concrete can improve the overall performance of concrete structures, increase their strength and stiffness, improve the appearance of concrete surfaces, make them watertight, and prevent aggressive substances from entering the steel surface [4]. A variety of repair systems are available today, and their pertinence is governed by the type of damage. For example, the patch repair system is a method suitable for recovering the spalling of concrete [5,6].



One repair material for concrete patching is cement-based mortar. However, cement-based mortar is known to have relatively low tensile strength when compared to its compressive strength. As a result, the repair material will be at a high risk of cracking due to the emergence of tensile stress induced by the differential shrinkage between the repair material and the concrete substrate [7,8]. Therefore, randomly dispersed micro-fibers can be incorporated into the mixture of this cement-based mortar to increase its tensile strength and toughness properties [9,10]. The increase in these properties is governed by the capability of the micro-fibers to prevent or control the initiation, propagation, or coalescence of cracks [11], so that the mortar with added micro-fiber material can improve its resistance against cracking due to the differential shrinkage stress that occurred in the patching system [12,13].



Shrinkage in concrete can be related to the loss of water content in the capillary pores due to drying. Several studies showed a linear relationship between drying shrinkage and water loss [14,15]. Shrinkage must be carefully assessed as it affects the durability of repair material as indicated in the preceding paragraph. When two materials with different shrinkage properties are combined, such as in repairing a concrete structure with repair material, it creates a restraint. In this case, the higher shrinkage of repair material will be restrained by the concrete layer that has a lower shrinkage. As a result of this restraint, a tensile strain is induced in the repair layer and may cause the repair material to crack, if this tensile strain reaches the maximum tensile capacity of the repair material [16].



Shrinkage originates from the cement paste, while the aggregate is considered an inert material. Nevertheless, it has been shown that the composition of the mixture contained in the mortar/concrete affects the magnitude of shrinkage. For example, it was found that the addition of polypropylene fiber at 0.1% and 0.2% content could reduce the shrinkage of high-performance concrete [17]. It is also shown that the addition of a non-alkaline accelerator can increase shrinkage during the initial drying period [18].



The purpose of this study is to determine the effect of adding synthetic microfibers to repair mortar on shrinkage behavior. Moreover, this research also aims to propose modified shrinkage prediction models to estimate the shrinkage behavior of micro-synthetic fiber-reinforced mortar. The results will be valuable, especially to assess the risk of shrinkage cracking of micro-synthetic fiber-reinforced mortar when it is used as a repair material.




2. Shrinkage Prediction Models


Shrinkage of concrete tends to increase with time at a decelerating rate. Subsequently, a model for predicting shrinkage as a function of time forms a hyperbolic curve with an asymptotic value. The asymptotic value represents the ultimate shrinkage. Such a model can be expressed in terms of the ultimate shrinkage value multiplied by the time ratio to describe the shrinkage development with time. An example of the model is given in ACI 209.2R-08 [19]. In the same document, alternative models for predicting shrinkage with time are also mentioned, one of which is CEB-MC 90-99 [20]. The shape of the shrinkage curve estimated by the models depends on many factors, including mixture proportioning. Thus, it might be necessary to modify the models to accurately depict the shape of the shrinkage curve for a particular concrete type [21,22,23].



The following shrinkage prediction models will be applied to estimate the shape of the shrinkage curve of the micro-synthetic fiber-reinforced mortar investigated in this study:




	(a)

	
ACI 209.2R-08









The general model for predicting shrinkage strain,    ε  s h  (  t ,  t c   )    ,    at concrete age, t (days), measured after the start of drying at tc is given by Equation (1).


   ε  s h  (  t ,  t c   )    =  (    t −  t c    f +  t c     )  ×  ε  s h  ( u )     



(1)




where    ε  s h  ( u )      is the ultimate shrinkage value, tc is the start of concrete drying which equals the end of the curing time, and f is the shrinkage half-time in days, i.e., the time representing the shrinkage reaching half of the ultimate value. The shrinkage half-time signifies the shape of the curve and its value depends on the curing of concrete. ACI 209.2R-08 recommends 35 and 55 for 7 days of moist curing and 1–3 days of steam curing, respectively. The higher value of f implies a lower rate of shrinkage development at an early time. Subsequently, for shrinkage of particular concrete which shows a different rate of shrinkage development at an early age than normal concrete, a different value of f may be suggested to accurately represent such behavior.




	(b)

	
CEB-MC 90-99









The shrinkage prediction model by CEB-MC 90-99 is presented in the following equations:


   ε  s h  (  t ,  t c   )    =  ε  c s o      β s   (  t −  t c   )   



(2)






   β s   (  t −  t c   )  =    [     (  t −  t c   )  /  t 1      350    [   (  V / S  )  /  (  V /  S 0   )   ]   2  +  (  t −  t c   )  /  t 1     ]    0.5    



(3)




where    ε  s h  (  t ,  t c   )      is the shrinkage of concrete at age of t measured after time of curing tc,    ε  c s o       is the notional shrinkage coefficient representing the asymptotic behavior of the curve shape,    β s   (  t −  t c   )    is the coefficient describing the shrinkage development with a time of drying    (  t −  t c   )  ,    t1 is equal to 1 day,    (  V / S  )    is volume to surface ratio,    (  V /  S 0   )    is equal to 50 mm. The constant value of 350 in Equation (3) signifies the rate of shrinkage development at an early age and, thus, affects the shape of the shrinkage curve at an early age in a similar manner to the shrinkage half-time of the ACI 209.2R-08 model.



The accuracy of the two models may be evaluated by the method of best fit line, residual values (R), or the coefficient of error values (M) [22]. The best fit line is a method derived from a linear regression analysis of the laboratory shrinkage data versus the predicted value. The residual values (R) method is determined from the difference between the predicted shrinkage minus the laboratory shrinkage data. A positive value of R indicates that the predicted shrinkage exceeds the test data, and vice versa. The coefficient of error M is calculated by Equation (4) as follows:


  M =  1     ε  s h  ( t )     ¯      ∑        {       (   ε  s h  ( t )    −   ε ′   s h  ( t )     )   2   n   }     1 2    × 100 %  



(4)




where    ε  s h  ( t )       is the laboratory shrinkage value at time t,   ε  ’  s h  ( t )      is the predicted shrinkage value at time t,      ε  s h    ( t )     ¯    is the average of the laboratory shrinkage values, and n is the number of shrinkage data.



The ACI 209.2R-08 and CEB-MC 90-99 models may be modified to represent the shrinkage behavior of a particular concrete type. The modified models should give a shape of the curve that is close to the measured shrinkage. The best fit line, the residual values (R), and the coefficient of error values (M) may be used to indicate the better accuracy of the modified models




3. Materials and Method


3.1. Mix Proportion


The repair materials used in this research were cement-based mortar reinforced with polymer-based monofilament micro synthetic fibers (see Figure 1). The properties of the fiber are shown in Table 1. It is an alkali resistant and non-corrosive material with a tensile strength of 900 MPa. The fiber type is a monofilament with the diameter of filament being 27 micron and its length, 12 mm. The amount of fiber incorporated into the mixtures (fiber dosage by weight of mortar) varied from 0% to 0.12%. The cement/sand ratio was controlled at 0.5 for all the mixtures. Meanwhile, the w/c ratio of the mixtures was set at 0.35. Furthermore, a chloride-free liquid admixture for set acceleration and rapid hardening of cement based-mortar, i.e., Sika accelerator, was used at 10% by weight of cement. This amount of the accelerator was selected on the basis of several trial mixes to obtain repair mortar with a minimum compressive strength of 15 MPa at 1 day of age. The accelerator partially substituted the water content of the mixtures to keep the total water-to-cement ratio at 0.35. Table 2 shows the composition of the micro-synthetic fiber-reinforced mortar mixtures.




3.2. Specimens Preparation and Shrinkage Test


Three cylinder specimens with a diameter of 75 mm and a height of 275 were cast for each mix. The slenderness of each specimen was within the range specified in the RILEM Recommendation [25]. On the following day after casting, the specimens were demolded and the specimens were wrapped with a dry cloth to remove any excess moisture on the surface of the specimens. Subsequently, four pairs of demec points were attached on the surface of the specimens at an equidistance of 90°. The gauge length of the demec points was 200 mm (see Figure 2). This length was assigned as an initial length (L) before shrinkage occurred.



Shrinkage of the specimens was determined by measuring the change in the distance between a pair of demec points using a demountable mechanical gauge (Demec Gauge) as shown in Figure 3. The specimens were stored in a laboratory room temperature (26° C) and humidity (85%) during the measurement period. The temperature and humidity represent a seasonal environment in some parts of Indonesian territory. Measurement of the change in length was started at 1 day of age and an average of four readings from four pairs of demec points was taken (∆L) in each specimen. The measurement was carried out continuously until 84 days of age. The shrinkage of the specimens was calculated by the following equation:


   ε  s h  ( t )    =   Δ  L t   L   



(5)




where    ε  s h  ( t )      is the shrinkage at time t,   Δ  L t    is the average change in length after time t, and L is the original length (200 mm).





4. Results and Discussion


4.1. Shrinkage Development with Time


The measured shrinkage of the micro-synthetic fiber-reinforced mortars is presented in Figure 4. The results indicate that a very rapid shrinkage development occurs at an early age. The 3-day shrinkage of the mortars is already in the range of 40–50% of the 84-day shrinkage. After 14 days of age, the development of shrinkage is almost negligible; the 14-day shrinkage of the mortars already attains about 95–98% of the 84-day shrinkage. The nearly horizontal trend of the shrinkage curves after 14 days also suggests that the difference between the 84-day shrinkage and the ultimate shrinkage value is trivial.



The above shrinkage behavior is very dissimilar to normal concrete shrinkage. Generally, the shrinkage of concrete increases at a diminishing rate [26]. However, the development of normal concrete shrinkage at an early time is not as rapid as that of the micro-synthetic fiber-reinforced mortar. The ACI 209.2R-08 suggests that the shrinkage half-time is achieved at 35 to 55 days depending on the curing time and type. This range of the shrinkage half-time is obviously longer than the observed shrinkage half-time of the micro-synthetic fiber-reinforced mortar. Apparently, half of the ultimate shrinkage value of the micro-synthetic fiber-reinforced mortar can be achieved at 3 days (see Figure 4). Nevertheless, the magnitude of the ultimate shrinkage of the micro-synthetic fiber-reinforced mortar is comparable with most of the ultimate shrinkage of concrete.



The rapid development of shrinkage at an early age of the micro-synthetic fiber-reinforced mortar could be related to the rapid strength development of this material due to the use of an accelerator. The influence of alkali-free liquid accelerator on the shrinkage of concrete has been investigated by Sheng et al. [18]. They noted that the rate of shrinkage is faster in concrete containing a higher dosage of the accelerator. At 9 wt% of accelerator, they found a rapid development of shrinkage at an early age. After 14 days, the shrinkage curve approached an asymptotic trend. This behavior is in line with the shrinkage behavior of the micro-synthetic fiber-reinforced mortar investigated in this study.



In the meantime, the influence of adding micro-synthetic fibers can also be observed from Figure 4. Generally, the fibers reduce the magnitude of the shrinkage but they do not affect the shrinkage rate. The influence of fiber can be explained via the following mechanism: once the mortar shrinks, shear stress is induced between the fiber and the surrounding mortar. This shear stress, in turn, influences the mortar deformation behavior, resulting in macroscopic composite shrinkage lower than that of a pure cement-based mortar [27]. The influence of fibers on the shrinkage depends on the fiber volume fraction. Based on the 84-day shrinkage value shown in Figure 5, a fiber dosage of 0.06% gives the greatest reduction of the shrinkage. This finding is in agreement with Bandelj et al. [28], who noted that with an increase in the fiber content, the shrinkage was reduced only up to a certain fiber content. An excess of fiber content would result in poor workability and shrinkage.




4.2. Comparison with the Prediction Models


The shrinkage prediction models of ACI 209.2R-08 (Equation (1)) and CEB-MC 90-99 (Equation (2)) are applied in this study. Figure 6 shows examples of comparison between the measured shrinkage and the predicted shrinkage. As expected, there is a distinct trend of the shrinkage curve between the measured shrinkage and the predicted shrinkage. Both ACI 209.2R-08 and CEB-MC 90-99 models show a slower shrinkage rate at an early age than the measured shrinkage. This difference in the shrinkage behavior can be related to the use of an accelerator that causes the rapid development of shrinkage at an early age in the micro-synthetic fiber-reinforced mortar, as discussed in the preceding section.



The differences in the prediction may be quantitatively evaluated using the method of best fit line, residual values (R), or the coefficient of error values (M). Figure 7 shows the relationship between the measured shrinkage and the predicted shrinkage. The relationship is assessed by a linear regression analysis to determine the best fit line and the results are indicated in the figure. Meanwhile, the difference values between the measured shrinkage and the predicted shrinkage (residual values) have been plotted in Figure 8. Both Figure 7 and Figure 8 clearly indicate that the predicted shrinkage, significantly, is lower than the measured shrinkage, especially at an early age. However, the residual values of the shrinkage estimated using CEB-MC 90-99 are positive at a later age (see Figure 8b). The positive values correspond to a higher predicted shrinkage value after 40 days of age, as shown in Figure 6b. Finally, the prediction models are assessed by the coefficient of error method using Equation (4). Table 3 summarizes the results of the quantitative evaluations of the prediction models. In general, it is concluded that the shrinkage prediction models do not accurately estimate the shrinkage behavior of the micro-synthetic fiber-reinforced mortar. Therefore, improvement of the models is needed, as discussed in the following section.




4.3. Improvement of the Models


It has been shown in Section 4.1 that the shrinkage curve of the micro-synthetic fiber-reinforced mortar shows the rapid development of shrinkage at an early age. At 3 days of age, the magnitude of shrinkage already attains about 40–50% of the 84-day shrinkage. It is also indicated that the curve is approaching an asymptotic value after 14 days. Considering the above trend, both ACI 209.2R-08 and CEB-MC 90-99 models should be modified to reflect this trend. In the ACI 209.2R-08 model, the time ratio of Equation (1) determines the development of shrinkage with time. The value of f in the time ratio signifies the rate of shrinkage. Its value represents the shrinkage half-time. Hence, to depict the rapid development of shrinkage at an early time, the value of f in the ACI 209.2R-08 model can be modified to reflect the shrinkage half-time of the micro-synthetic fiber-reinforced mortar. In this study, firstly we modify the f value to be 3 days. The resulting modified ACI 209.2R-08 is then used to predict the shrinkage behavior of the micro-synthetic fiber-reinforced mortar. The predicted shrinkage is assessed using the coefficient of error method. If the value of the coefficient of error is not satisfied (greater than 30%), we try another f value either lower or higher than 3 days until a minimum coefficient of error is obtained. In this way, we propose f is equal to 2 days and, so, Equation (1) can be written as follows:


   ε  s h  (  t ,  t c   )    =  (    t −  t c    2 +  t c     )  ×  ε  s h  ( u )     



(6)







A similar procedure is employed to modify the CEB-MC 90-99 model. In the model, the shrinkage development with time is represented by Equation (3). In the equation, a value of 350 signifies the shrinkage rate. Thus, this value should be modified to reflect the rapid shrinkage development of the micro-synthetic fiber-reinforced mortar at an early age. Based on several trials, we propose to modify the 350 value to 50, since this value gives the lowest coefficient of error. So, Equation (3) of the CEB-MC 90-99 model is modified as follows:


   β s   (  t −  t c   )  =    [     (  t −  t c   )  /  t 1      50    [   (  V / S  )  /  (  V /  S 0   )   ]   2  +  (  t −  t c   )  /  t 1     ]    0.5    



(7)







Figure 9 shows examples of the comparison between the curves of the measured shrinkage and the predicted shrinkage using the modified ACI 209.2R-08 and the modified CEB-MC 90-99 models. The figure indicates that the shrinkage behavior of the micro-synthetic fiber-reinforced mortar can now be estimated quite accurately using the modified models. Figure 10 and Figure 11 demonstrate the improved correlation between the measured shrinkage and predicted shrinkage when it is assessed using the best fit line and residual analysis method, respectively. Meanwhile, Table 4 summarizes the quantitative improvements of the modified models compared to the originals.





5. Conclusions


This study leads to the following conclusions:




	
The shrinkage behavior of the micro-synthetic fiber-reinforced mortar shows rapid development of shrinkage at an early age. The inclusion of fibers does not influence the shrinkage rate, but does affect the magnitude of shrinkage. The lowest shrinkage occurs in the mixture with a fiber dosage of 0.06%.



	
The shrinkage rapid development of the micro-synthetic fiber-reinforced mortar at an early age is characterized by a shorter shrinkage half-time (3 days) and a faster trend of reaching asymptotic value (after 14 days) than shrinkage of normal concrete.



	
The shape of the shrinkage curve of the micro-synthetic fiber-reinforced mortar cannot be accurately estimated by the ACI 209.2R-08 and CEB-MC 90-99 models. The difference between the measured shrinkage and the predicted shrinkage by these models has been evaluated quantitatively using the method of best fit line, residual analysis, and coefficient of error. The quantitative evaluations indicate a high erroneousness.



	
The ACI 209.2R-08 and CEB-MC 90-99 models have been modified in such a way to reflect the shrinkage behavior of the micro-synthetic fiber-reinforced mortar. The modified models give fairly accurate prediction of the shrinkage.
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Figure 1. Monofilament micro-synthetic fibers. 
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Figure 2. Shrinkage specimen. 
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Figure 3. Measuring shrinkage with damage gauge. 
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Figure 4. The shrinkage development with time. 
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Figure 5. The influence of fiber volume fraction on the 84-day shrinkage. 
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Figure 6. Comparison between the measured shrinkage and the predicted shrinkage by ACI 209.2R-08 (a) and CEB-MC 90-99 (b) models. 






Figure 6. Comparison between the measured shrinkage and the predicted shrinkage by ACI 209.2R-08 (a) and CEB-MC 90-99 (b) models.



[image: Infrastructures 08 00007 g006]







[image: Infrastructures 08 00007 g007 550] 





Figure 7. Evaluation of the ACI 209.2R-08 (a) and CEB-MC 90-99 (b) models by best fit line method. 
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Figure 8. Evaluation of the ACI 209.2R-08 (a) and CEB-MC 90-99 (b) models by residual analysis. 
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Figure 9. Comparison between the measured shrinkage and the predicted shrinkage by the modified ACI 209.2R-08 (a) and the modified CEB-MC 90-99 (b) models. 
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Figure 10. Evaluation of the modified ACI 209.2R-08 (a) and the modified CEB-MC 90-99 (b) models by best fit line method. 
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Figure 11. Evaluation of the modified ACI 209.2R-08 (a) and the modified CEB-MC 90-99 (b) models by residual analysis. 
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Table 1. Properties of micro-synthetic fiber [24].






Table 1. Properties of micro-synthetic fiber [24].





	Category
	Properties





	Fiber class
	EN 14889-2 Class 1



	Raw material
	100% Polyamide 6.6



	Fiber type
	Monofilament



	Specific gravity
	1.14 gr/cm3



	Length
	12 mm



	Filament diameter
	27 micron



	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
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Table 2. Mix Proportion of micro-synthetic fibre-reinforced mortar.






Table 2. Mix Proportion of micro-synthetic fibre-reinforced mortar.





	
Specimen

ID

	
Fiber Dosage

	
Cement

	
Fine Aggregate (Sand)

	
Water

	
Accelerator

	
Micro-Synthetic Fiber




	
(kg/m3)

	
(kg/m3)

	
(lt/m3)

	
(lt/m3)

	
(kg/m3)






	
RMM 0%

	
0.00%

	
800

	
1600

	
200

	
80

	
0.00




	
RMM 0.04%

	
0.04%

	
800

	
1600

	
200

	
80

	
0.40




	
RMM 0.06%

	
0.06%

	
800

	
1600

	
200

	
80

	
0.60




	
RMM 0.08%

	
0.08%

	
800

	
1600

	
200

	
80

	
0.80




	
RMM 0.10%

	
0.10%

	
800

	
1600

	
200

	
80

	
1.00




	
RMM 0.12%

	
0.12%

	
800

	
1600

	
200

	
80

	
1.20
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Table 3. Summary of quantitative evaluation of shrinkage prediction models.






Table 3. Summary of quantitative evaluation of shrinkage prediction models.





	
Method

	
ACI 209.2R-08

	
CEB MC 90-99






	
Best fit line

	
y = 0.6318 x

	
y = 0.9552 x




	
R2 = 0.8275

	
R2 = 0.9554




	
Residual values (R)

	
−207.73

	
−26.51




	
Coefficient of error (M)

	
161.83%

	
73.97%
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Table 4. Summary of quantitative evaluation of the modified and original prediction models.






Table 4. Summary of quantitative evaluation of the modified and original prediction models.





	
Method

	
ACI 209.2R-08

	
CEB-MC 90-99

	
Modified

ACI 209.2R-08

	
Modified

CEB-MC 90-99






	
Best fit line

	
y = 0.6318 x

	
y = 0.9552 x

	
y = 0.9667 x

	
y = 0.9908 x




	
R2 = 0.8275

	
R2 = 0.9554

	
R2 = 0.9957

	
R2 = 0.9929




	
Residual values (R)

	
−207.73

	
−26.51

	
−14.14

	
1.28




	
Coefficient of error (M)

	
161.83%

	
73.97%

	
20.53%

	
26.74%
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