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Abstract 

One of the problems that reduce durability; thus, performance of concrete is the 

development of plastic shrinkage cracking (PSC). Traditionally, the development of PSC has 

been minimized by controlling its exposure to weather conditions or by adding fibers. In this 

study, concrete re-vibration was used as an alternative technique to control PSC because of the 

limited availability of fibers in the developing countries. In this study, the wait time after slab 

casting and before vibration was selected to be 90 minutes while length of re-vibration time was 

varied from 15 to 45 seconds. Also, the water-cement ratios were selected to be 0.5, 0.55 and 0.6. 

The slabs were casted based on the form dimensions proposed by ASTM C1579 criteria. Image 

analysis of cracks was performed to process digital images of the cracks’ widths and lengths to 

estimate crack growth. Cracks widths and lengths were unevenly reduced based on the water-

cement ratios and the lengths of re-vibration. Re-vibrated and fibered slabs showed similar 

reduction in cracks dimension. This technique and the fact that re-vibrating is cheaper than 

adding fibers makes the proposed approach a very suitable alternative for controlling plastic 

shrinkage cracks, especially in arid regions of the world. 
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Chapter 1: Introduction 

1.1 BACKGROUND  

For several decades, the design of concrete has been considered for strength and 

durability performance. Cracks are clearly a problem that has effects on concrete strength and 

durability. Although the concrete cracks can occur due to different factors such as weather 

conditions and concrete settlement, controlling such cracks requires special attention in order to 

produce reliable and good looking concrete structures.   

Early age deterioration of concrete is a continual problem that arises from rapid complex 

volume changes such as plastic and dry shrinkage. These volume changes cause tensile stresses 

in the material when strength is still relatively low. The resultant stresses may cause immediate 

cracking which leads to premature deterioration, affects integrity, durability and long-term 

service life of a concrete structure (ACI 2000).  

One common type of early age deterioration of concrete that frequently occurs is the 

development of plastic shrinkage cracking, which appears on the surface of fresh concrete within 

the first few hours after the concrete is cast. Plastic shrinkage cracking can be a problem in 

concrete structures subjected to a hot, humid and windy environment because a rapid loss of 

water from the surface of concrete before it has set. These weather conditions are indicators to 

determine if the plastic shrinkage cracks will develop (NRMCA 1960).  

Crack width is traditionally identified as the most important factor that affects the long-

term durability of concrete, and it can be quite wide on the upper surface, 2 to 3 mm (0.08 to 

0.12 in), but the width often decreases rapidly below the surface. It is probable that the 

subsequent events, including drying shrinkage and loading, can cause the plastic shrinkage 

cracks to propagate (TRC 2006).  

Numerous strategies have been proven to reduce the potential for plastic shrinkage 

cracking and the effectiveness of each strategy has to be adequately quantified to assess the cost 

and benefit associated with each approach. Controlling the effects of weather conditions has been 
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recommended as one solution to prevent an early age cracking (Snell 2008). Also, low volumes 

of randomly distributed short fibers have been studied as another solution to control plastic 

shrinkage cracking (Qi at el 2003).   

An ASTM test method exists to quantify the plastic shrinkage cracking behaviour of 

concrete mixture, ASTM C1579 (ASTM 2013). This method was standardized as a test method 

to evaluate the plastic shrinkage cracking of restrained fiber reinforced concrete. Due to the 

study of re-vibration technique of concrete as a method to reduce the plastic shrinkage cracking, 

the consideration of using the same test method is reported as a possible approach to evaluate the 

plastic shrinkage cracking of restrained reinforced concrete slabs exposed to internal vibration.  

1.2 RESEARCH OBJECTIVE 

The re-vibration technique of fresh concrete is used for durability, improving some 

concrete properties and cost effectiveness of mixture design. This study addresses the plastic 

shrinkage cracking phenomena and tests the use of the re-vibration of concrete after one and half 

hours from concrete placing to reduce the plastic shrinkage cracking.  

An experimental program is adopted based on ASTM C1579 criteria (ASTM 2013) to 

assess plastic shrinkage cracking exposed to re-vibration. Restrained slab specimens similar to 

the one described in ASTM were used to evaluate the potential for plastic shrinkage cracking for 

concrete mixtures (containing one type and volume of fiber) exposed to a controlled drying 

environment.   

Water cement ratios are considered to be high ratios (0.5, 0.55 and 0.6) to give good 

workable concrete and wet surface recommended in hot and dry weather areas (ACI 1999).  

Time lag to re-vibrate concrete is chosen to be 1.5 hours because it showed improvement in 

compressive strengths and densities, as reported in the technical literature. Also, the lengths of 

re-vibration time are fixed based on the researcher’s experience.  

The repeatability of adopted test method is considered. This is necessary if the test is to 

be used as a standard test for assessing plastic shrinkage cracking. Experiments are conducted to 
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study the cracks’ growth to determine how plastic shrinkage cracking propagates from the time it 

occurs until the end of the plastic stage (24±2 hours). Also, the standard compression test of 

concrete is conducted to show the influence of concrete re-vibration on the 28 days-compressive 

strengths of concrete.  
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Chapter 2: Review of Literature  

2.1 INTRODUCTION  

This chapter provides a summary of current research in the field of early age shrinkage 

cracking, which is defined in this study as a crack occurring between the time the concrete is 

placed and the following 24 hours. The previous work oriented to understand the mechanisms 

responsible for plastic shrinkage cracking and the contributing factors are presented herein. This 

chapter also reviews, and discusses the efficiency and limitations of the test methods that were 

developed and used in research conducted over the past 30 years to quantify plastic shrinkage 

cracking.  

2.2. MECHANISMS OF PLASTIC SHRINKAGE CRACKING 

There has been a significant amount of research oriented to understand the mechanisms 

that lead to plastic shrinkage cracking. Two schools of thought regarding the mechanisms 

responsible for plastic shrinkage cracking are typically acknowledged. The most commonly 

recognized mechanism is the development of capillary stress near the surface of concrete, which 

is characterized by the imbalance between the evaporation rate and the bleeding rate (Powers 

1968, Ravina & Shalon 1968, Wittmann 1976, Radocea 1992, and Lane et al 1997). The other 

commonly recognized mechanism is plastic settlement (Weyers et al 1982, Qi et al 2003, and 

CCAA 2005). Both mechanisms are described in detail in the following sections.  

According to Ravina & Shalon (1968), bleeding and evaporation occur in fresh concrete 

in three stages, which are related to the volume contraction of early-age concrete. In the first 

stage, the bleeding exceeds evaporation, and the surface of concrete remains wet. During this 

stage there is no volumetric contraction at the surface of the concrete, and even some expansion 

may be observed. In the second stage, the rate of evaporation exceeds the bleeding rate, so the 

amount of volume contraction at the surface is proportional to the water that is removed from the 

fresh concrete system, and a linear relation is frequently observed between time and shrinkage. 

During the second stage, water channels may collapse due to the low strength the concrete has 
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gained, forming a more dense structure. In the third stage, the volumetric contraction decreases 

considerably as concrete gains rigidity due to the hydration processes. If the concrete surface has 

developed sufficient tensile strength, cracks do not form. However, if the surface dries before 

sufficient tensile strength develops, cracks will occur.  

Wittmann (1976) presented a theoretical analysis of capillary pressure to explain the 

mechanism of plastic shrinkage cracking. He stated that when rapid moisture loss occurs on the 

surface of fresh concrete, it cannot be substituted by bleeding water rising to the surface. 

Therefore, water between particles near the surface dries and forms a curved liquid surface, 

causing a surface meniscus.  Figure 2.1 shows a schematic of menisci. In the figure the radii that 

define the curvature of the surface of the liquid and the attractive force that acts between 

particles are shown. Continuation of drying changes the radius of capillary meniscus over time. 

Wittmann used a water filled plastic hose connected to an electrical pressure transducer to 

monitor and measure changes in capillary pressure in fresh concrete casted in a 15x15x70 cm 

prismatic mold. All experiments were carried out with the following conditions: wind speed of 4 

m/sec, air temperature of 20 
o
C, relative humidity of 50%, and cement content of 350 kg/cm3The 

author’s results are shown in Figure 2.2. Figure 2.2 shows the capillary pressure after one hour 

from concrete casting built up slowly in the mixing water. After about two hours, the increment 

of capillary pressure was considerably large until, after three to four hours, a maximum value 

was reached. The capillary pressure suddenly dropped after the maximum value was reached. 

The arrangement of water in the capillaries of the dispersed system became unstable and as a 

result, it was redistributed. The maximum pressure was called breakthrough pressure. When 

breakthrough pressure was reached, the remaining water no longer filled all voids in the 

dispersed system and the capillaries became smaller and a ring of capillary water formed 

between two individual particles, as shown in figure 2.1. Therefore, when the breakthrough 

pressure was reached, no pressure was recorded. Also, the plastic shrinkage was plotted in the 

figure and the similarity of the two curves was noted in the first few hours. However, stability 

was observed in the plastic shrinkage after the breakthrough pressure was reached. In addition, 
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the author showed the relationship between capillary pressure and plastic shrinkage in Figure 

2.3. In the figure, the observed deformation of the plastic shrinkage occurred in the first period, 

which was directly proportional to the capillary pressure measured at the same time.  As the 

hydration process continued, the fresh concrete became stiffer; therefore, increasing differences 

of the capillary pressure were needed to cause a certain amount of contraction. The compaction 

reached by the plastic shrinkage also contributed to the fact that the plot slope gradually 

decreased. Furthermore, little contraction in the plot occurred after breakthrough pressure was 

reached.  The author concluded that breakthrough pressure exists where a sudden change in 

capillary pressure can be measured. This breakthrough pressure is reached at a time when the 

critical conditions that are responsible for plastic shrinkage cracking are established.  

 

Figure 2.1: Schematic representation of a liquid filled joint between two spherical particles               

(after Wittmann 1976) 

Fa

aa 
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Figure 2.2: Plastic shrinkage and capillary pressure of concrete as a function of time                          

(after Wittmann 1976) 

 

Figure 2.3: Observed plastic shrinkage as a function of capillary pressure (after Wittmann 1976) 

Capillary pressure (p) 
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Radocea (1992) used the same measurement system used by Wittmann (1976) with 

improved accuracy to quantify the capillary pressure developed in cementitious materials as it is 

shown in Figure 2.4. In this system, water pressures were measured by two sensors at two 

different depths, 25 and 40 mm, and the depth of the sample container was selected so that the 

bleeding process would be finished during the dormant period (time period that concrete retains 

its workability). Radocea’s experiment consisted of measuring the changes of water pressure 

during sedimentation in the mixtures tested. The mixtures had a lower concentration of cement 

particles than the concentrations of the other materials.  The mixtures also had liquid fractions 

ranging from 0.792 to 0.958, and cement pastes with water-cement ratios ranging from 0.3 to 

1.0. He concluded that for “normal” water-cement ratios (e.g. 0.5 to 1.0), the measurement of 

changes in water pressure in cement pastes only determined the total time of bleeding. However, 

he assumed that cement paste is composed of equal layers of particles and this was confirmed by 

the fact that the relative pressures at different depths are alike.  

 

Figure 2.4: Equipment for measurement of water pressure (after Radocea 1992) 
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Lane et al. (1997) designed an experimental procedure to investigate the basic physical 

processes that occur in concrete for periods of several hours to several days after mixing. They 

concluded that the development of capillary pore pressure at early stages in a concrete mass 

appears to be a basic physical parameter controlling the occurrence of plastic shrinkage cracking. 

This was Wittman’s conclusion as well.  Figure 2.5 shows the development of capillary pressure. 

In this figure, small vacuum pressures are developed in period 1 because of surface tension 

forces at the interfaces between the mortar particles and water. These forces increase 

significantly during period 2, when the menisci between mortar particles develop very small 

radii. The capillary pore pressure therefore moves toward a maximum vacuum pressure, also 

called the breakthrough pressure, during period 2 as the mortar particles are brought closer 

together. Finally, in period 3, the capillary pore pressure increases quickly, recovering to a value 

near zero when it reaches equilibrium. The pressure recovery is usually erratic in experimental 

data because of lodging of solids in the pressure probe. The mortar continues to hydrate and 

shrink after the pressure recovery, but these changes are not reflected in the capillary pore 

pressure measurement.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Three major periods of development of capillary pore pressure                             

(after Lane et al. 1997) 
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The second school of thought considers that plastic settlement cracking, as it is shown in 

Figure 2.6, can typically be observed to occur over reinforcing bars, over large aggregate 

particles, which it calls settlement cracking (Figure 2.6 a), or at changes in section depths such as 

beam/slab junction, which frequently corresponds to the location of cracking (differential 

settlement cracking, Figure 2.6 b).  

 

 (a) 

 
(b) 

Figure 2.6: Plastic settlement cracking: a) settlement cracks and b) differential settlement cracks       

(after CCAA 2005). 
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Weyers et al. (1982) used a gelatin model system to simulate the tensile force that was 

generated over a reinforcing bar when differential settlement occurs. They conducted tests on 

15.9 mm diameter rebars with three spacings typical of bridge decks (76.2, 114.3, and 152.4 

mm). The authors used a single slab with bars placed at three different spacings and a constant 

depth of gelatin cover of 25.4 mm. Also, tests were performed on slabs with gelatin cover depths 

of 38.8 mm, 50.8 mm, and 63.5 mm using a spacing factor of 152.4 mm in all of them.  Table 2.1 

shows the authors’ results for the maximum tensile stress levels at the surface directly above the 

reinforcing bar for the three spacing factors and a 25.4 mm cover. In this table, the maximum 

tensile stress level decreases from 1.28 kpa at the 76.2 mm spacing factor to 1.05 kpa at the 

114.3 mm spacing factor. However, the maximum tensile stress approximately doubled for the 

152.4 mm spacing factor (1.96 kpa). Also, the zone of influence of the reinforcing bar increased 

from ±25.4 mm for the 76.2 mm spacing factor to ±38.1 mm for the 114.3 mm and 152.4 mm 

spacing factors. The results of the maximum tensile stress levels for the 152.4 mm spacing factor 

for concrete cover depths of 25.4, 38.8, 50.8, and 63.5 mm are shown in Table 2.2. In this table, 

the maximum tensile stress level decreased with increasing cover depths from 1.96 kpa at 25.4 

mm of concrete cover to 0.24 kpa at 63.5 mm of concrete cover. Also, the zone of influence of 

the reinforcing bar increased from ±25.4 mm for the ±25.4 mm cover depth to ±38.1 mm for the 

38.8 mm and 50.8 mm cover depths and decreased to ±12.7 mm for the 63.5 mm cover depth. 

They concluded that the magnitude of plastic settlement generated tensile force is related to 

cover thickness, the spacing of the rebars and mixture properties for rebars of a given diameter.  

Table 2.1:  Maximum tensile stress when the depth of gelatin cover is constant and spacing 

factors are varied (Weyers et al. 1982). 

Spacing factor 

(mm) 

Cover depth 

(mm) 

Zone of influence 

(mm) 

Tensile stress at the surface 

(kpa) 

76.2 25.4 ±25.4 1.28 

114.3 25.4 ±38.1 1.05 

152.4 25.4 ±38.1 1.96 
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Table 2.2: Maximum tensile stress when the depths of gelatin cover are varied and the spacing 

factor is constant (Weyers et al. 1982).  

Cover depth 

(mm) 

Spacing factor 

(mm) 

Zone of influence 

(mm) 

Tensile stress at the surface 

(kpa) 

25.4 152.4 ±25.4 1.96 

38.8 152.4 ±38.1 1.17 

50.8 152.4 ±38.1 0.70 

63.5 152.4 ±12.7 0.24 

 

Qi et al. (2003) studied the characteristic of plastic settlement cracking in fiber reinforced 

concrete using a non-contact laser held above a cylindrical specimen (diameter of 100 mm and 

height of 75 mm) to determine the change in height of the concrete surface as it is shown in 

Figure 2.7. In order to study the effect of two types of fibers: 1) FP-fibrillated polypropylene and 

2) MP-monofilament polypropylene on the plastic settlement cracking, the authors produced 

normal strength concrete (fc’ ranges from 17 to 34 Mpa) using Type I Portland cement, natural 

sand, pea gravel (maximum size 9 mm), and water-cement ratio of 0.50. The mixture proportions 

used were 1:0.5:2:2 (cement: water: sand: coarse aggregate by weight). The concrete mixture 

consisted of 65% aggregate and fiber by volume, with equal parts of coarse and fine aggregate 

by weight. The authors showed the role of fiber reinforcement in Figure 2.8. In the figure, it can 

be seen that the use of fiber reinforcement dramatically reduced settlement. Using a fiber 

replacement of 0.3% by volume the FP fiber showed to be more effective at reducing the 

settlement than the MP fiber. This happened because of the higher surface area of FP fiber than 

MP fiber. Therefore, the authors used a higher percentage of MP fiber (0.7%) to achieve 

settlement reduction similar to the one occurred when 0.3% FP fiber was used.   
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Figure 2.7: Settlement measurement by laser sensor (after Qi et al. 2003) 

 

Figure 2.8: Role of FP and MP fibers in reducing plastic settlement (after Qi et al. 2003) 

2.3. ACI DEFINITION OF PLASTIC SHRINKAGE CRACKING 

The American Concrete Institute (ACI), in ACI 116R (2000), defines plastic shrinkage 

cracking as “cracking that occurs in the surface of fresh concrete soon after it is placed and while 

it is still plastic.”  Plastic shrinkage cracks are caused by a rapid loss of water from the surface of 

concrete before it has set. The critical condition exists when the rate of evaporation of surface 

moisture exceeds the rate at which rising bleed water can replace it. The water, receding below 
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the concrete surface, forms menisci between the fine particles of cement and aggregate causing a 

tensile force to develop in the surface layers. If the concrete surface has started to set and has 

developed sufficient tensile strength to resist the tensile forces, cracks do not form. If the surface 

dries rapidly, the concrete may still be plastic, and cracks do not develop at that time; but plastic 

cracks will surely form as soon as the concrete stiffens a little more because the tensile strength 

of the concrete is very low since the concrete has not had time to set. Figure 2.9 illustrates the 

process of plastic shrinkage cracking. In figure 2.9 (a) the bleeding water moves upward. This 

immediately starts after the concrete mixture is casted in the formwork. The bleeding water tries 

to replace the water that evaporates from the concrete surface. If the concrete bleeds excessively, 

vertical water channels form especially in high water content mixtures. In Figure 2.9 (b) the 

concrete surface starts drying rapidly due to high rate of evaporation and the bleeding water 

cannot replace the evaporated water, the concrete tries to shrink. The water hold between fine 

particles causes tensile forces (FT) in the surface layers. In Figure 2.9 (c) the moist concrete 

resists the shrinkage before the concrete starts stiffening. The plastic shrinkage cracks will start 

forming as soon as the concrete stiffens a little more because the tensile strength (ST) of the 

concrete is very low since the concrete has not had time to set.  
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Figure 2.9: How plastic shrinkage cracking develops 

2.4. FACTORS CONTRIBUTING TO PLASTIC SHRINKAGE CRACKING 

Plastic shrinkage cracking is affected by many factors that include: mixture composition, 

use of fibers, and environmental conditions. In this section the technical literature that describes 

these factors and how they influence the occurrence of plastic shrinkage cracks is reviewed.  

2.4.1. Mixture Composition 

 It is known that increasing cement content, cement fineness, and a low water-cement 

ratio tend to increase the potential for plastic cracking. Also, very fine pozzolans, such as silica 

fume, increase the potential for plastic cracking (Cohen et al. 1990, ACI 234-1996, and 

Abmusallam et al. 1998). In general, the supplementary cementing materials that significantly 
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increase set time can increase the risk of plastic shrinkage cracking (PCA 2010). In addition, 

Soroka and Ravina (1998) discussed that chemical admixtures (type D, ASTM C494) were 

added to given concrete mixtures in order to accomplish the required performance in both the 

fresh and hardened states. However, using admixtures (water-reducing and retarding admixtures) 

that prolong set-delaying provides a longer period of time for water to bleed to the surface, and at 

the same time admixtures may delay the early age strength development which is required 

tolerate externally exerted environmental loading. As such, the likelihood for shrinkage cracking 

is increased.  

Cohen et al. (1990) studied the mechanism of plastic shrinkage in Portland cement and 

Portland cement-silica fume paste and mortar.  They studied three forms of silica fume: as-

received powder, densified powder and slurry. The restrained paste (water-cementitious 

materials ratio of 0.35) and mortar specimens (water- cementitious materials ratio of 0.50) were 

prepared using ASTM Type I Portland cement and brass molds with inside dimensions of 50 mm 

x 50 mm and 5 mm in depth and plexiglass bottoms. Also, unrestrained mortar specimens 

prepared with a water-cementitious materials ratio of 0.35 were cast in a round, shallow glass 

dish which was 95 mm in diameter and 15 mm deep. The specimens were exposed to drying 

conditions (wind velocity of 3 km/h and air temperature of 40 
o
C) without controlling the relative 

humidity. All tests were conducted at the same time to avoid the influence of change in relative 

humidity. Photographs were taken at time intervals 0, 15, 30, 45, 60, 90, and 120 minutes to 

record the surface condition and plastic shrinkage cracking. Also, the samples were weighed at 

the same time to determine the amount and rate of water evaporation. They concluded that the 

plastic shrinkage cracking in the as-received and slurry silica fume pastes in contrast to the 

densified silica fume were most intense and similar to a map-pattern due to the extremely high 

surface area of the silica fume particles.  

Almusallam et al. (1998) studied the effect of mix proportions, i.e. cement content and 

water-cement ratio, on plastic shrinkage cracking of concrete in hot and dry environments. The 

concrete specimens were made with ASTM C150 Type V Portland cement, crushed limestone 
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(9.5 mm maximum size), dune sand, water-cement ratios varied from 0.40 to 0.65, and cement 

contents varied from 300 to 400 kg/m3. The effect of these parameters was assessed by 

measuring the evaporation and bleeding rates. They concluded that both bleeding and 

evaporation rate were increased with increasing water-cement ratio and cement content which 

leads to increase the potential for plastic shrinkage. Also, they observed that a combination of 

low rate of bleeding and evaporation in the concrete mix made with a cement content of 300 

kg/m3 and water-cement ratio of 0.40 made it less prone to plastic shrinkage cracking. Another 

important finding of this study was that plastic shrinkage cracking occurred at an evaporation 

rate ranging from 0.2 to 0.7 kg/m2/hr which is lower than the suggested values recommended by 

the National Ready Mix Concrete Association (NRMCA 1960) and discussed in section 2.4.3.  

2.4.2. Use of Fibers 

One of the solutions proposed to reduce the plastic shrinkage cracking is adding low 

volumes of randomly distributed short fibers.  It has been shown to be an effective solution (Qi et 

al. 2003 and Qi et al. 2005). Also, there might be other types of fibers that effectively reduce 

cracking while maintaining workability and limiting the cost, such as poly ethylene-terephthalate 

(PET) fibers, which are produced from recycled PET bottles (Pelisser et al. 2010). There are 

some factors that should be considered when using fibers in cracking reduction: 

Fiber Type: Using of polypropylene fibers in plastic cracking reduction was 

recommended by Qi (2003) due to the advantages of low cost and higher strain capacity.  

Fiber Geometry: Plastic shrinkage cracking reduction depends on the surface area of the 

fibers (Banthia & Yan 2000). Fibers with a small diameter are more efficient. It has been 

suggested by Soroushian et al. (1995) that the beneficial effects occur when the fiber length is 

slightly greater than the maximum aggregate size, but if fiber length increases a little more, it 

leads to a less homogeneous distribution of fibers.  
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Fiber Volumes: Crack reduction depends not only on fiber type and geometry but also 

depends on fiber volume. Increasing the volume of fiber leads to dramatic reduction of cracks 

area as it is shown in following sections (Qi et al. 2005 and Pelisser et al. 2010).  

Qi et al. (2005) studied the use of fibrillated polypropylene fibers with a length of 19 mm 

in six mixtures. The mixtures were produced using ASTM Type I Portland cement, water-cement 

ratios of 0.50, siliceous sand, and pea gravel (1:0.5:2:2). The mixtures contained fiber volumes 

of 0.0%, 0.05%, 0.10%, 0.15%, 0.20%, and 0.25%. Visible cracking was observed in all the 

specimens (560 mm x 355 mm x 100 mm depth) except for the concrete containing 0.25 % fiber 

by volume. Six plain specimens were tested. Also, for each of the mixes containing fiber 

volumes of 0.05 %, 0.10 %, and 0.15% four specimens were tested. For mixes with fiber 

volumes of 0.20% and 0.25%, two specimens were prepared. Automated image and optical 

image analyses were conducted by the authors to evaluate the change in crack pattern along with 

different volumes of fiber. Reduction in crack width with increasing volume of fiber can be 

observed in Figure 2.10.  

 

Figure 2.10: Average crack width measured from optical and automated image analyses for 

different volumes of fibers (after Qi et al. 2005) 

Pelisser et al. 2010 studied the influence of the addition of polypropylene, glass, nylon, 

and poly-ethylene-terephthalate (PET) fibers on plastic shrinkage cracking of thin slabs (910 mm 
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x 610 mm x 20 mm of thickness). The mixtures were produced using ASTM Type II Portland 

cement, natural sand, and water-cement ratio of 0.60 (1:2.7:0.60). The fibers were added to the 

mixtures at three different volume fractions (0%, 0.05%, and 0.10%). Three specimens (a, b, and 

c) were cast for each fiber volume fraction. Two specimens (a and b) were cast for each fiber 

volume fraction of PET. The environmental conditions, mass loss, average rate of evaporation, 

and the average resulting cracks length are shown in Table 2.3. The experimental cracking 

results in table 2.3 showed that the addition of short polypropylene fibers to the mortar mixture 

was more efficient at restraining considerably crack formation due to plastic shrinkage. Glass 

and PET fibers showed similar results, while the nylon fibers showed the worse results.  

Table 2.3: Experimental results of Pelisser et al. (2010) 

 Fiber volumes (%) 

Ref. Polypropylene Glass PET Nylon 

0.00 0.05 0.10 0.05 0.10 0.05 0.10 0.05 0.10 

Cracking 

Cracking length (mm) 460 115.2 52 146.3 105.3 169.8 93 226 171.9 

Number of cracks 35 18 9 17 12 12 5 13 10 

Environmental conditions 

Wind speed (km/h) 14.6 13.9 13.7 16.1 15 15.8 15.5 14.8 15.3 

Air temperature (
o
C) 35.5 31.1 32.4 35.4 35.7 27.7 30 31.6 30 

Relative humidity (%) 48.5 48.1 36.7 55.3 57.6 57.5 69.8 63.2 69.8 

Mixture conditions and mass loss 

Mortar temperature (
o
C) 35.2 30.5 31.3 35.9 36.4 - - 31.4 23.3 

Mass loss (%) 6.87 6.2 6.6 5.86 2.44 6.82 3.82 5.86 3.82 

Average rate of evaporation 

(kg/m
2
/h) 

1 0.8 0.9 0.8 0.8 - - 0.7 - 

2.4.3. Environmental Conditions 

Plastic shrinkage cracking occurs at high ambient temperature, high wind velocity and 

low relative humidity, which all act to accelerate the water evaporation, resulting in a higher 

shrinkage rate. The research on the parameters that affect evaporation rates of the bleed water 
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goes back to the 1800s.  The research developed the formula for evaporation rate from water 

surfaces (ponds, reservoirs, lakes, etc). Menzel (1954) of the Portland Cement Association 

simplified the formulae and established the evaporation rates that would result in the formation 

of plastic shrinkage cracks in fresh concrete.  Bloem (1960) of the National Ready Mixed 

Concrete Association (NRMCA) developed the frequently used nomograph, shown in Figure 

2.11, that relates the air temperature, relative humidity, concrete temperature and wind velocity 

parameters, which are relatively easy to measure using a handheld weather station, to predict the 

evaporation rates for a concrete surface with bleed water. Also, Uno (1998) developed the 

following equation to make it easier to calculate the evaporation rates for concrete surfaces.  

 

                           )    )                                   ) 

   (  
       

   )       )                                           ) 

Where: E is the evaporation Rate, Kg/m
2
/hr (lb/ft

2
/hr), Tc is the concrete (water surface) 

temperature, 
o
C (

o
F), Ta is the air temperature, 

o
C (

o
F), r is the relative humidity (percent)/100, 

and V is wind velocity, kph (mph).  
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Figure 2.11a: Nomograph for estimating the rate of evaporation of water from a concrete surface 

in SI unit (after NRMCA 1960). 
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Figure 2.11b: Nomograph for estimating the rate of evaporation of water from a concrete surface 

in in-lb units (after NRMCA 1960). 
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By using the nomograph or equation 2.1, evaporation rates are estimated to provide 

guidance to researchers as to when plastic shrinkage cracks may develop. The National Ready 

Mixed Concrete Association (NRMCA 1960) stated that when the evaporation rates exceed 1.0 

kg/m
2
/hr (0.2 lb/ft

2
/hr), plastic shrinkage cracks are expected. In such a case, measures have to 

be taken to reduce the possibility of crack development. Some of these include: erecting a wind 

screen, cooling the concrete, using a fogging system, and placing concrete at night. When the 

evaporation rate is between 0.5 and 1.0 kg/m2/hr (0.1 and 0.2 lb/ft2/hr) plastic shrinkage 

cracking may or may not occur. Therefore, action has to be taken to reduce the possibility of 

crack formation. When the evaporation rates are 0.5 kg/m
2
/hr (0.1 lb/ft

2
/hr) or less, plastic 

shrinkage cracks are not expected (ACI 308R-2001 and Snell 2008).  

2.4. TEST METHODS FOR EVALUATING PLASTIC SHRINKAGE CRACKING 

In the past several decades, many experimental techniques have been proposed for 

studying plastic shrinkage cracking of cement-based materials. Most test methods focus on 

parameters that describe crack width, length, and area. Evaporation and bleeding capacity of 

fresh concrete mixture are also commonly utilized. Since adding fiber is considered as a solution 

to reduce concrete plastic shrinkage cracking, most test methods have been used to test fiber 

reinforced concrete. 

2.4.1. Unrestrained Plastic Shrinkage Test 

Magnat & Azari (1990) conducted an experimental investigation on the plastic shrinkage 

of steel fiber reinforced concrete (SFRC). They tested several concrete mixtures according to 

ASTM C827 criteria (ASTM 1982), which measured the vertical displacement of plastic 

concrete over time by optically monitoring the movement of a spherical ball (diameter15 mm) 

resting on the top surface of fresh cylindrical specimens of diameter 100 mm and height 200 mm 

as it is shown in Figure 2.12. In the test, three different cement contents C1, C2, and C3 (370, 

433, and 468 kg/m3) were investigated. Also, four types of steel fibers (melt extract, hooked, 

crimped, and Harex) were used and the volume of the fibers ranged between 0 and 4.47% of the 

mix volume. The authors showed the influence of fiber reinforcement on the plastic shrinkage in 
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the mixes having C1 cement. The results showed a significant reduction in plastic shrinkage with 

increasing fiber volume. The rate of shrinkage was maximum in the first 40 min after the 

beginning of the test. This was followed by a gradual rate of shrinkage up to 140 min, after 

which no further shrinkage occurs until the completion of the test after 280 min. Tests showed 

that crimped and Harex fibers were more effective in restraining plastic shrinkage compared with 

melt extract and hooked fibers, due to their better anchorage characteristics. Also, the authors 

showed the influence of mix proportion on the plastic shrinkage in the mixes having C2 and C3 

cement. Unlike mixes made with C1 cement, C2 and C3 mixes contained pulverized fuel ash 

(PFA), superplasticizer, and an air-entraining agent. At 280min after beginning plastic shrinkage 

tests, the shrinkage of mixes C1, C2 and C 3 was 7600, 4210 and 3340 micro-strain, 

respectively. These differences are likely to be due to an interaction of a number of factors such 

as water-cement ratio, workability, and the presence of admixtures.  

 

Figure 2.12: Plastic shrinkage apparatus (ASTM C827) 

2.4.2. Restrained Plastic Shrinkage Test  

Restrained plastic shrinkage cracking tests can be classified by specimen geometry as 

linear beam specimens (Banthia et al. 1993 and 1996) and slab type specimens (Kraai 1985, 

Cohen et al. 1990, Balaguru 1994, and Wang et al. 2001). The differences among these 

specimens are the specimen geometry, type and magnitude of restraint.  
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 Kraai (1985) used slab specimens of various sizes and restraint magnitudes. He tested 

the influences of mixture proportion (1: 4: 0.7, cement: sand: water-cement) and environmental 

conditions using slabs with restraint supplied by wire mesh from the wall perimeter. 

Modifications to Kraai’s slab test method in term of slab dimensions and restraint magnitudes 

have been used by many researchers such as Cohen et al. (1990), whose work was reviewed 

earlier in this chapter, Balagurn (1994), and Wang et al. (2001).  

Banthia et al. (1993) studied the influence of seven types of fibers at different fiber 

volume fractions, as they are shown in Table 2.4, on restrained shrinkage cracking in Portland 

cement pastes (1:0.2:0.4, cement: silica fume: water) and mortars (1:0.2:0.6:2, cement: silica 

fume: water: sand). The authors proposed a liner beam specimen (40x40x500 mm) with restraint 

supplied by triple-bar anchors at ends of the beam as shown in Figure 2.13. The study was aimed 

at studying cracking of concrete specimens under one-dimensional restrain when they were 

subjected to sever drying environment (air temperature of 50 oC and relative humidity of 50%). 

The results of crack observations are shown in Figure 2.14. The authors concluded that the fibers 

were effective in improving the behavior of cementitious materials under restrained shrinkage 

conditions. However, sufficient and constant end restraint in the proposed specimen is often 

difficult to achieve while concrete is still in plastic state (Qi 2003).  

 

Figure 2.13: Dimensions (mm) of the test set-up (after Banthia et al. 1993) 
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Table 2.4: Fiber types and volume fractions (after Banthia et al. 1993) 

Fiber type Fiber volume fraction, (Vf %) 

Macro (large) fibers with different deformed geometry 

Steel (F1) 0.50 0.75 1.0 2.0 

Steel (F2) 0.50 0.75 1.0 - 

Steel (F3) 0.50 0.75 1.0 - 

Micro (fine) fibers with different geometry 

Carbon (C1) 0.25 0.50 0.75 1.0 

Carbon (C2) 0.15 0.25 0.50 - 

Polypropylene (P) 0.25 0.50 1.0 1.25 

Steel (S) 1.0 2.0 3.0 3.50 

 

Figure 2.14-a: Maximum crack widths for macro fibers (after Banthia et al. 1993) 

  

 

 

 

 

 

Figure 2.14-b: Maximum crack widths for micro fibers (after Banthia et al. 1993) 
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Banthia et al. (1996) developed a test procedure to evaluate the early-age shrinkage 

cracking of a concrete mixture (1:0.55:1:1, cement: water-cement ratio: sand: rock). The 

volumes of steel fiber reinforced concrete (SFRC) investigated were 0.1, 0.5, and 1.0%. 

Specimens with dimensions 1010 x 100 x 100 mm were cast directly on a rough concrete sub-

base with exposed aggregate to simulate restraint in real concrete structures. The whole 

assembly, as it is shown in Figure 2.15, was subjected to a drying environment (air temperature 

of 38
o
C and relative humidity of 5% to induce cracking. The final values of the total crack area 

are plotted in Figure 2.16 as a function of fiber volume fractions. The authors concluded that the 

use of fibers was found to be very effective not only in reducing the widths of the shrinkage 

cracks but also in preventing multiple cracking from occurring. However, while this test method 

may represent the actual condition of restraint in construction practice, the complex stress field 

and randomly distributed crack pattern makes quantitative analysis difficult.  

 

 

Figure 2.15: Schematic of the shrinkage test set up (after Banthia et al. 1996) 
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Figure 2.16: Effect of steel fibers on shrinkage cracking (after Banthia et al. 1996) 

While these test methods can give an approximate rating to crack sensitivity of different 

mixtures, the results vary widely, and no consensus exists regarding how the data should be 

properly interpreted. To enable different fiber compositions and volumes to be compared and 

specified, there is a critical need for a standard test method. It should effectively evaluate the 

efficiency of fiber reinforcement in plastic cracking reduction and determine the optimized fiber 

volumes and fiber properties (Naani et al. 1993, Balagurn 1994, Berke & Dallaire 1994, Banthia 

et al. 1996, Qi, et al. 2003) 

2.4.3 Standard Test Method for Evaluating Plastic Shrinkage Cracking  

ASTM C1579 (ASTM 2013) is currently used as a standard test method for evaluating 

plastic shrinkage cracking of restrained fiber reinforced concrete. This test method is intended to 

evaluate the effects of evaporation, settlement, and early autogenous shrinkage on the plastic 

shrinkage cracking performance of fiber reinforced concrete up to and for some hours beyond the 

time of final setting. The measured values obtained from this test may be used to compare the 

performance of concretes with different mixture proportions, concretes with and without fibers, 

concretes containing various amounts of different types of fibers, and concretes containing 

various amounts and types of admixtures. For meaningful comparisons, the evaporative 

conditions during test shall be sufficient to produce an average crack width of at least 0.5 mm in 
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the control specimens. In addition, the evaporation rate from a surface free of water shall be 

within ±5% for each test. The dimensions of the specimen for a maximum coarse aggregate size 

equal to or less than 19 mm (3/4 in) are illustrated in Figure 2.17. The mold can be fabricated 

from metal, plastic, or plywood. This test was used to evaluate the influence of re-vibration of 

the concrete mixes on the plastic shrinkage cracking. More details about this test are given in 

chapter 4. 

 

 

Figure 2.17: Specimen and stress riser geometry (after ASTM C1579- 2013) 
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2.5. CONCLUSION 

This chapter has outlined current research in the area of plastic shrinkage cracking. 

Controlling of such cracking has been done either by adding fibers to concrete mixtures or by 

controlling the effects of weather conditions that surround concrete constructions. However, no 

one has considered that the re-vibration of concrete is an alternate solution to control the plastic 

shrinkage cracking. In this thesis the re-vibration technique is proposed as an alternative and 

economic approach to controlling plastic cracks. The standard restrained test method adopted by 

ASTM C1579, which is typically used to evaluate the plastic shrinkage cracking of fibered 

concrete, was adopted to assess the efficiency of the re-vibration technique in reducing plastic 

shrinkage cracking.  
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Chapter 3: Mechanisms of Concrete Vibration and Re-vibration 

3.1  INTRODUCTION 

This chapter is a continuation of the literature review and provides an introduction to 

vibration and re-vibration techniques of fresh concrete. This chapter also provides a summary of 

current research in the field of concrete re-vibration, which is defined in this study as a second 

vibration that is applied sometime after the concrete is placed and exposed to initial vibration. 

Vibrators used for concrete compaction and consolidation are presented. Internal vibrators are 

presented in detail. Studies that report the effects of vibration on concrete strength are reviewed 

and discussed. This chapter further provides guidance and specification for the use of a needle 

vibrator and the time needed for full compaction of the concrete. Publications that report the 

influence of the re-vibration technique on some concrete properties are also reviewed and 

discussed.  

3.2  MECHANISM OF CONCRETE VIBRATION  

Vibration of concrete is a technique that helps fresh concrete to settle by subjecting the 

individual particles to a rapid succession of impulses, causing differential motion (each particle 

moving independently of the others). The particles are forced to move toward the surface, around 

rebar and flush against the form face. This eliminates voids and brings paste to the surface, 

which makes finishing easier. The vibration technique provides better flowing and workability 

for fresh Concrete (CVH 2003).  

Ritchie (1968) subdivided the workability (rheology) of fresh concrete that may affect the 

behaviour of a concrete mix during vibration, into three main sections: stability, compactability 

and mobility. An explanation of these sections follow and are depicted as a diagram in Figure 

3.1: 

Stability is “the flow of fresh concrete without applied force and is measured by bleeding 

and segregation characteristics.” (ACI1993). Stability can also be seen as the ability of a 

fresh concrete mix to resist the segregation effects during transportation, handling, placing, 

and compacting. Bleeding occurs when the mortar is unstable and releases the water upward. 



32 

Segregation is the separation of the constituent parts of a concrete mix so that it is no longer 

in a homogeneous state.  

Compactability (relative density) measures the ease with which fresh concrete can be 

compacted properly with efficient removal of entrapped air and repositioning of the 

aggregate particles in a dense state without causing segregation.  

Mobility is related to characteristics of viscosity, cohesion, and the internal resistance of the 

concrete to shear. Viscosity depends on the resistance developed between adjacent layers of 

the matrix when they are displaced. Cohesion is that property of concrete which resists the 

segregation of the aggregate particles by direct tensile strength. Internal resistance occurs 

when a mix is displaced and the aggregate particles tend to translate and rotate. This 

resistance of flow can be recorded as the angle of internal resistance of the mix. Therefore, 

the angle of internal resistance of concrete mixes is considered as the most important part of 

the mobility characteristic.   

  

Figure 3.1: Significant factors in the rheology of fresh concrete (after Ritchie 1968) 

As a conclusion from the study of the flow properties of fresh concrete, the parameters of 

stability, compactability, and mobility are important to determine the suitability of any concrete 

mix. Also, if a range of mixes is found to be suitably stable, the incomplete compaction should 

be based on the compactability and mobility characteristics. In this thesis, the assumption that the 
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full compaction of concrete can be completed by re-vibration sometime after the concrete was 

cast to fulfil the compactability and mobility requirements.  

Vibration of fresh concrete is done with vibrators which impart a vibratory force into the 

concrete through a combination of frequency, amplitude and acceleration. Frequency is the 

number of vibration cycles per minute, and is expressed as rotation per minute (rpm) or vibration 

per minute (vpm). Frequency moves the sand and slurry around the rocks, and governs 

liquefaction. Amplitude is a deviation from point of rest and is more effective with a heavier 

mass of concrete. It moves the rocks and determines the radius of action. It may be simpler to 

think of frequency as the number of times that the vibratory forces occur, while amplitude is the 

distance that the force is "thrown." A light, thin section, for example, would be vibrated at high 

frequency and low amplitude, because high amplitude would throw the concrete out of the form. 

Heavier, thicker sections, on the other hand, are more effectively vibrated with higher amplitude 

and lower frequency. Acceleration is the rate at which the velocity is changing at any time in the 

cycle (ACI 1993 and CCANZ 2006).   

3.3  TYPES OF VIBRATORS 

The most commonly used systems for vibrating concrete are internal vibration, table 

vibration, surface vibration, and external vibration. With each of these, the mechanism of 

vibration and the effect of the formwork on the concrete mix are different. (ACI 1993, ACI 1996, 

Bhattacharjee 2005 and CCANZ 2006).  

3.3.1 Internal Vibrators 

The principle of internal vibration, shown in Figure 3.2, reveals that the rotating member 

in the vibrator head produces an eccentric motion that generates the vibrations. Circular 

compression waves are then produced in rapid succession. The waves travel away from their 

source and through the concrete. They rapidly decrease with increasing distance from the 

vibrator, due not only to the damping effect at the vibrator itself and in the concrete, but also to 

the increased length around the circular wave. Accelerations of internal vibrators are ranged from 
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100 to 200 g for concrete with maximum aggregate sizes of 38, 19 and 10 mm (1 ½, ¾ and 3/8 

in). The optimum frequency of internal vibrators is about 12,000 vpm. According to ACI 309 

(ACI 1993), the factors that should be considered with respect to mechanisms of internal 

vibration are the following: 

1. Reduction of the amplitude of the vibrator head in fresh concrete. 

2. Transmission of vibrations from the vibrator to the fresh concrete. 

3. Geometric reduction in energy-density during circular propagation of the compression 

waves. 

4. Damping effect on wave propagation through the fresh concrete.  

 

 

 

 

 

 

 

 

 

Figure 3.2: Principle of internal vibration (after ACI 1993) 

3.3.2 Table Vibrators 

Vibrating table techniques are usually restricted to pre-casting operations. On a vibrating 

table, the forms as well as the concrete can move during vibration and resonance may occur. 

Also, reflection of the pressure waves against the concrete surface will influence the amplitude 

distribution. Figure 3.3 shows the principle of table vibration. Table vibrators can give less 

consistent results even with careful operation. The compaction effect is determined by the 

acceleration of the table. Accelerations of about 5-10 g before the forms are placed on the table, 
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and 2-4 g during vibration, are required. The optimum frequency range is low, 3,000-6,000 vpm. 

Relatively large amplitudes are generally needed for efficient and rapid consolidation.  

 

 

Figure 3.3: Principle of table vibration (after ACI 1993) 

3.3.3  Surface Vibrators 

Surface vibration, as shown in Figure 3.4, is usually accomplished by comparatively light 

single or double vibrating screeds, which can compact up to 200 mm thick layers of flowing to 

plastic concrete mixtures. For such screeds, a frequency range of 3,000 to 6,000 vpm and 

accelerations to 5-10 g are customary. The amplitude distribution along the screed should be 

reasonably uniform.  

 

Figure 3.4: Principle of surface vibration (after ACI 1993) 
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3.3.4  External Vibrators 

The external vibrator, as shown in Figure 3.5, consists of an electric motor with an 

unbalanced member to create the vibration. In external vibration, the distribution of vibrations 

should be uniformly over as large a form surface as possible, normally the maximum distance 

between vibrators ranges from 5 to 8 ft (1.5 to 2.5 m). The amplitude should be fairly uniform 

over the entire surface. The suitable frequency depends to a great extent on the size and design of 

the forms. Large forms need high frequency vibrators to obtain the required even distribution of 

the vibrations over the entire form. In general, the frequencies that range between 3,000 and 

12,000 vpm are the best ones that provide a better surface appearance.  

 

Figure 3.5: Principle of external vibration (after ACI 1993) 

Table 3.1 summarizes the frequency and acceleration used to describe the performance 

characteristics of each vibrating system.  
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Table 3.1: Recommended accelerations and frequencies of concrete vibration                        

(after CCANZ 2006) 

Type of Vibrator 

Recommended acceleration 

(without concrete load) 
Recommended frequency 

g Hz vpm 

Internal 100-200 150-250 9000-15000 

Table 5-10 50-100 3000-6000 

Surface 5-10 50-100 3000-6000 

External 5-10 50-200 3000-12000 

 

3.4 THE USE OF INTERNAL VIBRATORS FOR COMPACTION 

Compaction is the process that expels entrapped air from freshly placed concrete and 

packs the aggregate particles together so as to increase the density of the concrete. It increases 

significantly the ultimate strength of concrete and enhances the bond with reinforcement. It also 

increases the abrasion resistance and general durability of the concrete, decreases the 

permeability and helps to minimize the concrete’s shrinkage-and-creep characteristics. Proper 

compaction also ensures that the formwork is completely filled (i.e. there are no pockets of 

honeycombed material) and that the required finish is obtained on vertical surfaces. When first 

placed in the form, normal concretes, excluding those with very low or very high slumps will 

contain between 5% and 20% by volume of entrapped air. The aggregate particles, although 

coated with mortar, tend to arch against one another and are prevented from slumping or 

consolidating by internal friction (CCAA 2006).  

Compaction of concrete using internal vibrators is a two-stage process (see Figure 3.6). 

The first stage is when the aggregate particles are set in motion and slump to fill the form, giving 

a level top surface. In the second stage, entrapped air is expelled. It is important to recognize the 

two stages in the compaction process because, with vibration, the initial consolidation of the 

concrete can often be achieved relatively quickly. The concrete liquefies and the surface levels 
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give the impression that the concrete is compacted. Entrapped air takes a little longer to rise to 

the surface. Compaction must therefore be prolonged until this is accomplished, i.e. until air 

bubbles no longer appear on the surface (CVH 2003).  

Most concrete is compacted by means of immersion or poker (needle) vibrators. This 

method is considered the most satisfactory because the poker works directly on the concrete and 

can be moved from one position to another easily and quickly. For most reinforced concrete 

work, pokers of diameters from 25 mm up to 75 mm are used. Diameters up to 100 and 150 mm 

are available, but their use is mainly restricted to mass concrete in heavy civil engineering works 

like dam construction. Due to their weight, these large pokers usually need two people to handle 

and operate them. For efficient compaction, the largest diameter that the complexity of formwork 

and reinforcement will allow should be used (CCANZ 2006).  

 

Stage 1: From 3 to 5 seconds 

 

Stage 2: From 7 to 15 seconds  

 

Figure 3.6: The process of compaction 

3.4.1 Influence of Compaction on Concrete Hardening  

The influence of compaction on compressive strength is considerable, as is illustrated in 

Figure 3.7. For example, the strength of concrete containing 10% of entrapped air (air voids) 

may be as little as 50% that of the concrete when fully compacted. Permeability may be similarly 

Before After 
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affected since compaction, in addition to expelling entrapped air, promotes a more even 

distribution of pores within the concrete, causing them to become discontinuous. This reduces 

the permeability of the concrete and hence improves its durability. The abrasion resistance of 

concrete surfaces is normally improved by adequate compaction. However, excessive vibration, 

or excessive working of the surface, can cause an excessive amount of mortar (and moisture) to 

collect at the surface, thereby reducing its potential abrasion resistance. In flatwork a careful 

balance is required to expel entrapped air without bringing excessive amounts of mortar to the 

surface of the concrete (CCAA 2006). 

 

Figure 3.7: Loss of strength through incomplete compaction (after CCAA 2006) 

3.4.2 Guidance for Using a Needle Vibrator 

CCANZ (2006) and CCAA (2006) provide guidelines for producing a proper compacted 

mix through the use of a needle vibrator: 

1. Make sure that the operator can see the concrete surface.  

2. When inserting the needle, allow it to penetrate to the bottom of the layer as quickly as 

possible under its own weight. If done slowly, the top part of the layer will be compacted 

first, making it more difficult for the entrapped air in the lower part to escape the surface.  
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3. Leave the needle in the concrete for about 10 seconds and withdraw it slowly ensuring 

that the hole made by the needle is closed up. If a hole is left (this is often difficult to 

prevent if the concrete is very stiff), replace the needle near enough to the hole for the 

next spell of vibration to close it up. For the final insertion, withdraw the needle even 

more slowly and wiggle it about to ensure that the hole closes up properly.  

4. Replace the needle in the concrete to correct spacing.  

5. Avoid touching the formwork face with the needle as this will leave a ‘needle burn’ on 

the formwork and a resulting mark will be left on the finished concrete surface. To be on 

the safe side, keep the vibrator about 75-100 mm away from the formwork.  

6. Avoid touching the reinforcement with the needle, although, provided that all the 

concrete is still fresh, vibrating the reinforcement should not do any harm and could 

improve the bond. The danger lies in the vibrations in the reinforcement being 

transmitted into parts of the section where the concrete may have stiffened, in which case 

the bond may be affected. 

7. Avoid using the needle to make the concrete flow and never use it to flatten a heap. 

Instead, insert the needle carefully around the perimeter, which will avoid segregation, 

remembering that compaction starts only after the heap has been flattened. 

8. Make sure that the needle extends about 150 mm into any previous layer of concrete and 

put the whole length of the poker head into the concrete. This is essential to keep the 

bearings cool. Avoid leaving the needle running when it is not in the concrete, otherwise 

there is a risk of the bearings overheating. 

9. Avoid sharp bends in flexible drives and do not move the vibrator by pulling on the 

flexible drive.  

10. Remember that where finish is important, a little extra vibration can reduce the number of 

blowholes.  

11. Make sure the driver motor will not vibrate itself off the staging’s, and when finished 

clean all the equipment thoroughly.  
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Figure 3.8 shows the incorrect and correct placement of a needle vibrator in concrete.  

The Selection of a proper needle vibrator, based on its application, is given in Table 3.2 (CVH 

2003).  

 

 

 

 

 

Centrally placed and widely spaced 

(a) Insertion positions leave un-compacted areas 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Overlapping radii of action 

        Ensure complete compaction 

 

Figure 3.8: Incorrect (a) and correct (b) placing of the needle in concrete                                

(after CCANZ 2006 and CCAA 2006) 
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Table 3.2: Selection of internal vibrators (after CVH 2003) 

Column     4 5 6 7 8 

1 2 3        Suggested value of     Approximate Value of   

Group 

Diameter 

of head, 

in (mm) 

Recommended 

frequency 
vibrations per 

min (Hz) 

Average 

amplitude, 

in (mm) 

Centrifugal 

force, lb 

(kg) 

Radius of 

action, in 

(mm) 

Rate of 

concrete 
placement, 

yd/hr 

Application 

1 
3/4-1/2          
(20-40) 

9000-15,000   
(150-200) 

0.015-.03 
(0.4-0.8) 

100-600     
(45-272) 

6-24                        
(150-610) 

5- 15 

Plastic and flowing concrete in very thin 

members and confined places. May be used 

to supplement large vibrators, especially in 
pre-stressed work where cables and ducts 

cause congestion in forms. Also, used for 

fabricating lab test specimens. 

2 

1 1/4-2 

1/2  (30-
60) 

8500-12,500 

(140-210) 

0.02-0.04 

(0.5-1.0) 

300-1000 

(136-453) 

20-32           

(510-810)  
12- 45 

Plastic concrete in thin walls, columns, 

beams, pre- cast piles, thin slabs and along 

construction joints. May be used to 
supplement larger vibrators in confined 

areas. 

3 
2-3 1/2       
(50-90) 

8000-12,000 
0.025-0.05 
(0.6-1.3) 

700-2000 
(317-907) 

28-48       

(710-

1220) 

24- 60 

Stiff plastic concrete (less than 3 in. [80 mm] 

slump) in general construction such as walls, 
columns, beams, pre-stressed piles and heavy 

slabs. Auxiliary vibration adjacent to forms 

of mass concrete and pavements. May be 
gang-mounted to provide full width internal 

vibration of pavement slabs.  

3.4.3 Time of Vibration Required for Full Compaction 

The length of time that a needle has to be in the concrete at any one position, in order to 

fully compact the surrounding concrete, cannot be precisely stated since it depends on the 

workability of the mix, on the size of the needle itself and the volume of concrete. The vibration 

time for fresh concrete right after casting will vary between 5 and 15 seconds for concrete with a 

slump of 25-75 mm. practically, a time of around 10 seconds in the fresh concrete should be 

satisfactory (Vollick 1958, Maclnnis & Kosteniuk 1979, Aldalinsi et al. 2003, Bhattacharjee 

2005, CCANZ 2006 and CCAA 2006).  

CCANZ 2006 provides the following steps, based on engineers’ experience, to judge if 

the concrete mix has the right amount of vibration (fully compacted):   

1. Initial consolidation is rapid and the level of the concrete drops quickly but the entrapped 

air has still to be removed.  

2. As the concrete is vibrated, air bubbles come to the surface. When the bubbles stop, it can 

be taken as a sign that not much more useful work can be done on the concrete. The 

distance of the bubbles from the needle is also a useful guide to its radius of action.  
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3. Sometimes the sound can be a helpful guide. When the needle is inserted there is usually 

a dropping off in frequency, and when the pitch (whine) becomes constant the concrete is 

free from entrapped air.  

4. The surface appearance also gives an indication of whether or not compaction is 

complete. A thin film of shining mortar on the surface is a sign that the concrete is 

compacted, as is cement paste showing at the junction of the concrete and formwork.  

In general, the dangers from under-vibration are far greater than those from over-

vibration. Therefore, in cases where there is any doubt of over-vibration, don’t be in a hurry to 

stop vibrating. In fact, over-vibration is better than under-vibration, since it is impossible to over-

vibrate a properly designed mix (CCANZ 2006 and CCAA 2006).  

Bhattacharjee (2005) proposed an equation to calculate the time needed to vibrate the 

reinforced concrete, in order to have a fully compacted mix, based on volume of the concrete, 

concrete slump, diameter of the needle, coefficient of aggregate shapes, and coefficient of steel 

density.   

 

  
  

 
(

   

   
  ) √                                             

  
  

 
(

   

   
  )          )                                          

Where: t is the total needed vibration duration (sec) for V liters of concrete,   is the diameter of 

the needle vibrator (mm), S is the slump of the concrete (cm), A is the coefficient of aggregate 

shape A=1 for rounded and A=5 for crushed, and F is the coefficient of steel density F=1.5 for 

very dense F=1 for no reinforcement. 

3.5. MECHANISM OF RE-VIBRATION OF CONCRETE 

Re-vibration of concrete is the process of vibrating again the placed concrete, 

intentionally and systematically, sometime after its consolidation is completed. It is well known 

that the vibration of concrete after placement improves the concrete’s properties. However, the 
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technique of disturbing the concrete mix during the hardening process, which is known as re-

vibration, is not widely used. The technique was developed in order to release the water which is 

generally trapped beneath horizontal reinforcing bars not only was this achieved by the 

disturbance of the hydration process, but also many of the properties of the concrete appear to be 

actually improved by the re-vibration. The earliest report about the benefit of re-vibration of 

fresh concrete was written by Tuthill and Davis (1938). Research that shows the advantages of 

re-vibration of concrete has been conducted by Sawyer & Lee (1956), Vollick (1958), Tuthill 

(1977), Maclnnis & Kosteniuk (1979), ACI (1996), Aldalinsi et al. (2003), Bhattacharjee (2005), 

CCANZ (2006), CCAA (2006), Krishna et al. (2008), and Ismail (2009). These works are 

summarized and discussed in the following section. 

3.5.1. Influence of Re-Vibration on Some Concrete Properties 

Sawyer & Lee (1956) studied the relationship between the compressive strength of 

concrete and the re-vibration time lag (the time elapsed from the time concrete is cast and 

vibrated and the time when the second vibration is applied) for concrete mixtures with and 

without air entrainment. They concluded that in case of the non-air-entrained mix, re-vibration 

could start up after 6 hours have passed from the first vibration. The maximum allowable re-

vibration time lag for the air-entrained mix was found to be 5 ¼ hours. In addition, the 

compressive strength was increased about 36 % for 7 day-specimens without air entrainment. 

The increment of compressive strength occurred after a vibration time lag of 4 hours. For the 28 

and 90 day-specimens, the increments in the compressive strengths were 24% and 15%, 

respectively. The air-entrained specimens had about 6% less strength than their non-air-entrained 

counterparts. The air-entrained specimens showed the maximum increase in strength when re-

vibration was applied about 3 hours after casting. Figure 3.9 shows the experimental results done 

by the authors for different re-vibration time lag intervals ranging from 1 hour to 6 hours and a 

fixed water-cement ratio.  
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Non-air-entrained  

Air-entrained 

 

Figure 3.9: Compressive strength versus re-vibration time lag for fixed water-cement ratio                   

(after Sawyer & Lee 1956) 

Vollick (1958) studied the effect of re-vibration at re-vibration time lags of 1, 2, 3, and 4 

hours on the 28 day-compressive strength of concretes designed with varying cement contents 

and different admixtures. Also, effects on bleeding and hardening time were investigated. He 

concluded that the compressive strength increased due to re-vibration. His results, which were 

based on the standard compressive strength test of 6 x 12 in. cylinders, show that the mixes 

containing 4 ½ sacks of cement per cubic yard increased their strength from 8.5% to 17.1%, and 

the mixes containing 5 ½ sacks increased their strength from 6.9% to 18.7%. The plots in Figure 

3.10 show the effect of re-vibration on the 28 day-compressive strength of laboratory tested 

concrete mixtures. 
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a- Initial vibration and re-vibration = 40 seconds 

 

b- Initial vibration and re-vibration = 40 seconds 

Figure 3.10: Effect of re-vibration on compressive strength of laboratory-mixed concrete      

(after Vollick 1958) 
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Maclnnis & Kosteniuk (1979) studied the effect of re-vibration and high-speed slurry 

mixing on the compressive strength of high-strength concretes, in the range of 70 to 84 Mpa 

compressive strengths and water-cement ratios of 0.3, 0.35 and 0.40. Re-vibration after 2 ½ 

hours from casting was found to produce significant strength increases at all water-cement ratios 

tested at all ages, as is shown in Figure 3.11. The figure shows that increases in strength ranged 

from 3% to 9% and were the largest for the water-cement ratio of 0.35. The high-speed slurry 

mixing, used in the study, did not produce strength increases.  

 

Figure 3.11: Effect of re-vibration on compressive strength (after Maclnnis & Kosteniuk 1979) 

Aldalinsi et al. (2003) studied the effect of re-vibration on 28 day-compressive strength 

of concrete in dry climates. In this study, the re-vibration time lag was varied from ½ hour to 3 
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concrete samples (15x15x15 cm) made with concrete mixtures with water-cement ratios of 0.50, 

0.53, 0.57, and 0.61. Ten samples for each water-cement ratio were casted. They concluded that 

the compressive strength was increased when re-vibration time lag was ½ hour, 1 hour and 2 

40

50

60

70

80

90

0.25 0.3 0.35 0.4 0.45

C
o

m
p

re
ss

iv
e 

st
re

n
g
th

 (
M

p
a)

 

Water-cement ratio 

7 days 

28 days 

90 days 

Standard 

Re-vibrated 



48 

hours and decreased after a re-vibration time lag of 3 hours from casting. Also, they found that 

the best length of re-vibration was 75 seconds for all concrete mixtures, as is shown in Figure 

3.12. The figure shows the relationship between water-cement ratio and compressive strength for 

different initial vibration times. The figure also shows small differences in the compressive 

strength for a given water-cement ratio. The exception is the concrete mix with a water-cement 

ratio of 0.57, for which the longer the mix was vibrated the higher the compressive strength of 

the sample. Figure 3.13 shows the 28-day compressive strength of concrete versus the re-

vibration time lags for water-cement ratio of 0.53, which was selected by the authors to be the 

best water-cement ratio among the tested ones based on the workability tests.  

 

 

Figure 3.12: Compressive strength versus water-cement ratio (after Aldalinsi et al. 2003) 
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Figure 3.13: Compressive strength versus re-vibration time lag for water-cement = 0.53                      

(after Aldalinsi et al. 2003) 

Krishna et al. (2008) studied the effect of re-vibration of concrete on the compressive 

strength of concrete and concrete density. They used a wide range of water-cement ratios varying 

from 0.35 to 0.70 and with different re-vibration time lag intervals ranging from ½ hour to four 

hours. The plots in Figure 3.14 show the change in compressive strength for different re-

vibration time lags and water-cement ratios.  It can be observed that the compressive strengths 

increase with time lag up to a point in which it reaches a maximum value. Re-vibration time lags 

longest that the one corresponding to the maximum values result in lower compressive strengths.  

Also, by comparing Figures 3.14 and 3.15 it can be concluded that changes in compressive 

strength at a given time lag are positively correlated to changes in concrete density. 
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Figure 3.14: Compressive strength versus re-vibration time lag for different water-cement ratios                 

(after Krishna et al 2008) 

 

Figure 3.15: Density versus re-vibration time lag for different water-cement ratios                                 

(after Krishna et al 2008) 
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3.6. CONCLUSION 

This chapter has reviewed the mechanisms of concrete vibration and re-vibration. The 

current research in the area of concrete re-vibration has shown successful application of concrete 

re-vibration. Therefore, the question now arises as to whether concrete re-vibration can be 

generally used to control the damage that may occur due to plastic shrinkage of concrete. Based 

on the experimental results, it appears that concrete can be successfully re-vibrated up to 6 hours 

from the time of mixing. However, re-vibration between 1 to 2 hours after placing was at all 

times found to result in an increase in the 28-day compressive strength, as shown in Figures 3.10, 

3.13, and 3.14. In general, the improvement of the compressive strength would depend on the 

workability (rheology) of the concrete mix. The mixes liable to high bleeding show better 

improvement in the compressive strength and the bond between concrete and reinforcement due 

to the concrete re-vibration expels the trapped water. It is also possible that some of the 

improvement in the compressive strength is due to a relief of the plastic shrinkage stresses 

around aggregate particles (Neville 2011). Therefore, the impact of re-vibration technique on 

controlling plastic shrinkage cracking will be investigated in the next two chapters.   
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Chapter 4: Experimental Program 

4.1 INTRODUCTION 

This chapter describes, in detail, the experimental program that was followed to assess 

the influence of applying re-vibration to concrete in the development of plastic shrinkage 

cracking.  The experimental program was based on ASTM’s standard experimental procedure for 

evaluating plastic shrinkage cracking of fibered concrete. In addition, a workability test was 

conducted on the concrete mixes.  The chapter describes the experimental design, equipment 

used for conducting the tests, and properties of the materials used. Several tests to confirm the 

influence of the re-vibration technique in the compressive strength of concrete were also done. 

The results of the experimental program integrated the data-base which was used to determine 

the factors that influence the development of plastic shrinkage cracking after the casted concrete 

is re-vibrated. These results were compared with those of mixes that contained fiber and were not 

applied a second vibration.  

 4.2  DESCRIPTION OF EXPERIMENTAL PROGRAM 

The literature review did not identify a standard test procedure to evaluate the influence 

of re-vibration on the development of PSC. The only standard procedure available is ASTM’s 

method for evaluating PSC of fibered concrete. The experimental program followed in this 

research used ASTM’s C1579 Standard Test Method for Evaluating Plastic Shrinkage Cracking 

for Restrained Fiber Reinforced Concrete (shown in Appendix A) as the basis for the test 

method employed in this research. Several modifications were made and will be described later. 

The main modification was that non-fibered concrete mixes were disturbed by a second vibration 

sometime after casting. The mold used in this test has stress raisers and provides a sufficient 

surface area that exposes the concrete to a designated drying weather condition, guaranteeing the 

formation of plastic shrinkage cracks. In addition, the specimen has a volume that facilitates the 

application of vibration using an internal vibrator. It was assumed that the introduction of a 

second vibration would not modify the basic information that the method provides regarding 
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plastic shrinkage cracking. Modifications made to ASTM C1579 Test method included the 

following: 

1. The environmental conditions were controlled in a control room instead of the environmental 

chamber that is described in ASTM C1579. The control room, as shown in Figure 4.1, was used 

in this study to control the air temperature, wind velocity, and relative humidity which generates 

sufficient drying conditions that prompt evaporation rates ranging from 0.5 to 1.0 kg/m
2
/hr (0.1 

to 0.2 lb/ft
2
/hr). The layout of the specimens inside the control room is shown in Figure 4.2. 

Concrete that is subject to these rates, as described in section 2, may develop plastic shrinkage 

cracking. The weather conditions were recorded by using a handheld weather station, as shown 

in Figure 4.3. The size of the control room facilitated the application of vibration using an 

internal vibrator. Variations of evaporation rates from specimen to specimen were minimized 

because all specimens were under the same weather conditions at the same time.  

 

 

Figure 4.1: Concrete specimens inside the control room. 

 

Concrete slabs 
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Figure 4.2: Layout of slab specimens inside the control room 

 

 

Figure 4.3: Handheld weather station Kestrel 3000 used in this study.  
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2. The influences of settlement and autogenous shrinkage on the plastic shrinkage cracking were 

not considered due to unavailability of laboratory equipment to measure settlement displacement 

and volume change of concrete. Only the influence of evaporation rates was considered.  

3. An internal vibrator that meets minimum frequency requirements in ASTM C192 was used 

instead of the vibrating platform specified in ASTM C1579. More details about the selection of 

the internal vibrator are presented later on. 

4. The specimens were monitored for up to six hours. Re-vibration was introduced 1.5 h after 

casting. Therefore, the author did not attempt to determine the final setting times of the concrete, 

which are commonly considered to be up to 6 hours after casting for normal concretes (PCA 

2003, Qi et al. 2003 &2005, and Transportation Research Circular 2006).   

After six hours, the concrete specimens were stored in the control room under 

uncontrolled weather conditions for the next 18 hours. Mixing of the concrete ingredients was 

done in accordance with ASTM C192 specification. Before placing the concrete in cylindrical 

and slab molds, the slump test was conducted to measure the workability of the used concrete 

mixtures. After placing the concrete in both cylindrical and slab molds, initial vibration was 

applied to compact the concrete uniformly. After being initially vibrated, the specimens were 

placed inside a control room that allows researchers to control and monitor the environmental 

variables (relative humidity, air speed, and air temperature).  The specimens were re-vibrated 

after having spent 90 minutes inside the control room. Three re-vibration times were used:  15, 

30, and 45 seconds.  

After 24 hours from casting, the final readings for crack widths and lengths were made. 

Also, after 24 hours from casting concrete in the cylindrical molds, the cylindrical concrete 

specimens were removed from the mold and cured in a water tank at 21±2 
o
C (70±3.5 

o
F), as 

specified by ASTM, for 28 days. Finally, the cylindrical specimens were tested to determine 

their compressive strength. Results were used to evaluate the impacts of concrete re-vibration on 

the compressive strength of concrete. 
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4.3  MATERIALS 

Concrete used in this research was made using a mixture of only three materials: 

aggregate, Portland cement, and potable water. In addition, fibers were used to prepare the 

concrete mixes for the specimens that were used to compare the effectiveness of utilizing the re-

vibration technique vs. adding fibers to the concrete mix in the control PSCs. The following 

section describes in more detail each of the materials used. 

4.3.1 Aggregate  

Locally available sand (C-33), called siliceous sand, and gravel (maximum size 19 mm, 

¾ in), called limestone-dolomite, were used in this study. The physical properties of coarse and 

fine aggregates used in this study are shown in Table 4.1. All aggregates were conditioned in a 

laboratory environment for at least 24 hours before their use. In preparing the mixtures, the 

moisture content was adjusted to substitute for the absorption capacity of the aggregates. The 

fine and coarse aggregates met the standard gradation requirements, as specified in ASTM 

C33/C33M (ASTM 2013), and shown in Appendix B.   
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Table 4.1: ASTM designation numbers and physical properties of coarse and fine aggregates 

used in this study.  

ASTM Test Procedures Coarse Aggregate   

(19 mm, ¾ in) 

Fine Aggregate       

(C-33) 

C127/C128 Specific Gravity (SSD) 2.701 2.602 

C127/C128 Absorption Capacity, % 0.5 1.1 

C128 Relative Density (SSD) 168.5 162.4 

C29 Bulk Density (Unit Weight) by Rodding 

in PCF 

105 110 

C29 Voids in Aggregate by Rodding, % 39 - 

C131 L.A. Abrasion, Grading (Meth. B),% loss 25 - 

C88 Soundness of Aggregate by use of 

Magnesium Sulfate, % 

0.6 1.5 

D4791 Flat and Elongated (3:1), % 1.2 - 

C142 Clay Lumps & Friable Particles in 

Aggregate 

0.1 0.0 

C117 Material finer than 75 µm (No.200) 

Sieve, % 

0.3 0.4 

C123 Lightweight Particles in Aggregate, % 0.03 0.0 

C123 Chert (less than 2.4 sp. Gr. SSD), % 0.0 - 

D123 Coal and lignite (less than 2.0 sp. Gr. 

SSD), %` 

0.1 0.01 

C33 Sum of clay lumps, Friable Particles, and 

Chert (less than 2.4 sp. Gr. SSD), % 

0.1 - 

C40 Organic Impurities - < plate No. 1 

C33 Fineness modulus - 2.85 

D3042 Acid Insoluble Residue by Wt, % - 98 

D2419 Sand Equivalent Value, % - 94 
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4.3.2 Cement 

Commercially available Type I & II Portland cement (I-II Low Alkalie) was utilized for 

all mixtures used in this study. Tables 4.2 and 4.3 provide a summary of the cement composition 

and its properties, as supplied by the manufacturer and specified by ASTM C150/C150M (2012).  

Table 4.2 Chemical composition of cement  

Standard Chemical Requirements Specifications Limit Test Results 

SiO2 
N/A 

19.9 % 

Al2O3 6.0 max 4.6 % 

Fe2O3 6.0 max 3.7 % 

CaO 
N/A 

63.6 % 

MgO 6.0 max 1.9 % 

SO3 3.0 max 2.80 % 

Loss on ignition 3.0 max 2.32 % 

Insoluble residue 0.75 max 0.35 % 

CO2 
N/A 

1.48 % 

Limestone content 5.0 max 3.57 % 

Corrected limestone 5.0 max 2.94 % 

CaCO3 in limestone 70.0 min 94.0 % 

C4AF+2(C3A) or C4AF+C2F 
N/A 

23 % 

Alkalies* 0.60 max 0.55 % 

N/A
 Not applicable 

*Optional (Sodium Oxide Equivalent) min. 0.55% and max. 0.59% 

Table 4.3 Potential compound composition of cement  

C3S C2S C3A C4AF 

56 % 15 % 6 % 11 % 
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4.3.3 Fibers 

The commercially available fiber that was used in this study was fibrillated 

polypropylene micro-synthetic fiber (FPF), produced by the Euclid Chemical Company. FPF is 

manufactured from 100 % homopolymer virgin polypropylene, containing no recycled materials. 

FPF provides optimum strength, reduces cracking and increases long-term durability. FPF fiber 

products are typically used at dosage rates of 0.6-0.9 kg/m
3
 (1.0-1.5 lbs/yd

3
). Table 4.4 shows the 

properties of the FPF fiber.  

Table 4.4 Properties of FPF fiber  

Material Fibrillated polypropylene 

Specific gravity 0.91 

Typical dosage rate 0.9 kg/m
3
 (1.5 lbs/yd

3
 ) 

Available lengths 19, 39 and 51 mm (¾, 1 ½ and 2 in.)  

Used Length 19 mm (¾ in.)  

Tensile strength 660 Mpa (97 ksi)  

Modulus of elasticity 4.0 GPa (580 ksi)  

Melt point 165 
o
C (330 

o
F)  

Electrical Conductivity Low 

Water absorption Negligible 

Acid and alkali resistance Excellent 

Fiber count Approximately 31 million/ kg (14m/lb) 

 

4.4 WATER-CEMENT RATIOS 

The water-cement ratios were selected to be 0.5, 0.55 and 0.60.  These ratios are the most 

common ones for normal construction (e.g. residential, pavement, and light commercial building 

projects) and produce concrete with good workability in hot and dry regions, such as West 

Texas. In addition, according to ACI 305R-1999 (ACI 1999) the bleeding water of concrete 

made with these water-cement ratios is about the same as the water that evaporates, thus 

maintaining the surface of the concrete wet during the set time of concrete. The compressive 



60 

strengths of the concrete made with these water-cement ratios range from 17 to 34 Mpa (2500 to 

5000 psi).  

4.5  PREPARATION OF SPECIMENS 

4.5.1 Mixture Proportions 

Normal strength concrete with compressive strength ranging from 17 to 34 Mpa (2500 to 

5000 psi) and density ranging from 2240 to 2800 kg/m
3
 (140 to 175 lb/ft

3
), was produced using 

Type I & II Portland cement, fine aggregate (C-33), and coarse aggregate (19 mm, 3/4 in). The 

proportions of the concrete mixtures used in this study are shown in Table 4.5. These proportions 

are the ones used by the concrete supplier.  Also, the fibered concrete mixtures were produced by 

adding FPF fibers to concrete coming from the same batch. The proportion of FPF fibers in the 

mixture was 0.9 kg/m
3
 (1.5 lbs/yd

3
), as specified by Euclid Chemical Company.  

(www.euclidchemical.com).  

Table 4.5: Mixture proportion for normal strength concrete 

Water-cement 

ratio 

Cement kg/m
3
 

(lb/Yd
3
) 

Water kg/m
3
 

(lb/Yd
3
) 

Coarse aggregate 

kg/m
3
 (lb/Yd

3
) 

Fine aggregate 

kg/m
3
 (lb/Yd

3
) 

0.50 279 (470) 139.4 (235) 1067.9 (1800) 947.5 (1597) 

0.55 279 (470) 153.7 (259) 1048.3 (1767) 929.7 (1567) 

0.60 279 (470) 167.3 (282) 1048.9 (1768) 893.5 (1506) 

 

4.5.2 Mixing  

ASTM C1579 specifies that evaporation rates should be the same for all specimens with a 

tolerance of ± 5%. In this work, all samples for a given water-cement ratio were cast at the same 

time, using the same batch of concrete. Therefore, all samples were subjected to the same 

weather conditions and were assumed to have the same evaporation rates.  To control the quality 

of the mix, mixing was done in the concrete batching plant of the concrete supplier in accordance 

with ACI and ASTM standards. Three batches of concrete (one for each water-cement ratio) 

http://www.euclidchemical.com/
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were delivered from the concrete batching plant to the laboratory to conduct the experiments. For 

each water-cement ratio, about ¾ cubic meters (one cubic yard) of the concrete mixture was 

brought to the laboratory by a truck mixer and poured into the tested specimens. To prepare the 

specimens with fibered concrete, fibers were added to the mixtures and mixed by hand.  

4.5.3 Molds  

4.5.3.1 PSC Molds 

To evaluate the plastic shrinkage cracking, of the re-vibrated and fibered concrete, 

plywood-restrained slab molds (as shown in Figure 4.4) were utilized in accordance with ASTM 

C1579 (ASTM 2013). The stress riser, shown in Figure 4.4, was then inserted in the molds. The 

molds received a light oil coating to facilitate removal of the specimen. 

4.5.3.2 Compressive Strength Molds 

Standard cylindrical molds (15x30 cm or 6x12 in) were used to cast the specimens and 

determine the compressive strengths of concrete, as specified by ASTM C39/C39M (ASTM 

2012) and shown in Figure 4.5.   

 

 

     Slab mold fabricated from Plywood 

 

 

Figure 4.4: Restrained slab mold dimensions (after ASTM C1579-2013) 
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Figure 4.5: Standard cylindrical molds filled with concrete 

4.5.4 Placing 

Slab and cylindrical specimens were cast inside the lab but outside of the control room. 

After casting the concrete into the slab and cylindrical molds, an internal vibration was initially 

applied to the mix for approximately 3-5 seconds. After this first vibration, concrete slabs were 

moved to a controlled room, where they set for one and half hours. During this time the concrete 

began to harden and water continued to bleed to the surface of the slabs.  After one and a half 

hours of the hardening process, a second vibration was applied to the specimens.  Three vibration 

times for the second vibration were used: 15, 30 and 45 seconds. An explanation of why these 

second vibration time lengths were chosen is provided in the section 4.7. After the second 

vibration, the concrete slabs were screeded perpendicular to the stress risers. Concrete surface 

was finished using a smooth steel trowel. The slabs that did not have a second vibration and the 

fibered concrete slabs were finished outside of the control room before they were moved inside. 

4.6. ENVIRONMENTAL CONDITIONS 

The concrete slabs were prepared and moved to the control room in order to expose them 

to controlled drying weather conditions for the first six hours. Drying weather conditions are the 

conditions that promote the development of plastic shrinkage cracks and are achieved through a 

combination of air temperature, humidity, concrete temperature and wind speed values. There 
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are multiple combinations of these parameters that create a dry weather condition.   The air 

temperature, relative humidity, and wind speed values inside the control room were recorded 

every hour. The concrete temperature was measured directly after casting. Figure 4.6 and 4.7 

show the variation of the air temperature and relative humidity inside the control room 

respectively. They also show the upper and lower bounds for the variation of the air temperature 

and relative humidity from the respective average values. The author used a variation of ±3 
o
C 

(±5.5 
o
F) to set the bounds for the air temperature and a variation of ± 10% to set the bounds for 

the relative humidity. These bounds are similar to those specified by the ASTM C1579.  The 

figures show that for the three tests (one for each mixture) conducted the air temperature and 

relative humidity stayed within bounds. Table 4.6 summarizes the average values of the air 

temperature, relative humidity, wind speed and concrete temperature. The table also shows the 

computed evaporation rates using equation 2.1.  According to the NRMCA (1960) these values 

indicate the concrete slabs are prone to show PSCs. 
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Figure 4.6: Variation of the air temperatures inside the control room. 

25

27

29

31

33

35

0 1 2 3 4 5 6

A
ir

 t
em

p
er

at
u
re

 (
C

) 

Time after casting (hr) 

w/c=0.50 

Air temperature

Lower Limit

Upper Limit

12

14

16

18

20

22

0 1 2 3 4 5 6

A
ir

 t
em

p
er

at
u
re

 (
C

) 

Time after casting (hr) 

w/c=0.55 

Air temperature

Lower Limit

Upper Limit

25

27

29

31

33

35

0 1 2 3 4 5 6

A
ir

 t
em

p
er

at
u
re

 (
C

) 

Time after casting (hr) 

w/c=0.60 

Air temperature

Lower Limit

Upper Limit



65 

 

 

 

Figure 4.7: Variation of the relative humidity inside the control room. 
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Table 4.6: Designated drying weather conditions and computed evaporation rates 

Water-

cement 

ratio 

Air temperature, 

(Ta), 
o
C (

o
F) 

Relative 

Humidity (r), 

% 

Wind speed 

(V), kg/hr 

(mph) 

Concrete 

temperature 

(Tc), 
o
C (

o
F) 

Evaporation rate 

(E) from equation 

(2.1), kg/m
2
/hr 

(lb/ft
2
/hr) 

0.50 29.4 (85) 40 13 (8) 26.7(80) 0.61 (0.128) 

0.55 18.3 (65) 50 13 (8) 21.7(71) 0.51 (0.107) 

0.60 30.5 (87) 55 13 (8) 29.4 (85) 0.55 (0.109) 

 

4.7 RE-VIBRATION TIME LAG, RE-VIBRATION TIME LENGTH AND RE-VIBRATION PROCESS  

In this study, the waiting time after specimen casting and before a second vibration (re-

vibration time lag) was selected as one and a half hours, based on the findings of Vollick (1958), 

Aldalinsi et al. (2003) and Krishna et al. (2008), which were discussed in chapter 3. To assess the 

effect of the length of the second vibration, three lengths of re-vibration times were selected:  15, 

30 and 45 seconds. These re-vibration time lengths produced good vibration of the mixtures, as 

shown by the uniformity of the mix and the visual sign of good compaction. The author also tried 

a re-vibration time of 60 seconds. However, the mixtures showed signs of over-vibration and 

concrete cylinders made with these mixtures showed a decrease in the 7-day compressive 

strength of concrete. Therefore this re-vibration time length was discarded. 

Selection of the internal vibrator was based on the guidelines provided by CVH (2003), 

CCANZ (2006) and CCAA (2006). According to those guidelines a flexible shaft vibrator is the 

most adequate for experimental specimens. The author used a ¾ HP concrete vibrator that has 

frequency of 13,000 vibrations per minute (vpm), a head diameter and length of 1-3/8” and 15-

1/8” respectively, and a flexible shaft diameter and length of 1-7/32” and 20-3/16”respectively.  

A ¾ HP concrete vibrator is shown in Figure 4.8.  
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Figure 4.8: A ¾ HP Flexible shaft (needle) concrete internal vibrator 

4.8  NUMBER OF SPECIMENS 

ASTM requires casting at least two concrete specimens when evaluating the plastic 

shrinkage cracking or calculating the compressive strength of concrete. In this study, three 

concrete specimens were chosen for each length of re-vibration time and water-cement ratio 

combination, and for the fibered concrete, as recommended by Qi et al. (2005). The selection of 

the three water-cement ratios was discussed in section 4.4 and the selection of the three lengths 

of re-vibration was discussed in section 4.7. 15 slab specimens were cast to evaluate the plastic 

shrinkage cracking for each water-cement ratio. The casted slabs for each water-cement ratio 

were as follows: 1) 3 slab specimens were cast and were only subject to initial vibration (no re-

vibration was applied), 2) 3 slab specimens were cast using the fibered concrete mixture and 

were not re-vibrated, 3) 3 slab specimens were cast and were subjected to 15 seconds of re-

vibration time, 4) 3 slab specimens were cast and were subjected to 30 seconds of re-vibration 

time, and 5) 3 slab specimens were cast and were subjected to 45 seconds of re-vibration time. 

Similarly, 15 cylindrical specimens were cast to calculate the compressive strengths of concrete 

for each water-cement ratio. Table 4.7 shows the total number of cast specimens that were used 

in the experimental program. 
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Table 4.7: Experimental matrix 

 Initial Vibration 

(zero re-

vibration) 

Lengths of re-vibration time (seconds) 

Fiber 

Total 15 30 45 

W/C 
 

Specimen 

0.5 0.55 0.6 0.5 0.55 0.6 0.5 0.55 0.6 0.5 0.55 0.6 0.5 0.55 0.6 

Slab 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 45 

Cylinder 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 45 

 

4.9 EXPERIMENTAL PROCEDURES  

4.9.1 Slump Test 

The slump test, according to ASTM C143/C143M (2012), was used to describe the 

workability of all the mixtures investigated in this study. Typically, measuring the slump is very 

useful in detecting variations in the uniformity (consistency) of a mix, which may provide useful 

information within a range of variation in workability. The slump test is also very useful in 

checking the variation of the materials among batches. For example, an increase in slump may 

mean that the moisture content of aggregate has unexpectedly increased or a change in the 

grading of the aggregate has occurred. Too high or too low of a slump gives immediate warning 

and enable the mixer operator to fix the problem (Neville 2011). Mixtures that are re-vibrated 

have to have a slump of more than 15 mm.  

The mold for the slump test is shown in Figure 4.9. It was filled by the concrete in three 

layers, each layer approximately one third the volume of the mold. Each layer was compacted by 

16 mm rounded end rod (5/8 in) for 25 times uniformly over the cross section. After the top layer 

was compacted, the surface of concrete was stricken off by means of a screeding and rolling 

motion of tamping rod. The mold was removed carefully in a vertical direction and immediately 

the slump was measured by determining the vertical difference between the top of the mold and 

the displaced original center of the top surface of specimen.  
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The workability results were reported as the slump (mm or in). Table 4.8 shows the 

slump measurements and the description of workability of the mixtures investigated in this study. 

From this table, the workability descriptions of the used concrete mixtures used in this research 

were of medium to high workability as defined by Neville (2011); therefore, they were able to 

receive a second vibration.  

 

 

 

 

Figure 4.9: Slump test mold and slump measurement 
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Table 4.8: Slump magnitude and description of workability of the concrete mixtures 

Water-cement ratio Slump, mm (in) Description of workability 

0.5 68 (2.7) Medium 

0.55 85 (3.3) High 

0.6 102 (4) High 

4.9.2 Compressive Strength Test 

Compression tests were conducted to confirm that the compressive strength of concrete 

increases when the cylindrical concrete specimens are exposed to re-vibration after a certain time 

of delay (time lag of re-vibration) as observed by Sawyer & Lee (1956), Vollick (1958), 

Maclnnis & Kosteniuk (1979), Aldalinsi at el (2003), and Krishna et al. (2008). The compressive 

strength test method was conducted according to ASTM C39/C39M (ASTM 2012). The test 

method consists of applying a compressive load to molded concrete cylinders (15 x 30 cm or 6 x 

12 in) at a certain loading rate (0.25 Mpa/sec or 35 psi/sec) until failure occurs. The compressive 

strength of the specimen is calculated by dividing maximum load attained during the test by the 

cross-sectional area of the specimen. Figure 4.10 shows the compression testing machine MN-F-

30 EX, with a load capacity of 1330 KN (300,000 lb.) and the cylindrical concrete specimens 

used in this study.  
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            Cylindrical concrete specimens 

   (a) 

                

                                                                                            

 

 

Compression testing machine MN-F-30 EX 

                 (b) 

Figure 4.10: Testing compressive strength of concrete (a) cylindrical concrete specimens and (b) 

compression testing machine.  

The 28 day-compressive strengths of concrete for all the cylinders tested are shown in 

Table 4.8 and plotted in Figure 4.11. The general observations from this table are: 1) the 

compressive strengths were increased up to 7% when the water-cement ratio was decreased and 

the concrete was not re-vibrated, as expected; 2) for a given water-cement ratio, the compressive 

strengths were increased up to 20% when the concrete specimens were re-vibrated; 3) adding 

fibers did not show significant impacts on the compressive strengths.  

The average compressive strengths versus the lengths of re-vibration time for concretes 

with different water-cement ratios are plotted in Figure 4.12. The figure shows that the 

compressive strength of re-vibrated concrete depends on the water-cement ratios and the length 

of the re-vibration time.  
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For water-cement ratio equal to 0.60, the highest compressive strength was obtained after 

the mixture was re-vibrated 15 seconds. Longer re-vibration times produced mixtures with 

significantly lower compressive strengths than the one corresponding to 15 seconds but still 

higher than the compressive strength of the mixtures that were not re-vibrated. For this water-

cement ratio, mixtures that experienced a re-vibration for 30 and 45 seconds showed signs of 

having been over-vibrated, such as an excessive thickness of mortar at the surface of the 

specimens.  

Concretes made with a mixture containing a water-cement ratio of 0.55 also increased 

their compressive strength after re-vibration. For this mixture the highest increase in compressive 

strength was obtained when the concrete was re-vibrated for 30 seconds.  When the concrete was 

re-vibrated for 45 seconds it began to show signs of over-vibration, as reflected in a lower 

compressive strength than that was re-vibrated 30 seconds. The concrete that was re-vibrated for 

15 seconds produced concrete with a lower compressive strength. These concrete showed signs 

of under-vibration such as the appearance of air bubbles on the surface of the specimens.    

Concretes made with a mixture containing a water-cement ratio of 0.50 showed an 

improvement in the compressive strength, as a function of the re-vibration time. In this case the 

cylinders that were re-vibrated for 45 seconds had an average compressive strength 20 % greater 

than the cylinders that were not re-vibrated. Cylinders that were re-vibrated 15 and 30 seconds 

show signs of under-vibration as shown in Figure 4.13.  

Concrete mixtures containing fibers did not show a significant improvement in the 28-

day compressive strength of the concrete, fc’ independently of the water-cement ratio used. 

Figure 4.14 shows the variation of the average fc’ for all the mixtures and re-vibration times 

considered in this research. 
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Table 4.8: Compressive strengths of concrete for initial vibrated, re-vibrated and fibered 

cylindrical concrete specimens 

28 days compressive strength (fc’), Mpa (psi) 

w/c ratio Samples Initial vibration 
Lengths of re-vibration time (seconds) 

Fiber 
15 30 45 

0.50 

1 22.8 (3310) 23.6 (3420) 27.3 (3960) 29 (4212) 23.5 (3405) 

2 22.2 (3217) 24.5 (3556) 26.6 (3858) 28.3 (4107) 23 (3339) 

3 22.1 (3200) 23.2 (3365) 24.3 (3524) 26.8 (3892) 22 (3202) 

Average 22.37 23.77 26.07 28.03 22.83 

0.55 

1 22.3 (3240) 25.5 (3700) 28.3 (4101) 27.3 (3960) 22.5 (3270) 

2 20.8 (3018) 24.5 (3553) 27.4 (3976) 25.6 (3713) 21.2 (3077) 

3 21.9 (3170) 24.6 (3570) 25.5 (3695) 24.9 (3611) 21.5 (3112) 

Average 21.67 24.87 27.07 25.93 21.73 

0.60 

1 20.4 (2959) 26 (3771) 22.6 (3278) 21.7 (3147) 20.8 (3016) 

2 21.2 (3078) 24.3 (3524) 24.1(3495) 21.4 (3104) 21.5 (3118) 

3 20.9 (3033) 25.8 (3742) 21.9 (3176) 21.5 (3118) 21.2(3075) 

Average 20.83 25.37 22.87 21.53 21.17 

 

 

Figure 4.11: 28 day-compressive strengths of concrete for all the cylinders tested versus re-

vibration time lengths 
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Figure 4.12: Average of 28 day-compressive strength versus re-vibration time lengths 

 

 

Figure 4.13: Air voids due to under-vibration of cylindrical specimens that were not-re-vibrated, 

re-vibrated for 15 sec. and re-vibrated for 30 sec.  
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Figure 4.14: Compressive strength versus water-cement ratios 

4.9.3 Plastic Shrinkage Cracking 

One and half hours after concrete casting, the restrained slab specimens were re-vibrated 

and refinished inside the control room. Plastic shrinkage cracking was monitored continuously 

for the first 6 hours. After 6 hours, the specimens were kept in the control room at normal 

environmental conditions for an additional 18 hours. Between 6 and 24 hours, it was noted that 

the cracking did not change considerably. Therefore, at the time the plastic stage ended (24±2 

hours after casting) the specimens were ready to perform the crack measurements.     

The time of crack initiation was observed during testing. For non-re-vibrated concrete 

slabs, approximately 30 minutes after the concrete was cast, fine hairline cracks could be seen 

above the stress riser in some specimens, independently of the water-cement ratio of the mixture. 

These very fine cracks, shown in Figure 4.15, were primarily due to plastic settlement. The 

settlement cracks grew bigger with the time the specimens remained under drying conditions.  

For re-vibrated concrete slabs, approximately 30 minutes after the concrete was re-vibrated and 

refinished (two hours after concrete was cast), fine hairline cracks could also be observed above 

the stress riser in some specimens, independent of the water-cement ratio of the mixture or the 

time the specimens were re-vibrated. For the fiber reinforced concrete slabs, the surface of fiber 
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reinforced concrete appeared to be free of cracking for a longer time. In all cases, the cracks 

developed along the length of the stress riser. Detailed information about the development of 

cracks will be presented and discussed in the next chapter.  

 

   

Figure 4.15: Hairline cracks observed after 30 minutes from casting in some slab specimens 

4.10 SUMMARY AND CONCLUSIONS 

This chapter provides information regarding the modifications made to the standard test 

method for evaluating plastic shrinkage cracking, materials used, specimen preparation, 

environmental conditions, as well as the re-vibration procedures utilized in this study. The slump 

test for fresh concrete and the standard compression test for hardened concrete were conducted. 

Finally, the development of plastic shrinkage cracking was monitored and recorded. The 

conclusions from this chapter can be summarized as follows:  

1. The workability description of the concrete mixtures used in this study was classified as 

medium to high; therefore, the application of the second vibration was beneficial due to 

the ability of the mixtures to be re-vibrated without causing segregation.  

2. Improvement of the 28-days cylindrical compressive strengths of re-vibrated concrete 

was observed to be up to 25% from original concrete cylindrical specimens 
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3. The crack initiation time in re-vibrated specimens was random for each of the specimens. 

Observed crack initiation times vary from ½ to 5 hours.  More discussion may be found 

in Chapter 5.  Crack initiation times in fibered concrete specimens took about 30 minutes 

more than the non-re-vibrated specimens. 
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Chapter 5: Crack Assessment 

5.1 INTRODUCTION 

Durability may be defined as the ability of concrete to resist weathering action, chemical 

attack, and abrasion while maintaining its desired engineering properties. The appearance of 

plastic cracks in concrete reduces its durability because the crack increases water permeability 

and absorption which allow the water to seep through the concrete structure and cause further 

problems, such as the corrosion of the embedded reinforcing steel. The occurrence of cracking 

also provides a direct route for deleterious substances to penetrate the concrete, negatively 

affecting the concrete’s durability. The importance of crack width on long-term durability has 

been recognized by ACI 224R (ACI 2001) by specifying acceptable crack widths for various 

exposure conditions for durability design, as shown in Table 5.1. If plastic shrinkage cracking 

has occurred, the surface of the concrete may require a sealant to enhance durability of concrete 

structures. It is also important to limit crack width so as to ensure adequate shear behavior in a 

concrete structure. As crack widths increase, the ability of a structure to transfer shear stresses by 

collective interlock decreases. 

Table 5.1: Acceptable crack widths (ACI 2001) 

Exposure condition Acceptable crack width,    

mm (in) 

Dry air protective membrane 0.40 (0.016) 

Humidity, moist air, soil 0.30 (0.012) 

Deicing chemicals 0.18 (0.007) 

Seawater and seawater spray; 

wetting and drying 

0.15 (0.006) 

Water retaining structures 0.10 (0.004) 

 

Recent research for evaluating the plastic shrinkage cracking in early age concrete used a 

number of different techniques to measure and characterize the developed cracks. Haavik (1990) 
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used a crack comparator to measure the crack width; Soroushia et al. (1995) used optical lenses; 

Banthia and Yan (2000) and  Qi et al. (2003, 2005) used an optical hand-held microscope; and 

Wang, et al. (2001), Qi et al. (2003, 2005) and Pelisser, et al. (2010) measured crack widths with 

the help of an automated image analysis system. The measurement accuracy of these techniques 

was up to 0.01 mm.  

In this research, an image analysis approach was followed to characterize the plastic 

shrinkage cracks. Modifications to the automated image analysis techniques were adopted due to 

the time required to monitor the growth of the crack width along its length using optical lenses 

and the unavailability of laboratory equipment for the automated image analysis. In addition, the 

advantage of the used image analysis approach was that it facilitated the measurement of parallel 

cracks in the concrete surface when they occurred. More details about this approach are 

discussed later on in this chapter. 

In this chapter, crack widths along the length of the cracks were measured and 

characterized by their probability density from which statistical parameters, such as the average 

crack width and its variability (measured as the standard deviation or alternatively by its 

coefficient of variation) can be computed.  The total length of the crack was characterized by the 

sum of the lengths of all the cracks that appeared. Also, to estimate crack growth, measurements 

were taken at several time intervals to show how the width and the length of plastic shrinkage 

cracks change with time during the plastic stage. The chapter describes the crack measurement 

process and quantifies how applying concrete re-vibration or adding fibers to a concrete mix 

reduces the development and growth of plastic shrinkage cracks and discusses which solution is 

more effective. 

 5.2 IMAGE ANALYSIS 

5.2.1 Background  

Image analysis is used to automatically extract features of interest from a digital image 

and to provide rapid and accurate interpretation of the image contents. When a gray scale digital 
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image is acquired, the information enabling the reconstruction of the image is stored in a matrix 

of pixels, which contains information about light intensity (I) and corresponding position 

(coordinates x, y) of the pixel. The values of light intensity are ranged between black and white. 

The image processing approach applies a mathematical algorithm to the stored digital image in 

order to interpret the image contents.  

In the past 30 years, image analysis has been used to better understand crack 

development in concrete structures.  For example, Mindess & Diamond (1980) used a scanning 

electron microscope (SEM) imaging to assess the crack extension in mortar specimens. They 

found that SEM imaging helped to characterize the crack widths and figure out that some small 

bits of material in cracking were fragmented. Diamond & Bonen (1995) used a backscattered 

electron imaging of polished cement paste specimens to re-evaluate structure details of hydrated 

cement paste. They found that the image analysis helped to figure out that the microstructural 

units contain a highly porous groundmass and large distinct grains set in it. The groundmass is 

composed of several kinds of fine particles, with a significant content of easily detected gross 

pores. Ammouche et al. (2001) used a tri-CCD (Charge-coupled device) camera linked to a 

personal computer for image analysis to assess microcracks in cement-based materials. They 

found that maps of the sample crack network over an area of several tens of square centimeters 

were drawn to determine the crack pattern characteristics. Qi et al. (2003) used a Cambridge 

Instruments Quantiment 570 TM system connected to CCD camera for the image analysis to 

assess fibered concrete specimens. They found that the fine cracks were easily identified in 

contrast of optical measurement. The following sections describe the image analysis procedure 

followed in this study to process digital images of the cracks.  

5.2.2 Image Analysis Approach to Quantify Surface Plastic Shrinkage Cracking 

An image analysis approach, which is capable of extracting only the relevant features of a 

crack (crack widths and total crack length) and rapidly providing objective results, was used to 

quantitatively characterize plastic shrinkage cracking patterns. Figures 5.1 and 5.2 provide an 
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overview of the image processing and analysis procedure that was used. From Figure 5.1, it can 

be seen that the process involves: (a) image acquisition and (b) image processing. Figure 5.2 

shows the crack measurement. Detailed information on each step is provided in following 

section. 
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Original crack images 
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Cleaned crack images  
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Figure 5.1: image analysis procedure, (a) image acquisition and (b) image processing 
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Crack measurement of crack (A) 

  

Crack measurement of crack (B) 

    

Crack measurement of crack (C) 

    Figure 5.2: Image analysis procedure for crack measurement  
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5.2.3 Image Acquisition 

As described in chapter 4, plastic shrinkage cracks started to develop as early as 

approximately 30 minutes after concrete was casted in some concrete slabs and as late as five 

hours after casting in others. Once they were visible, cracks continued to grow with time. Image 

acquisition was performed at every 60 minutes during the first 6 hours after concrete casting in 

order to gather information to evaluate the cracks’ growth.  A crack is considered a plastic crack 

if it develops before 24 hours (± 2) after casting (ASTM 2013). Therefore, image acquisition was 

performed for all concrete specimens up to an age of 24 hours, which was considered to be the 

end of the plastic stage of the concrete. Digital pictures of the surface of the concrete slab were 

taken above the stress riser, which is the location where the cracks appeared. To minimize 

human error, the cracked specimens were kept in the control room during image acquisition. To 

eliminate the influence of the boundaries of the specimens, no information was recorded within 

25 mm (1 in) from outer edges of the specimen. The images were acquired along the remaining 

300 mm (11.9 in) of the crack path as recommended by Qi et al. (2003) and ASTM (2013).  The 

images in Figure 5.1 (a) were captured with a Sony Cyber-shot DSC-H55 14.1 MP digital 

camera, digitized as gray level images and saved for subsequent interpretation. In this figure, the 

crack was divided into three sections and close up pictures were taken of each of them to 

increase the resolution of the crack image. The crack features are clearer in the close up pictures. 

The size of each image that was used for the image analysis was represented as an M-by-

N matrix. Table 5.2 shows the sizes of the three closed up images (A), (B) and (C) shown in 

Figure 5.3. The sizes are different because each of these images was extracted from a larger 

picture as shown in Figure 5.3.  Because the sizes are different, there was a need to determine the 

length that each pixel in the image represented. A scale of 100 mm was inserted in the picture to 

compute the scale factor that converts the number of pixels to length in mm. Scale factor 

obtained for the images in Figure 5.3  are also shown in Table 5.2. 
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Table 5.2: Image size and scale factor  

Image Image size Scale factor 

Rows Columns 

A 2050 810 20.5 

B 2163 553 21.63 

C 2080 676 20.8 

   

 

      

      

    

           Original crack images                                    Cleaned crack images 

Figure 5.3: Extraction of the cleaned crack images from original crack images 

Image (A) 

Image (B) 

Image (C) 
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5.2.4 Image Processing and Crack Measurement   

The acquired digital images were converted to binary (black and white) images and 

cleaned to remove surface imperfections using Photoshop as shown in Figure 5.1 (b).This figure 

shows the cleaned pictures, where the crack is shown in black. The cleaned images of the crack 

were image processed to quantify the crack width at set points along the crack and the total crack 

length. Crack widths were measured at every pixel row.  Figure 5.2 shows the histogram of the 

crack widths measured in each close up image. The following process was followed to perform 

the numerical analysis and programmed using Matlab:   

1. The developed Matlab code Shown in Appendix C reads the cleaned images as black and 

white images of pixels and stores these pixel images as M-by-N matrixes.  

2. In each matrix, the program finds the beginning, the center and the ending pixels of a 

crack in each row.  

3. The crack width was determined in pixels by subtracting the ending and beginning pixels. 

4. The total crack length was determined in pixels by adding the center pixels in each row. 

5. The average crack width in pixels was found by dividing the sum of the crack widths on 

the inclined crack length not on the number of rows. This was considered because the 

cracks were following inclining paths, so the average crack width is more accurate in such 

a case, as shown in Figure 5.4.  

 

Figure 5.4: How the average crack width was measured. 
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6. Finally, the average crack width and the total crack length were calculated in mm using 

the scale factors shown in Table 5.2. Table 5.3 shows the average cracks widths and the 

total cracks lengths for the three close up pictures of the cracks, shown in Figure 5.1. This 

process was applied to the all of the images taken. 

Table 5.3: Crack measurement of the cleaned crack images  

Image 
Scale 

factor 

Avg. width 

(px) 

Total length 

(px) 

Avg. Width 

(mm) 

Total length 

(mm) 

(A) 20.5 10.8318 4310.3 0.5238 210.2858 

(B) 21.63 16.2915 3322.8 0.7532 153.62 

(C) 20.80 17.5439 3239 0.8435 155.4279 

 

5.3 DETERMINATION OF CRACKS’ DIMENSIONS 

Cracks are usually characterized by their width and length because the crack may become 

wider and longer during the life time of a structure due to the sustainable loads. This may 

significantly reduce the serviceability and the durability of the structure (Soroushian et al. 1995 

and Banthia & Yan 2000). In this thesis, the growth evolution of the crack was also monitored to 

help understand its evolution from nucleation to the end of the plastic state of the concrete.  

During the experimental testing some cracks were short and discontinuous, while other 

cracks would appear as long and continuous as shown in Figure 5.4.  To measure the total crack 

length, all the discontinue sections and parallel cracks lengths were added.  



87 

                                               

(a) 

                                        

Original crack image        Cleaned crack image 

(b) 

Figure 5.4: Different appearances of the developed cracks: a) Short and discontinued crack,       

b) Long and continued crack. 

To determine the widths and lengths of the developed cracks above the stress riser, the 

image processing was applied to the images taken from all cracked slabs listed in Table 4.7. In 

total there were 45 slabs. Figure 5.5 shows the images of the developed cracks in five concrete 

specimens built with a water-cement ratio of 0.6. Figure 5.5(a) shows a concrete specimen that 

was not re-vibrated (only initial vibration was applied), (b) a concrete specimen that was fibered, 

(c) a specimen that was re-vibrated for 15 seconds, (d) a specimen that was re-vibrated for 30 

seconds, and (e) a concrete specimen that was re-vibrated for 45 seconds. Visually specimens 

Parallel cracks 
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that were re-vibrated show different reductions on crack width and length. The specimen that 

was re-vibrated for 15 seconds shows the most significant reduction.  The figure also show that 

the fibered concrete develop smaller plastic cracks than the non-fibered concrete. The following 

section analyzes the images in more detailed and discusses the variability in cracks widths for all 

tested slabs. 

 

Figure 5.5: Typical crack patterns for concrete specimens made with a water-cement ratio of 0.6: 

a) non-re-vibrated, b) fibered, c) re-vibrated 15 s, d) re-vibrated 30 s, and e) re-

vibrated 45 s. 

5.3.1 Analysis of Crack Width 

As already mentioned earlier, crack widths were measured at every pixel row. The 

measured width varies from row to row, thus making the width of the crack a random variable 

that depends on where along the crack it is measured. To understand the variability of the 

measured crack widths, the information of the three images (A, B and C) that define the crack 

was pooled together. Using this larger data set of crack widths the histograms and the 
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corresponding cumulative distribution functions were plotted. The same data set was used to 

compute the mean value, standard deviation, and coefficient of variation of the cracks widths in 

each slab specimen. Figure 5.6 shows the cleaned crack images for the specimens corresponding 

to non-re-vibrated concrete made with a water-cement ratio of 0.6.  The crack images show the 

existence of parallel cracks. When quantifying the crack widths in rows where parallel cracks 

exists, the widths of all the cracks were added and recorded as the width value for that row.  

For these cracks images, histograms of cracks widths and the corresponding cumulative 

plots were constructed, as shown in Figure 5.7. The histograms in Figure 5.7 show the high 

variability of the data and they also show that cracks widths data seem to be skewed to the right. 

Also, the cumulative distribution functions are very similar to each other; however, there is still 

variability from sample data to sample data as read in the table of statistical data.  To determine 

the probability distribution model that best fit the cracks widths data sets, several candidate 

distributions were fitted to the data. A model with skewed distribution pattern appeared 

reasonable. Even though several statistical distribution functions were used to fit the data sets, it 

was determined that the Weibull  distribution made it an appropriate function to best fit the crack 

widths data sets of high variability because it was flexible enough to model the variety of the 

data sets. The Weibull distribution model was also used by other researchers to be the best fit 

distribution when they assessed widths of plastic shrinkage cracking (Qi et al. 2003). Figure 5.7 

shows the typical histograms and cumulative distribution functions of the specimens 

corresponding to non-re-vibrated concrete made with water-cement ratio of 0.6 with Weibull 

distribution and computed statistical information. This figure shows the cracks widths (mm) in x-

axes, the frequencies of cracks in left y-axes and cumulative percentages in right y-axes. 

Appendix D shows typical histograms, cumulative distribution functions, Weibull 

distribution and statistical information of the cracks widths for the five slab conditions (non-re-

vibrated, fibered, 15 sec. re-vibrated, 30 sec. re-vibrated, and 45 sec. re-vibrated slabs) and for 

the three water-cement ratios (0.6, 0.55 and 0.5) being dealt with in this thesis . In general, the 

histograms show the high variability of the data and they also show that crack widths data seem 



90 

to be skewed to the right. The cumulative distribution plots of the crack widths measured in each 

of the sample slabs, given a set of conditions, are very similar to each other. The values of the 

means and standard deviations for each data sample were shown as well. The fit cumulative 

distribution curves can be observed to provide a reasonable representation of the actual data for 

all slab conditions and water-cement ratios.  

 

Figure 5.6: Cleaned crack images for the specimens corresponding to non-re-vibrated concrete 

slabs made with a water-cement ratio of 0.6. 
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Figure 5.7: Histograms, cumulative distribution, fitting function, and statistical data of cracks 

widths for non-re-vibrated concrete slabs made with a water-cement ratio of 0.6. 
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Table 5.4 summarizes the average values of the mean, the standard deviation, and 

coefficient of variation of the crack widths. Each of these values was computed by averaging the 

results of three specimens corresponding to set conditions.  From the table it is observed that, in 

general, the smaller the water-cement ratio the smaller the average crack width, which is in 

agreement with common knowledge.  It is also observed, by comparing the coefficients of 

variation, that the water-cement ratio does not influence the variability of the data, which is of, 

more or less, the same magnitude for all data samples. Results also show that for a given water-

cement ratio, there is a vibration time that provides average crack widths similar to the average 

crack widths measured in specimens made with fibered concretes. For example, the average 

crack width for the specimens made with a water-cement ratio of 0.6 and fibered concrete, the 

average crack width is 0.39 mm and the corresponding coefficient of variation is 0.38; while the 

average crack width of the specimens that were re-vibrated 15 second is 0.34 and the 

corresponding coefficient of variation is 0.47. In this case re-vibration provided a similar average 

crack width but it introduced more variability of the crack width along the path of the crack. 

Figure 5.8 graphically shows the variation of the average crack width as a function of the water-

cement ratios and the re-vibration time length.  

Table 5.4: The average crack widths measured from the image analysis procedure. 

Slabs Number of 

slabs 

Avg. Crack 

width (mm) 

Crack width standard 

deviation (mm) 

Coefficient of 

variation (%) 

Water-cement =0.60 

Non-re-vibrated 3 0.6 0.26 0.43 

Fibered 3 0.39 0.15 0.38 

Re-vibrated 15sec. 3 0.34 0.16 0.47 

Re-vibrated 30sec. 3 0.52 0.23 0.44 

Re-vibrated 45sec. 3 0.51 0.19 0.37 

Water-cement =0.55 

Non-re-vibrated 3 0.48 0.2 0.42 
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Fibered 3 0.29 0.12 0.41 

Re-vibrated 15sec. 3 0.39 0.17 0.44 

Re-vibrated 30sec. 3 0.38 0.16 0.42 

Re-vibrated 45sec. 3 0.24 0.11 0.46 

Water-cement =0.50 

Non-re-vibrated 3 0.26 0.11 0.42 

Fibered 3 0.11 0.05 0.45 

Re-vibrated 15sec. 3 0.19 0.08 0.42 

Re-vibrated 30sec. 3 0.16 0.07 0.44 

Re-vibrated 45sec. 3 0.09 0.04 0.44 

 

 

Figure 5.8: Average values of the cracks’ width for all slabs versus the water-cement ratios 

5.3.2 A Model to Predict the Time Length of Re-vibration 

As mentioned early in this chapter, the crack width has a significant influence on 

structure durability. Therefore, ACI has specified acceptable crack widths for several exposure 

conditions for durability design, as shown in Table 5.1. In this study, three water-cement ratios 

(0.5, 0.55 and 0.6), four re-vibration time lengths (0, 15, 30, and 45 seconds) and one re-

vibration time lag (1.5 hr.) were tested to figure out their impacts on the average crack width of 
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slab specimens. Since the maximum crack width and water-cement ratio should be specified by 

the structural designers, an empirical equation to compute the optimal time length of re-

vibration, as shown in Equation 5.1, was developed. This model is useful for water-cement ratios 

greater than or equal 0.45 (w/c ≥ 0.45), which meets the fact that for a water-cement ratio of 0.4, 

the application of second vibration after 1.5 hours from casting was not acceptable as has been 

shown in this study; also the plastic shrinkage cracking was not form when water-cement ratio of 

0.4 was used. Furthermore, the model is also useful for time lengths of re-vibration less than 60 

seconds, which meets the fact that when re-vibration time length of 60 seconds was applied on 

cylindrical specimens, the 7 days-compressive strengths of concrete were reduced when 

compared with non-re-vibrated specimens.  

 

                                    
    

  
                    

Where: t is re-vibration time length, Cw is crack width, and wc is water-cement ratio. 

Figure 5.9 shows the data set that represents the experimental data points of average 

cracks widths of slab specimens obtained in this study and equation 5.1. For example, if a 

structural designer wishes to specify the re-vibration time length for concrete after 1.5 hours 

from casting to assure that average crack widths are less than 0.5 mm when using a water-cement 

ratio of 0.6, he should specify a re-vibration time length of 7 seconds. 
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Figure 5.9: Relationship among average cracks widths, water-cement ratios and re-vibration time 

lengths of tested slab specimens and the best fit model, using 3-D plot.  

5.3.3 Total Crack Length  

The average values of the total cracks lengths for all tested concrete slabs are shown in 

Table 5.5 and plotted in Figure 5.10. The total cracks lengths were obviously shortened when the 

second vibration or fiber addition were applied to the concrete slabs for all the water-cement 

ratios. However the re-vibration time lengths that generated the shortest crack length for each 

water-cement ratio was different. For a water-cement ratio of 0.6, the shortest cracks were 

achieved when the mixed was re-vibrated for 15 seconds. When this mixed was re-vibrated for 

longer times it showed signs of over-vibration.  For water-cement ratios of 0.55 and 0.5, the 

shorter cracks appeared when the mixed were re-vibrated for 30 and 45 seconds respectively. 

When this mixes were re-vibrated for smaller times they showed signs of under-vibration.  
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Table 5.5: Average values of the total cracks lengths (mm) 

Water-cement 

ratio 

Non-re-

vibrated 

specimens 

15 second re-

vibrated 

specimens 

30 second re-

vibrated 

specimens 

45 second re-

vibrated 

specimens 

Fibered 

specimens 

0.5 232.5 184.7 153.4 104.7 138.4 

0.55 338.3 289.2 166.2 256.2 179.5 

0.6 428.1 181 312.1 336.6 192.5 

 

  

Figure 5.10: Average values of the total cracks lengths for all slabs versus water-cement ratios 

5.4 CRACK REDUCTION RATIO (CRR) 

To quantify the influences of adding fiber and application of the second vibration on the 

crack reduction, ASTM (ASTM 2013) recommends an index called crack reduction ratio (CRR). 

The calculation of CRR is done using the following equations for both crack dimensions 

(average crack length calculated using equation 5.2 and total crack length calculated using 

equation 5.3). 
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5.4.1 CRR of Average Crack Width 

CRR of the average crack widths for all the water-cement ratios are plotted in Figure 

5.11. Figure 5.11 (a) shows the CRR of the average crack widths when the water-cement ratio is 

0.6. In this figure, the best CRR is when the slabs were re-vibrated for 15 seconds. Figure 5.11 

(b) shows the CRR of the average crack widths when the water-cement ratio is 0.55. In this 

figure, the best CRR is obtained when the slabs were re-vibrated for 45 seconds. Figure 5.11 (c) 

shows the CRR of the average crack widths when the water-cement ratio is 0.5. In this figure, the 

best CRR is obtained when the slabs were re-vibrated for 45 seconds.  
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Figure 5.11: Crack reduction ratios (CRR) of the average crack widths for fibered and re-

vibrated specimens  
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5.4.2 CRR of Total Crack Length 

CRR of the total crack lengths for all the water-cement ratios are plotted in Figure 5.12. 

Figure 5.12 (a) shows the CRR of the total crack lengths when the water-cement ratio is 0.6. In 

this figure, the best CRR is obtained when the slabs were re-vibrated for 15 seconds. Figure 5.12 

(b) shows the CRR of the total crack lengths when the water-cement ratio is 0.55. In this figure, 

the best CRR occurred when the slabs were re-vibrated for 30 seconds. Figure 5.12 (c) shows the 

CRR of the total crack lengths when the water-cement ratio is 0.5. In this figure, the best CRR is 

obtained when the slabs were re-vibrated for 45 seconds. 
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Figure 5.12: Crack reduction ratios (CRR) of the total crack lengths for fibered and re-vibrated 

slabs 
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5.5 GROWTH OF CRACKS’ WIDTH AND LENGTH 

The developed cracks were monitored continuously for the first six hours from concrete 

cast until the end of plastic stage (24 ± 2 hours). The average cracks widths and the total cracks 

lengths with respect of the water-cement ratios are shown in Table 5.6. This table is divided into 

three tables (a, b and c) each one corresponding to a water-cement ratio. The first column in the 

table (measurement time) shows the times at which the measurement was made for each one of 

the three specimens that were tested for a given condition.  Measurement times were: 1, 2, 3, 4, 

5, 6, and 24 hours after concrete re-vibration. For specimens that were not re-vibrated, the 

measurement times correspond to the times after casting.  The columns 2, 8, 11 and 14 identified 

the test specimen. The first number refers to the length of re-vibration time that was applied on 

the specimen and the number in parenthesis refers to the specimen number (e.g. 15(3) means, 

specimen number 3 that was re-vibrated for 15 seconds).  The column 5 identified the test 

specimens that were fibered. The rest of the table shows the average cracks widths and the total 

cracks lengths for each measurement time and specimen number. 

  The growth of the average crack width for non-re-vibrated, fibered and re-vibrated slabs 

for each water-cement ratio (0.6, 0.55 and 0.5) is plotted in Figures 5.13, 5.14 and 5.15, 

respectively. In these plots, the horizontal axes, which represents the measurement times, are in 

logarithmic scale and the vertical axis that represent the average crack width is in normal scale. 

In all plots, it is observed that the average crack width grows very fast during the first six hours 

and then it became asymptotic in the time range from 6 to 24 hours. The plots for a given set of 

conditions show variability in the crack growth curves from specimen to another.   It is clear in 

these plots that the average crack widths were smaller in specimens which were made with 

fibered concrete and those who were re-vibrated. The growth of the average crack widths seems 

to follow an S-shape tendency in all cases.  

For the specimens made with a concrete with a water-cement ratio of 0.6, the cracks 

appeared before one hour after re-vibration or casting (in the case of non-re-vibrated and fibered 

mixes). Exemptions were specimen 3, made with the fibered concrete, which showed no cracks 
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after one hour and specimens 2 and 3 in the concrete that was re-vibrated for 15 seconds, which 

showed no cracks after 1 and 2 hours, respectively.  For the specimens made with concrete with 

a water-cement ratio of 0.55 and were not re-vibrated, cracks appeared before one hour. In the 

case of specimens made with fibered concrete, cracks appeared at different time that range from 

less than one hour to more than two hours. For concretes that were re-vibrated 15 seconds, the 

cracks in two specimens appeared after one hour and after two hours in the third specimen. For 

specimens that were re-vibrated 30 seconds, cracks in two of the specimens appeared after one 

hour. The third specimen showed cracks before one hour.  Two specimens made with concrete 

that was re-vibrated for 45 seconds showed crack initiation times greater than two hours. The 

third specimen showed cracks after three hours. All specimens made with a water-cement ratio 

of 0.5 showed cracks after two hours. In the case of specimens made with  concrete that was re-

vibrated 45 seconds, crack initiation times were greater than 4,5 and 6 hours. These specimens 

also show the smallest average crack widths after 24 hours.      

The growth of total crack length for non-re-vibrated, fibered and re-vibrated specimens 

with respect of each water-cement ratio (0.6, 0.55 and 0.5) is plotted in Figures 5.16, 5.17 and 

5.18, respectively. The growth of the total cracks lengths was similar to the average cracks 

width. The only exception was the measured crack lengths on the specimens made with a water-

cement ratio of 0.55. In this case the specimens that were re-vibrated for 30 seconds showed the 

shortest total crack lengths. Remember that for these specimens the smallest crack average crack 

widths were observed in specimens re-vibrated 45 seconds. 
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Table 5.6 a: Cracks widths and lengths for non-re-vibrated, fibered and re-vibrated slabs (when water-cement=0.60) 

Measurement 

Time (hr) 

slab

# 

width 

(mm) 

Length 

(mm) 

slab

# 

width 

(mm) 

Length 

(mm) 
slab# 

width 

(mm) 

Length 

(mm) 
slab# 

width 

(mm) 

Length 

(mm) 
slab# 

width 

(mm) 

Length 

(mm) 

1 0(1) 0.07 65.742 f(1) 0.088 37.889 15(1) 0.121 57.661 30(1) 0.122 79.253 45(1) 0.11 69.121 

2 0(1) 0.112 198.636 f(1) 0.121 85.621 15(1) 0.189 91.542 30(1) 0.166 106.189 45(1) 0.167 98.881 

3 0(1) 0.197 234.874 f(1) 0.189 117.387 15(1) 0.229 121.339 30(1) 0.204 184.218 45(1) 0.236 149.662 

4 0(1) 0.276 277.432 f(1) 0.259 153.223 15(1) 0.282 149.258 30(1) 0.291 229.114 45(1) 0.289 199.972 

5 0(1) 0.323 303.561 f(1) 0.301 188.021 15(1) 0.319 172.338 30(1) 0.352 266.667 45(1) 0.321 251.333 

6 0(1) 0.346 337.913 f(1) 0.376 202.116 15(1) 0.374 191.644 30(1) 0.449 293.448 45(1) 0.376 304.051 

24 0(1) 0.524 407.626 f(1) 0.406 224.125 15(1) 0.409 221.066 30(1) 0.512 316.126 45(1) 0.413 340.621 

1 0(2) 0.136 109.567 f(2) 0.078 33.564 15(2) 0 0 30(2) 0.134 88.552 45(2) 0.128 79.264 

2 0(2) 0.214 184.332 f(2) 0.109 69.984 15(2) 0 0 30(2) 0.198 125.285 45(2) 0.199 126.555 

3 0(2) 0.287 269.775 f(2) 0.159 98.778 15(2) 0.109 61.555 30(2) 0.267 168.747 45(2) 0.284 197.887 

4 0(2) 0.394 318.411 f(2) 0.213 122.465 15(2) 0.176 95.878 30(2) 0.361 192.336 45(2) 0.363 245.215 

5 0(2) 0.482 384.745 f(2) 0.282 136.158 15(2) 0.212 117.542 30(2) 0.402 206.879 45(2) 0.425 295.784 

6 0(2) 0.564 467.419 f(2) 0.324 153.227 15(2) 0.247 139.538 30(2) 0.489 266.563 45(2) 0.512 312.251 

24 0(2) 0.673 515.612 f(2) 0.375 166.842 15(2) 0.288 166.639 30(2) 0.547 294.125 45(2) 0.581 366.087 

1 0(3) 0.132 112.687 f(3) 0 0 15(3) 0 0 30(3) 0.113 72.258 45(3) 0.132 88.225 

2 0(3) 0.201 168.514 f(3) 0.084 35.258 15(3) 0.104 54.919 30(3) 0.178 116.539 45(3) 0.187 127.778 

3 0(3) 0.274 202.125 f(3) 0.115 79.145 15(3) 0.169 87.688 30(3) 0.265 188.336 45(3) 0.244 185.258 

4 0(3) 0.364 231.487 f(3) 0.164 112.543 15(3) 0.213 100.152 30(3) 0.312 226.747 45(3) 0.297 226.987 

5 0(3) 0.451 288.224 f(3) ..221 134.226 15(3) 0.267 117.845 30(3) 0.393 285.198 45(3) 0.391 269.254 

6 0(3) 0.551 314.268 f(3) 0.305 168.664 15(3) 0.292 137.883 30(3) 0.468 303.538 45(3) 0.488 287.146 

24 0(3) 0.604 361.211 f(3) 0.38 186.512 15(3) 0.319 155.244 30(3) 0.5 326.125 45(3) 0.542 302.961 
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Table 5.6 b: Cracks widths and lengths for non-re-vibrated, fibered and re-vibrated slabs (when water-cement =0.55) 

Measurement 

Time (hr) 

slab

# 

width 

(mm) 

Length 

(mm) 

slab

# 

width 

(mm) 

Length 

(mm) 
slab# 

width 

(mm) 

Length 

(mm) 
slab# 

width 

(mm) 

Length 

(mm) 
slab# 

width 

(mm) 

Length 

(mm) 

1 0(1) 0.104 102.354 f(1) 0.082 62.531 15(1) 0 0 30(1) 0.075 33.245 45(1) 0 0 

2 0(1) 0.178 131.562 f(1) 0.108 79.514 15(1) 0 0 30(1) 0.102 84.111 45(1) 0 0 

3 0(1) 0.237 188.415 f(1) 0.152 109.548 15(1) 0.128 88.051 30(1) 0.169 97.528 45(1) 0 0 

4 0(1) 0.298 245.954 f(1) 0.189 129.054 15(1) 0.196 106.095 30(1) 0.236 117.458 45(1) 0.101 89.255 

5 0(1) 0.387 289.547 f(1) 0.225 147.428 15(1) 0.259 183.756 30(1) 0.292 129.895 45(1) 0.156 176.558 

6 0(1) 0.478 311.017 f(1) 0.288 166.145 15(1) 0.301 237.457 30(1) 0.324 157.445 45(1) 0.187 216.487 

24 0(1) 0.551 342.127 f(1) 0.311 182.402 15(1) 0.336 292.188 30(1) 0.361 169.201 45(1) 0.205 257.223 

1 0(2) 0.072 54.832 f(2) 0 0 15(2) 0 0 30(2) 0 0 45(2) 0 0 

2 0(2) 0.103 111.412 f(2) 0.077 33.124 15(2) 0.101 43.258 30(2) 0.095 29.951 45(2) 0 0 

3 0(2) 0.172 178.846 f(2) 0.095 61.245 15(2) 0.179 91.369 30(2) 0.142 66.765 45(2) 0.099 61.885 

4 0(2) 0.212 202.354 f(2) 0.125 89.135 15(2) 0.223 144.098 30(2) 0.192 91.548 45(2) 0.143 105.566 

5 0(2) 0.277 248.846 f(2) 0.187 101.624 15(2) 0.299 189.258 30(2) 0.256 113.087 45(2) 0.195 173.442 

6 0(2) 0.355 299.789 f(2) 0.226 152.358 15(2) 0.368 235.087 30(2) 0.322 142.056 45(2) 0.219 212.633 

24 0(2) 0.442 356.414 f(2) 0.282 174.241 15(2) 0.415 280.016 30(2) 0.386 168.413 45(2) 0.266 266.215 

1 0(3) 0.105 77.648 f(3) 0 0 15(3) 0 0 30(3) 0 0 45(3) 0 0 

2 0(3) 0.182 103.258 f(3) 0 0 15(3) 0.11 45.321 30(3) 0.097 35.145 45(3) 0 0 

3 0(3) 0.254 176.843 f(3) 0.088 39.568 15(3) 0.187 84.654 30(3) 0.149 72.894 45(3) 0.088 52.093 

4 0(3) 0.321 207.548 f(3) 0.105 69.587 15(3) 0.213 122.015 30(3) 0.201 101.444 45(3) 0.112 99.658 

5 0(3) 0.378 236.412 f(3) 0.158 99.396 15(3) 0.295 191.095 30(3) 0.266 128.622 45(3) 0.164 162.545 

6 0(3) 0.399 292.146 f(3) 0.214 137.154 15(3) 0.387 244.355 30(3) 0.337 150.458 45(3) 0.203 202.354 

24 0(3) 0.46 316.259 f(3) 0.286 181.775 15(3) 0.425 295.413 30(3) 0.395 161.055 45(3) 0.256 245.115 
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Table 5.6 c: Cracks widths and lengths for non-re-vibrated, fibered and re-vibrated slabs (when water-cement =0.5) 

Measurement 

Time (hr) 

slab

# 

width 

(mm) 

Length 

(mm) 
slab# 

width 

(mm) 

Length 

(mm) 
slab# 

width 

(mm) 

Length 

(mm) 
slab# 

width 

(mm) 

Length 

(mm) 
slab# 

width 

(mm) 

Length 

(mm) 

1 0(1) 0 0 f(1) 0 0 15(1) 0 0 30(1) 0 0 45(1) 0 0 

2 0(1) 0 0 f(1) 0 0 15(1) 0 0 30(1) 0 0 45(1) 0 0 

3 0(1) 0.08 34.258 f(1) 0 0 15(1) 0 0 30(1) 0 0 45(1) 0 0 

4 0(1) 0.114 92.264 f(1) 0.077 46.253 15(1) 0.101 77.966 30(1) 0.086 57.254 45(1) 0 0 

5 0(1) 0.166 153.914 f(1) 0.093 89.748 15(1) 0.125 114.338 30(1) 0.106 94.113 45(1) 0.072 31.144 

6 0(1) 0.216 206.215 f(1) 0.106 112.333 15(1) 0.149 181.956 30(1) 0.14 129.012 45(1) 0.097 79.336 

24 0(1) 0.261 237.256 f(1) 0.122 133.113 15(1) 0.182 201.88 30(1) 0.146 155.426 45(1) 0.112 112.549 

1 0(2) 0 0 f(2) 0 0 15(2) 0 0 30(2) 0 0 45(2) 0 0 

2 0(2) 0 0 f(2) 0 0 15(2) 0 0 30(2) 0 0 45(2) 0 0 

3 0(2) 0.081 30.667 f(2) 0 0 15(2) 0 0 30(2) 0.077 31.998 45(2) 0 0 

4 0(2) 0.111 93.215 f(2) 0.073 56.987 15(2) 0.076 49.852 30(2) 0.099 79.751 45(2) 0 0 

5 0(2) 0.161 154.147 f(2) 0.089 109.123 15(2) 0.101 92.111 30(2) 0.129 101.548 45(2) 0 0 

6 0(2) 0.223 189.258 f(2) 0.1 127.846 15(2) 0.146 161.224 30(2) 0.169 137.125 45(2) 0.072 47.512 

24 0(2) 0.285 212.565 f(2) 0.119 154.258 15(2) 0.185 182.875 30(2) 0.191 159.423 45(2) 0.089 99.9 

1 0(3) 0 0 f(3) 0 0 15(3) 0 0 30(3) 0 0 45(3) 0 0 

2 0(3) 0 0 f(3) 0 0 15(3) 0 0 30(3) 0 0 45(3) 0 0 

3 0(3) 0.072 29.285 f(3) 0 0 15(3) 0.098 72.127 30(3) 0 0 45(3) 0 0 

4 0(3) 0.104 81.187 f(3) 0.072 35.258 15(3) 0.112 94.446 30(3) 0.075 33.122 45(3) 0 0 

5 0(3) 0.156 134.082 f(3) 0.091 77.121 15(3) 0.132 110.925 30(3) 0.099 81.419 45(3) 0 0 

6 0(3) 0.201 181.448 f(3) 0.096 101.122 15(3) 0.187 148.887 30(3) 0.126 121.217 45(3) 0 0 

24 0(3) 0.24 247.652 f(3) 0.101 127.856 15(3) 0.211 169.37 30(3) 0.155 145.337 45(3) 0.061 101.548 
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Figure 5.13: Average cracks widths vs. time for a water-cement ratio of 0.60 
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Figure 5.14: Average cracks widths vs. time for a water-cement ratio of 0.55 
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Figure 5.15: Average cracks widths vs. time for a water-cement ratio of 0.5 
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Figure 5.16: Total cracks length vs. time for a water-cement ratio of 0.60 

0

100

200

300

400

500

600

1 2 4 8 16

T
o

ta
l 

cr
ac

k
 l

en
g
th

 (
m

m
) 

Time (hr) 

Non-re-vibrated samples 

S1

S2

S3

0

100

200

300

400

500

600

1 2 4 8 16

T
o

ta
l 

cr
ac

k
 l

en
g
th

 (
m

m
) 

Time (hr) 

Fibered samples 

S1

S2

S3

0

100

200

300

400

500

600

1 2 4 8 16

T
o

ta
l 

cr
ac

k
 l

en
g
th

 (
m

m
) 

Time (hr) 

15 sec. re-vibrated samples 

S1

S2

S3

0

100

200

300

400

500

600

1 2 4 8 16

T
o

ta
l 

cr
ac

k
 l

en
g
th

 (
m

m
) 

Time (hr) 

30 sec. re-vibrated samples 

S1

S2

S3

0

100

200

300

400

500

600

1 2 4 8 16

T
o

ta
l 

cr
ac

k
 l

en
g
th

 (
m

m
) 

Time (hr) 

45 sec. re-vibrated samples 

S1

S2

S3



110 

    

   

Figure 5.17: Total cracks length vs. time for a water-cement ratio of 0.55 
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Figure 5.18: Total cracks length vs. time for a water-cement ratio of 0.5
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5.5.1 Correlation between the Total Crack Length and Average Crack Width 

Correlation between crack length and crack width was analyzed. The analysis shows how 

two variables are related. The total crack lengths and the average crack widths of all tested slabs 

at different time intervals (1 to 6, and 24 hours) are shown in table 5.6 (a, b and c). In these 

tables, it is clear that the average crack widths and the total crack lengths were reduced in all 

tested slabs when the fiber was added to the concrete mixes. In addition, when different times of 

re-vibration were applied, the average crack widths and the total crack lengths were reduced in 

all tested slabs.  

Figures 5.19 (a) to 5.19(c) show the total crack length and the average crack width for the 

cracks in the slabs made with each water-cement ratio. The plots in each figure also show the 

regression lines and the regression coefficient (R
2
) values. For analysis of the figures it can be 

concluded that there is almost a perfect correlation between crack length and crack width.   
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(a) 
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(c) 

Figure 5.19: Correlation between the total cracks lengths and the average crack widths: a) water-

cement ratio of 0.6, b) water-cement ratio of 0.55, and c) water-cement ratio of 0.5 
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1. Application of the second vibration on the tested concrete specimens made with different 

water-cement ratios reduced the average crack width and the total crack length because 

the second vibration encouraged the top layers of the concrete specimens to release the 

extra water that was entrapped between aggregate particles and relieve the tensile forces 

that happened due to rising of bleeding water and caused plastic shrinkage cracking to 

occur. 

2. Addition of FPF fiber to the used concrete mixes reduced the average crack width and the 

total crack length because the FPF fiber provided reinforcement in the top layers where 

tensile forces that cause the PSCs to occur were very low.   

3. Crack Reduction Ratio (CRR), which was used as an indicator of how concrete re-

vibration or adding FPF fiber reduces plastic shrinkage cracking, showed that average 

cracks widths and total cracks lengths were reduced when the second vibrations were 

applied on the tested concrete specimens or the fibers were added to the concrete mixes. 

4. The growth of average cracks widths and total cracks lengths was very fast for all tested 

concrete specimens during the first six hours and then it became asymptotic in the time 

range from 6 to 24 hours.  

5. The total cracks lengths and the average cracks widths were positively correlated.  

6. Weibull distribution function provides a reasonable representation of the actual data for 

all slab conditions (non-re-vibrated, fibered and re-vibrated slabs) and the water-cement 

ratios (0.6, 0.55 and 0.5) used in the experimental program.  
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Chapter 6: Summary and Conclusion 

The significance of early-age cracking control in concrete structures should be 

highlighted since the durability performance of concrete is frequently associated with cracking. 

The development of plastic shrinkage cracks may reduce the service life of structures and require 

the need for premature repair or replacement of structural components which can be costly. 

There are significant efforts that have been done to prevent or reduce early age cracking in 

concrete structures. However, research is still needed in field of early age cracking to predict 

performance of concrete structures. This thesis introduced an alternative method, called concrete 

re-vibration method, to reduce the development of plastic shrinkage cracking especially in arid 

regions worldwide. The concrete re-vibration method was considered because the existing 

methods are time consuming and significantly add to the costs of construction. For example, one 

of the available methods is to add a certain volume of fiber to a concrete mix to control plastic 

shrinkage cracking; volume of fiber needs to be investigated for every concrete mix before it is 

added. 

 The concrete re-vibration method also provides good concrete workability, reduces 

concrete cost due to the ability to use high water-cement ratios, and improves some concrete 

properties such as compressive strength. In addition, limited availability of fibers, which are 

traditionally used to control plastic shrinkage cracking, in some developing countries makes the 

re-vibration method more appealing. Since adding fibers to a concrete mix is a suggested 

solution to reduce plastic shrinkage cracking, fibrillated polypropylene fiber (FPF) was added to 

some of the concrete mixes to compare the influence of adding FPF fiber with the influence of 

applying the concrete re-vibration method on crack reduction.  An explanation about how the 

application of concrete re-vibration on concrete mixes reduces the plastic shrinkage cracking was 

provided. It was observed that by using the right re-vibration time lengths the cracks widths and 

lengths are reduced in a manner comparable to the addition of FPF fiber. 
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 An image analysis approach that characterizes plastic shrinkage cracking patterns was 

used to measure the crack widths and lengths. Furthermore, the image analysis approach was 

utilized to understand the variability of the measured crack widths. Histograms and their 

corresponding cumulative distribution functions for the crack widths data sets were constructed. 

A Weibull distribution, which is a model with skewed distribution pattern, was selected to be an 

appropriate function to best fit the crack widths data sets of high variability because it was 

flexible enough to model the variety of the data sets. Crack reduction ratios (CRR) of average 

cracks widths and total cracks lengths were calculated and used as indicators to compare the 

effectiveness of applying a second vibration on some of the tested concrete specimens or adding 

FPF fiber to some of the tested concrete specimens on crack reduction. The growth of the 

developed cracks was monitored for the first six hours after casting and until the end of the 

plastic stage (24 ± 2hours). It was found that the growth of average cracks widths and total 

cracks lengths was faster in the first six hours than the time range from 6 to 24 hours. To 

understand how crack width and length related, the thesis showed graphically the correlation 

between the average cracks widths and the total cracks lengths.  It showed that average cracks 

widths and total cracks lengths were positively correlated.  

The main conclusions from the research work indicate the following:  

1. The concrete mixtures made with the different water-cement ratios (0.6, 0.55 and 0.5) 

showed that the compressive strengths of concrete were increased up to 25 % when the 

application of a second vibration was applied. However, adding fibers to the same 

concrete mixtures showed no influence on the compressive strengths of concrete.  

2. The application of the second vibration on the tested concrete specimens reduced the 

average cracks widths as following: 43% for the specimens made with concrete with 

water-cement ratio of 0.6 and exposed to 15 seconds re-vibration time, 50% for the 

specimens made with concrete with water-cement ratio of 0.55 and exposed to 45 

seconds re-vibration time, and 65% for the specimens made with concrete with water-
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cement ratio of 0.5 and exposed to 45 seconds re-vibration time. Thus optimal re-

vibration time was found to be a function of the water-cement ratio. 

3. Addition of FPF fiber to the tested concrete mixes reduced the average cracks widths as 

following: 35% for the specimens made with concrete with water-cement ratio of 0.6, 

40% for the specimens made with concrete with water-cement ratio of 0.55, and 57% for 

the specimens made with concrete with water-cement ratio of 0.5. Thus the proposed re-

vibration method seems to be more efficient than adding fibers to concrete mix. 

4. The application of the second vibration on the tested concrete specimens reduced the total 

cracks lengths as following: 58% for the specimens made with concrete with water-

cement ratio of 0.6 and exposed to 15 seconds re-vibration time, 51% for the specimens 

made with concrete with water-cement ratio of 0.55 and exposed to 30 seconds re-

vibration time, and 55% for the specimens made with concrete with water-cement ratio of 

0.5 and exposed to 45 seconds re-vibration time. 

5. Addition of FPF fiber to the tested concrete mixes reduced the total cracks lengths as 

following: 55% for the specimens made with concrete with water-cement ratio of 0.6, 

47% for the specimens made with concrete with water-cement ratio of 0.55, and 40% for 

the specimens made with concrete with water-cement ratio of 0.5. 

6. The re-vibration time lengths that give the maximum crack reduction were: 15 seconds 

for the concrete specimens made with water-cement ratio of 0.6 and 45 seconds for the 

concrete specimens made with water-cement ratios of 0.55 and 0.5. 

7.  Although the CRRs of the average cracks widths and the total cracks lengths were very 

close when concrete mixes were re-vibrated and fibered, the re-vibrated concrete mixers 

showed better compressive strengths of concrete than the fibered concrete mixes, as it 

stated in chapter 4. Therefore, the proposed method can be considered as better 

alternative than the addition of fiber to concrete mixtures in order to control plastic 

shrinkage cracking, especially in arid regions worldwide. 
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6.1 SUGGESTIONS FOR FUTURE WORK 

While satisfactory work has been made herein towards the quantitative assessment of plastic 

shrinkage cracking for fibered and re-vibrated concrete specimens, the author recommends 

further investigations to be considered in future. First, using a different vibration method, such as 

vibration table, should be considered to guaranty the uniformity of vibration distribution on the 

concrete specimens which is hard to be achieved by the method used in this study (needle 

vibrator). Second, a different re-vibration time lag, such as 2 or 3 hours after concrete casting, 

should be considered to assess the impact of this time on the development of plastic shrinkage 

cracking. Third, as it is well known, the tensile strength of concrete is much lower than the 

compressive strength; therefore, most concrete studies consider testing only the compressive 

strength of concrete. However, an early tensile strength is an important factor in the field of early 

aging cracking, as explained in chapter 2; therefore, the influence of adding fiber to concrete 

mixes or applying a second vibration on concrete mixes should be investigated for the tensile 

strength. Fourth, using a scanning electron microscope (SEM) imaging should be considered to 

figure out the influence of the second vibration on the microstructure of the developed cracks.   
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Appendix B 

 

 



136 

 

 

 



137 

 

 

 

 



138 

Appendix C 

Matlab Code Used in the Image Analysis 

close all 
clear variables 

 
%%%%%% Reading and showing the images %%%%%% 
I=imread('0(1-A).JPG');  
figure(1) 

imshow(I); 

 
%%%%%% Return to double precision value of (I) and showing the images %%%%%% 
I=255-I; 
I = double(I);  
I = I(:,:,1);   

figure (2),  

image(I); 

xlabel('Number of Columns'); ylabel('Number of Rows'); 

colorbar 

 

%%%%%% Identify number of rows and columns in the images %%%%%% 

[r,c]=size(I); 
I(I>0) = 255; 

 
%%%% Create array of all zeros and identify number of cracks in each row %%%% 
nc=zeros(r,1); 
ncp=zeros(r,c); 
ncpi=zeros(r,5);  

 

%%% Find the beginning, ending and center of the crack on row (i), define the 

matrix that identifies the center of the crack, define the matrix where each 

column stores the center of the crack, and show the image of crack center %%%  
for i=1:r 
  beginning = find(diff(I(i,:))== 255);   

  ending   = find(diff(I(i,:))==-255);   
  l = round((ending + beginning)/2);      
  ncp(i,l) = 255;   

  ncpi(i,1:numel(l)) = l;            
end 
figure (3) 

image(ncp); 

  
%%%%%%%%%%%%%% Find Length & width of a crack %%%%%%%%%%%%% 
length   = 0; 
count = 0; 
width = 0; 
widthpr = [];% width per raw 
w=0; 
 for m=2:r  
  for n=1:size(ncpi,2)  
  if ncpi(m-1,n)~=0 && ncpi(m,n)~=0  %If both rows (m-1) and (m) have a 

crack. 
  if abs(ncpi(m-1,n)-ncpi(m,n))<=4   %If both rows (m-1) and (m) belong to 

the same crack.  If separation is more than 4 pixels then they are separate 

cracks 
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         length   = length + ((ncpi(m-1,n)-ncpi(m,n))^2+1)^0.5;   
         beginning = find(diff(I(m,:))== 255); 
         ending   = find(diff(I(m,:))==-255); 
         width = width + (ending(n) - beginning(n)); 
         count = count+1; 
         widthpr(count) = (ending(n) - beginning(n));  

          
      end 
      end 
      end 
    end 

  
width = width/length;      % average crack width 
length;                    % total crack length        
widthpr=widthpr*count/length; 
%%%% Show cumulative distribution functions or histograms of the cracks %%%%  

figure(4) 

cdfplot(widthpr) 

xlabel('Width per Row'); ylabel('CDF %'); 

  

hist(widthpr) 

xlabel('Width per Row'); ylabel('frequency'); 

 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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Appendix D 

 

 

 
Figure D1-a: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for non-re-vibrated slabs made with w/c of 0.6 
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Figure D1-b: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for fibered slabs made with w/c of 0.6 
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Figure D1-c: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for 15 sec. re-vibrated slabs made with w/c of 0.6 
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Figure D1-d: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for 30 sec. re-vibrated slabs made with w/c of 0.6 
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Figure D1-e: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for 45 sec. re-vibrated slabs made with w/c of 0.6 
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Figure D2-a: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for non-re-vibrated slabs made with w/c of 0.55 
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Figure D2-b: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for fibered slabs made with w/c of 0.55 
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Figure D2-c: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for 15 sec. re-vibrated slabs made with w/c of 0.55 
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Figure D2-d: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for 30 sec. re-vibrated slabs made with w/c of 0.55 
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Figure D2-e: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for 45 sec. re-vibrated slabs made with w/c of 0.55 
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Figure D3-a: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for non-re-vibrated slabs made with w/c of 0.5 

 



151 

 

 

 
Figure D3-b: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for fibered slabs made with w/c of 0.5 
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Figure D3-c: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for 15 sec. re-vibrated slabs made with w/c of 0.5 
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Figure D3-d: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for 30 sec. re-vibrated slabs made with w/c of 0.5 
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Figure D3-e: Histograms, cumulative distribution curves and corresponding Weibull distribution 

fitting of cracks widths for 45 sec. re-vibrated slabs made with w/c of 0.5 
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