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Abstract

:

Cracking is a common problem in concrete structures in real-life service conditions. In fact, crack-free concrete structures are very rare to find in real world. Concrete can undergo early-age cracking depending on the mix composition, exposure environment, hydration rate, and curing conditions. Understanding the causes and consequences of cracking thoroughly is essential for selecting proper measures to resolve the early-age cracking problem in concrete. This paper will help to identify the major causes and consequences of the early-age cracking in concrete. Also, this paper will be useful to adopt effective remedial measures for reducing or eliminating the early-age cracking problem in concrete. Different types of early-age crack, the factors affecting the initiation and growth of early-age cracks, the causes of early-age cracking, and the modeling of early-age cracking are discussed in this paper. A number of examples for various early-age cracking problems of concrete found in different structural elements are also shown. Above all, some recommendations are given for minimizing the early-age cracking in concrete. It is hoped that the information conveyed in this paper will be beneficial to improve the service life of concrete structures. Concrete researchers and practitioners may benefit from the contents of this paper.
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1. Introduction


Early-age cracks are defined as cracks that generally develop within the first seven days after the placement of concrete; however, 60 days can be considered the maximum limit for early-age cracking, accounting for the initiation of cracks at the bottom of the concrete slab that may take more than one week to be visible [1].



The early-age characteristics of concrete have been a point of research interest for a long time, and researchers have focused on studying different aspects of the early-age characteristics. Bentz [2] reviewed the work on the influence of moisture, temperature, and physical/microstructural characteristics on the early-age cracking of concrete. The other examples of research study include cement hydration and microstructure development by Stark [3], and the characteristics of fresh concrete, such as flocculation, rheology, structural buildup, and formwork pressure, which were reviewed by Kim et al. [4]. Kovler and Roussel [5] focused on the properties of both fresh and hardened concretes, while Nehdi and Soliman [6] studied the mechanisms that affect the properties of concrete and its performance at the early age. On the other hand, Reinhardt [7] investigated the assessment methods to quantify the stiffening and hardening behavior of mortar and concrete. Mihashi and Leite [8] reviewed the mechanisms that cause complex cracking phenomena; they also focused on the methods to control the early-age cracking in concrete.



This paper provides a unique perspective on early-age concrete by focusing on the types of early-age crack, the causes of early-age cracking, the factors influencing the initiation and growth of early-age cracks, the consequences of early-age cracking, and the modeling and remedial measures for early-age cracking. Most importantly, the authors have made some key recommendations that could be very effective in reducing or eliminating the early-age cracking in concrete. This paper could act as a guideline for construction stakeholders for handling the early-age cracking problem in concrete. On the other hand, it provides a comprehensive discussion on the latest findings and identifies some research gaps in the area of the early-age cracking in concrete. However, this paper does not include any discussion on the occurrence and causes of the early-age cracking in cement paste. In practice, concrete is widely used to construct numerous structures. Therefore, it is highly practical to study the early-age cracking phenomenon of concrete.




2. Different Types of Early-Age Crack


Researchers have provided different perspectives on classifying the types of early-age crack in hardened concrete. One approach is grouping according to crack recovering ability. Emborg and Bernander [9] distinguished the cracking in hardened concrete to very early-age temporary or transient cracks and permanent through cracks. The transient cracks tend to close at the end of the cooling period due to compression, while the permanent through cracks do not (generally) tend to close with time. Klemczak and Knoppik-Wróbel [10] grouped the types of crack according to the type of structure, such as massive foundation slabs and medium thick structures, because concrete performs differently accordingly to its element size and structural use.



Many researchers [2,6,8,10,11,12,13] grouped the cracks of concrete according to the causes of cracking, such as drying shrinkage cracks and settlement cracks, while some other researchers [14,15] have grouped the concrete cracks according to the characteristics of cracking, such as random, map, transverse, longitudinal, corner, and re-entrant cracks. Figure 1, Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6 show some of these cracks, which initiated within 3 to 56 days after placing of concrete. However, the grouping of cracks according to the crack characteristics was not only limited to early-age hardened concrete, but also included hardened concrete at later ages, which is beyond the scope of the present study.




3. Causes of Early-Age Cracking


Early-age cracking occurs in concrete structures because of temperature differences and stress development during hardening of concrete. At the early-age of concrete elements or structures, when the tensile strain created from restrained thermal contraction or temperature differential surpasses the tensile strain capacity of concrete, cracking is the outcome (refer to Figure 6); the tensile strain may also be aroused from early contraction caused by autogenous shrinkage [16]. High-strength concrete is more prone to early-age cracking due to autogenous shrinkage [17]. Drying shrinkage hardly plays a role to cause the early-age cracking in concrete. Klemczak and Knoppik-Wróbel [10] divided drying shrinkage into two types: external drying shrinkage and internal drying shrinkage, and this was supported by Mihashi and Leite [8]. Holt and Leivo [12] divided shrinkage into three types, i.e., drying, thermal, and autogenous shrinkages.



Concrete for repair purpose requires high early strength; therefore, accelerators are commonly used in the mixture to increase hydration rate. However, the increased hydration rate also causes high heat of hydration which can potentially increase autogenous deformation and subsequent cracking in concrete [18]. Hence, the proper choice of accelerator is very important regarding the use of high-early-strength concrete in repair or overlay work. Meagher et al. [19] studied the effect of nitrate- and chloride-based accelerators on the cracking risk in concrete at the early-age. They reported similar cracking tendencies for both accelerator types at different concentrations. However, the concrete with the chloride-based accelerator experienced higher shrinkage compared to that with the nitrate-based accelerator.



Thermal strains driven by high temperature gradients occur between the interior and surface of structural elements since concrete has poor thermal conductivity [8,10]. The partial and fully restrained movement from the cooling or other temperature change induces tensile stress in concrete [20,21]; because early-age concrete is generally not strong enough to resist this stress, it cracks. Holt and Leivo [12] named this phenomenon as the thermal dilation effect.



Some researchers [6] have different viewpoints on drying shrinkage cracking and defined drying shrinkage as a reduction in concrete volume due to moisture loss at constant temperature and relative humidity. The loss of water through evaporation results in plastic shrinkage and subsequent internal stresses [13,22], leading to early-age map cracks on the concrete surface, as shown in Figure 5. Branch et al. [23] deduced that the presence of microsilica and the rapid drying of the concrete surface are the main reasons for plastic shrinkage in concrete elements.



Holt [24] pointed out that the chemical shrinkage and autogenous shrinkage of concrete may contribute to its ultimate cracking risk. Chemical shrinkage is induced when the volume of hydration products becomes smaller than the original volume of reacting constituents: cement and water. It is defined as the internal volume reduction in the hydrated cement paste of concrete. In contrast, autogenous shrinkage is considered as the external volume reduction of hydrated cement paste. It happens when the hydration process consumes water and causes internal drying, resulting in a decrease in the material volume [8,10]. At the early stage, when the concrete is still soft, autogenous shrinkage is only attributed to the chemical changes driven by cement hydration, but at a later stage (after approximately 5 h), it is mostly due to self-desiccation, which is intensified by certain mix ingredients (silica fume and superplasticizer) and low water–cement ratio [24]. Therefore, there is a higher risk of autogenous shrinkage in high-strength and high-performance concretes.



Higher coarse aggregate content, the use of very fine and high-angularity sand, poor aggregate gradation, incompatible mineral and chemical admixtures, inadequate curing, delayed finishing, high rate of evaporation from concrete surface, and sudden temperature drop are the major causes of plastic shrinkage cracking. Plastic settlement is one of the common causes of early-age cracks in hardened concrete. The vertical settlement of solid particles and the associated vertical restraint result in differential settlements. Moreover, during the casting of concrete, bleed water moves to the surface, while solid particles settle downwards because of gravity. If the concrete is locally restrained from settling, the settlement of solid particles induces stress. When this stress exceeds the strength of fresh concrete, cracking will happen at the source of restraint [25].



Increased coarse aggregate fraction, the presence of very fine sand, poor aggregate gradation, incompatible chemical admixtures, deficient curing, excessively hot conditions, inappropriate control joints, too large joint spacing, and abrupt temperature changes are the main reasons of random cracking in concrete elements [1].



Early loading, the use of dry concrete mixture, poor aggregate gradation, the incorporation of very fine and highly angular sand, inappropriate materials combination, ineffective curing, improper design dimensions, defective joint design, differential support conditions, an excessively hot ambient environment, and rapid temperature decrease are the major reasons of longitudinal cracking in concrete elements. External loading factors such as vibration, traffic, and wind on hardening concrete should not be ignored. The external loading provides extra stress on concrete. However, the tensile strength of early-age concrete is relatively low although it increases with age [26]. In other words, the tensile strength of concrete is very low at the initial stage, especially during the first 3 h, but becomes several times larger in the next few hours [27]. When the tensile stress due to external loading exceeds the ultimate tensile strength of concrete, cracking occurs in concrete.



Higher content of coarse aggregate, unsuitable aggregate gradation, the use of very fine and highly angular sand, the incorporation of incompatible concrete constituents, inadequate curing, inappropriate element dimensions, deficient control joints, misplacement of dowels and/or tie bars, poor stability, extremely hot surrounding environment, and rapid temperature drop are the key causes of transverse cracking in concrete elements [1].



Equipment or traffic loading at the early-age, inadequate curing because of late or poor coverage, excessive curling and warping stresses caused by very long dimensions, poor stability causing excessive deflection under load, and very close dowel and/or tie bars preventing joint corner relaxation are the major reasons for corner cracking in concrete elements [1].



Skewed joints, late sawing, sawing along wind direction, and high wind are some of the reasons for pop-off cracks in concrete elements such as pavement slabs [1]. Mismatched joints in adjacent lanes, joints matching in location but of different types, and cracking from transverse joints in previously paved adjacent lanes can cause sympathy cracks in concrete pavement [1].



High workability, slow setting time, low viscosity, shallow placement of distribution reinforcement as well as dowel or tie bars, and large aggregate size are the major reasons for settlement cracks in concrete pavement [1].



The increased stress due to odd shape and cracking from interior corners can cause re-entrant cracks in concrete elements [1]. They typically originate from beam pockets, window corners, or other openings.



Issa [14] attempted to identify the causes of the early-age cracking in concrete bridge deck through literature review and questionnaire survey throughout the United States. It was deduced that the high evaporation rate and subsequent high magnitude of shrinkage are the most common causes of cracking in concrete bridge deck. The other causes of early-age cracking identified were the use of high-slump concrete, excessive heat of hydration, inefficient curing procedures, improper sequence of concrete pouring, inadequate concrete cover, insufficient compaction, inadequate detailing of joints between new and old decks, etc. [14]. Krauss and Rogalla [28] also identified the deck restraint, improper curing, high early-age modulus of elasticity, creep, shrinkage, and thermal strains as the causes of cracking in concrete bridge decks.



Concrete creep is one of the major causes of the early-age cracking in concrete elements. It is defined as the result of numerous interatomic bond breaks happening at different time periods at different overstressed sites of concrete [29]. Bažant et al. [30] divided the creep into three types: basic creep, drying creep, and transitional thermal creep. Basic creep is strongly dependent on the age at loading and water content [29]. Bažant et al. [30] divided the age at loading into short-term chemical aging and long-term nonchemical aging. The effect of hydration process on the capillary pore structure in the cement paste reduces the creep compliance of concrete [29]. This is referred to as short-term chemical aging. In long-term nonchemical aging, the cement hydration in concrete is practically stopped and the basic creep decreases while the age at loading increases [29].



Drying creep, also referred to as Pickett effect [31,32], occurs when concrete elements undergo deformation during drying as well is after drying. There are two major mechanisms for this form of creep—firstly, a macroscopic mechanism due to microcracking or strain-softening damage and secondly, a nanoscale mechanism due to stress-induced shrinkage [32]. According to the macroscopic mechanism, the nonuniform moisture distribution between the external and internal layers of concrete causes shrinkage to occur in these layers at different time periods due to the loss of water from capillary pores. Consequently, a tensile stress is induced that leads to local microcracking or tensile strain-softening damage in the surface layer, resulting in nonlinear inelastic deformation (unrecoverable creep) of concrete. The second mechanism is stress-induced shrinkage due to moisture loss and temperature rise [32]. Upon drying, a thermodynamic imbalance among the chemical potentials of various phases of pore water develops due to reduced pore vapor pressure and temperature rise [30], resulting in tensile stresses, which are balanced by compressive stresses (micro-prestress) in the surrounding concrete and consequently concrete shrinks. This phenomenon particularly occurs in the nanostructure of concrete comprising calcium silicate hydrates, very small capillary pores, and gel pores. The breakages of bonds in the calcium silicate hydrates may happen by an increase in the magnitude of micro-prestress.



Transitional thermal creep is defined as the transient increase of creep due to changing temperature [30]. The first mechanism is an apparent macroscopic mechanism, which is, like drying creep, owing to thermally induced microcracking. Another mechanism is the nanoscale mechanism, in which the changing temperature alters the level of micro-prestress by changing the chemical potential of nanopore water [30].




4. Factors Affecting Early-Age Cracking


The temperature change, thermal expansion coefficient, tensile strength, and the restraint to movement within the concrete are some of the factors that affect the early-age cracking in concrete [16]. The temperature change depends on the heat evolution in concrete, which is influenced by the amount and type of cement, the thickness of concrete element, and the ambient conditions or the type of formwork where the concrete is placed [10].



Emborg and Bernander [9] discovered that the temperature criteria only influenced hardened concrete in specific situations and the other parameters that should be considered include the type of cracking, transient mechanical properties, and axial and rotational restraints. De Schutter and Taerwe [33] studied the thermal heat and thermal diffusivity of hardening concrete and found that thermal diffusivity decreases linearly with the increase in the degree of hydration.



The factors that affect the early-age cracking in concrete are categorized into five groups, namely design process, materials and mix proportions, construction procedures, environmental conditions, and external loading conditions, as presented in Figure 7. Each group includes 2–7 different factors.



4.1. Design Process


Restraints in concrete should be considered during the design process. The restraints due to thermal and autogenous deformation induce stresses in concrete. Cracking is induced when the tensile stress/strength ratio exceeds 60% [34]. The restrained movement depends on the design of the structure and the source of restrained movement, such as concrete cover [35], reinforcement [36,37], nonuniform concrete depth [37], and the others. The structural design detail which should be considered for the restrained movement includes the dimensions and geometry of the structure [9], location [9,34], and general structural configuration [9].



The volume/size of concrete elements is one of the main factors for thermal dilation cracking. The massivity of the structure is defined as the ratio between the volume and the exposure surface [38], while the structure is considered as massive when the structural dimensions of heat diffusion exceed the hydration heat diffusion length [39]. In massive concrete structures, the variation in the degree of hydration happens at different locations due to the low temperature coefficient of concrete [8,10]. Due to the differential temperature of concrete, cracking occurs in concrete because of thermal dilation. Besides, it was found that the influence of the concrete cover on the tendency of cracking is more significant than the size of reinforcement and slump. Decreasing the depth of concrete cover could increase the tendency of cracking [40,41].




4.2. Materials and Mix Parameters


The mixing of cement and water liberates hydration heat that causes thermal stress. Thermal stress, as a result of temperature variations, may exceed the early-age strength of concrete and lead to cracking. It is therefore necessary to study the relationship between strength development, modulus of elasticity, and the coefficients of thermal expansion and contraction to predict cracking [36]. Some researchers deduced that the cement type and content can play an important role in improving the performance of concrete, because the generation of hydration heat substantially depends on the type of cement and cement content [9,12,42,43,44]. Different types of cement exhibit unique fineness characteristics and efficiency in terms of dispersion [12]. The lowest cement content produces the lowest drying shrinkage [36]. The particle size of cement also influences its reactivity with water. The hydration process is faster with finer cement particles, resulting in the earlier setting of concrete [25,45]. Ramézani et al. [46] reported that CEM I and CEM III slag cements (CEM: calcium-enriched mixture) are more susceptible to autogenous shrinkage cracking in mortar, which was also confirmed by the denser network of microcracking observed through scanning electron microscope (SEM) analysis. However, Lura et al. [44] pointed out that higher hydration heat does not necessarily lead to deformation and cracking, but increases the risk of cracking in concrete. Meanwhile, Kockal and Turker [47] found that using different cement types in higher strength classes with almost equal water-to-cement ratio causes no significant difference in the cracking tendency. The water content of concrete also plays an important role in concrete cracking. The compressive strength increases and the drying shrinkage strain decreases for a concrete with lower water-to-cement ratio [48,49]. However, a common problem in concrete with low water-to-cement ratio is autogenous shrinkage, which happens due to self-desiccation when the water-to-cement ratio is lower than 0.42 [50]. Conversely, when the water-to-cement ratio is increased, the concrete becomes more prone to bleeding [24]. There are larger amounts of fine particles in low-bleed concrete mixtures compared to high-bleed concrete. High-bleed concrete may produce greater differential settlement because it causes lower paste mobility and capillary pressure build-up. The potential of plastic settlement cracking increases because of the capillary pressure build-up, which increases the amount of vertical settlement [37].



Additional materials, such as mineral admixtures, water reducing admixture, shrinkage compensating cement, shrinkage reducing admixture, and self-compacting admixture have been used to improve concrete performance. The early-age cracking of concrete can be decreased by increasing the maximum allowable internal temperature difference before cracking and minimizing the thermal dilation effect of concrete, especially in mass concrete structure. Lawrence et al. [51] found that the concrete produced with blending 50% Portland cement, 30% slag, and 20% fly ash performed better than the concrete containing 100% Portland cement, or the concrete with 35% Portland cement substitution with fly ash, or the concrete with 50% Portland cement substitution with ground granulated blast-furnace slag. Also, shrinkage reducing admixtures and self-compacting admixtures could reduce the drying shrinkage of concrete with the provision of adequate moist or wet curing [52] and decrease the surface tension of water [12]. They also produce lower heat of hydration, which reduces the thermal shrinkage of concrete [36]. However, it is not only the amount of hydration heat that may cause early-age cracking due to thermal gradient, particularly in massive structures. The diffusion of heat of hydration could also play a vital role. High-performance concrete has higher risk than the other concretes, because of the smaller hydration heat diffusion length [39]. A smaller hydration heat diffusion length increases the possibility of early-age cracking.



Materials selection and mix proportions or parameters, including water-to-cement ratio and the use of silica fume influence the shrinkage behavior of concrete by affecting the fineness of the pore structure in concrete. In the case of finer pores, a large compressive stress acts on the pore walls, consequently causing a greater autogenous shrinkage at both early and later ages [12]. Also, the size of aggregate influences the mechanical properties of hardened concrete; such as Young’s modulus of elasticity and fracture energy that are related to the cracking behavior. A larger coarse aggregate size decreases the tensile strength and Young’s modulus of hardened concrete, because larger aggregates increase the size of the transition zone, which is the weak interface between aggregate and cement paste [53]. Moreover, an increase in the coarse aggregate size decreases the cohesiveness, thus increasing the slump of concrete [53]. A high slump of concrete not only increases the possibility of cracking but may decrease the bond strength between concrete and reinforcement [14] due to more free water. The aggregates tend to reduce the autogenous shrinkage and creep due to diluting effects [54]. However, their contribution in reducing autogenous shrinkage is limited [53].



Reinforcement is able to reduce free deformation, but the effect is limited since the thermal coefficients of reinforcement and concrete are similar [12,53,55]. On the other hand, steel reinforcement is believed to cause undesirable surface cracks due to its restraining effects as mentioned in Section 4.1. However, the steel reinforcement has the ability to increase the tensile strain capacity of concrete and the minor cracks led by reinforcement can be delayed until the moment at which major cracks are formed [55]. The bar size also influences the cracking in concrete, where a larger bar size increases the tendency of cracking [40,41].



Cortas et al. [56] studied the shrinkage-induced early-age cracking risk of concrete due to the degree of water saturation of aggregates. They studied three different degrees of saturation (0%, 50%, and 100%). They reported that the concrete with fully saturated aggregates is susceptible for the highest potential of cracking risk. This is because of the rapid evolution of modulus of elasticity from initial setting time. The concrete with partially saturated aggregates showed the highest early-age plastic and autogenous shrinkages. They also reported that the amount of added water during concrete mixing greatly affects the early-age cracking behavior of concrete. The exposure conditions, pore moisture suction, and the depth of crack are the major causes of crack propagation in concrete at the early-age [57]. Proper compaction and effective curing can minimize the severity of cracking in concrete at the early-age.



The increased amount of cementitious materials increases the risk of the early-age cracking in concrete. Therefore, high-performance concrete suffers high levels of autogenous shrinkage, tensile creep, and cracking during the early age due to the high volume of cementitious materials [11].




4.3. Construction Procedures


Formwork is one of the important components which influence the cracking behavior of early-age concrete. The choice of the formwork can alter the risk of early-age cracking by changing the heat exchange length and structure’s surface to volume ratio [39]. The risk of the early-age cracking of concrete elements can increase due to increasing heat exchange length when the structural surface to volume ratio decreases. Also, the formwork material properties (especially conductivity) and the length of removal time play important roles in the cracking of concrete. Although the increased conductivity of formwork materials reduces the cracking risk at the casting stage, it increases the cracking risk later after demolding [42]. Therefore, the formwork material should be chosen carefully with special attention given to its conductivity. The removal time of formwork also needs to be optimized to control the early-age cracking in concrete.



The sequence of concrete placement should be planned properly to avoid the thermal dilation effect in concrete elements. The difference in temperature due to concrete placing sequence, formwork, insulation, cooling, neighboring structures, and other factors has a paramount effect on the temperature drop during the cooling phase. Hence, there exists the potential for contraction of the maturing concrete [9].



The consistency of hardening concrete may influence the risk of damage due to internal or external vibration. Several studies have highlighted that re-vibration could improve the compressive strength [58,59], but it has also been reported that vibration during the critical concrete age may cause external stress exceeding the strength of concrete [60]. Therefore, Akins and Dixon [61] recommended the appropriate vibration speed according to the maturity condition for traditional concrete. The other type of concrete, such as high-strength concrete, should be studied accordingly to determine the effect of vibration. In addition, the effect of blasting work close to the construction site should not be ignored. Ansell and Silfwerbrand [62] concluded that the vibration from blasting should be avoided for fresh concrete, but the vibration limit can be increased with the increase in hardening age. The researchers [35,36] also pointed out that the different construction factors, such as casting sequence, supporting structure, construction equipment, the weight of the concrete deck section poured, and the weight of the construction team, formwork, and mobile construction equipment have an effect on the concrete structure. However, the vibration from the surroundings during construction, such as pile driving [63] and working coal mill [64], does not affect the compressive strength of concrete, but Ansell and Silfwerbrand [62] stated that concrete age, distance, and the type of ground are the major factors, depending on which pile driving could be a problematic issue.



Curing is another critical factor that greatly influences the occurrence of the early-age cracking in concrete. Liu et al. [42] reported that curing temperature and the temperature of fresh concrete are the two major causes of the early-age cracking in concrete. Shen et al. [65] studied the effect of curing temperature on the early-age cracking behavior of high-performance concrete. They reported that the autogenous shrinkage and subsequent cracking in high-performance concrete increase with increasing curing temperature. A curing temperature of 20 °C was reported as the optimum curing temperature for high-performance concrete to mitigate early-age cracking. Later, they also studied the influence of water-to-cement ratio on the early-age cracking resistance of high-performance concrete [66]. They concluded that the early-age cracking potential of high-performance concrete increases with a decrease in water-to-cement ratio that causes a greater temperature rise.



Due to several reasons, such as the evaporation of water, porosity of aggregate, porosity of forms or existing structure, amount of fines in aggregate, and the distribution of water, the loss of water from concrete is expected during hydration [14]. Thus, the development of capillary pressure in concrete induces autogenous shrinkage [67,68]. The amount of water should be optimized to maintain the desired workability. Therefore, curing plays an important role to minimize the evaporation of water. Another method is installing insulation on the concrete surface to minimize the evaporation of water due to environmental factors. Besides, curing temperature is one of the important factors which influence the concrete properties at the early-age, because it alters the kinetics of hydration and the self-desiccation process [69]. Sule and van Breugel [55] found out that the development of the compressive strength of concrete under isothermal condition is slower than that under semi-adiabatic, but the isothermal condition produces a higher compressive strength after 28 days.




4.4. Environmental Conditions


Evaporation of water is always a challenging issue during concrete construction. Therefore, many researchers [12,23,70] studied this issue and identified initial temperature, ambient temperature, humidity, wind, and solar radiation as the major factors for the evaporation of water. Holt and Leivo [12] found out that humidity, air temperature, and wind velocity have a direct relationship with the evaporation rate. Also, Oh et al. [70] observed that solar radiation has a significant effect on the temperature variation of concrete after the effect of hydration heat disappears. They also noticed that dry ambient air increases the initial temperature of concrete elements, which is further increased by the hydration heat, because the initial temperature of concrete at placement becomes higher than the ambient temperature. Consequently, it may lead to inadequate concrete properties due to incomplete hydration that increase the potential of cracking. Furthermore, dry ambient air decreases the internal humidity of concrete and induces the large tensile stresses. Thus, the probability of cracking may be increased.



Briffaut et al. [71] investigated the effect of external environment on sensitivity to the formation of early-age cracks by self-restrained strains and identified that external temperature has a significant effect to reach the maximum temperature and the wind velocity mainly influences the temperature difference between the core and surface of concrete elements. Moreover, Emborg and Bernander [9] found out that the surrounding environment affects the surface temperature of adjoining structure which may contribute to cracking.



Rainfall is another challenging issue during the construction process. Rainfall increases the relative humidity of the environment. A higher relative humidity could reduce the shrinkage because it provides the water continuously for the hydration process [72]. However, it may alter the water-to-cement ratio, especially during the first-day casting. A high water-to-cement ratio can alter the mechanical properties of concrete and increase the likelihood of the early-age cracking in concrete.



Cool weather is also not favorable for concrete placement in cold regions. The constructors face certain challenges to place concrete during winter, especially for “thin” concrete structures, mainly due to the temperature and hydration progress in the entire structure. The thermo-activation of the hydration rate induces a negative effect on the structural stability at formwork removal [39].




4.5. External Loading Conditions


Traffic affects the strength development of hardening concrete by reducing the final bond of new concrete to existing concrete and reinforcement [67,73,74]. However, it may not be always applicable for all locations of concrete element [14,62,63,75]. It can be prominent in the region close to the joint between the new and old decks, particularly in the case of the dowels protruding from old to new concrete [14]. However, traffic loading affects high-slump concrete, especially for the slumps higher than 175 mm [41]. Ansell and Silfwerbrand [67] also concluded that the speed limitation and access restriction of heavy truck traffic during construction are the main factors in minimizing the risk of damaging the hardening concrete.




4.6. Summary


Various factors discussed under the aforementioned five different groups are more or less covered in the list shown in Table 1. Nehdi and Soliman [6] identified these factors through a comprehensive literature review. These factors influence the thermal and mechanical properties (refer to Table 1) of hardening concrete that are linked with the early-age cracking behavior of concrete.





5. Consequences of Early-Age Cracking


Early-age cracking is a common occurrence in concrete structures. However, early-age cracks do not cause the failure of concrete structures if the structural tolerance level is not exceeded [76]. However, these cracks affect the appearance of structures and raise public concern and attention regarding safety issues. The experts (engineers, architects, and concrete practitioners) understand that early-age cracking does not usually affect the general safety of structures. On the other hand, the public may not understand this. As a result, the image of contractors and consultant may be affected, where the public may blame the construction stakeholders for the lower construction quality. The aesthetic appearance of concrete structures is also greatly affected due to the early-age cracking in concrete surface if not repaired.



Early-age cracking, if left unchecked, may lead to long-term maintenance issues. This early-age cracking may be a temporary shortcoming, but the owners or building management personnel assign contractors to repair early-age cracks rapidly. Improper remedial work leads to further problems, such as water ponding. If these cracks are permanent and are not solved immediately, they could also allow the ingress of aggressive agents, such as chloride, sulfate, and carbonates, which may induce the corrosion of steel reinforcement and the carbonation of concrete to shorten the service life of concrete structures [60,77,78].



The function of some concrete structures may be affected over time, especially in structures like water reservoirs and roofs, due to early-age cracking. The cracking may cause leakage in these structures [79]. If the concrete cracking continues to develop, it may affect the bearing capacity of the structure and speed up fatigue failure [10,80]. Moisture leakages are also harmful to building users and their property, especially to electronic devices. Further research in related topics is encouraged since literature in this area seems to be scarce.



Cracking is not allowed on certain special functional structures, such as nuclear power plants, chemical and radioactive waste storages, nuclear containment vessels, liquefied natural gas tanks, and waste disposal structures. It would be a disaster if the chemicals leak through these structures [81]. These leaking agents are very aggressive and harmful, where they not only pollute the environment, but are also very harmful to humans.




6. Modeling of Early-Age Cracking


It is complex to quantify the early-age fine cracks in construction practice. Many models are available to calculate the crack width based on the bond behavior of hardened concrete and reinforcing steel as well as the development of tensile stresses. The effect of reinforcement has not been considered in crack width calculations. This may be reasonable for normal-strength concrete but not for high-strength concrete. This is because reinforcement produces a “strain enhancing effect” in high-strength concrete that reduces the probability of major through-cracks in reinforced concrete elements [17].



Simulation and modeling are useful to find the uncertainties and weak spots in experimental studies and allow quantitative prediction. Thus, many researchers take the effort in developing and improving the models to provide a better understanding and predict the cracking in concrete at the early-age. Francesco et al. [82] provided a review on the modeling of service life of massive concrete structures. They divided the models into two groups: deterministic models and the models considering the stochastic nature of cracking. However, their review was limited to finite element modeling. Meanwhile, Lacarrière et al. [83] reviewed the literature on the modeling of cement hydration induced heat development in massive concrete structures; they presented several approaches, such as affinity-based models, microstructural models, data mining, and inverse analysis.



The hydration process of concrete involves many disciplines, and therefore this paper has grouped the premature concrete cracking related models available in literature, according to the thermal, mechanical, chemical, and hygroscopic criteria (refer to Table 2). It was found that the mechanical criteria are involved in the most models, because stress and strain always play key roles in the development of cracking. Thermal stress and chemical reaction between cement and water are also associated with the cracking of concrete. Hydro-related criteria are involved too because of the moisture involvement and movement.



Thermal stress is one of the main reasons of cracking in hardening concrete and therefore many researchers considered it in the modeling of early-age cracking. Bazant and L’Hermite [101] provided Double Power Law (DPL), which was used by de Borst and Van den Boogaard [81] to determine the stress evolution and crack propagation in concrete from finite element simulations. Emborg and Bernander [9] developed a theoretical model for thermal stress-induced cracking considering the influences of different measures against cracking as well as the influences of changes in temperature conditions, restraining, and mechanical behavior of concrete. They established a criterial stress level as the criterion of the risk of cracking by comparing the calculated tensile stress with the actual tensile strength of matured concrete.



Faria et al. [86] presented a thermomechanical model to predict the hydration-induced volumetric changes in restrained concrete slab. The main parameters considered in the model were heat induced by cement hydration, the evolving properties of concrete during hydration, and early-age creep. De Schutter [89] also developed a simulation model on thermal cracking in massive hardening concrete elements based on the degree of hydration. Moreover, Wu et al. [94] developed a simulation model on the cracking risk of concrete due to thermal stress. The degree of hydration, thermal properties (such as specific heat and thermal diffusivity), thermal boundary conditions, and early-age mechanical properties (such as shrinkage and creep) were considered in this model.



A thermomechanical numerical model was also used by Azenha et al. [90] to identify the best strain gauges for monitoring concrete deformation during the early age. This model could be useful to predict the temperature and stresses in hardening concrete. This model could also predict the total strain developed in concrete during the early age.



Yuan and Wan [89] developed a micromechanical model and empirical formulas on the property development of young concrete to predict the potential early-age cracking after concrete placing. They observed the influences of environmental conditions and construction procedures, such as formwork removal, curing conditions, and variations in surrounding temperature and relative humidity on the early-age cracking behavior of concrete. Furthermore, Li et al. [91] used a concrete tensile creep law to predict the concrete temperature and stress evolution during the early age of a full scale diaphragm wall.



Ulm and Coussy [84,85] worked on the thermo-chemo-mechanical modeling of concrete to predict the deformation and cracking at the macroscopic level. It is based on chemical hardening within the theory of elastoplasticity. After that, Gawin et al. [87] developed a hygro-thermo-chemo-mechanical model. This model involves the changes of the adsorption–desorption, evaporation–condensation, chemical reactions (hydration), different fluid flows, and the nonlinearities with regard to temperature and moisture content, as well as the progress of concrete maturity (hydration degree). A direct coupling between the shrinkage phenomenon and material creep has also been modeled through the modified microspore stress-solidification theory [88].



A nonlinear viscoelastic constitutive model for hardening concrete in an immersed tunnel was developed by Liu et al. [42], where casting temperature, formwork conductivity, formwork removal time, curing temperature, and ambient temperature are computed by a stochastic multiscale method to determine the uncertainty and identify the influencing factors. It was found out that the casting and curing temperatures are the most influencing factors in the model. Moreover, a new model on the internal relative humidity of concrete was developed by Zhou et al. [92] to determine the drying shrinkage stress and thermal dilation coefficient of concrete. The temperature, age, and internal relative humidity of concrete were considered in this model. It provides better results than the predrilled-hole method since the effect of environment was not taken into consideration.



Kang et al. [96] used an inverse numerical analysis to develop a model for the moisture diffusion coefficient by considering the relative humidity, temperature, and age of concrete. This model is able to describe the diffusion process occurring in early-age concrete. In the same year, Park [99] deduced three-dimensional finite element thermal analysis to predict the temperature and moisture distribution in hardening concrete. The fundamental parameter considered in his analysis was the degree of cement hydration. The effects of temperature, aging, and the variation of relative humidity due to moisture diffusion and self-desiccation were also considered in this model.



Many researchers have also developed models for massive concrete structures. Benboudjema and Torrenti [93] extended the basic creep model by including the effects of hydration to predict the behavior of a massive wall; they also used the concept of chemical affinity to predict the evolution of temperature and hydration. Besides, Briffaut et al. [95] developed a simulation model on the construction of a real massive structure to unveil the creep effect and creep-damage coupling. In this modeling exercise, the effects of environment, such as wind and ambient temperature, on the concrete properties were studied. In the simulation model on a massive wall [95], it was found that the ignorance in thermal properties and constant thermal capacity are the main reasons of error in the estimation of the stress that causes the early-age cracking in concrete.



Lawrence et al. [51] investigated the distribution of temperatures within a hardening massive concrete element using the finite element method. This model could quantify the maximum allowable temperature difference within the concrete core and surface to prevent cracking. The temperature distribution observed during the experiment was well quantified by the developed model. Moreover, Klemczak and Knoppik-Wróbel [98] developed a numerical model for analysis of the early-age thermal-shrinkage stresses in an externally restrained concrete wall and found that the restrain coefficient defines the inclination of the total stress curve in wall cross section. Temperature, moisture, and the chemical reactions of cement were mainly considered in this model. De Schutter and Taerwe [38] provided a better understanding of massive concrete by introducing the concept of equivalent thickness, which is defined for a separable heat flow area of concrete element, irrespective of the shape or size of concrete structure. The equivalent thickness concept could facilitate to provide a faster estimation of the early-age cracking tendency of massive concrete elements due to temperature rise. The cracking assessment was performed based on the conception of linear elastic stress without considering the shape of the concrete structure, that is, the estimation process is applicable to any shape of structure. It can be considered as an improvement in the modeling process, as the previous simulations of the early-age cracking in concrete were reliant on the shape of concrete structures.



Boshoff and Combrinck [102] proposed a simple model to predict the degree of plastic shrinkage cracking (PShC) in normal-strength concrete. The model is based on the amount of evaporated water from the freshly placed concrete before initial setting takes place, and can be expressed as follows.


PShC Severity = ER × tset − Wbl



(1)




where ER is the evaporation rate (kg/m2/h), tset is the time between the concrete placement and the initial setting time (h), and Wbl is the total bleed water (kg/m2). Together with these parameters, drying time, air entry time, capillary water pressure, etc. are also carefully considered in the above model. The model demonstrates that the PShC will only occur once the bleed water is evaporated completely. The proposed PShC severity model efficiently correlated with the crack width induced by PShC in the case of a large number of concrete mixtures with or without reinforcing fibers. However, the authors did not consider the interaction between plastic settlement cracking (PSeC) and PShC. Due to this they observed some cracking in concrete even at a zero value of PShC severity.



Shrinkage induces cracks in concrete overlays depending on the shrinkage stress, thus an estimation of this parameter is very important in understanding the formation of such cracks. Many models have been proposed to determine the shrinkage stress; however, sometimes those models are very complicated for practical use. Kristiawan [103] proposed a simple model to predict the shrinkage stress in overlay concrete, which is as follows.


σ = 0.009εsh



(2)




where σ is the shrinkage stress and εsh is the free shrinkage strain in overlay concrete. The model was proposed based on an important assumption that both the substrate and overlay concretes are free to shrink. As the model is very much simplified, it can be used only for the quantitative assessment of shrinkage cracking tendency in overlay concrete.



Most of the above-mentioned models were developed based on finite element and mathematical analyses, but some researchers have used Artificial Neural Network (ANN) to predict the early-age properties of hardening concrete. For example, Nehdi and Soliman [97] used ANN to predict the early-age autogenous shrinkage of concrete. Initially, the model was developed considering the concrete mixtures under different curing temperatures. Later, the developed model was tested considering the other criteria such as cement content, water-to-cement ratio, the type and percentage of supplementary cementitious material, total aggregate volume, and hydration age. The developed ANN model is able to predict the autogenous shrinkage behavior of traditional as well as high- or ultra-high-performance concrete mixture.



There are various models available to predict the early-age cracking in concrete structures; these models could help construction stakeholders understand the limitations of their design, especially at the early stage. These modeling approaches can be categorized into two groups: mechanism-based modeling and factor-based modeling. The examples of mechanism-based modeling are listed in Table 2, while one of the factor-based modeling examples is ANN [97]. However, it was observed from the review of literature that there were lacks of standardized modeling techniques for the early-age cracking in concrete. The input data and predicted outcome from each modeling exercise was different from researcher to researcher. Another problem is the different data required to model and simulate early-age cracking. This is also supported by Wyrzykowski et al. [104]. They examined seven models with experimental data to predict the heat of hydration, Young’s modulus, and shear modulus of elasticity of the early-age cement paste and mortars, and found that only three models provided consistent findings with the experiments.




7. Remedial Measures for Early-Age Cracking


Early-age cracking always has some risks for concrete structures. However, these risks can be reduced through many remedial measures. The early-age cracking in concrete can be minimized by limiting temperature differences or using shrinkage reducing admixtures. Low-heat cement has been used to limit the temperature induced cracking in concrete. Also, shrinkage reducing admixtures have been used to decrease the stresses resulting from autogenous shrinkage [17].



Appropriate selection of the constituent materials for concrete, the correct mix design of concrete, the proper planning of concrete casting and construction sequence, the use of insulation for reducing thermal gradients, the installation of control joints, and the cooling of concrete before or after placing are some of the measures to minimize the risk of the early-age cracking in concrete structures [16].



Temperature or distribution reinforcement can be used to control cracks in hardening concrete structures. This type of reinforcement distributes early-age cracks and prevents the formation of through-cracks. Therefore, the strain capacity of reinforced concrete elements is significantly increased in the presence of distribution reinforcement. Also, the main reinforcement configuration is more important than the reinforcement ratio in controlling the cracking in reinforced concrete elements [17]. The probability of cracking is lower in heavily reinforced concrete (generally true for high-strength concrete) structures. Less cooling joints or fewer dilation joints are required to prevent the early-age through-cracking in reinforced concrete structures.



The depth of plastic shrinkage cracks can be determined by coring. The extent of random, longitudinal, and transverse cracking over time can be determined by drawing crack map. The depth of cracking and aggregate breakage in the cases of transverse, longitudinal, and corner cracks as well as the bonding of slab with sub-base in the case of random crack can be determined by coring. The bonding of slab with sub-base can be examined by conducting push-off test in the cases of random, transverse, and longitudinal cracks. The joint function can be examined via the pull-out test while investigating transverse and corner cracks. Employing a good quality curing compound in an adequate amount may reduce the extent of plastic shrinkage, random, longitudinal, transverse, and corner cracking [1]. Well-graded sand and combined aggregates are also conducive to decrease the degree of severity of plastic shrinkage and number of random, longitudinal, and transverse cracks.



From literature survey, the remedial measures can be classified into two groups: materials and design based remedial methods and construction based remedial methods (refer to Table 3). Constituent materials, concrete mix design, and structural design are classed as materials- and design-based remedial measures. In the case of construction based remedial measures, curing, placing sequence and environmental conditions, vibration, cooling method, and formwork are emphasized.



7.1. Materials and Design Based Remedial Measures


Cement is one of the important constituents of concrete. Selecting the appropriate cement is crucial to produce good concrete [10,24,28,97]. Holt [24] suggested the use of cement with low C3A (tri-calcium aluminate) and high C2S (di-calcium silicate) contents to reduce chemical shrinkage, but Shing and Abu-Hejleh [105], Babaei and Purvis [106], and French et al. [107] recommended the use of Type II cement because of its low heat of hydration. Shing and Abu-Hejleh [105] suggested the exclusive use of Type II cement with a maximum content of 279 kg/m3 (470 lbs/yd3), but French et al. [107] did not agree with this content and pointed out that a maximum cement content of 391 kg/m3 (660 lbs/yd3) could be used in all mix designs for concrete bridge decks.



The selection of aggregates should be carried out carefully. Babaei and Purvis [106] reported that sandstone with a low modulus of elasticity and high compressibility should be avoided because it is highly sensitive to shrinkage. They were also against the use of aggregates with relatively high water absorption. In addition, coarsely ground or slow reacting cement was recommended [10,24], but it was not recommended that superplasticizer be minimized or banned [24]. The use of silica fume was suggested with an amount of ≤6%, and fly ash was recommended to be used with a content of 20%, especially for hot-weather concreting [9,105].



The use of concrete mix design with high water-to-cement ratio, adequate air content and limited or no silica fume was encouraged to reduce the cracking risk of concrete structures by producing a coarser pore structure [24]. Shing and Abu-Hejleh [105] recommended the use of water-to-cement ratio in the range of 0.38 to 0.47 and an air content at 7%, but French et al. [107] suggested that a minimum air content of 6.0% and a maximum coarse aggregate content of 1098 kg/m3 (1850 lbs/yd3) should be used in concrete. It is also important to use the concrete mixtures with low settlement characteristic [37].



Combrinck and Boshoff [109] studied the effect of low volume microfibers (polyester and polypropylene fibers) on the plastic shrinkage cracking behavior of concrete. They observed that plastic shrinkage cracks rapidly grow after the initial setting time and stabilize before the final setting of concrete. The shear bond between fibers and fresh concrete paste plays a significant role in reducing plastic shrinkage cracks. The bond strength rapidly increases during the initial to final setting times. The utilization of microfibers reduces the extent of plastic shrinkage cracks by increasing the strain capacity of fresh concrete.



Afzal et al. [110] studied the effect of bentonite clay in reducing the early-age cracking due to autogenous shrinkage in high-performance concrete. Bentonite clay has the capability to absorb water and thus it is suitable for using as internal curing agent. It has been used as a 5–20% replacement of cement by weight [110]. Research findings reveal that bentonite clay is able to reduce the autogenous shrinkage of concrete, and 10% weight content shows the best performance. Afzal et al. [110] reported that the stability of bentonite clay to withstand high temperature gradients and its pozzolanic property are the two main reason of reducing the early-age autogenous shrinkage cracking susceptibility of concrete.



Fernandes et al. [111] studied the potential of using phase change materials (PCMs) to diminish the early-age thermal cracking in cement-based materials. PCMs are latent energy/heat storage media that absorb heat when temperature is high and release it when temperature is low. The utilization of PCMs in concrete helps keeping the heat of hydration within the acceptable limit and thus reduces the rate of deformation and stress development, decreasing the risk of early-age concrete cracking. PCMs were reported to be the governing factor in reducing thermal cracks in early-age concrete [111]. In addition, Šavija and Schlangen [112] and Šavija et al. [113] studied the application of PCMs in mitigating thermal cracking in early-age concrete. They also reported the potential of PCMs in reducing temperature and stresses during the hardening of concrete and cement paste.



Some design characteristics of concrete structures may also contribute to the early-age cracking in concrete. To minimize the cracking risk of concrete structures, the following directions are given by several researchers.

	
Increase the girder spacing to decrease girder restraint [107].



	
Avoid specifying the decks with a thickness of 165 mm (6 ½ in.) and less [107].



	
Limit the transverse reinforcement steel size to No. 5 at 140 mm spacing (5 ½ in.) and/or No. 6 spaced at 178 mm (7 in.) [107].



	
Increase the ratio of concrete cover to reinforcement bar diameter [53].









7.2. Construction Based Remedial Measures


The selection of suitable formwork could reduce the risk of the early-age cracking in concrete [39]. Before starting the placing of concrete, it must be ensured that all formwork systems are installed accurately and securely to prevent any movement during casting. It is also recommended that the subgrade and formwork be wetted to reduce the amount of water absorbed and subsequently removed from the freshly cast concrete [53].



Concrete placing is one of the important procedures in the construction stage. However, the contractors should be aware of the factors that influence concrete placement. One of these factors is the volume of concrete to be placed [10]. Pouring the concrete in a huge amount will cause external loading on the existing concrete structure and lead to thermal dilation effects. Therefore, the concrete should be poured at the support sections after the mid-span section to minimize cracking in the negative moment zones [36]. In addition, the sequence of concrete placement should be planned properly to avoid cold joints [108]. In the construction of deep members, concrete should be cast into the deep section and allowed to settle before casting and compacting of the concrete in the top section.



The following procedures are suggested by several researchers to minimize the environmental effects on concrete pouring:

	
Deck pouring should only take place when the ambient temperature is above 7 °C (40 °F) and below 32 °C (90 °F), but it should be avoided when the maximum ambient temperature change is expected to be equal or greater than 10 °C (50 °F) [107].



	
Concrete pouring should be avoided in windy conditions [28].



	
Concrete casting should be restricted to an ambient temperature in the range of from 7 °C (40 °F) to 27 °C (80 °F), maintaining the concrete temperature at or above 10 °C (50 °F) for the first 72 h, and limiting the fresh concrete temperature at placement to 27 °C (80 °F) [105].








External curing should be adopted to reduce water evaporation from the surface of concrete elements. Fourteen-day curing is strongly recommended, but 7-day curing is essential for concrete [28]. A suitable curing method includes curing with insulation, misting, wet blanket, and curing compound, which should be applied properly to fully cover the concrete surface [10,28,105]. The cooling methods using liquid nitrogen, cooling pipe, chilled water, and shaved or chipped ice are also suggested for use to control the heat in concrete elements [9,10].



The effect of vibrations on fresh concrete should not be ignored. Re-vibrating the concrete during its initial setting time can close the cracks in concrete elements [108]. For conventional concrete, the particle velocities in concrete up to one day old should not exceed 5 mm/s. Moreover, the vibrations of more than 50 mm/s should not be applied to concrete that is one to seven days old [64]. This is because a vibration speed greater than 50 mm/s would weaken the concrete elements by affecting the microstructure of concrete and thereby reducing its strength.





8. Major Recommendations


Based on the findings of the present study and the experience of the authors, the following key recommendations are made:

	
Determine whether the cracks are isolated or widespread and gather information relevant to the possible causes of cracking in concrete;



	
Apply an iteration process to identify one or more major causes and verify the major causes one by one with field observations;



	
Collect samples by coring and conducting laboratory testing when more rigorous data evaluation is required;



	
Employ one or more nondestructive on-site assessment such as ultrasonic testing and elastic modulus measurement through ambient response method to monitor and assess the early-age concrete properties that are intimately related with the early-age cracking in concrete elements;



	
Thoroughly review all materials and design features as well as check the major construction procedures if the cracks are widespread;



	
Develop a database to record, analyze, and examine the formation and causes of early-age cracks in concrete. The type, source, and location of cracks may vary. The database will allow for more accurate prediction and simulation of early-age cracks;



	
Improve workers’ skills by providing necessary training prior to placement in concrete construction jobs;



	
Allow third-party examination for the analysis of crack-causing factors and the necessary remedial measures;



	
Smear dry cement powder on the concrete surface in the presence of bleed water to reduce the probability of the formation of early-age cracks in newly placed concrete elements;



	
Investigate how the structural capacity and function of concrete elements are affected due to early-age cracking;



	
Develop models that can account for the effect of reinforcement, particularly in the case of high-strength concrete.









9. Concluding Remarks


The early-age cracking problem is a commonly faced challenge in concrete construction. It should be noted that while the advancement of concrete engineering and technology has progressed remarkably in the last three decades, it did not provide any permanent solution to minimize the problem of early-age cracks in concrete. Although numerous research studies have been undertaken for many years to address the causes of the early-age cracking problem, there is still doubt whether this knowledge is actually reaching onsite practitioners. Indeed, a more realistic solution for the concrete cracking problem is not yet in sight. It cannot be denied that much of the solution to the early-age cracking problem relies on the construction practices on site. Improving the workers’ skills by providing necessary training prior to placing them on concrete construction jobs may contribute to resolve this problem.



This paper attempts to provide the rationale of the early-age cracking in concrete by critically discussing the types of early-age crack, the causes or mechanisms of early-age cracking, the factors affecting the initiation and growth of early-age cracks, and the modeling of early-age cracking. In addition, the possible remedial measures to minimize the occurrence of early-age cracks in concrete have been thoroughly discussed.



Early-age cracks in concrete can occur in different forms. Different perspectives by researchers on classifying the types of early-age crack in concrete have been presented in this paper. Several researchers have classified cracks based on their causes, such as drying shrinkage and settlement cracks, while others have categorized them based on their characteristics, such as random, map, transverse, longitudinal, and corner cracks. The factors influencing the early-age cracking in concrete were categorized based on design process, materials and mix parameters, construction procedures, and environmental and external loading conditions.



The modeling tools available to simulate the early-age cracking in concrete have been grouped based on thermal, mechanical, chemical, and hygroscopic criteria, while the remedial measures to minimize the early-age cracking problem have been divided into two main categories, namely materials and design based remedial methods, and construction based remedial methods. The materials and design based remedial methods focus on constituent materials, concrete mix design and structural design, while the curing practice, placing sequence and environmental conditions, vibration, cooling method, and formwork are highlighted in construction based remedial measures. The last section of the paper has been dedicated to giving some recommendations for further investigation on various aspects of the early-age cracking in concrete, deriving from the critical review of the published research and the experience of the authors.
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Figure 1. Early-age transverse cracks that occurred in a newly cast reinforced concrete column; these cracks occurred within three days after placing of concrete; the column was cured by wet burlap. 
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Figure 2. Early-age transverse crack in a concrete pavement slab which widened over time; this crack started within 56 days of concrete placement; the slab was cured using curing compound. 
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Figure 3. Early-age corner crack in a concrete side-walk slab; this crack appeared within 35 days after concrete placement; the concrete slab was cured by curing compound. 
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Figure 4. Early-age random cracks that occurred in a concrete floor slab; most of these cracks appeared within 42 days after placing of concrete; the slab was cured using thermal curing blanket. 






Figure 4. Early-age random cracks that occurred in a concrete floor slab; most of these cracks appeared within 42 days after placing of concrete; the slab was cured using thermal curing blanket.



[image: Applsci 08 01730 g004]







[image: Applsci 08 01730 g005 550]





Figure 5. Early-age map cracks that occurred in a newly cast concrete floor slab; these cracks appeared within 14 days of concrete placement; the floor slab was cured by spraying of water. 
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Figure 6. Restrained shrinkage cracking that occurred in a roadside concrete curb; this crack initiated within 56 days of concrete placement; the curb was cured with curing compound. 
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Figure 7. Various factors which influence cracking of hardened concrete. 
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Table 1. Factors which influence the thermal and mechanical properties of hardening concrete.
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	Properties
	Factors





	Thermal Properties:
	



	Heat of hydration
	The type, total content, and chemical composition of cement; the ambient temperature and the admixtures used.



	Specific heat capacity
	The mixture composition, moisture content, and ambient temperature.



	Thermal conductivity
	The density, water content, temperature, and mineralogical characteristics of aggregates.



	Thermal diffusivity
	The aggregate type used and water content.



	Coefficient of thermal expansion
	The type and content of cement, the type of aggregate, and water-to-cement ratio; the age, temperature, and relative humidity of concrete.



	Mechanical Properties:
	



	Compressive strength
	Calcium silicate hydrate (CSH) gel/space ratio, water-to-cement ratio, the type of cement, the presence of additives, and curing condition.



	Tensile strength
	The type, density, and grading of aggregate; curing type and concrete age.



	Modulus of elasticity
	Concrete temperature, water-to-cement ratio, cement type, aggregate properties, and curing conditions.
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Table 2. Grouping of early-age cracking models for concrete structures.
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	No
	Reference
	Thermal
	Mechanical
	Chemical
	Hygroscopic





	1
	de Borst and Van den Boogaard [81]
	Y *
	Y
	-
	-



	2
	Emborg and Bernander [9]
	Y
	Y
	-
	-



	3
	Ulm and Coussy [84]
	Y
	Y
	Y
	-



	4
	Ulm and Coussy [85]
	Y
	-
	Y
	-



	5
	Faria, Azenha, and Figueiras [86]
	Y
	Y
	-
	-



	6
	Gawin, Pesavento, and Schrefler [87,88]
	Y
	Y
	Y
	Y



	7
	De Schutter [89]
	Y
	Y
	Y
	-



	8
	Azenha, Faria, and Ferreira [90]
	Y
	Y
	-
	-



	9
	Li et al. [91]
	Y
	Y
	-
	-



	10
	Liu et al. [42]
	Y
	Y
	-
	-



	11
	Zhou et al. [92]
	-
	-
	-
	Y



	12
	Briffaut et al. [71]
	Y
	Y
	-
	-



	13
	Benboudjema and Torrenti [93]
	Y
	Y
	Y
	-



	14
	Lawrence et al. [51]
	Y
	-
	-
	-



	15
	Wu et al. [94]
	Y
	Y
	Y
	-



	16
	Briffaut et al. [95]
	Y
	Y
	-
	-



	17
	Kang et al. [96]
	Y
	-
	-
	Y



	18
	Nehdi and Soliman [97]
	-
	Y
	-
	-



	19
	Klemczak and Knoppik-Wróbel [98]
	Y
	Y
	-
	Y



	20
	Park [99]
	Y
	Y
	Y
	Y



	21
	Yuan and Wan [100]
	-
	Y
	-
	-



	22
	De Schutter and Taerwe [38]
	Y
	-
	-
	-







*Means “Yes” for thermal, mechan