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EXECUTIVE SUMMARY 

Cracking of concrete is an age-old problem to which agencies have sought potential solutions. 

AASHTO R 101-22 currently recommends a few key approaches to reducing the potential for 

shrinkage cracking: (1) reduce the paste content of the mixture, (2) specify unrestrained 

shrinkage limits, and (3) specify a material’s resistance to shrinkage cracking using the restrained 

ring or restrained dual ring test. These recommendations are ordered from the least to most 

sophisticated testing required for implementation but also progress from prescriptive to 

performance based. 

The aim of this document is to discuss the principles and strategy behind current practices related 

to reducing shrinkage and shrinkage cracking in concrete elements. While this document focuses 

primarily on material properties, construction practices, and environmental considerations, it 

should be noted that the structural features and geometry of concrete elements may also play a 

large role in shrinkage cracking.  

This document is intended to be of use to both state highway agencies and contractors, whether 

to provide information on mixture-specific issues that should be considered in the design or 

approval of mixtures or the ways specific sawcutting or curing operations impact the shrinkage 

of concrete.  

The critical concepts related to the shrinkage of concrete mixtures are summarized below and 

described in greater detail in the report. The document also discusses relevant computational 

tools and provides recommendations for implementation. The information in this document is 

not intended to comprehensively cover the topic but rather to provide an overview of the 

concepts involved. 

1. Paste volume. In general, the shrinkage of concrete is related to the volume of paste in a 

mixture. Reducing the paste content of the mixture reduces shrinkage. However, mixtures 

with excessively low paste contents should be avoided; such mixtures may not properly 

consolidate, resulting in fluid transport-related issues due to insufficient consolidation. 

2. Environment and application. Shrinkage cracking is related not only to the concrete 

mixture but also to the environmental conditions (temperature and evaporation rate), curing 

conditions, and the specific application (e.g., surface-to-volume ratio, decree of restraint). As 

such, when shrinkage limits are specified, they should be tailored to specific applications. 

3. Shrinkage testing. Over the last two decades, several new shrinkage tests have been 

developed, and several of these have been standardized. The following are standard tests 

related to various types of shrinkage: 

a. Autogenous shrinkage. ASTM C1698 was standardized for the measurement of 

autogenous shrinkage of pastes and mortars from the time of set. A standardized 

method does not currently exist for the measurement of concrete; however, some 
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researchers have utilized a larger version of the ASTM C1698 geometry, and others 

have used embedded strain gauges. 

b. Thermal shrinkage. AASHTO T 336 was standardized for the measurement of the 

coefficient of thermal expansion for samples in water. 

c. Plastic shrinkage cracking. ASTM C1579 was standardized to evaluate the effects 

of evaporation, settlement, and early-age autogenous shrinkage. 

d. Restrained ring or dual ring testing. ASTM C1581, AASHTO T 334, AASHTO 

T 363 have been developed to evaluate how concrete responds when it is restrained 

from shrinking freely. 

4. Innovative materials. Several materials innovations have been developed to help reduce the 

potential for shrinkage cracking however these methods should not be viewed as a magic 

bullet to resolve poor mixture design. The following list summarizes some of the main 

innovations  

a. Shrinkage-reducing admixtures (SRAs) are chemical additives that reduce the surface 

tension of the fluid and in doing so reduce one of the primary driving factors for 

shrinkage: capillary stress.  

b. Internal curing describes a process in which water is supplied to the hydrating matrix 

to reduce capillary stresses. This is generally done using water-filled lightweight 

aggregate, superabsorbent polymers, or fiber materials.  

c. Expansive agents (shrinkage-compensating concrete) reduce shrinkage and shrinkage 

cracking. Expansive cements or expansive cementitious components are used to 

create expansion, which, if properly restrained, offsets shrinkage. 

d. Low-stiffness aggregates are used to increase the compliance of a mixture (i.e., 

reduce stiffness), thereby reducing the residual stress in a restrained element.  

e. Fiber reinforcement can increase plastic shrinkage or restrained drying shrinkage. 

However, these types of shrinkage are based on different mechanisms 

5. Stress relief. Contraction joints are often used to control stress development in concrete. 

These can be worked joints or sawn joints. Work has recently focused on activating these 

joints to reduce stresses in pavements. 

6. Moisture gradients. Moisture gradients occur due to drying. These gradients can impact 

both shrinkage and curling in concrete. 
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INTRODUCTION 

Concrete can experience a change in volume due to a variety of stimuli, including chemical 

reactions, loss of water, or changes in temperature. This volume change is often casually referred 

to as “shrinkage” or “drying shrinkage” (Taylor et al. 2019). Shrinkage is a concern for elements 

such as concrete bridge decks (Figure 1), pavements, flatwork, or overlays due to their high 

surface-to-volume ratio (S/V), which increases the drying rate of these elements compared to 

elements with a low S/V. Shrinkage is especially a concern when this high drying rate is coupled 

with a high degree of restraint imposed on the concrete by stiff elements, as is the case with 

bonded overlay construction, pavement repair, and bridge deck construction.  

 
Barrett et al. 2015, Indiana DOT and Purdue University 

Figure 1. Concrete bridge deck installation  

There has been a perceived increase in shrinkage-related cracking in concrete bridge decks, 

pavements, and other concrete elements over the last several decades. In addition to being 

unsightly, cracks weaken the structure of a concrete element and provide a means for water and 

salt ingress, which can accelerate premature deterioration (Weiss 1999). The use of mixtures 

with higher cement contents, increases in cement and supplementary cementitious material 

(SCM) fineness, accelerated construction schedules, and increases in concrete strength have all 

been discussed as potential factors that have led to the increase in shrinkage cracking. A 

substantial review of shrinkage and early-age cracking that focused on modern high-performance 

concretes was conducted by RILEM (Bentur 2003). 

This document describes some of the basic principles underlying the factors that affect volume 

change (i.e., shrinkage) and shrinkage cracking. It also provides some guidance as to how 

shrinkage cracking can be minimized. This document focuses primarily on material properties, 

construction practices, and environmental considerations, though it should be noted that the 
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structural design and geometry of concrete elements may also play a large role in shrinkage 

cracking.  
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TYPES OF CONCRETE SHRINKAGE 

Shrinkage is a change in the volume of concrete due to some stimulus, such as loss of water, 

change in temperature, or chemical reaction (Mindess and Young 1981). As such, shrinkage can 

occur for several reasons, including the following: 

• Drying shrinkage. Strictly speaking, shrinkage in hardened concrete resulting from water 

loss due to evaporation or suction to the subgrade, forms, or subsurface. It should be noted 

that drying shrinkage can often be misused to describe other types of shrinkage. 

• Autogenous shrinkage. Shrinkage that occurs without a temperature change or loss of 

moisture. Autogenous shrinkage occurs a result of chemical shrinkage and the associated 

self-desiccation of concrete. 

• Chemical shrinkage. A volume reduction associated with a chemical reaction between 

cementitious products and water (i.e., the reacted products occupy less volume than the 

original reactants). Chemical shrinkage is the cause of self-desiccation, the development of a 

vapor-filled space that mimics external drying and is the cause of autogenous shrinkage. 

• Plastic shrinkage. A change in volume that occurs before setting due to a loss of water, 

gravitational effects (settlement), or autogenous shrinkage. 

• Carbonation shrinkage. A volume reduction that occurs when hydrated cement paste reacts 

with carbon dioxide. 

As seen above, the change in volume may be due to several stimuli, including a change in 

moisture content (often referred to as hygral effects), a change in temperature, or changes due to 

chemical reactions. Volume change may be either an increase or a decrease in volume, but the 

most common concern is a decrease in volume (i.e., shrinkage). Volume changes can be time 

dependent, and many are at least partially reversible through rewetting. It is also important to 

note that volume changes can also occur due to loading in either an elastic (nearly instantaneous) 

or viscoelastic (creep or relaxation) response. 
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SHRINKAGE OF PASTE AND CONCRETE  

In general, the paste portion of the concrete is responsible for concrete shrinkage. Increasing the 

volume of the paste (i.e., decreasing the aggregate volume) results in concrete that undergoes 

greater shrinkage. In general, the aggregate is considered in this document to be a filler material 

that restrains the shrinkage (depending on the volume and stiffness), with a few exceptions. The 

first exception is when the aggregates supply or remove moisture from the paste, which is 

discussed in this document in terms of the way the aggregate impacts moisture content. The 

second exception is when the aggregates influence the thermal properties of concrete. The final 

exception is when the aggregates shrink during drying; these types of aggregates are not very 

common in North America and are not discussed in this document.  

The following section will begin to describe the role of aggregate volume and, to some extent, 

aggregate stiffness using an approach developed by Pickett (1956). It should be noted that a 

complimentary approach was developed by Hobbs (1974) that can account for aggregates of very 

low stiffness; however, that approach is not discussed here. In addition, the academic community 

considers more sophisticated approaches to computing the restraint of aggregate, but such 

approaches are not common in standard practice. For example, Moon et al. (2005) discussed 

microcracking around the surface of the aggregate. 

Relating Volume Change to Aggregate Volume Fraction 

Pickett (1956) developed a theoretical formulation to describe how aggregates impact the 

shrinkage of concrete. The approach considers the aggregate as a spherical elastic material that is 

surrounded by a homogenous cementitious matrix. It is assumed that as the paste shrinks, the 

aggregate restrains this shrinkage. This is described mathematically in equation (1). Equation (1) 

shows that the shrinkage of the concrete is equal to the product of the shrinkage of the paste and 

the volume of the paste raised to an exponent, n: 

𝜀𝑆𝐻−𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 𝜀𝑆𝐻−𝑃𝑎𝑠𝑡𝑒(1 − 𝑉𝐴)𝑛 (1) 

where εSH-Concrete is the shrinkage of the concrete, εSH-Paste is the shrinkage of the paste, VA is the 

volume fraction of the aggregate, and n is an exponent that is related to the elastic properties 

(generally Poisson’s ratio and elastic modulus) of the aggregate and paste. The exponent n 

generally lies between a value of 1.2 and 1.7, with stiffer aggregates having a higher value.  

It is worth noting that the term in parenthesis is a measure of the volume of the paste (VPaste = 1-

VA) of the mixture. (The volume of air was not considered in the original calculation. However, it 

generally does not lead to shrinkage and is therefore not considered to be part of the paste 

because the gel pores in the paste, not the air content, drive shrinkage.) As such, equation (1) is 

often rewritten as equation (2), where the paste is directly included in the calculation:  

𝜀𝑆𝐻−𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 𝜀𝑆𝐻−𝑃𝑎𝑠𝑡𝑒(𝑉𝑃𝑎𝑠𝑡𝑒)𝑛 (2) 
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The first thing that can be noted is that when the paste content increases, so does the shrinkage of 

the concrete, as illustrated in Figure 2 (left). This figure illustrates that an increase in the 

aggregate volume results in a reduction in shrinkage. In other words, reducing the paste content 

of the concrete (by increasing the aggregate content or air content) reduces the shrinkage of the 

concrete.  

  
Adapted from Weiss 2002 

Figure 2. Illustration of Pickett’s equation (left) and example of how typical concrete 

mixtures are influenced by changes in aggregate volume, i.e., Vaggregate or 1-Vpaste (right) 

The percentage of paste in a mixture can be determined by computing the volume of the water 

and the volume of each of the cementitious components. This is done by dividing the mass of 

each component by its density (specific weight). For example, a mixture with a water-to-cement 

(w/c) ratio of 0.42 with 564 lb/yd3 of cement (specific gravity of 3.15) has a paste volume of 

6.66 ft3 and a volume fraction of 25%. This example is illustrated in equation (3). If 

supplementary cements are added, a third or fourth term is added to this equation to represent 

those values. For shrinkage calculations, the air content is not considered to be part of the paste. 

𝑉𝑃𝑎𝑠𝑡𝑒 = (
0.42(564 

𝑙𝑏

𝑦𝑑3)

62.4
𝑙𝑏

𝑓𝑡3

+
(564 

𝑙𝑏

𝑦𝑑3)

3.15 (62.4
𝑙𝑏

𝑓𝑡3)
) = 6.66 

𝑓𝑡3

𝑦𝑑3
(

1𝑦𝑑3

27𝑓𝑡3
) = 25% (3) 

Figure 2 (right) illustrates the shrinkage that would be expected for a six-bag concrete mixture 

(564 lb/yd3) with a water-to-cement ratio of 0.42 and an entrapped air content of 2.3%. If the 

paste volume is changed by 1% (i.e., the paste content is increased from 28% to 29% or the 

aggregate content is decreased from 72% to 71%), the shrinkage would be expected to increase 

by approximately 6%. A change from a six-bag to a seven-bag mixture would increase the paste 

content between 4% and 5%, which would result in a 20% to 30% increase in shrinkage. 
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Pickett (1956) observed that the shrinkage that occurred during secondary drying was not related 

to the w/c ratio and was only related to the paste volume. While it was reported that the initial 

shrinkage (i.e., during first drying) was related the w/c ratio, it should be noted that Pickett’s 

work was done before it was common to account for the shrinkage that occurs during the first 24 

hours (before measurement begins), and the work did not account for the rewetting of the paste 

during the initial measurements. (This is discussed in detail later in this document as it relates to 

drying shrinkage.) 

A few items should be noted based on Pickett’s simple equation:  

1. Reducing the paste volume reduces shrinkage. The paste volume can be reduced in general 

by improving the particle packing of the aggregates (Powers 1968). Techniques to improve 

aggregate grading have been developed, including the Shilstone curve (Shilstone 1990), the 

tarantula method (Ley and Cook 2014), and particle packing (Wang et al. 2014).  

2. While aggregate size does not appear in equation (1), in general larger aggregates reduce the 

shrinkage of the concrete because mixtures with larger aggregates can be designed to have a 

lower paste volume (ACI 211 1991). 

3. Aggregates with a higher stiffness have a lower amount of shrinkage. This can be seen in 

equations (1) and (2) as the value of n increases (Pickett 1956). The effect of aggregate 

stiffness on shrinkage can be computed from the original work but is often determined 

empirically. 

Cement Fineness and High Early Strength  

The fineness of cement may also be important in shrinkage and cracking. Bentz et al. (2008) and 

Bentz (2010) pointed out that the fineness of portland cement has increased during the past 50 

years. Brewer and Burrows (1951) pointed out in the 1950s that there is a link between cement 

fineness and durability. ACI PRC-225-19 describes how the fineness of cement increases water 

demand and the reaction rate (rate of temperature rise) of concrete and reports that finer cements 

typically lead to an increase in strength and the rate of strength development at early ages. Due to 

their increased surface area, cements with a higher fineness also have less bleeding.  

Burrows (1998) reviewed a wide range of papers and advocated for a return to coarser cements. 

Chariton and Weiss (2002) measured shrinkage and cracking in commercially produced mortars 

made from cement that used the same clinker but at two levels of fineness (360 m2/kg and 535 

m2/kg). A 20% increase in shrinkage was observed for the finer cement during the first 28 days. 

The finer cement also cracked at an earlier age of cracking (2.7 days for the finer cement versus 

4 days for the coarser cement), with an increase in the amount of microcracking as detected 

using acoustic emission. In a study involving finer and coarser cements, Bentz et al. (2008) 

found an increase in chemical shrinkage and heat release in the finer cement, indicating a more 

rapid rate of reaction. Bentz et al. (2008) also found an increase in autogenous shrinkage with the 

finer cement, noting that the coarser cement expanded (and went into compression during the 

first two days). This resulted in the finer cement developing a higher tensile stress (2.45 MPa 

versus 0.9 MPa) and cracking at an earlier age. As a result, it can be concluded that “higher 
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early-age strengths will generally increase both the thermal and autogenous deformation 

contributions to early-age cracking” (Chariton and Weiss 2002).  

Weiss et al. (2000a) examined the use of high-strength concrete (HSC) in transportation 

structures and quantified its advantages and disadvantages with respect to durability, with a 

special emphasis on early cracking. While higher strength concrete increased resistance to 

freeze-thaw damage and/or chloride penetrability, it was concluded that the use of HSC may not 

always result in improved durability since the potential for early-age cracking is increased. The 

complex interaction of the factors influencing early-age cracking was investigated, and the rate 

of shrinkage was found to impact the rate of stress development and the age of cracking (Figure 

3 [left]).  

  
Adapted from Weiss et al. 2000a (left) and Bucher et al. 2008 (right) 

Figure 3. Influence of strength (left) and shrinkage rate (right) on age of cracking 

Similar observations have been made by Radlinska and Weiss (2012). It has been suggested that 

the specification of high-strength concrete for improved durability in concrete structures requires 

a minimum of three material parameters, including strength, chloride penetration resistance, and 

cracking resistance (Shah et al. 1998, Weiss et al. 1998a). 

Mehta and Burrows (2001) examined whether durable building may require the reexamination of 

some practices. It was discussed that the concrete construction industry often considers the 

economic benefits associated with higher speeds of construction and therefore is increasingly 

using higher early strength mixtures in structures. This was hypothesized to lead to these 

structures being more crack-prone. As a result, Mehta and Burrows (2001) advocated for a focus 

on long-term durability with an increased focus on the selection of materials, mixture 

proportions, and construction practices. 

It should also be noted that the desire to curb greenhouse gas emissions has many state highway 

agencies considering the use of portland-limestone cement or limestone as a cement replacement. 
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Portland-limestone cements may have an increased Blaine fineness compared to ordinary 

portland cement (OPC), but this may not directly translate to an increase in cracking. Bucher et 

al. (2008) found that when limestone was added separately, the impact on shrinkage was 

dependent on the size of the limestone added. Finer limestones tended to increase shrinkage, 

while medium and coarser limestone reduced shrinkage and cracking (Figure 3 [right]). Barrett et 

al. (2013) observed that when the limestone was interground, there was nearly no difference in 

the stress development and restrained shrinkage cracking behavior of the resulting cement. 

Choudary et al. (in press) showed that the shrinkage of portland-limestone cement was similar to 

that of OPC made using the same clinker. 

Driving Forces and the Role of Water-to-Cement Ratio 

While it is simple to relate concrete shrinkage to the volume of the paste, as described in the 

previous section, the ways shrinkage is specifically related to the paste must be understood. The 

driving forces that cause shrinkage are primarily the interactions between water, water vapor, 

and the spaces within the cementitious matrix (the pores and the surfaces of the pores). 

Therefore, it is important that the structure of the cement paste be understood. 

Figure 4 (top left) illustrates that there are pores of various sizes in a cementitious material, 

evidenced by the fact that the desorption isotherm (moisture content versus relative humidity 

[RH]) is nonlinear. These pores empty from largest to smallest. The entrained air voids are 

generally larger voids that begin filled with air and have very large pore diameters. These pores 

generally do not contribute substantially to shrinkage. The capillary pores have a medium to 

large pore size and begin filled with mixing water. The gel pores are a part of the reacted 

calcium-silicate-hydrate (CSH) product, are filled with water, and have a high surface area. The 

surface water (t-water) and smallest pores are most related to shrinkage. As such, the gel pores 

and surface water are of key interest.  
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Figure 4. Illustration of the relationship between the pore size (i.e., radius emptied) and 

relative humidity (top left), capillary stress (top right) and pore size (bottom) 

Several mechanisms for shrinkage have been proposed, including disjoining pressure (van der 

Waals forces acting on absorbed water), surface energy (energy change associated with the most 

closely absorbed water molecules, generally reserved for RH values less than 50%), and 

capillary stress (stress generated by a meniscus that forms in pores as they empty) (Bazant 1988). 

This document focuses on the capillary stress mechanism because it appears to be a dominant 

driver of shrinkage. Equation (4) shows that the capillary stress is directly related to the surface 

tension of the fluid in the pores and inversely related to the radius of the meniscus of the fluid in 

the pores during drying:  

𝜎𝐶𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 =
−2𝛾𝑐𝑜𝑠(𝜃)

𝑟
 (4) 

where γ is the surface tension of the fluid, θ is the contact angle of the solid and fluid, and r is the 

radius of the meniscus of the pore. (While strictly speaking the pore radius is the water thickness 

plus the meniscus of the pore, it is often approximated as equal to the size of the pore that is 

being emptied.) 

Capillary stress is low when water leaves the larger pores and increases as water leaves the 

smaller pores, as shown in equation (4) and Figure 4 (top right). Considering that the classic 
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definition of the distinction between gel and capillary pores corresponds to a radius of 5 nm, the 

corresponding capillary stress generated by fluid leaving the capillary pores would be 

approximately 30 MPa. However, the range of stresses generated by fluid leaving the gel pores 

would range from 30 MPa to nearly 100 MPa.  

Mackenzie (1950) related the capillary stress in paste systems to the shrinkage of paste, and this 

relationship has been updated by Bentz and Jensen (2004), as shown in equation (5), to account 

for the degree of saturation: 

𝜀𝑆𝐻−𝑃𝑎𝑠𝑡𝑒 = 𝜎𝐶𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦𝑆𝑤 (
1

𝐾𝑏
−

1

𝐾𝑠
)  (5) 

where SW is the degree of saturation, Kb is the bulk modulus of the drained porous paste, and KS 

is the bulk modulus of the solid. 

Roper (1966) argued that at high RH values, a large volume of water could be lost with relatively 

little shrinkage. This loss corresponds to the water leaving the relatively large pores, which 

represents a relatively large volume of water, though relatively low capillary stress would 

develop. This illustrates that the gel pores, even though they release a relatively small amount of 

water, are responsible for a substantial portion of shrinkage. This idea was further explored by 

Weiss et al. (2008) in a discussion of the role of pore fluid and surface water. 

Figure 4 (bottom) shows the relative volumes of unhydrated cement (gray), reacted products 

(solids [yellow] and gel water [aqua]), capillary pores (blue), and chemical shrinkage (orange) at 

a high degree of hydration in a sealed sample. At w/c ratios greater than 0.42, excess water 

remains in the system and capillary pores form, and at w/c ratios less than 0.42, unreacted 

cement remains in the system. For the discussion here, however, it is important to note that for 

the common w/c ratio used in practice, which ranges from 0.36 to 0.50, the gel pores are a 

relatively constant volume. As argued above, the gel pores result in stress levels that can impact 

shrinkage. Therefore, it is the position of the author that the w/c ratio is not the primary factor 

that impacts shrinkage but rather is a secondary effect. 

The observation that shrinkage is primarily related to paste volume and secondarily related to 

w/c ratio appears to be in conflict with shrinkage results such as those presented in textbooks, an 

example of which is shown in Figure 5 (top left). However, it should be noted that Figure 5 (top 

left) was determined using measurements that began at 24 hours, and as such these results do not 

include shrinkage that occurred during the first 24 hours. As illustrated in Figure 5 (bottom left), 

starting shrinkage measurements at 24 hours does not capture the shrinkage that occurs between 

the time of set and 24 hours, when conventional shrinkage typically starts. Shrinkage measured 

during the first 24 hours is illustrated in Figure 5 (right). As such, if the shrinkage measured 

between the time of set and 24 hours (Figure 5 [right]) is added to the shrinkage after 24 hours 

(Figure 5 [top left]), the total shrinkage is nearly constant as a function of w/c ratio. This is 

particularly important for concrete with a lower w/c ratio and higher strength and has led to the 

measurement of autogenous shrinkage described later in the document.  
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Weiss 2002 

Figure 5. Influence of w/c ratio and initiation time on shrinkage measurement  

Environment and Application 

Shrinkage is related not only to the concrete mixture but also to the environmental conditions 

(temperature and wind speed) and the type of structure in which the concrete is being used 

(primarily in terms of the S/V and the degree of restraint). For example, pavements, topping 

slabs, and bridge decks have a relatively high S/V and therefore are subject to more rapid 

evaporation.  

The evaporation rate is generally related to the following: 

• Wind speed. Increasing the air velocity increases evaporation. 

• Relative humidity (i.e., the moisture content in the air). A lower relative humidity 

generally results in a higher rate of evaporation. 

• Temperature. The greater the temperature, the greater the evaporation rate. 

• Exposed drying surface area (S/V). The larger the exposed surface-to-volume ratio, the 

greater the evaporation rate. 

The type of structure also impacts the extent to which shrinkage is limited or prevented, which 

impacts the cracking potential, as discussed in the following section. 

Restrained Shrinkage 

While the free shrinkage of concrete is often measured or specified, the potential for cracking is 

often impacted by many factors that interact. When the concrete shrinkage is restrained (or 

limited), stress can build up. This stress depends on the complex interaction of the restraining 
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structure, the stiffness of the material (elastic modulus), the viscoelastic response of concrete 

(creep or relaxation, which introduces rate effects), imposed temperature, and crack initiation 

and growth. As discussed below, some tests (like the restrained ring test) measure the stress 

development directly. This section provides a conceptual illustration of how stress builds in 

restrained concrete. 

The left half of Figure 6 illustrates how stresses form in concrete, and the right half of Figure 6 

provides an example of these stresses.  

 
Adapted from Weiss 1999 

Figure 6. Restrained shrinkage stress development: a conceptual illustration (left) and 

calculated stress development (right) 

The top line shows the initial specimen, which has an initial length LO. If that specimen is 

permitted to shrink freely, it will get smaller, as shown on the second line. However, restraint 

from girders, the subgrade, or other parts of the structure can limit or prevent this shrinkage from 

happening. To account for this in the conceptual model in Figure 6, a force is applied that brings 

the displacement of the specimen back to zero, as shown by the red arrow on the third line. This 

force represents the stress that is based simply on elastic principles, as illustrated in equation (6), 

and the consideration of creep, as illustrated in equation (7).  

𝑑𝜀(𝑡, 𝜉) =
𝑑𝜎(𝜉)

𝐸𝜎(𝜉)
+ 𝑑𝜀𝑆𝐻𝑅(𝜉) (6) 

𝑑𝜀(𝑡, 𝜉) =
𝑑𝜎(𝜉)

𝐸𝜎(𝜉)
+ 𝑑𝜀𝑆𝐻𝑅(𝜉) + 𝑑𝜎(𝜉) [

𝜑(𝑡,𝜉)

𝐸28
] (7) 
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Clearly, if the shrinkage of the material (ε) increases, one can expect the stress that builds up to 

increase, as suggested by equation (6). However, other properties of the material can also 

influence the stress development. In general, as the elastic modulus (Eσ) increases, the stress 

increases. This can be explained as follows: for an elastic material, stress is the product of 

modulus and strain, and when the shrinkage strain is fixed and the modulus increases, the stress 

has to increase as well. Similarly, if the creep compliance decreases, the stress increases (φ/E28). 

It should be noted that this stress development is a function of both sample age (t) and time under 

load (ξ). 

This reasoning explains why higher strength concrete may be more susceptible to cracking 

(Weiss et al. 2000a). Such mixtures may have a higher paste content and therefore experience 

greater shrinkage, more thermal shrinkage, increased stiffness, and less creep, resulting in a 

higher stress. Coupling this observation with the increased brittleness of higher strength concrete 

can explain why higher strength concretes can be susceptible to cracking. 

It should be noted that unlike the case shown in Figure 6, where perfect restraint is assumed (i.e., 

permitting zero displacement), structures in practice are not infinitely stiff and permit some 

displacement. A relative stiffness factor can be computed and used as a factor by which to 

multiply the shrinkage in equations (6) and (7). The value of relative stiffness can vary between 

0 (free shrinkage) and 1 (complete restraint). Equation (8) illustrates the restraining factor that 

can be used to estimate how the relative stiffness of the restraining material impacts stress 

development for simple geometries: 

𝐾 =
1

1+
𝐴𝑔𝐸𝑐

𝐴𝑓𝐸𝑓

 (8) 

where Ag is the gross cross-sectional area of the concrete, Af is the gross cross-sectional area of 

the restraining material, EC is the modulus of the concrete, and EF is the elastic modulus of the 

restraining element. 
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TYPES OF CONCRETE SHRINKAGE TESTING  

Concrete mixtures are often compared by measuring the length change in response to some 

stimulus (i.e., a change in temperature or moisture or the extent of chemical reaction). However, 

other tests have been developed that include measuring the potential of a concrete specimen for 

cracking or stress development. The following sections describe several of the more common 

shrinkage tests that have been developed. Emphasis is placed on standard testing that can be 

performed in a state highway agency laboratory or equivalent facility. 

Unrestrained Length Change  

Integrated Materials and Construction Practices for Concrete Pavement: A State-of-the-Practice 

Manual (IMCP manual) (Taylor et al. 2019) outlines how the transportation community 

frequently uses ASTM C157/AASHTO T 160 as a test method to determine length change in 

unrestrained concrete. This method is often used to compare mixtures as well as to specify the 

maximum shrinkage that should be permitted for a mixture.  

The standard ASTM C157 procedure requires that a concrete prism be cast (alternatively, cement 

paste or mortar can be used). The initial length of the prism is measured at 24 hours. The 

specimens are then stored in a lime-saturated water bath for 27 days, after which time another 

length measurement is taken. All specimens are then stored in air at a constant humidity and 

temperature (50%+/-2% RH and 23+/- 2°C) until 64 weeks. The IMCP manual (Taylor et al. 

2019) notes that because many projects cannot wait 64 weeks, an alternative set of initial age, 

drying age, and final age readings is sometimes specified. The sample size impacts the measured 

shrinkage; as such, any reported ASTM C157 shrinkage data must include the specimen size. It 

should also be noted that for measurements of shrinkage at early ages (as often used in the study 

of early-age cracking) the curing conditions are frequently modified. If this is done, this should 

be noted as well when results are reported.  

ASTM C341 is also used, where studs are adhered to the surface of the concrete and a surface-

mounted gauge is used to measure changes in length, though this test is less common than other 

methods. Other researchers have used linear variable differential transformers (LVDTs) or 

internal vibrating wire strain gauges to measure length change (Simon et al. 2015). 

It is important to note that the curing conditions and the age at which testing is started can be 

important factors. For example, it has been shown that for higher performance concrete mixtures 

(Aitcin 1998), substantial shrinkage can occur when the concrete is in the fresh state due to 

autogenous effects. This has led to the development of additional tests to measure the shrinkage 

that occurs before ASTM C157 can start. 

Devices for measuring unrestrained length change are shown in Figure 7. Figure 7 (left) 

illustrates the use of a comparator, while Figure 7 (right) illustrates the use of a DEMEC gauge 

with embedded studs. 
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Figure 7. Length change measurement devices for determining shrinkage  

Chemical Shrinkage  

Chemical shrinkage is the total volume change that a hydraulic cement paste undergoes due to 

the hydration of the cementitious materials. Chemical shrinkage is generally thought to be more 

closely related to the extent of hydration of a system than to length (or volume) change or 

cracking potential, though it is a driving force for autogenous shrinkage. There are several tests 

for chemical shrinkage, including measurements of volume change (ASTM C1608), buoyancy 

change (Sant et al. 2006), and pressure difference (Peethamparan et al. 2010).  

ASTM C1608 is the standard measurement technique for chemical shrinkage and involves 

placing a thin layer of cement paste in a water-filled vial and measuring the volume change over 

time, as illustrated in Figure 8 (left). A typical chemical shrinkage result for a cement paste is 

shown in Figure 8 (right). Sant et al. (2006) demonstrated the impact of a specimen’s thickness 

on the results of the chemical shrinkage test. This impact was also observed by Zhang et al. 

(2013), who suggested continuous stirring to reduce this impact. Additional suggestions for 

improving the test have been provided by Kheir et al. (2021).  
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After Sant et al. 2006 

Figure 8. Chemical shrinkage measurement (left) and comparison of autogenous and 

chemical shrinkage (right) 

It should also be noted that chemical shrinkage can be compared to the heat release curves used 

to measure the extent of hydration (Sant et al. 2006) and used in the determination of maturity. 

Chemical shrinkage is also closely related to the results obtained using the COMA-Meter 

(Germann 2016).  

Autogenous Deformation 

The term autogenous deformation describes the external bulk reduction or expansion in length 

(or volume) of a sealed cementitious system (i.e., one with no loss or gain of moisture) under 

constant temperature. Lynam (1934) stated that cement paste will “obey the general law of gel 

formation and contract in volume. It is convenient to refer to this type of shrinkage as 

‘autogenous shrinkage’ to distinguish it from others which are due to thermal causes or loss of 

moisture to the air.” It should be noted that the concrete may actually shrink or expand, so the 

term “deformation” is used by some; however, many also use the term “autogenous shrinkage” 

because it is the reduction in length that generally leads to cracking and undesirable effects. 

Autogenous shrinkage definitions and measurements were highly debated before 2003; however, 

after RILEM Technical Committees 181 and 196 published their reports (Bentur 2003 and 

Kovler and Jensen 2007, respectively), these definitions have improved.  

Though originally described in the 1930s, autogenous deformation was not really a topic of 

practical concern in the concrete industry until the advent of higher strength concretes. As HSC 

become more widely used in the late 1980s and 1990s, questions started to arise regarding 

autogenous deformation. The low w/c ratios enabled by water reducers and the use of finely 

ground pozzolans in HSC results in a refined pore space that is susceptible to a shrinkage caused 

by self-desiccation.  
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Autogenous shrinkage is similar in magnitude to chemical shrinkage while the system is 

fluidlike. However, once the concrete begins to solidify (become a solid), the chemical shrinkage 

and autogenous shrinkage diverge as internal vapor-filled space begins to develop (Figure 8 

[right]). The shrinkage that occurs before the time of set, while interesting, has little impact on 

the stress that develops in the concrete. As a result, the engineering community has tended to 

focus on the shrinkage that leads to stress development (i.e., the shrinkage that occurs after the 

time the concrete has set). As such, the community has defined “time zero” as when a solid 

skeleton forms within the concrete and shrinkage can begin. 

There are several approaches to measuring autogenous shrinkage. A brief summary of these 

methods is provided below. However, for more details the reader is referred to RILEM TC-181 

(Bentur 2003).  

• Membrane methods involve placing cement paste in a membrane that is suspended in a fluid. 

The changes in volume are calculated based on buoyancy.  

• Corrugated tube methods involve placing cement paste, mortar, or concrete in a corrugated 

tube that provides the sample with shape but also provides sufficient flexibility for length 

change to be measured. While measurements can begin as soon as the concrete is placed in 

the tube and capped, measurements from this method are intended to be used after time zero. 

This type of method has become the basis for ASTM C1698, and larger tubes exist for 

measuring concrete, though they are not standardized. There is also a version of the 

corrugated tube method that involves orienting the tube in a vertical direction. 

• Dilation rigs are generally used to correspond with a temperature stress testing frame.  

• Several methods are available that involve linear specimens with a variety of internal gauges 

and studs that are used for displacement gates to react off of, internal strain gauges like a 

vibrating wire gauge, or geometries that utilize noncontact lasers (Weiss et al. 1999). 

Hammer (2003) outlined several common sources of error that should be considered when using 

any of these tests, especially at early ages. Some sources of error may include friction between 

the sample and mold, movement of the measurement points, bleeding and reabsorption of water, 

thermal effects, identification of time zero, and insufficient sealing of the concrete. The molds 

may also prevent sample expansion if not carefully designed. 

Sant et al. (2006) compared several of the aforementioned methods (Figure 9 [top left]) and 

showed that, in large part, when the sources of error are minimized and the time at which the test 

starts is accounted for, the methods demonstrate reasonable correlation. 

The most commonly used method in North America for measuring autogenous shrinkage is the 

corrugated tube method (ASTM C1698), shown in Figure 9 (top right for mortar and bottom for 

concrete). This method requires pastes or mortars that use a geometry similar to that required for 

ASTM C157, with the sample wrapped in two layers of aluminum tape or some other material 

and measurements started as soon as is practically possible.  
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Top left after Sant et al. 2006 

Figure 9. Comparison of methods to measure autogenous shrinkage in paste (top left), 

corrugated tube method for paste/mortar with automated measurement (top right), and 

corrugated tube method applied to concrete (bottom) 

It should also be noted that, in general, autogenous shrinkage is a concern for concrete with a w/c 

ratio below 0.40 or concrete containing pozzolons with a high water demand or finely ground 

pozzolans. As such, autogenous shrinkage testing may be needed in those cases, but not in the 

case of concretes with more conventional strengths and w/c ratios. 

Plastic Shrinkage 

While shrinkage cracking often refers to cracks that form in hardened concrete, fresh concrete 

may be susceptible to cracking (referred to as plastic shrinkage cracking) that occurs between the 

time of placement and the time of initial set (Kosmatka and Panarese 2002).  

Plastic shrinkage cracks are generally attributed to four primary factors (Lura et al. 2007). The 

first factor is the rapid evaporation of water, which creates menisci and high tensile stresses in 

the capillary water near the surface. The second factor is differential settlement above reinforcing 

steel or sudden changes in cross-sectional area. The third factor is differential thermal movement 

in fresh concrete due to solar radiation or evaporation of water from the surface. The fourth 
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factor is autogenous shrinkage. It should be noted that prior to setting, shrinkage is not isotropic, 

and as such the vertical shrinkage generally accounts for all of the volume change. While these 

four factors are often addressed independently, they act simultaneously in practical applications 

and contribute to the potential for cracking. 

Evaporation-induced stress is driven by the competing effects of evaporation and bleeding. A 

popular tool for quantifying evaporation is the nomograph (ACI 305-20), which is based on the 

original work of Menzel in the 1950s (Menzel 1954, Weiss 2008). This graph relates the 

evaporation of water (from a free surface of water) to the environmental conditions. This graph, 

however, is designed only to estimate the evaporation rate of fresh water from a concrete surface 

and can underestimate the rate of evaporation when there is no longer a water film on the 

surface.  

Evaporation is generally compared to the bleeding rate to determine the risk for plastic cracking 

(Uno 1998). While the bleeding rates of concrete in the 1960s were often between 0.1 and 0.3 

lb/ft2/hour, it is believed that this bleed rate has been reduced over the last six decades due to the 

use of more finely ground cements and more fine powders in cementitious mixtures. Ravina and 

Shalon (1968) outlined the importance of protecting concrete from rapid evaporation using 

polyethylene sheets. More recently, evaporation retarding curing compounds have been used. 

Ravina and Shalon (1968) observed that mixtures with a delayed time of setting are especially 

prone to rapid evaporation, presumably because the concrete surface was open to drying for a 

longer period of time. It should be noted that documenting the evaporation rate (or 

environmental factors that cause a specific evaporation rate) should be carefully measured on 

site.  

A variety of plastic shrinkage cracking tests exist. Johansen and Dahl (1993) used a test where 

concrete is cast between inner and outer steel rings that provide restraint. The ring specimen is 

positioned under an air funnel providing constant wind velocity, temperature, and relative 

humidity. At the end of the test, the total width of the cracking in the ring is measured. Kraai 

(1985) examined the influence of mixture proportions and drying rates using slabs with edge 

restraints. Similar approaches were used by Shaeles and Hover (1988). Banthia et al. (1996) used 

specimens with anchors and discussed the difficulty in achieving sufficient restraint, especially 

while concrete is still in the plastic state. To overcome challenges with providing sufficient 

restraint, Banthia et al. (1996) modified the test method to cast the concrete specimen directly on 

a specially prepared concrete subbase with exposed aggregates. Berke and Dallaire (1994) 

proposed the use of a restrained slab with a stress riser. This approach was adopted by Qi et al. 

(2003) and eventually became the basis for ASTM C1579.  

Figure 10 (left) shows the geometry that is the basis for ASTM C1579. In this test, concrete is 

cast in a mold with a stress riser in the base. This riser has protrusions at the end to hold the 

sample and a stress riser in the center of the sample to reduce the slab depth, concentrate stress, 

and in general simulate the conditions above a reinforcing bar. This test combines the effects of 

drying, settlement, and autogenous shrinkage. It is important to note that the environmental 

conditions that control the evaporation rate (temperature, relative humidity, and wind speed) 
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need to be carefully controlled in this test. Slowik et al. (2014) described the use of pressure 

sensors to measure the susceptibility of concrete to evaporation at early ages. 

 
After Qi et al. 2003 

Figure 10. Typical plastic shrinkage test geometry (left) and crack width versus fiber 

volume (right), illustrating the proportion of cracks smaller than a specific width (e.g., the 

contour line marked 0.1 implies that 10% of the cracks are smaller than 0.2 mm at a fiber 

volume of 0.04%) 

Fibers are often used to control plastic shrinkage cracking (Balaguru and Shah 1992, ACI PRC-

544.1R-96); an example of this use is shown in Figure 10 (right). Soroushian et al. (1993) 

demonstrated the value of cellulose and polypropylene fibers. Qi et al. (2003, 2005) used image 

analysis to demonstrate the variation in crack width that can be measured in fiber-reinforced 

concrete (FRC) samples. It was found that finer fibers aided in reducing settlement and reduced 

crack widths. An image processing approach was suggested to better quantify the reduction in 

the potential for cracking and average crack width.  

Fluids that lower the surface tension of the pore fluid, like shrinkage-reducing admixtures 

(SRAs), have been found to greatly reduce the occurrence of cracking. This indicates that 

materials like SRAs could potentially reduce plastic shrinkage cracking. Mora et al. (2003) 

conducted an experimental study where a reduction in evaporation and plastic shrinkage cracking 

was observed in concrete with three different types of SRAs. Lura et al. (2007) showed that the 

addition of an SRA reduces the width of plastic cracks by reducing evaporation, settlement, and 

the stresses that develop. Sayahi et al. (2020) used SRAs and air-entraining admixtures (AEAs) 

to reduce plastic shrinkage cracking in fresh concrete. 

Additionally, it was observed that internally cured concrete can also reduce plastic shrinkage 

cracking. Henkensiefken et al. (2010) showed that the replacement of sand with prewetted 

lightweight aggregate (LWA) reduced settlement, evaporation stress, and plastic shrinkage 

cracking in mortars and concretes. However, it should be noted that if the water from the 
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aggregates is used to replace the water lost during evaporation, that water will not be able to 

provide some of the additional benefits that are typical with internal curing at later ages. 

Restrained Shrinkage Tests  

Several test methods have been proposed to assess the shrinkage cracking potential of concrete 

mixtures, and these can be categorized as either linear specimen or ring specimen tests (Weiss 

and Shah 1997). Linear specimen tests have the advantage of relatively straightforward data 

interpretation. However, these test methods are generally not used for quality control procedures, 

partially due to difficulties associated with providing sufficient end restraint (Altbout and Lange 

2002).  

This section outlines the linear specimen and ring specimen tests. A significant portion of the 

section is devoted to the ring tests because these are more likely to be used by state highway 

agencies. 

Linear Specimen Tests  

Several types of linear specimen tests have been used to measure restrained shrinkage. These 

generally fall into the category of either passive restraint, where the concrete is restrained by 

steel or another material, or active restraint, where an actuator is used to maintain zero 

displacement for the specimen (active restraint machines have been referred to as temperature 

stress testing machines [TSTMs] [Parilee et al. 1982, Kovler 1994]). It is often difficult to supply 

sufficient end restraint in a linear specimen. Flared ends or sophisticated grips are often used. For 

example, Weiss et al. (1998b) investigated the effect of subgrade friction using a thick steel 

channel to avoid curl, with epoxy, rods, and clamping or with welded strips. Grzybowski and 

Shah (1989) described the use of linearly reinforced concrete specimens where additional bars 

were provided at both ends to ensure a sufficient bond. 

Ring and Dual Ring Tests  

Restrained ring tests have historically been used as a simple and economical method to assess the 

potential for cracking in a mixture. If a cementitious mixture is unrestrained (i.e., no steel ring), 

the concrete would shrink freely; however, the steel ring prevents (restrains) this movement, 

resulting in the development of tensile stresses in the cementitious material. If the stresses 

exceed the tensile strength, the material cracks. (Note that, in general, when the stress in the ring 

exceeds approximately 80% of the strength, cracking occurs. This is believed to be due to a 

combination of creep rupture and statistical variability [Attiogbe et al. 2004]).  

The restrained ring test is nearly a century old. Early users of the restrained ring test included 

Carlson (1942, 1988), Coutinho (1959), Douglass et al. (1947), and Brewer and Burrows (1951), 

who in many cases used a smaller version the ring as a quality control method for assessing 

cements in dam and other large-scale construction projects. As the problem of unwanted 
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cracking increased in the late 1980s, the ring test became increasingly used to evaluate the 

performance of concrete or mortar mixtures when they are restrained from shrinking freely. 

The geometries of the rings and the materials used in the rings have varied. While steel has been 

the frequent material of choice for the restraining ring (i.e., the inner ring), other materials have 

been used. Malhotra (1970) used an innovative pressurized bladder as the inner ring. This was 

used to pressurize the inner ring and determine the tensile strength of the concrete. Weiss (1999) 

used a pressurized inner ring to in an attempt to directly measure creep. Kovler et al. (1993) used 

an inner ring made of Perspex that expanded on heating. As such, a much simpler approach to 

the pressurization of the ring was provided. Schlitter et al. (2010a) used invar, a material that has 

a low coefficient of thermal expansion, to minimize temperature effects. The advantages of using 

invar included the fact that the ring does not vary with temperature, potentially allowing the test 

to be used in the field. Additionally, concrete and invar can be cooled to determine the residual 

tensile capacity remaining in the concrete (Schlitter et al. 2010a, 2010b). One value in using a 

linear elastic material to make the ring is that the modulus of the restraining ring is well known, 

responds linearly to stress, and can be used to measure strain in the ring.  

The relative proportions of the ring geometry can also be varied (Figure 11). In general, a thicker 

steel ring provides more restraint, and a thicker concrete ring provides less restraint. Moon and 

Weiss (2006) developed equations similar to equation (9) below to compute the degree of 

restraint for the ring. An elliptical ring has also been developed that concentrates stress (Zhou et 

al. 2014). This type of ring helps the concrete crack earlier, but the stress becomes more difficult 

to assess due to nonlinearities in creep relaxation and microcracking. 

 
After Radlinska et al. 2006 

Figure 11. Ring geometry: standard ring (left) and dual ring (right) 

Another parameter that can be varied in the ring test is the direction of drying, as illustrated in 

Figure 12. When the ring dries from the top and bottom, the state of stress is well described with 
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a 1/r2 function. However, when the ring dries from the circumference, the moisture gradient 

needs to be considered (Moon et al. 2006).  

 
After Moon et al. 2006 

Figure 12. Influence of drying direction on the stress that develops in the ring 

While a large number of studies have been conducted based on a qualitative use of the restrained 

ring test (i.e., casting the concrete around the ring and examining it to see if it cracks), several 

researchers have attempted to use analytical techniques to assess stress development. A review of 

the restrained ring test was written by Radlinska et al. (2006). This work discussed recent 

developments related to the use of the ring test to perform calculations of stress development in a 

concrete system. Calculations of stress for the standard ring test, dual ring test, and eccentric ring 

test were discussed. As described in Radlinska et al. (2006), Grzybowski and Shah (1989) used a 

model to calculate the stresses that could be expected to develop in a ring specimen and 

predicted the cracking potential using a damage-based model. Weiss et al. (1998b, 2000b) 

computed the nonlinear stress distribution that develops in the ring and used a nonlinear fracture 

mechanics model to predict cracking for various ring geometries. Radlinska et al. (2006) also 

outlined the differences between the thin wall approximations of Swamy and Stavarides (1979) 

and Attiogbe et al. (2001) and the thick wall solution by Weiss and Ferguson (2001). Moon and 

others examined the influence of degree of restraint (Moon and Weiss 2006) and drying direction 

(Moon et al. 2006) on the stresses calculated. 

Weiss and Ferguson (2001) demonstrated that equation (9) can be used to determine the 

maximum tensile stress that forms in the ring: 
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Due to its simplicity and economy, the ring test has been developed into both AASHTO T 334 

and ASTM C1581. The main difference between these standards is the relative ratio of the 

concrete to steel ring thickness, which influences the degree of restraint provided to the concrete, 

(AASHTO T 334 provides less restraint, which results in a lower potential for cracking or longer 

times until cracking is observed.) Additionally, a dual ring has been added to AASHTO T 363, 

which enables this method to be used for materials that may expand or undergo thermal change. 

Moon et al. (2004) related the free shrinkage of the concrete (εSH) to the measured steel strain 

(εST), as shown in equation (10): 
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However, the strain in the steel is only known after the test is performed. To overcome this 

limitation, Moon et al. (2006) developed equation (11) to estimate the degree of restraint before 

the test is performed so that the geometry of the ring can be properly tailored to match a 

particular field application of the concrete: 
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where E’C is the effective elastic modulus of concrete and EST is the modulus of the steel ring. 

Over the years, the ring test was adopted by additional researchers initially to examine the 

addition of new materials. Examples include Swamy and Stavarides (1979), who used the ring 

test for fiber-reinforced materials. Wiegrink et al. (1996) used the restrained ring to evaluate the 

influence of concrete strength on cracking. Others have examined the effects of shrinkage-

reducing admixtures (Shah et al. 1992) and internal curing (Schlitter et al. 2010b). Additionally, 

a large number of studies have used the ring to investigate variations in mixture proportions 

(Krauss and Rogalla 1996). 

Allahham et al. (2016) performed a study for the Utah Department of Transportation (UDOT) 

that involved building a series of rings to evaluate the shrinkage of concrete. In this work, the 
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authors reported having to reduce the thickness of the AASHTO T 334 ring to measure cracking 

in concrete mixtures. They also confirmed the need for an environment with carefully controlled 

drying conditions. One historic drawback of the restrained ring test has been that there has not 

been a commercially available ring to purchase, which has required each group to build its own 

ring test. Recently, however, a commercially available ring has been produced (Schleibeinger 

Test Systems 2021). 

While it is common for researchers to report the age of cracking in the ring test, other factors 

may also be reported. Utilizing the equations above (after properly accounting for geometry), it 

is possible to determine the stress level at each age (Figure 13) or the ratio of the stress to split 

tensile strength.  

 
After Hossain and Weiss 2006 

Figure 13. Stress and strength development in the ring test 

It has also been suggested that the probability of cracking could be reported. Additionally, it has 

been shown that the width of cracking can be a useful measurement. The width of the crack that 

forms is generally larger for cracks that develop at early ages (Weiss and Shah 1997). Further, 

fibers can be used to limit the width of the crack (Gryzbowski and Shah 1990). Shah and Weiss 

(2004) used the ring test to evaluate FRC using equation (12) to estimate the width of the crack 

in the ring specimen (w): 
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=     − 
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where ψ is the degree of restraint (described above), εSTAC is the strain in the gauges 

immediately after cracking, and εSTBC is the strain in the gauges immediately before cracking. 

Raoufi et al. (2010) warn that the width of the crack that forms in the ring test is much smaller 

than the equivalent crack that can be expected in the field.  
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SHRINKAGE REDUCTION TECHNIQUES  

Shrinkage-Reducing Admixtures  

SRAs are chemical surfactants that are added to concrete to reduce the surface tension of the 

pore fluid by as much as 50% (Ai and Young 1997, Bentz et al. 2001, Pease et al. 2005, 

Rajabipour et al. 2008), as shown in Figure 14. This reduction in surface tension reduces 

shrinkage due to the reduced capillary pressure generated and the decrease in drying rate, which 

results in higher degrees of saturation (Weiss 1999). Review articles have been developed on the 

use of SRAs in concrete. These articles describe how SRAs alter the shrinkage, cracking 

resistance, mechanical properties, and fluid transport of concrete (Weiss and Berke 2002, ACI 

231R-10). It should be noted that unlike admixtures (such as water reducers) that act primarily 

on the cement surface and are therefore dosed based on the amount of cement in a mixture, SRAs 

operate on the fluid portion of the system and should be dosed as a replacement for water (Weiss 

and Berke 2002). 

 

Figure 14. Influence of shrinkage-reducing admixtures on the surface tension of pore fluid  

Research on SRAs in concrete began in Japan in the 1980s (Sato et al. 1983, Tomita. et al. 1983). 

In the late 1990s, SRAs were explored in North America, using new formulations of SRAs as 

well (Shah et al. 1992, Ai and Young 1997, Weiss et al. 1998b, Weiss 1999, Bentz et al. 2001), 

as a way to reduce shrinkage and cracking in normal- and high-strength concrete. Nmai et al. 

(1998) reported reductions in shrinkage of 50% to 60% at 28 days and 40% to 50% at 12 weeks 

for mixtures containing SRAs. Gettu et al. (2002) observed that long-term shrinkage was reduced 

by as much as 50% to 60% when SRAs were used. Folliard and Berke (1997) developed an 

empirical expression for the reduction in shrinkage that can be obtained as a function of SRA 

concentration. Folliard and Berke (1997) also showed the benefits of SRAs. Shah et al. (1998) 

and Weiss et al. (1998b) demonstrated a reduction in shrinkage of 45% for normal- and high-

strength concrete while measuring substantial delays in the time to cracking (or prevention of 

cracking). This work was coupled with a numerical model for slab and ring specimens. This 
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model was extended to three-dimensional structures by Yang et al. (2000). While SRAs have 

frequently been used as an admixture, they have also shown successful use as a topical treatment. 

While the majority of early applications focused on drying shrinkage, the effects of SRAs on 

autogenous (sealed) shrinkage strain has also been measured. Weiss et al. (1999) reported that 

SRAs appear to reduce a greater proportion of autogenous strain at early ages in concrete with a 

lower w/c ratio and higher strength. This may be due in part to a slight expansion that occurs 

shortly after set when SRAs are used (Weiss 2002, Sant et al. 2011).  

Bentz et al. (2001) suggested that the decrease in early-age shrinkage may be due to the fact that 

SRAs limit the reduction in the internal relative humidity of mixtures experiencing self-

desiccation. Weiss et al. (2008) measured the shrinkage of samples stored at different relative 

humidities and observed that systems with or without SRAs undergo very similar volume 

changes at high relative humidities (~80% and higher), as shown in Figure 15. Specimens 

containing SRAs lose more water than conventional mixtures at the same relative humidity, 

implying that specimens with SRAs have emptied smaller pores at the same relative humidity. 

Mixtures containing SRAs undergo less shrinkage at lower RH values (lower than ~80%) 

because capillary stress is no longer the primary mechanism of shrinkage. Similar findings were 

reported by Rahoui et al. (2021). Weiss et al. (1999), Zou et al. (2014), and Slatnick et al. (2011) 

reported that the use of SRAs can reduce autogenous shrinkage. 

 
After Lura et al. 2007 

Figure 15. Influence of relative humidity on the shrinkage of paste  

Lura et al. (2007) examined plastic shrinkage cracks in mortars containing a commercially 

available SRA. Mortars containing SRAs show fewer and narrower plastic shrinkage cracks than 

plain mortars when exposed to the same environmental conditions. Lura et al. (2007) reported 

that the lower surface tension of the pore fluid in the mortars containing SRAs results in less 

evaporation, reduced settlement, reduced capillary tension, and lower crack-inducing stresses at 
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the topmost layer of the mortar. Mora-Ruacho et al. (2009) showed that in both conventional and 

high-strength concretes, SRAs reduce plastic shrinkage cracking substantially by lowering the 

evaporation rate, delaying the peak capillary pressure due to the development of cracking. 

Wyrzykowski et al. (2015) used neutron radiography to show that the replacement of water with 

5% SRA strongly limits water loss in fresh concrete. Sayahi et al. (2020) showed that SRAs also 

reduce plastic shrinkage cracking. 

Hwang and Khayat (2008) explored the use of SRA in self-consolidating concrete and found that 

it worked well. Kovler and Bentur (2009) reported that cracking can be reduced in conventional 

and high-strength concrete using SRAs. Maltese et al. (2005) and Meddah and Sato (2010) 

combined SRAs with expansive additives and reported good performance. Silfwerbrand and 

Farhang (2014) reported that SRAs worked well for industrial floors. Deboodt et al. (2016) 

reported that SRAs worked well in reducing cracking in high-performance concrete. Dopko et al. 

(2020) found that the restrained shrinkage behavior of concrete can be improved when SRAs 

were combined with carbon fibers and accelerating admixtures. Damiani et al. (2021) found that 

SRAs worked well when combined with waste rubber in concrete. 

SRAs reduce the surface tension of the pore fluid of concrete, and as such they may interact with 

other admixtures that rely on surface tension, like air entraining admixtures. Schemmel et al. 

(1999) reported challenges with obtaining a stable air void system with SRAs. Berke et al. 

(2003) demonstrated that stable air void systems can be obtained with sufficient freeze-thaw 

resistance. Historically, it has been suggested that due to potential interactions between AEAs 

and SRAs, the fresh air content should be examined to ensure that these materials are 

compatible. Some SRAs are even designed for use in cases where air entrainers are not used. 

Pendergrass et al. (2017) reported that when SRA was added to mixtures containing either a 

surfactant-based AEA or a polymer-based AEA, the mixtures containing the surfactant-based 

AEA performed well while the mixtures containing the polymer-based AEA did not. Mixtures 

containing higher dosages of SRA, regardless of the type of AEA, experienced a greater loss in 

air content between the plastic and hardened conditions. As such, it is important to monitor the 

air content when SRA is used. Tunstall et al. (2021) reported that when AEAs and SRAs are 

used together, the SRAs can unpredictably affect the efficacy of the AEAs. The authors outlined 

a series of mechanisms explaining the interactions between SRAs and AEAs. 

Over the last two decades, significant research has further examined the use of SRAs in concrete. 

Concretes containing SRAs generally have lower or equal chloride penetration indexes (Bentz 

2009) and reduced sorptivity (Weiss 1999, Sant et al. 2010) compared to mixtures without SRAs. 

Lopes et al. (2013) reported no negative effects of SRAs on durability. Qiao et al. (2017) 

examined the influence of SRAs on moisture and ion transport in concrete. For concrete 

containing SRAs, chloride ingress was reduced during diffusion tests, and less chloride 

penetrated into concrete containing SRAs during wicking due to the increased viscosity and 

decreased surface tension of the pore solution. Experiments and numerical models indicate that 

in the case of wicking, the evaporation front recedes inward as SRA concentration increases. 

SRAs can also alter the moisture profile in concrete, as discussed below, which can impact 

curling. 
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Internal Curing 

In 2010, the American Concrete Institute (ACI) defined internal curing as “supplying water 

throughout a freshly placed cementitious mixture using reservoirs, via prewetted lightweight 

aggregates, that readily release water as needed for hydration or to replace moisture lost through 

evaporation or self-desiccation” (ACI 231R-10). Internal curing can be thought of (defined) as 

providing a modern twist on good curing practice by providing water to the cementitious matrix 

after setting (Weiss 2016). Internal curing improves the performance of concrete by increasing 

the reaction of the cementitious materials and reducing shrinkage, residual stress development, 

and cracking. However, unlike conventional curing, which supplies water from the surface of the 

concrete, internal curing provides curing water from the aggregates within the concrete (Figure 

16 [top]). Figure 16 (bottom) illustrates the volumetric mixture proportions for typical 

conventional and internally cured mixtures, illustrating that a portion of the aggregate is replaced 

with fine lightweight aggregate. 
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Figure 16. Internal curing concept (top) and typical mixture proportions (bottom) 

Internal curing disperses the curing water throughout the depth of the concrete, which can be 

very beneficial for materials with higher strengths and lower w/c ratios that self-desiccate. In 

North America, this water-filled inclusion is typically an expanded lightweight aggregate, 

although superabsorbent polymers, cellulose fibers, or recycled concrete have been used (Kovler 

and Jensen 2007 for RILEM TC 196-ICC). 

Several state-of-the-art reports have been produced on internal curing (Hoff 2002, Kovler and 

Jensen 2007 for RILEM TC 196-ICC, ACI 231R-10, ACI (308-213)R-13, Bentz and Weiss 

2011). This report will not repeat that information but will rather add items that may be of 

interest for state highway agencies. Of particular interest, the 2007 RILEM report provides an 

excellent overview of the science and a background on internal curing, while the state-of-the-art 

report by Bentz and Weiss (2011) outlines many physical properties of the lightweight aggregate 

used for internal curing as well as the resulting internally cured concrete. 
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Streeter et al. (2012) reported on internally cured concrete being placed in New York, while a 

comparison study was performed on the installation of a bridge deck containing conventional 

and internally cured concrete in Monroe County, Indiana (Di Bella et al. 2012). Barrett et al. 

(2015) demonstrated that internal curing through the use of prewetted lightweight aggregates 

consistently reduces the potential for restrained shrinkage cracking. The implementation of 

internal curing in a new class of high-performance concrete for use in bridge decks in the state of 

Indiana resulted in bridges with substantially longer service life (Barrett et al. 2015). Jones et al. 

(2014) observed reduced autogenous and drying shrinkage cracking, improved fluid absorption 

resistance, improved compressive strength, reduced ion diffusion, and improved freeze-thaw 

performance in internally cured concrete. Weiss and Montanari (2017) developed Guide 

Specification for Internally Curing Concrete. Taylor and Miller (2020) discussed the use of 

internal curing in Ohio bridge decks.  

In a study of the shrinkage and shrinkage cracking behavior of concrete with sealed and unsealed 

boundaries, Radlinska et al. (2008) pointed out that the boundary conditions are important for 

assessing the performance of internally cured concrete. It was shown that internal curing can be 

very useful for sealed concrete, but the benefits of internal curing might be reduced in such 

applications. The research involved a theoretical and experimental demonstration of the 

differences in the shrinkage behavior of mixtures containing SRA and LWA. Data were provided 

from experiments that demonstrated the benefits of SRA and LWA under sealed and unsealed 

conditions, where sealed concrete undergoes self-desiccation and unsealed concrete 

simultaneously experiences both self-desiccation and external drying. Theoretical considerations 

explained the influence of boundary conditions on the shrinkage and cracking of concrete, which 

has important implications for selecting an adequate shrinkage mitigation strategy. In addition, it 

was demonstrated that the experimental results were consistent with the theoretical predictions. 

Ideker et al. (2013) examined the use of internal curing for Oregon materials. Lafikes et al. 

(2018) examined the use of internal curing for use in bridge decks. Kim and Gao (2019) 

examined internally cured high-performance concrete (HPC) made using superabsorbent 

polymers (SAPs) with glass fibers and found that the autogenous shrinkage risk was related to 

the amount of SAP used. Nair and Ozylidirim (2019) studied the combination of SRAs to reduce 

shrinkage and LWAs to reduce elastic modulus. Tankasala and Schindler (2020) found that 

increasing the amount of prewetted lightweight aggregates in concrete results in systematic 

decrease in density, reduction in modulus of elasticity, and reduction in coefficient of thermal 

expansion. All of these factors effectively improve the concrete’s early-age cracking resistance 

in mass concrete applications. 

A full listing of resources related to internal curing can be found at 

https://www.nist.gov/el/materials-and-structural-systems-division-73100/inorganic-materials-

group-73103/concrete-0-0. 

Expansive Agents (Shrinkage-Compensating Concrete) 

Expansive cements and agents are generally considered to be part of a portland cement system. 

The development of these materials in the US grew in the 1960s (Mindess and Young 1981). In 

https://www.nist.gov/el/materials-and-structural-systems-division-73100/inorganic-materials-group-73103/concrete-0-0
https://www.nist.gov/el/materials-and-structural-systems-division-73100/inorganic-materials-group-73103/concrete-0-0
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general, these mixtures expand during the first few days after placement to offset the volume 

reductions typically observed with portland cement systems (Bensted and Barnes 2002). These 

materials are often found to be useful in mixtures used for bridge decks, overlays, water tanks, 

and repair works. Expansive cements have exhibited reduced cracking, reduced maintenance, 

and improved riding surfaces. Although they can be used successfully, care must be taken when 

using these materials. Russell (1980) showed that uneven restraint can result in slab bending and 

warping and that insufficient curing can result in cracking. 

While conventional concrete can swell during the first few days during water curing, expansive 

cements expand substantially more, as illustrated in Figure 17. This expansion, when restrained, 

can be referred to as a type of chemical “prestressing” of the system. Figure 17 illustrates how 

compressive stresses can develop that counteract the tensile stresses that develop due to 

shrinkage. 

 

Figure 17. Comparison of restrained shrinkage behavior for ordinary portland cement-

based systems and systems that contain expansive additives  

Several different types of products fall into this class of materials. These may take the form of 

either expansive cements or expansive additives. ASTM C845 Type K, M, and S materials refer 

to expansive cements that utilize ettringite to result in the expansion. The most common 

expansive cement is Type K, which contains OPC that is typically interground with 

sulfoaluminate cements that contain expansive Kleinite compounds. Type M systems contain 

aluminates and are paired with OPC or slag systems. Type S systems are made using tricalcium 

aluminate; however, they are less often used commercially, presumably due to the difficulty in 

controlling expansion compared to the other types of expansive materials. Type K, M, and G 

materials (ACI PRC-223-10) generally refer to expansive components that are added to systems 

that are ettringite based (Types K and M) and calcium hydroxide based (Type G). Magnesium-

based systems can also be used. 



33 

ACI PRC-223-10 states that “mixture proportions that work well for portland cement concrete 

should also produce shrinkage-compensating concrete of similar quality.” However, it should be 

noted that a higher water content may be needed with many of the ettringite-based systems; these 

systems need 5% to 10% more water, while little if any additional water is needed for the 

calcium hydroxide-based systems (ACI PRC-223-10). In general, conventional practices for 

mixing and placing concrete should be followed. Batching should be done to avoid the balling of 

cement or expansive additives, which can cause blistering. Internal curing using lightweight 

aggregates has been reported to work well with expansive cements (Mehdipour and Khayat 

2018). 

ASTM C878, Standard Test Method for Restrained Expansion of Shrinkage-Compensating 

Concrete, is often used to measure the performance of these materials. This test method involves 

measuring the volume change of a system that contains a restraining rod. It should be noted that 

it is not appropriate to test expansive cements or additives using the conventional restrained ring 

test; rather, a dual ring test is much more appropriate (Barde et al. 2006). Figure 18 illustrates the 

effects of a CaO-based additive, showing that while CaO-based expansive agents do result in 

expansion, the drying shrinkage and weight loss (not shown) are independent of the expansive 

additive (Samdariya et al. 2009). However, the expansion does result in a delay of tensile stress 

and a reduction in cracking potential (Samdariya et al. 2009). 
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Samdariya et al. 2009 

Figure 18. Autogenous shrinkage measured from the time of final set using the autogenous 

tube test (top left), drying shrinkage measured from 24 hours (top right), and stress 

development as a function of age and expansive additive (bottom) (negative values denote 

shrinkage in terms of compressive stress [in MPa], while positive values denote expansion 

in terms of tensile stress) 

Shrinkage-compensating concrete can be used in topping slabs such as bonded or unbonded 

overlays. Unbonded overlays are designed like a slab on ground. Bonded overlays can utilize the 

substrate and bond to provide the restraint to expansion, and this bond becomes a primary factor 

that should be considered in the design. If not bonded properly, shrinkage compensation cannot 

be as effective, and the overlay may crack and eventually delaminate. Care should be taken to 

align joints during construction with the base slab.  

In a survey of several mature bridge decks, McLean et al. (2016) found that decks made with 

conventional concrete had a crack density of 0.24 ft/ft2, while concrete decks made with 

expansive materials had a crack density of 0.009 ft/ft2. Additionally, improved riding surfaces 

that required less repair were noted in the latter. ACI PRC-223-10 identifies several case studies 

to illustrate the benefits of expansive materials. 
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Alternative Aggregate: Recycled Aggregate, Rubberized Particles 

Sadati and Khayat (2020) studied the influence of recycled concrete aggregate (RCA) on 

shrinkage and determined that the drying shrinkage of concrete made with RCA was up to 110% 

higher at 7 days and 60% higher at 90 days compared to concrete made with conventional 

aggregate. The authors developed suggested charts that could be used to determine the maximum 

permissible RCA for shrinkage control of paving mixtures. Yang et al. (2021) discussed the 

potential for using recycled fine aggregate. Kurda et al. (2019) examined the use of RCA on 

shrinkage. In each case, the absorption of the aggregate and the potential reduction in stiffness of 

the paste surrounding the aggregate was a potential concern.  

Damiani et al. (2021) examined the use of recycled rubberized aggregate and found that the 

performance of these aggregates improved when these materials were coupled with SRAs.  

Fiber Reinforcement  

The addition of short, randomly distributed fibers is another approach often used to reduce the 

effects of shrinkage in concrete (Balaguru and Shah 1992). Throughout the last three decades, 

significant testing has been performed to examine the performance of different types of fibers, 

which are often classified in terms of the materials used to make the fibers. In general, it can be 

concluded that at the low volume levels used in infrastructure mixtures (less than 1.5% by 

volume), fibers do not reduce unrestrained shrinkage (though they do show benefits in paste). 

Fibers, however, do improve the early-age shrinkage cracking behavior of concrete mixtures in 

three notable ways (Weiss and Shah 1997). First, fibers (particularly cellulose or fibrillated 

polypropylene) have been demonstrated to improve plastic shrinkage due to a combination of 

viscosity modification, which reduces settlement, and reduced bleeding. Second, fibers can delay 

the age at which the first cracks are visible because they hold the cracks closed (Kim and Weiss 

2003). Third, fibers can reduce the widths of the cracks that form (Gryzbowski and Shah 1990, 

Weiss and Shah 1997). 

To understand the role that fibers play, Kim and Weiss (2003) examined early-age cracking in 

fiber-reinforced systems that were restrained from shrinking freely using visual observations, 

strain gauges on the restraining frame, and acoustic sensors. The authors showed that the energy 

released acoustically was similar in the plain and fiber-reinforced systems; however, the fibers 

reduced the growth and propagation of a localized crack. This delayed the age at which the crack 

became visible and maintained a substantially smaller crack width. Fibers with a higher elastic 

modulus tended to keep the cracks smaller. Building on this, Raoufi et al. (2010) showed that the 

restrained ring test, while a good indicator of the potential for cracking, may not be a strong 

indicator of the width of the crack that may be expected to occur in field applications. 

Restrained shrinkage cracking can impact the durability of concrete infrastructure because cracks 

can increase the penetration of water and ions, resulting in the acceleration of the corrosion of 

steel reinforcement (Østergaard 2003, Shah et al. 1998). Concrete shrinks due to moisture loss, 

thermal cooling, or hydration reactions. When these volume changes are restrained, tensile stress 

develops in the concrete and cracking may occur. It is well known that restrained shrinkage 
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cracking in concrete depends on combinations of a variety of factors, some of which include the 

degree of restraint, creep and stress relaxation, rate and magnitude of shrinkage, mechanical 

property development, and fracture resistance of the concrete. 

One of most common techniques to mitigate restrained shrinkage cracking in concrete is to add 

low volumes of short, randomly distributed fibers to concrete mixtures (ACI 231R-10, ACI 

PRC-544.1R-96). While plain concrete is typically characterized by a low tensile strength and a 

low fracture resistance, fiber reinforcement can be added to increase the fracture resistance (i.e., 

toughness) of concrete mixtures. When concrete cracks, fibers help to bridge the cracks and 

transfer load across the cracks. As such, fiber reinforcement limits the extent of restrained 

shrinkage cracking by limiting the width of the cracks that form in concrete elements (Shah et al. 

1998, Shah and Weiss 2004). 

The effectiveness of fiber reinforcement in enhancing the cracking performance of concrete is 

influenced by the volume of fibers, the properties of the fiber itself, the properties of the matrix, 

the quality of the bonding between the matrix and the fibers, and the aspect ratio (length-to-

diameter ratio) of the fibers (Bentur and Mindess 1990). The volume of fibers in concrete is 

frequently limited to 1% to 3% in most field applications. When used in such low volumes (i.e., 

less than about 3%), fibers primarily act to improve the fracture toughness (as determined by the 

area under the stress crack opening curve) of concrete. It should be noted that fibers (at these low 

volumes) do not increase the strength of concrete; rather, the use of fiber reinforcement results 

only in an improvement in the fracture toughness and ductility of concrete elements in most 

practical cases (Shah and Weiss 2004). If higher volumes of fibers are used, the strength of the 

concrete can be increased, but several shrinkage cracks can form (Bentur and Mindess 1990). 

These higher volumes of fibers are generally not used for ready-mixed concrete and rather are 

limited to specialty products (Balaguru and Shah 1992). 

Many efforts have been made to determine the beneficial effects of fibers in reducing the 

shrinkage cracking of concrete. Laboratory tests, such as flexural toughness testing of FRC 

beams with third-point loading (ASTM C1018-97), uniaxial tensile testing of beams (RILEM TC 

162-TDF 2001), flexural testing of round determinate panels (ASTM C1550-08), or wedge 

splitting tests (Østergaard 2003), have been used to assess the fracture resistance properties of 

FRC mixtures. Although these tests may show an improvement in the toughness of FRC 

mixtures, they do not necessarily show the beneficial effects of fibers in improving the shrinkage 

cracking performance of FRC elements. Similarly, shrinkage tests such as ASTM C157-08 have 

been performed to provide information on the free shrinkage of concrete mixtures and have 

shown that fibers (in conventional volumes) generally do not alter the shrinkage of mortar or 

concrete (Shah and Weiss 2004). The shrinkage cracking performance of FRC mixtures can be 

evaluated using tests that provide restraint while the concrete is changing volume. 

Self-Compacting Concrete and Ultra-High Performance Concrete 

When self-compacting concrete (SCC) was originally developed, concerns were raised over the 

potential increase in shrinkage and shrinkage cracking as higher paste volumes were being used. 

Over time, these mixtures have demonstrated the ability to be placed with aggregate volumes 
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similar to those used in conventional concrete. Kassimi and Khayat (2019) studied SCC mixtures 

that contained fiber reinforcement, shrinkage-reducing admixtures, and expansive admixtures 

and found that these mixtures reduced cracking. Cao et al. (2019) also found fibers and 

expansive agents to perform well in SCC mixtures. Kaszynska and Zielinski (2020) studied SCC 

that was made with internal curing and shrinkage-reducing admixtures and observed good 

performance.  

Valipour and Khayat (2020) examined the shrinkage of ultra-high performance concrete (UHPC) 

and found that its volume change was very sensitive to temperature. Wang and Kim (2020) 

studied the shrinkage of UHPC and found that current shrinkage models were unsatisfactory to 

describe the behavior and proposed a new predictive equation. Schade and Middendorf (2021) 

demonstrated that UHPC mixtures can exhibit particularly high shrinkage due to their high 

cement content. They indicated that a portion of the OPC was replaced with calcium 

sulfoaluminate cement and calcium aluminate cement to obtain fast setting and reduced 

shrinkage 
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SAWCUTTING AND JOINTS  

Control joints are separations that are placed in concrete to allow movements caused by 

shrinkage and temperature to be accommodated. These joints provide a weakened plane, 

enabling cracking to occur in a controlled manner along a specific plane and at a specific 

location. These control joints and the resulting cracks relieve the residual stresses that develop 

when thermal and shrinkage movements are resisted by the subgrade, adjoining sections or 

pavements, or, in the case of bridge decks, the girder below. There are many ways to produce 

these control joints. For example, control joints can be induced using hand tools, preformed 

strips, or sawcutting (Kosmatka and Panarese 2002). 

The majority of control joints in pavements are sawcut. Determining the timing and depth of 

sawcutting can be complicated (Okamoto et al. 1994). For a sawcut to be effective as a control 

joint, it must be placed within a specific window of time. This window of time is commonly 

thought to be when there is sufficient strength to prevent raveling (the loss of a clean edge, with 

aggregates and paste pulling out) but before random cracking occurs in the pavement. Several 

commercial programs have been developed to predict stress development. While each program is 

slightly different, they predict the stress development that occurs when shrinkage and thermal 

movements are restrained. Plots of the stress development and its relation to strength as a 

function of time are often plotted (similar to Figure 20 below). 

Raoufi et al. (2008) demonstrated that while knowledge of restrained stress and strength is 

important, on its own this knowledge is insufficient to describe the sawcutting window. The 

authors argued that residual stress cannot be compared with strength directly. Raoufi et al. (2008) 

showed that the strength needs to be multiplied by a strength reduction factor, Φsawcut, to make 

sure that when the sawcut is introduced it does not change the state of energy and result in a 

crack forming ahead of the sawcut. This strength reduction factor is illustrated in Figure 19. For 

a sawcut placed at a depth of D/3, the strength is reduced to approximately 30% of its original 

value. This value was calculated using nonlinear fracture mechanics concepts. While this value 

will vary slightly depending on the thickness of the pavement, Figure 19 represents the 

approximate stress reduction that can be expected for concrete pavements. 
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Adapted from Raoufi et al. 2008 

Figure 19. Strength reduction factor for use in determining the time of sawcutting 

Figure 20 (top) provides an example of stress and strength development in a restrained concrete 

element with no sawcut. (Information on the model inputs is shown in Raoufi et al. 2008.)  
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Adapted from Raoufi et al. 2008 

Figure 20. Residual stress and strength after applying the strength reduction factor to 

determine the critical age of sawcutting when different depth sawcuts are used 

The stress would not be expected to exceed the tensile strength until 36 to 40 hours. Figure 20 

(bottom) illustrates stress and tensile strength development for a restrained element with a 

sawcut placed at 6 hours that is a third of the depth of the element (D/3). While the sawcut does 

make the pavement slightly more compliant, the primary item to note is that the stress in the 

pavement will cause cracking at approximately 18 to 20 hours, when the stress that has 

developed equals the reduced strength (product of the strength and the strength reduction factor). 

If, however, the sawcut is not placed before approximately 18 hours, the introduction of the 

sawcut itself would result in the formation of an unstable crack, which is often seen in practice as 

a crack that does not follow the sawcut.  

While details on sawcutting can be found in the references above, the primary point of this 

section is to illustrate two main factors. First, comparing the stress that builds up to the strength 

is only appropriate for uniform cross sections. When a sawcut or control joint exists, the strength 

reduction factor is needed. Second, deeper sawcuts need to be placed at an earlier time to result 

in stable crack growth. This implies that, in practice, if a sawcutting crew is getting late in the 

process of placing sawcuts, it may be better to reduce the depth of cracking or skip-cut (i.e., cut 
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every other or every third sawcut then come back and cut the remaining joints) to reduce the risk 

of unstable cracking.   
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MOISTURE GRADIENTS  

As discussed above, concrete dries more rapidly near the surface than it does at the core. This is 

why the S/V is so important for determining the rate of drying. Thinner elements (i.e., elements 

with more surface area that dry rapidly and have a higher S/V) dry more rapidly than thicker 

elements.  

In addition, the rapid drying of the surface results in the development of moisture gradients. This 

can have several practical implications. First, the stress that develops due to shrinkage can be 

substantially higher at the surface than at the core. This can lead to surface cracking, but it can 

also lead to curling of the slabs. 

Figure 21 illustrates a cross section of a concrete slab. The thickness of the slab can be visualized 

as a series of elements. Each of these elements can be treated as a layer of concrete where 

shrinkage strain can be obtained by knowing the relative humidity (or the capillary stress). The 

approach mentioned above for calculating the residual stress can be applied to each element. In 

this case, the gradient in moisture can be translated into relative humidity (or capillary stress) and 

then used to estimate the shrinkage and residual stress in the concrete. Note that the stresses are 

highest at the surface, resulting in a moment that can cause curling. 

 
After Weiss 1999 

Figure 21. Development of moisture or humidity gradients in concrete in terms of distance 

from the drying surface 

There are several different ways to estimate this moisture (or humidity) gradient, but the most 

common approach is the use of a diffusion equation, as described below. 

Work by Carlson (1937) examined the potential for using a diffusion equation to describe 

thermal drying effects for large concrete members, specifically for the construction of large 

dams. Early work extended this to evaluate the evaporation of water based on concepts related to 
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the drying of porous solids. This successfully described how the drying rate varied for samples of 

different thickness. Determining the water diffusion is a bit challenging, however, because a 

portion of water can be consumed during the drying process. To overcome this limitation, the 

problem was shifted to a solution of the relative pore pressure (or humidity) because this is less 

impacted by changes in hydration.  

In addition, the use of a single diffusion coefficient made this a linear problem, but this did not 

predict experimental observations particularly well. In a series of papers, Bazant and Najjar 

(1972) introduced a revolutionary concept of using a nonlinear diffusion coefficient. The 

diffusion coefficient is a function of the humidity content, with higher values for more saturated 

concrete and lower values for dryer concrete. The shape of this nonlinear diffusion coefficient is 

shown in Figure 22 (left). This is based on fitting data using long-term experiments and has been 

modified over the years as improved data have been obtained (Xi et al. 1994).  

  

Figure 22. Nonlinear diffusion coefficient using the Bazant and Najjar (1972) equation 

(left) and as measured by Pour-Ghaz et al. (2010) (right) 

This diffusion coefficient has been measured experimentally by Pour-Ghaz et al. (2010) using 

dynamic vapor sorption (Figure 22 [right]) following work by Garbalinska (2006) and Anderberg 

and Wadso (2008). While much more work is needed in this area, the work so far has been able 

to illustrate the impact of salts on drying as well as the impacts of shrinkage-reducing admixtures 

on the drying coefficients (Villani et al. 2015).  

Schieβl et al. (2000) examined drying profiles in concrete using electrical resistivity. Others have 

used neutron radiography to quantify in situ water movement (de Beer et al. 2004, Villmann et 

al. 2014, and Villani et al. 2015). The degree of saturation, as obtained from neutron radiography 

(Villani et al. 2015), is shown in Figure 23 for a plain sample (left) and a sample containing SRA 

(right) exposed to four days of drying (at a temperature of 26°C to 28°C and a relative humidity 

of 20% to 40%). Both the plain sample and the sample containing SRA have a very sharp 
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moisture front, with the drying surface having a substantially different degree of saturation than 

the core of the concrete. The plain concrete has an average degree of saturation of 82% between 

10 and 50 mm, while the sample containing SRA has an average degree of saturation of 86% 

between 10 and 50 mm. Rangelov et al. (2020) further refined the apparent diffusion coefficient 

to improve drying models. 

 
After Villani et al. 2015, Weiss 2015 

Figure 23. Degree of saturation values for concrete after four days of drying: plain system 

(left) and system containing SRA (right) 
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CASE STUDIES 

It is important to note that over the years several case studies have been conducted. The 

following list is not intended to be exhaustive. Rather this list is intended to draw on the 

principles and concepts discussed earlier in this report. This is intended to draw a link between 

the physical concepts and applications. 

A study by Saadeghvaziri and Hadidi (2002) found that a large number of concrete bridge decks 

in New Jersey develop transverse deck cracking at early ages. The research study examined both 

literature and 24 bridges in the state of New Jersey. Some of the following recommendations for 

reducing transverse deck cracking may be useful to readers of this report: 

• Specify a maximum compressive strength  

• Minimize the ratio of girder to deck stiffness 

• Consider the impact of time-dependent loadings 

• Reduce the cement content of the mixtures (less than 660 lb/yd3) 

• Limit the w/c ratio to between 0.40 and 0.45 

• Consider the use of expansive cement  

• Cure the concrete properly (14 days of wet curing is preferred) 

• Measure and record wind speed, temperature, and RH 

• Consider pouring sequences 

The University of Kansas (Darwin 2016, Darwin et al. 2010) has surveyed well over 150 bridge 

decks since 1991. The following observations and recommendations can be drawn from that 

work:  

• Mixtures with paste contents of 28% or more had substantially higher cracking densities than 

those with paste contents less than 28%. 

• Cracking density increased with increasing slump, and this may be due to settlement. 

• Bridge decks with a higher compressive strength and/or a lower air content have a greater 

cracking density. 

• The use of improved curing practices was beneficial (e.g., wet burlap, soaker hoses, or fog 

misting for 14 days). 

• Limit the difference in temperature between the fresh concrete and girders to less than 36°C. 

• Consider using alternatives to pumping when available, such as conveyor sand and buckets 

for placement. 

• Fill end wall diaphragms ahead of decks. 

French et al. (1999) examined bridge decks in Minnesota and found that decks on prestressed 

girders performed better than decks on steel girders. This was attributed to the reduced end 

restraint and creek of the girders. The authors recommended the following: 

• Reduce cement contents. 
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• Improve curing practices. 

• Use low w/c ratios. 

• Place concrete when the air temperature is between 40°F and 90°F and avoid casting when 

there is a large temperature swing. Heating the steel girders in cold weather was suggested. 

• Cast during evening hours. 

• Use thicker bridge decks. 

• Increase girder spacing and reduce shear stud restraint. 

Streeter (1996) and Bajorski and Streeter (2000) documented the implementation of high-

performance concrete bridge decks in New York State. They found that the move to mixtures 

with pozzolans (20% fly ash and 6% silica fume) improved handling and workability 

characteristics, reduced permeability, and resulted in greater resistance to cracking.  

Petrou et al. (2001) examined high-performance concrete bridge decks in South Carolina and 

noted that several of these bridges had experienced early-age cracking. The primary factors the 

authors cited that resulted in cracking were the higher paste content in the mixtures (i.e., the use 

of rich mixtures) and the lack of sufficient curing practices. 

Khaleghi (2017) reported that the state of Washington revamped its bridge deck specifications to 

remove prescriptive practices and require performance-based measures of shrinkage and 

permeability. 

Nair et al. (2017) examined bridge decks in Virginia and reported that it was rare to find a deck 

constructed without cracking. The authors examined the use of SRAs, lightweight concrete 

(LWC), and shrinkage-compensating cement and found that these methods were successful in 

reducing cracking. They found that the low modulus of elasticity and high creep of the LWC 

helped minimize cracking. They also found the SRA and shrinkage-compensating cement to be 

effective as well. 

Nelson et al. (2021) reviewed bridge decks in Montana and made several recommendations to 

mitigate future cracking, including the following:  

• Reduce the temperature of plastic concrete (ideally below 75°F) by using ice or modifying 

aggregate stockpile practices to keep them cool and wet.  

• Reduce early-age thermal changes and gradients (by moving concrete placement times to late 

afternoon or evening) and limit solar radiation.  

• Improve curing with wet burlap, soaker hoses, or fog misting for 14 days. 

• Limit autogenous shrinkage.  

• Increase deck thickness (a minimum of 8 in. was recommended). 

• Modify the placement of the top and bottom steel layer to stagger the steel elements. 

• Reduce girder stiffness and increase girder spacing. 

• Specify w/c ratios between 0.42 and 0.45. 

• Limit drying shrinkage by reducing the cement content to 600 lb/yd3 max, which can often be 

done through improved aggregate gradation. 
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• Limit silica fume to less than 5% and ensure proper mixing and dispersion. 

Xi et al. (1994) examined cracking in bridge decks in Colorado. It was recommended that high-

quality concrete mixtures be characterized by good workability, proper air content, adequate 

strength, low chloride permeability, and low drying shrinkage potential. In terms of cracking, the 

authors concluded the following: 

• The time for the first cracking to occur is directly related to the cement content and strength 

of the concrete. 

• Class F fly ash is better than Class C fly ash in improving the cracking resistance of concrete. 

• Increasing the coarse aggregate can improve cracking resistance and 28-day strength. 

• Cement contents should be limited to approximately 465 to 485 lb/yd3 with 4% silica fume 

and 20% to 25% Class F fly ash. 

• The w/c ratio should be between 0.37 and 0.41. 

Krauss and Sasaki (2013) reviewed bridge decks in California and made several 

recommendations, including the following:  

• Reduce the cement content, eliminate the minimum cement content, and set a maximum 

paste content of 27%.  

• Avoid the use of silica fume and allow the use of SCM only after testing shows no increase 

in shrinkage or cracking. 

• Explore the use of minimum and maximum strengths. 

• Supply sufficient curing and insulation. 

• Consider the use of shrinkage-reducing admixtures. 

• Cast in the afternoon rather than morning. 

Indiana has conducted several investigations on bridge decks, as summarized in the remainder of 

this chapter.  

Frosch et al. (2003) investigated cracking in Indiana decks and found the following:  

• Decks cast with the superstructure exhibited the least cracking. 

• Decks designed for composite action or stay-in-place forms exhibited more cracking than 

other systems. A design feature of the angle supporting the stay-in-place decks resulted in a 

stress concentration. Additionally, shear keys resulted in higher restraint and stress. This 

could be overcome with improved design or the use of alternatives to stay-in-place forms. 

• Increased cracking was observed in bridges with a steel substructure compared to those with 

a concrete substructure. 

• There was no correlation between cracking and the addition of live load. 

• The thickness of the epoxy on the bars impacted the width of the cracks that formed. 

• Increasing the thickness of the deck by 1 in. reduced the stress by 16%. 

• A minimum of 7 days of wet curing should be used. 
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• Minimizing the shrinkage of a mixture is important.  

• Higher strength concrete was more likely to result in greater amounts of cracking. 

Frosch and Aldridge (2008) and Frosch et al. (2006) observed transverse cracking in Indiana 

bridge decks at early ages (less than 28 days) due to the restraint of the deck by the girders and 

due to volumetric changes resulting from a combination of thermal effects and shrinkage. The 

following observations were made: 

• Thermal effects due to cooling after peak hydration temperatures significantly contributed to 

the volumetric changes experienced by the deck at early ages. 

• Shrinkage alone was insufficient to cause cracking, but the combination of shrinkage and 

thermal change could cause cracking. 

• Stress in the reinforcement due to the presence of a crack only impacted the area near the 

crack, with stresses 12 inches from a crack seeing little to no impact. 

• Cracks occurring near fiber-reinforced polymer bars were about 1.5 times wider than those 

occurring near steel reinforcement. 

• Reinforcing steel in decks could yield if sufficient reinforcement is not provided. 

• Creep is beneficial in reducing stress development in the deck. 

• Several recommendations were made to compute and limit crack widths based on the 

structural design. 

Radlinski and Olek (2010) examined the mixture proportions used for Indiana bridges and 

optimized the blends of fly ash and silica fume for ternary mixtures. These mixtures were 

designed for strength, corrosion resistance, shrinkage, freeze-thaw resistance, and scaling. 

Barrett et al. 2015 indicated the following:  

• Internal curing is a practice-ready, engineered solution that may lead to the production of 

higher performance concrete with a reduced potential for cracking. 

• Special attention is needed to provide sufficient batching and constituent material preparation 

for internally cured concrete. 

• A degree of technical competence in the design, production, and construction of concrete 

materials is needed for successful implementation of internally cured high-performance 

concrete. 

• Only after performing the basics of concrete production properly will the full benefits of 

internal curing be actualized. 
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SUMMARY  

This document discussed the principles and practices related to reducing shrinkage and shrinkage 

cracking in concrete elements. AASHTO R 101-22 currently recommends the following 

approaches to reducing the potential for shrinkage cracking: (1) reduce the paste content of the 

mixture, (2) specify unrestrained shrinkage limits, and (3) specify a material’s resistance to 

shrinkage cracking using the restrained ring or restrained dual ring test. These recommendations 

are ordered from the least to most sophisticated testing required for implementation but also 

progress from prescriptive to performance based. It is important to note that shrinkage limits 

should be set not based on the mixture design but rather on the application in which the concrete 

will be used, because this impacts the degree of restraint, extent of drying, and drying rate. 

In general, mixtures should be designed with the lowest paste volume possible that still allows 

proper consolidation. In general, finer powder accelerates cracking; however, like systems need 

to be compared because not all components react similarly (e.g., comparing the fineness of OPC 

and portland-limestone cement directly is not a meaningful comparison). Several material 

innovations have been developed that can greatly reduce the potential for cracking; however, 

they should not be viewed as a solution or remedy for poor mixture design. Shrinkage-reducing 

admixtures, internal curing, and expansive additives have all shown promise in reducing 

cracking. Fiber reinforcement has been shown to limit the width of cracks that form, which can 

have substantial benefits in terms of the long-term performance of concrete.  

Sawcutting needs to be performed at the appropriate time to allow stable crack development. The 

appropriate time is before the stress reaches the tensile strength of the concrete (e.g., when the 

sawcut is D/3, the sawcut needs to be made before the stress reaches 1/3 of the tensile strength) 

and is dependent on the sawcut depth.  

The measurement of moisture gradients and diffusivity coefficients has the potential to better 

quantify both shrinkage and curling in concrete.
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