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EXECUTIVE SUMMARY

Cracks weaken concrete and permit water and harmful chemical ingress into structures,
thereby accelerating deterioration of concrete and corrosion of reinforcement. Shrinkage
also causes concrete slabs to curl and warp, which affects the girder-to-deck composite
action, ultimately decreasing the load-carrying capacity of bridges. This study
investigates shrinkage cracking prevention of infrastructure concretes used in New
Jersey.

Fifteen mixtures were first evaluated on their shrinkage behavior. The shrinkage tests
used were autogenous shrinkage, drying shrinkage, and restrained ring shrinkage
cracking. Based on the results of the tests, control mixtures with high shrinkage
potential were selected for modification with shrinkage control admixtures and additives.
The admixtures and additives were a shrinkage-reducing admixture (SRA), a shrinkage
compensating admixture (SCA), an internal curing agent, which was a fine lightweight
aggregate (LWA), fibers, and two surface coatings. The surface coatings were lithium
silicate (LS) and a polymer-modified cementitious binder (EN). The surface coatings
were designed for surface strengthening but were included to investigate if they affected
concrete shrinkage.

The modified mixtures were then tested for the effects of the admixtures and additives
on autogenous shrinkage, drying shrinkage, and restrained shrinkage. The mechanical
properties of the modified mixtures were also measured. These mechanical properties
were compressive and tensile strength, elastic modulus, and creep. The modified
mixtures were also tested for electrical resistivity and resistance to cyclic freezing and
thawing to evaluate their durability. Finally, small slabs made from the modified mixtures
were exposed to field conditions to measure their shrinkage behavior.

The results showed that the cracking potential of the original fifteen mixtures ranged
from moderate-low to high. The mixture autogenous shrinkage increases with the
increase of fine aggregate volume or decrease of coarse aggregate volume. On the
other hand, an increase in portland cement and total binder while decreasing the
amount of fine and coarse aggregates tends to increase the drying shrinkage.
Incorporating admixtures and additives in the two selected control mixes had varying
effects on autogenous, drying, and restrained ring shrinkage. The SRA was effective at
reducing the concrete’s shrinkage and cracking potential. The SCA did not reduce the
autogenous shrinkage of the concrete but reduced the drying shrinkage when the
maximum dosage was used. Surface coating EN slightly reduced autogenous and
drying shrinkage. However, LS reduced autogenous shrinkage but not the drying
shrinkage. Internal cuirng with LWA reduced the autogenous shrinkage and cracking
potential but not the drying shrinkage. Also, incorporating fibers reduced the
autogenous shrinkage and the cracking potential. The SRA, SCA, fibers, LS, and EN do
not adversely affect concrete’s strength and elastic modulus. It was also observed that
SRA was more robust than SCA in reducing shrinkage when exposed to field
conditions.



To mitigate cracking in concrete by using admixtures and additives, the standard
restrained ring test ASTM C1581 can be adopted for evaluating the concrete’s
performance after modification. However, it was observed that the cracking age in a
restrained ring test could greatly vary, even for specimens from the same batch.
Therefore, specifications for concrete shrinkage cracking should be met based on three
specimens from the same batch to be approved. This reduces the risk of failures due to
incompatibility, processing, and testing.



INTRODUCTION

Background

Modern concretes used in transportation infrastructure have high and rapid strength
development, lower permeability, and excellent durability. However, because of the high
cementitious content, low water-to-cementitious material ratio (w/cm), and various
admixtures, modern concrete in transportation infrastructure often possess a high risk of
shrinkage cracking. Over the past decade, many states have reported cracking on
transportation infrastructure, particularly on bridge decks at early ages ( 1, 2), which is
also a concern in New Jersey.

Cracks weaken concrete and permit water and harmful chemical ingress into structures,
thereby accelerating deterioration and corrosion of reinforcement ( 3). Shrinkage also
causes concrete slabs to curl and warp, which affects the girder-to-deck composite
action, ultimately decreasing the load-carrying capacity of bridges ( 4). In addition,
shrinkage may bring about stress loss in prestressed concrete structures and affect the
camber and deflection of bridge girders.

To assess the cracking risk of infrastructure concrete, it is essential to understand the
shrinkage behavior (such as shrinkage components, amount, and progression time) of
concrete. And to control cracking, it is necessary to compensate for the effects of
material constituents (i.e., cementitious materials, aggregate, and admixtures) on
concrete shrinkage behavior ( 5, 6, 7).

This study investigates shrinkage cracking prevention of infrastructure concretes used

in New Jersey. More specifically, it is to identify the significant shrinkage components
(autogenous and drying shrinkages) currently present in New Jersey concretes known
to have had issues with shrinkage and the application of recent innovations (shrinkage
reductions, compensation, internal curing, coatings, and fibers) in shrinkage cracking
mitigation. In addition, the research quantifies the magnitude of the shrinkage processes
operating in NJDOT approved concrete and how cracking prevention measures impact
these shrinkages.

Objectives

Modern concrete mixtures used in transportation infrastructure can have a high risk of
shrinkage cracking because of the high cementitious content, finer portland cement, low
water-to-cementitious material ratio (w/cm), and the various admixtures in the concrete.
The study aims to improve the longevity and performance of New Jersey transportation
infrastructure by reducing the concrete shrinkage and cracking potential and limiting the
ingress of water and other deleterious substances into the concrete. Innovative
techniques and materials for preventing shrinkage were studied in New Jersey materials
and conditions to achieve this goal. The following set of specific objectives was set:

1. To identify and measure components of shrinkages in New Jersey concretes;

2. To identify and investigate different methods for controlling shrinkage
cracking applicable to New Jersey infrastructure concrete mixes.

3. To determine the effects of the techniques and methods used to control

shrinkage cracking on other fresh and hardened concrete properties.
3



4. To investigate the field performance of the New Jersey mixes and compare
concrete mixes with different shrinkage cracking potentials and concrete
mixes with and without shrinkage control methods.

Approach

The research first reviews the literature on techniques and materials for reducing
concrete's shrinkage and cracking potential. Next, shrinkage tests were conducted on
selected NJDOT-approved concrete mixtures. The results of the tests were used in
identifying control mixtures to be treated for reducing shrinkage and cracking potential.
Then, shrinkage-reducing admixture, shrinkage-compensating admixture, internal
curing, coating, and fibers were added to the control mixtures. The treated mixtures
were tested for changes in shrinkage behavior and cracking potential in comparison to
the controls. Furthermore, the shrinkage cracking mitigation effectiveness, effects on
fresh, short and long-term hardened properties, durability, and performance in New
Jersey field conditions were investigated.

The following sections of the report provide a summary of the literature review. Then,
the materials and mixtures studied are given. This is then followed by the test methods
implemented for measuring concrete properties. Finally, conclusions and
recommendations based on the study are provided.

LITERATURE REVIEW

Shrinkage Behavior and Shrinkage Induced Cracking of Concrete

Concrete shrinkage generally occurs from plastic shrinkage, chemical shrinkage,
autogenous shrinkage, drying shrinkage, carbonation shrinkage, and their
combinations. In these cases, the paste in concrete is what changes in volume. The
factors that significantly affect concrete shrinkage are types of cementitious materials,
w/cm, water or paste content, aggregate type, fine-to-coarse aggregate ratio,
environmental conditions, and structure configuration.

Chemical and Autogenous Shrinkage

Chemical shrinkage results from the lesser volume of the cement hydration products
compared to the unreacted constituents. The reduction in volume is related to the
chemistry and degree of hydration of cementitious materials.

Autogenous shrinkage is a measurable external volume change occurring when
concrete has no moisture transfer to the surrounding environment. It occurs during the
plastic state and continues during the hardened state. In its plastic state, shrinkage
occurs due to the change in the volume of the paste. In the hardened state, continuing
hydration consumes the water in concrete and thereby developing water menisci in the
fine pores. The water menisci generate stress in the pore walls that causes the concrete
to shrink. As concrete reaches a hardened stage, self-desiccation results in shrinkage.
Different from chemical shrinkage, autogenous shrinkage is an external volume
reduction.

Yun and Jan ( 8) studied concrete shrinkage focused on field conditions and their effect
4



on the material. The experimental procedure was designed to simulate actual field
conditions in terms of uncontrollable variables such as temperature and humidity. To
replicate the real environment, the concrete castings were immediately covered to
prevent water contamination. Conclusions that were drawn from this experiment were
that the maximum amount of autogenous shrinkage occurs within 24 hours; timely water
curing can reduce the shrinkage of high-performance concrete; reinforcing bars,
although barred from HPC, would decrease the amount of shrinkage; and lastly, that
lower water-to-cement ratios also lead to higher autogenous shrinkage.

Lee et al. ( 9) found that at the same w/cm ratio, ground granulated blast furnace slag
(GGBFS) concrete exhibited higher autogenous shrinkage than the control concrete.
They suggested that GGBFS replacement level and particle shape greatly contributed
to the high level of shrinkage. Persson ( 10) studied the use of silica fume and observed
that autogenous shrinkage mainly results from the pore refinement and decline of the
internal humidity in concrete. Whitling et al. ( 2) focused on the trends in cracking and
drying shrinkage of silica fume concretes for highway bridge decks. They found that
silica fume did not affect early-age concrete cracking unless the concrete was
improperly cured. However, silica fume concretes exhibit more shrinkage in the early
stages than their traditional counterpart and thus require a 7-day continuous moist
conditions plan for proper curing.

Yang et al. ( 11) sought to separate the autogenous shrinkage strain from the drying
shrinkage strain of high-strength concrete with silica fume at early ages. The bound
water content (BWC) method was used, whereby samples of varying water/cement
ratios were left in sealed conditions to establish a relationship between hydration and
autogenous shrinkage. This allowed for the distinguishing between autogenous and
drying shrinkage when examining samples left in unsealed drying conditions. It was
found that autogenous shrinkage accounted for 20-50% of the total shrinkage using the
BWC method, and drying shrinkage became dominant as the water/cement ratio
increased.

Plastic Shrinkage and Drying Shrinkage

Plastic shrinkage occurs in fresh concrete when the rate of water evaporation on a
concrete surface is higher than the rate of water bleeding inside the concrete. An
effective way to control plastic shrinkage is to control the rate of water evaporation on
the concrete surface. Micro-cellulose fibers have also been effectively used to reduce
plastic shrinkage cracking. One critical step to ensure proper function was to disperse
the fibers to maintain consistency. When dispersion was adequately performed, the
fibers possessed internal curing capabilities but not enough for exclusive application. In
addition, the fibers proved to be efficient in significantly reducing the drying shrinkage-
induced cracking. Kawashima and Shah ( 12) analyzed the behavior of cementitious
materials that have cellulose fibers under sealed and unsealed conditions. Sealed
conditions simulate autogenous shrinkage, and the unsealed condition mimics dry
shrinking. Some key conclusions were that the fibers controlled drying shrinkage, the
cellulose fibers also provided some internal curing, and the improved distribution of the
fibers resulted in more desirable properties.

Drying shrinkage results from water loss in hardened concrete. When concrete is
5



exposed to drying conditions, concrete shrinks when the water leaves due to the rise of
capillary tension, surface tension, and disjoining pressure.( 13) When the ambient
relative humidity (RH) is sufficiently low, the interlayer water in C-S-H gel in concrete
may also be removed and cause the concrete to shrink. Drying shrinkage is closely
related to the amount of water, the structure (size and distribution) of the pores, and the
chemistry of the pore solutions in concrete. In the study by Rougelot( 13), autogenous
shrinkage was controlled by desaturation. This was done by saturating samples for 5
months in a lime-saturated bath. Beams were then left in a controlled environment, and
humidity was lowered from 100% to 12% over the following months. It was determined
that slopes of the shrinkage curves decrease with decreasing humidity and that higher
water-to-cement ratios lead to increases in desiccation shrinkage and porosity.

Carbonation Shrinkage

Carbonation shrinkage occurs when cement constituents and cement hydration
products in concrete react with carbon dioxide (COy) in the air. When the concrete
reacts with the carbon dioxide, the weight of the concrete increases, and an irreversible
reaction resulting in carbonation shrinkage occurs. The carbonation process proceeds
slowly and usually produces slight shrinkage at a relative humidity below 25% or near
saturation.

Carbonation sometimes occurs in cold weather regions that implement gas heaters to
aid in curing. One of the gases produced by the heaters is carbon monoxide which,
when in contact with concrete, produces a light and chalky finish on the surface of the
concrete.

Shrinkage Induced Cracking

Restrained autogenous shrinkage in high-strength concrete can produce stresses
during the early ages that may cause premature cracking. This was shown by lgarashi
et al. ( 14), mainly when the ratio between the restraining stress and the tensile strength
approached 50%. By comparing restrained and unrestrained samples of varying water-
to-cement ratios and silica fume contents, it was found that restraint of autogenous
shrinkage in high-strength concrete at early ages caused high internal stress and large
creep strain. This caused internal stress to be lower than expected. Lower water-to-
cement ratios and higher silica fume content increased the creep strain in restrained
autogenous shrinkage tests at early ages, which in turn increasingly lowered the
magnitude of the internal stress. It was also found that when the ratio of restraint-
induced internal stress to tensile strength approached 50%, premature cracking began
to occur, leading to tensile failure. Darquennes et al. ( 15) found that the shrinkage
cracking occurred later than the portland cement concrete in the case of slag cement
concrete. Despite a larger autogenous shrinkage, it took longer for the slag cement
concrete to crack than the portland cement concrete due to the expansion of the cement
matrix in the slag concrete at an early age and the large capacity to relax internal
stresses.

The effect of reinforcement on early-age cracking in high-strength concrete was
investigated by Sule and van Breugel ( 16). The effects of reinforcement on early-age
cracking in high-strength concrete due to autogenous shrinkage and thermal effects
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were studied. A temperature stress testing machine was used to restrain the sample
and to control curing temperatures. High-strength concrete was compared with normal
strength, while the reinforcement percentages and number of reinforcement bars were
varied. The samples were tested isothermally and semi-adiabatically to distinguish
between autogenous shrinkage and thermal effects. It was found that the formation of
smaller cracks delays the appearance of major cracks. Cracking was comparable in the
plain and single-bar concrete but was more delayed in the four-bar concrete due to its
higher tensile strain capacity. The reinforcement percentages studied were 0, 0.75,
1.34, and 3.02% and were configured with one and four reinforcement bars. The
researchers showed that reinforcement quantity and distribution could induce the
formation of smaller cracks. These smaller cracks can postpone the moment at which
major cracks are formed.

Concrete Shrinkage and Control Technologies

There are various ways to control concrete shrinkage and shrinkage cracking. For
example, in addition to the commonly used concrete jointing (e.g., saw cutting), Mindess
and Young ( 17) suggested altering concrete shrinkage behavior through mix design
optimization, such as reducing water content and increasing aggregate/concrete
stiffness. In addition, Leepage et al. ( 18) demonstrated that improved curing practices
could help reduce concrete shrinkage. Recently, as high-performance concrete, which
often has high shrinkage cracking potential, is increasingly used in transportation
infrastructures, breakthroughs have also been made for concrete shrinkage control,
including using shrinkage-reducing admixtures (SRAs), shrinkage compensating
admixtures (SCAs) and internal curing (IC) agents.

Shrinkage Reducing Admixtures (SRAs)

SRA is a chemical admixture that reduces fluid surface tension in concrete pores ( 19,
20). The surface tension is the driving force of concrete drying shrinkage. SRA can
delay the cracking age and reduce the corresponding crack width ( 21, 22).

Zhan and He ( 23) published a review of the application of shrinkage-reducing
admixtures in concrete. The review covered characteristics of SRA, hydration,
workability, mechanical properties, durability, and dimensional stability. Zhan and He
drew the following conclusions based on their review of prior studies.

e SRA delays the hydration reaction of concrete at early ages and improves the
hydration at later stages. Hydration is sensitive to curing conditions. There is
no clear effect on the workability of concrete.

e A majority of studies indicate strength properties of SRA concretes are
reduced as SRA contents are increased. Using fibers and moisture curing can
improve the properties of SRA concretes.

e SRA generally decreases water absorption and chloride permeability and
increases resistance to freeze-thaw.

e SRA can reduce autogenous shrinkage, drying, plastic, and chemical
shrinkage. The shrinkage reduction mechanism of SRA on the various types
of shrinkage is similar. It is mainly due to the reduced surface tension,
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reduced concentration of pore solution ions, adjusted relative humidity, and
expansion effect.

e The combined use of SRA and other components or admixtures, such as
expansive agents and internal curing agents, has a better effect on reducing
shrinkage.

e SRA reduces the creep of concrete.

Wang et al. ( 24) studied the effect of shrinkage-reducing admixture on high-
performance concrete with Type | cement, coarse limestone aggregates, river sand,
water reducer, and air-entraining admixture. The results show that SRA effectively
reduces shrinkage strains and strain rates with increasing dosage. The dosages used
were 0, 0.5, 1, and 1.5 times the manufacturer's recommended dosage.

Wei et al. ( 25) studied the effect of SRA-modified nanosilica (NS@SRA) on the
autogenous shrinkage of cement paste using the restrained ring test. NS-added paste
exhibits much higher residual tensile stress than plain paste from the beginning of the
test to its cracking time. In contrast, paste with NS@SRA shows a higher rate of stress
development than plain paste only at the measurement's beginning. Furthermore,
cement paste's time-to-cracking (defined as the difference between the age when a
sudden decrease in tensile stress occurs and the age of initial drying) is reduced by
11.7 h with NS addition. In contrast, incorporating NS@SRA particles extends the time-
to-cracking of cement paste by 11.6 h. These results demonstrate NS@SRA's capability
to alleviate shrinkage and cracking risks of cement paste with low w/c.

Shrinkage Compensating Admixtures (SCAs)

SCA is a chemical admixture that offsets concrete shrinkage through expansion from
chemical reactions during an early age. The common types of SCA are Type K cement,
Type G additive/component, and MgO-based additive. Type K cement attributes its
expansion from ettringite formation from a sulfoaluminate-based agent. Type G additive
forms calcium hydroxide platelet from a lime (CaO)-based expansive agent. MgO
(periclase) additive hydrates to form Mg(OH). (brucite) ( 26, 27, 28). A sulfoaluminate-
based SCA commonly has a slower expansion rate than a lime-based SCA, the latter
more suitable for early-age strength concrete with a short curing time ( 29). SCAs are
also used to produce expansive types of cement (such as Types K, M, and S cement)
(ASTM C845). Wang et al. ( 30) studied the effect of MgO-based SCA on high-
performance concrete. The results showed a limiting dosage for free drying shrinkage
reduction. However, the SCA is still effective in reducing shrinkage strains under
restrained conditions.

Wei has studied the drying shrinkage and associated restrained cracking behaviors of
cementitious composites embedded with stiff (quartz) and soft (phase change material,
PCM) inclusions ( 25, 31). The results show that increasing the quartz volume fraction
reduces the drying shrinkage of the composite since stiff inclusions restrain the
shrinkage of the paste. While PCM inclusions do not significantly alter the drying
shrinkage of cement paste, the addition of PCMs enhances the cracking resistance of
cement-based materials. Besides PCMs' hydrophilic nature, composites containing soft
inclusions demonstrate benefits from crack blunting and deflection and improved stress
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relaxation. Consequently, although the residual tensile stress at failure in the restrained
ring test remains similar, the time to failure (i.e., macroscopic cracking) of PCM-
containing composites is considerably extended.

Mo et al. ( 32) studied the influence of calcination conditions on the expansive
properties of MgO-type expansive agents (MEA) used in cement-based materials. A
single MEA particle consists of many aggregated MgO grains. The specific surface area
and the activity of the MgO grain structure influence the hydration activity of MEA.
Higher calcination temperature and longer residence time cause grain growth of MgO.
This produces a decrease in inner pore volume and specific surface area and
decreases the hydration activity of MEA. The self-expansion of MEA particles due to the
hydration of MgO grains causes the expansion of cement paste. Highly active MEA
hydrates rapidly and produces fast early-age expansion. A short time is needed to reach
the maximum expansion. MEA with lower activity hydrates slowly, resulting in less early-
age expansion. After an induction period, the sintered MgO grains are broken down by
the expansion at the grain boundary. This increases the reaction area and accelerates
the hydration and the corresponding expansion. Less active MEA has a longer induction
period, producing a larger final expansion. Mo et al. suggest that the expansion
properties of MEA could be regulated by controlling its microstructures and hydration
activity by changing the calcining temperature and residence time to produce MEA with
various expansion properties.

Expansive admixtures based on calcium sulphoaluminate (CSA) produce expansive
ettringite. CSA produces expansion at later ages than that induced by CaO. This
expansion, therefore, occurs after the compressive strength starts to grow. Because of
the later start to the expansive reactions, CSA-based expansive admixtures require a
longer wet cure. Monosi et al. ( 33) reported on the effectiveness of an expansive CSA-
based admixture with propylene-glycol ether-based shrinkage-reducing admixture.
Monosi et al. report

e The mortar-free expansion increases with the gypsum content, and the
water/binder used.

e There is a threshold water/binder value below which only shrinkage occurs.
e The SRA admixture strongly amplifies the free mortar expansion. However, it
does not amplify the amount of free contraction nor the time to reach the

steady state.

e In the presence of restraint, the SRA admixture does not affect the mortar
expansion but slightly reduces the restrained shrinkage.

e The SRA slightly delays ettringite formation but significantly changes the
ettringite fibers' morphology, resulting in a finer structure.

e SRA reduces the compressive strength of mortars, particularly at early ages.

Based on these findings, it was concluded that SRA, combined with CSA expansive
admixtures, does not improve performance much in the restrained scenario. Still, it
could be a helpful addition to CSA-based shrinkage-compensating cementitious
materials where reinforcements are absent.

In another study using a calcium sulphoaluminate (CSA) based expansive agent, Dong
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et al. ( 34) considered the shrinkage of self-compacting concrete using a comparator.
They performed qualitative and quantitative analyses of the hydration products using X-
ray diffraction. In the concrete mixes, the total cementitious content was held constant
while varying the replacement of portland cement with 0 percent to 40 percent fly ash
and slag at a ratio of 3:2. The amount of CSA-based expansive agent was held constant
at approximately 11 percent of the cement content. Samples were cured in water, wet
three times per day, or in ambient room conditions. When specimens were cured in
water, as the amount of mineral admixture was increased, the expansion of the
specimens also increased with the greatest expansion with 40 mineral admixture
replacement of portland cement. Under the intermittent wetting and ambient curing
conditions, combining mineral admixtures and shrinkage compensating agents reduced
the shrinkage by about 16 percent in the former case and 13 percent in the latter. With
intermittent curing, shrinkage was held under 250 microstrains, while it was over 600
microstrains in the ambient condition.

Zhu et al. ( 35) presented the shrinkage behavior of calcium hydroxide-added alkali-
activated slag concrete (AAS). AAS concrete is an alternative to portland cement
concrete. It has properties that include rapid compressive strength development and
high sulfate resistance. It also has high shrinkage. It was found that the addition of
Ca(OH). increased the plastic shrinkage of AAS concrete but reduced autogenous and
drying shrinkage through changes in the reaction rates and the hydration products.

e The addition of Ca(OH). into AAS concrete enhanced the development of
compressive strength and the static elastic modulus at an early age,
especially when the W/B ratio is high. However, the degree of hydration was
not increased in the long term but significantly increased at an early age.

e The fast hydration due to the addition of Ca(OH), significantly increased the
plastic shrinkage with a decrease of the mass loss in 24 h.

e Autogenous and drying shrinkage mass loss of AAS concrete was reduced by
adding Ca(OH).. The increasing Ca/Si ratio of C-S-H(l) gel and crystals in
AAS concrete are responsible for decreasing the autogenous and drying
shrinkage.

Ye and Radlinska ( 36, 37) investigated the shrinkage mechanisms in AAS concrete
and mitigation strategies. Compared to ordinary portland cement concrete, AAS shows
considerably high drying shrinkage and moisture loss, regardless of exposed relative
humidity. A pronounced viscous characteristic in AAS strongly depends on the
experienced relative humidity during curing. The viscous performance in AAS is due to
the rearrangement and reorganization of C-A-S-H particles (layered sheets) under the
capillary stress. The reorganized structure is difficult to modify, meaning most of the
shrinkage in AAS dried at high RH is irreversible. Mitigation strategies investigated were
high-temperature curing, sulfate enrichment, and calcium enrichment. High-temperature
curing reduced the shrinkage of AAS by improving the coalescence or bonding between
adjacent C-A-S-H nanoparticles. However, mitigating shrinkage through early-age
expansive reactions is less effective since the dominant component of drying shrinkage
in AAS is due to the long-term visco-elastic/visco-plastic deformation of C-A-S-H.

Jia et al. ( 38) studied the effects of calcium sulphoaluminate type expansion agents
10



(CSAE), CaO type expansion agents (CE), and shrinkage-reducing agents (SRA) on
AAS mortars. The addition of CSAE, CE, and SRA decreased the drying shrinkage of
AAS mortar by about 41-45%, 54-56%, and 35—44% at 56 d, respectively. However,
the internal relative humidity conditions in the various AAS mortars within 56 d did not
evolve similarly. The consumption of a large amount of water during the formation of
AFt, meant the addition of CSAE caused a significant decline of internal relative
humidity in AAS mortar in the first three days. The internal relative humidity at the early
ages remained stable for the CE and SRA group mortars. At late ages, the internal
relative humidity in the three groups with admixtures became higher than in the
reference group. The formation of crystal phases, AFt and CH, contributed to the
decline of the drying shrinkage of AAS mortars. However, CE is more effective in
reducing drying shrinkage than CSAE. This was attributed to the comprehensive effect
of both low water consumption of CaO during the hydration process and the high elastic
modulus of CH in the CE group.

Haiyan et al. ( 39) studied the freeze-thaw durability of high-strength concrete, high-
strength concrete with an added expansive agent, and high-strength concrete with an
expansive agent and steel fibers. The concrete studied was not air-entrained. Binders
included portland cement plus a blend of 10 percent silica fume, 20 percent fly ash, and
20 percent slag by mass of cementitious materials. An aluminate expansive agent was
used. The freeze-thaw life of the high-strength concrete with the expansive agent was
shorter than that of the high-strength concrete by 34 percent. The cause was explained
by the greater production of calcium aluminate monosulfate in the concrete with the
expansion agent. This converts to calcium aluminate trisulfate during the freeze-thaw
cycles, and the resulting volume expansion increases the internal pressure. The
addition of steel fibers can restrain the spread of internal cracks.

Internal Curing (IC) Agents

Internal curing is a mitigation strategy for autogenous shrinkage where additional curing
water is provided to the hydrating cement matrix through the inclusion of water-
saturated porous materials (SLA) ( 40) or saturated super absorbent polymer particles
(SAP) (41, 42) in a concrete mixture. The key advantage of internal curing over
conventional external curing methods is that it can significantly reduce the distance that
additional curing water must travel to access the hydrating paste and replenish its
emptying capillary pores. The supplied water from these saturated particles balances
the moisture lost in concrete caused by drying or self-desiccation, thus reducing
shrinkage and cracking. SAP can absorb up to 5000 times its weight. Another benefit of
internal curing is increased compressive strength at later ages due to increased
hydration ( 43). Although such a curing method is typically not necessary for normal-
strength concrete, it becomes increasingly critical for high-strength or high-performance
concretes with low water-to-cement ratios and/or incorporating reactive mineral fillers,
e.g., silica fume, thereby exhibiting denser capillary pore structure and self-desiccation.

Various forms of porous inclusions, commonly referred to as internal curing (IC) agents,
have been investigated to employ internal curing. Among the IC agents, the most
common are lightweight aggregates ( 44, 45, 46, 47, 48, 49, 50) and superabsorbent
polymers ( 51, 41, 42). Other candidate materials that have been investigated include

11



ceramic waste aggregates ( 52), rice husk ash ( 53), coal bottom ash ( 54), recycled
aggregate concrete ( 55), and wood-derived materials ( 56).

Lightweight aggregates (LWA) can be incorporated into concrete by replacing normal
aggregates, where the replacement level depends on the mix design. Bentz et al. ( 57)
proposed mix proportioning with saturated LWA to prevent self-desiccation based on
Powers's mod. It has been demonstrated that autogenous shrinkage can be eliminated
at the appropriate dosing. There are various natural and artificial porous aggregates,
such as pumice, expanded shale, and expanded clay. Ghourchian et al. (58 have
investigated other types, such as zeolite aggregate. However, these were unsuccessful
due to their fine pore structure, which hindered water release. The main shortcoming of
utilizing LWA is that strength reduction is commonly observed due to its porous nature.
However, Zhutovsky et al. ( 50) suggest that an optimal dosage of saturated LWA can
provide enough internal curing water to sustain hydration while overcoming any strength
reduction accompanying the porous inclusions in the matrix. Golias et al. ( 59)
investigated the influence of the initial moisture content of the LWA for internal curing
(oven-dried, 24h pre-wetted, vacuum saturated). It was found that oven-dried LWA
could absorb mixing water before setting and effectively release as internal curing water
later. This demonstrated the potential of introducing LWA dry (versus pre-saturated) as
long as the mix is appropriately designed to include additional curing water.

In addition to mitigating autogenous shrinkage, Espinoza-Hijazin and Lopez ( 60) found
that saturated LWA can help to increase the degree of hydration and improve transport
properties of higher w/c ratio concretes. Villarreal et al. ( 61) found beneficial effects of
saturated LWA in field applications in concrete paving, for example, reduction or
elimination of plastic shrinkage, drying shrinkage cracking, and self-desiccation, as well
as improved hydration and increased compressive strength. De la Varga et al. ( 62)
studied high-volume fly ash concretes with low water-to-binder ratios to offset slow
hydration and delayed setting. The incorporation of saturated LWA improved early-age
strength gain and reduced shrinkage at later ages through internal curing. Cusson et al.
( 63) conducted a service life and life-cycle cost case study on high-performance
concrete (HPC) bridge decks. They found that HPC with SCM and internal curing via
LWA exhibited more than 20 years of service life compared to HPC. Cost reductions
were 63% compared to normal concrete, despite higher initial costs of HPC and
saturated LWA, primarily due to reduced shrinkage and associated reduction in chloride
penetration.

Superabsorbent polymers (SAP), also known as hydrogels, are considered the more
"straightforward" approach to internal curing than saturated LWA. SAP are polymeric
materials that absorb and retain a large amount of liquid without dissolving. SAP may be
added as a dry admixture as it can rapidly absorb water during the mixing process. The
size of the SAP may be controlled, allowing control of the pore size distribution in the
cement paste matrix ( 41). The main drawbacks of SAP are that they are more costly
than LWA, and they can be crushed during the mixing process, which causes them to
release water prematurely. Craeye et al. ( 64) investigated the use of SAP in HPC
bridge decks. They found that they can help reduce autogenous shrinkage and
associated early-age cracking but reduce mechanical strength, modulus of elasticity,
and higher creep deformation. Justs et al. ( 65) studied the use of SAP in ultrahigh-
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performance concrete (UHPC) with water to cement ratio of 0.25. SAPs increased the
degree of hydration and mitigated autogenous shrinkage. Although they decreased
mechanical strength compared to the control, 150 MPa 28-day strength was still
achievable.

Justs et al. ( 65) studied SAP for internal curing in cement pastes and ultra-high-
performance concrete with water to cement ratio below 0.25. Using SAP particles less
than 0.63 ym in a mix with a water-to-cement ratio of 0.15 plus an additional 0.05
entrained water to cement in the SAP (total w/c = 0.20) reduced autogenous shrinkage
from more than 600 pum/m to about 120 um/m at 30 days. The same effect was not seen
in a comparison mix with a water-to-cement ratio of 0.20 but without SAP. Using a
smaller amount of SAP did not produce the same effect.

Although internal curing is an effective mitigation strategy for self-desiccation and
subsequent autogenous shrinkage, there are discussions over which features of the IC
agents are the most critical to consider. IC features are particle size, pore structure,
water absorption, and water release rate. Bentz et al. ( 66) extended an existing
hydration model to incorporate internal curing with LWA. The results suggested that the
dispersion of LWA with a finer grain size leads to better efficiency due to the aggregate-
paste proximity. The adequate dispersion allows the hydrating paste closer access to
the additional curing water. On the other hand, Zhutovsky ( 50) found the opposite with
experimental results that showed coarser LWA is more effective in reducing autogenous
shrinkage than finer LWA. This was attributed to the larger pore structure of the coarser
LWA allowing the water to escape more readily.

A round-robin study by Mechtcherine et al. ( 67) showed that key parameters for
determining the effect of SAP on shrinkage mitigation, mechanical properties, and
workability include shape and size of the SAP particles, as well as absorption and
desorption behavior (i.e., release rate) in cement pore solution. The release rate is
highly dependent on the chemical composition of the SAP, which affects swelling
kinetics and gel network size ( 68). Studies also suggest that the best suitable IC agent
should be determined on a case-by-case basis, depending on the cement paste
properties. Zhutovsky et al. ( 50) studied the efficiency of saturated LWA in concrete
with silica fume. Results showed that the efficiency of coarser LWA dropped
dramatically between silica fume concrete with a w/c = 0.25 — 0.33, while there was no
significant decline with the finer LWA. This study implied that in pastes with mineral
admixtures (e.g., silica fume), well-distributed, finer IC agents would be more suitable
because the more disconnected pore structure limits the "sphere of influence" through
which water can travel.

Coatings/Concrete Densifiers

Baltazar et al. ( 69) describe surface treatments used to extend the life of new or
existing concrete. These surface treatments are classified into three groups. First,
hydrophobic impregnations produce a water-repellent surface with no pore filling.
Second, impregnations reduce surface porosity by totally or partially filling concrete
pores. Finally, coatings produce a continuous protective layer along the concrete
surface. Some of these surface treatments can penetrate the concrete pores and react
with the hydration products of concrete, reducing the surface porosity and increasing
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the superficial strength.

Concrete coatings or concrete densifiers help limit fluid movement out of the concrete,
resulting in shrinkage. The most common pore-blocking coatings are silicate-based,
such as sodium silicates, potassium silicates, lithium silicates, or a combination. A
newer technology is a colloidal silica densifier. Silicate coatings penetrate and react with
calcium hydroxide to form calcium silicate hydrate (CSH), the hydration product of
cement that contributes the most to strength and density. The studies described below
looked at surface hardeners' contribution to fluid transport in concrete.

Muhammad et al. ( 70) provide a review of implemented approaches to waterproofing
concrete through a review of over 100 studies on the topic. The agents are classified by
material structure (macro, micro, or nano), by method of application (surface coating or
mixture incorporated), and by function (thin coating forming, concrete pore lining
additives, or pore blocking additives). The macro materials used are silanes and
siloxanes, which could reduce water absorption by 89 percent and 75 percent,
respectively. The silane or siloxane-based materials create a water-repellent pore
surface while leaving the pores open. Silicates containing compounds such as ethyl
silicate, sodium silicates, and other silicates were another macro material used and
reduced water absorption by 98.5 percent. Silicate-based materials are pore blockers
that change the pore structure and densify the concrete. Micromaterials were polymers
and their dispersions and emulsions. While effective in reducing water absorption and
chloride ingress, long-term durability issues were identified. Nanomaterials were nan-
SiO,, ZnO,, and nano clay incorporated to improve water repellency. Thin coating
surface forming additives reduced water absorption and penetration depth by 98.96
percent and 94 percent, respectively. Concrete pore lining forming additives reduced
chloride and water ingress by 86 percent and 98 percent, respectively. Pore blocking
additive reduced water and chloride absorption to 98.5 percent and 48.3 percent,
respectively.

Pan et al. ( 71) also reviewed the performance of concrete surface treatments. Based
on their evaluation of the available literature, they report:

e Silica-based treatment can prevent the loss of concrete compressive strength
after exposure to elevated temperatures.

e Most surface treatments can reduce the water permeability of concrete.

e In most cases, surface treatments can prevent the ingress of aggressive
substances. Polymer coatings are more efficient than other treatment
methods in chloride resistance.

e For carbonation retardation, polymer coatings showed better effects than
other treatment methods. Silicate-based treatments provide better protection
than silane and siloxane, which hardly prevent the ingress of CO..

Moon et al. ( 72) evaluated three levels of concrete protection using inorganic coatings.
The first level of protection was a spray-applied prime coating with active components of
sodium silicate, potassium silicate, and colloidal silica. The second level of protection
was a spray-applied layer of a material with calcium silicate as the main component
over the initially primed layer. The highest level of protection was the spray-applied
acrylic-silicon layer over the previous two layers. The concrete's protection was then
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evaluated through carbonation, chloride penetration, and freeze-thaw tests. Chloride
permeability was greatly reduced with each subsequent level of protection for both low
and high-strength mortars, with the largest reduction from the addition of the second
level of protection. This was explained by the hydration of calcium-silicate, the main
component of the inorganic coating. The calcium-silicate generates an insoluble silicate
compound after its reaction with the components present at the surface of the mortar.
This forms an additional microstructure in the pores. MIP and SEM confirmed that the
applied surface treatment penetrates the mortar and densifies the pore structure
forming a dense membrane at the surface of the concrete. The result of the freezing-
thawing resistance of coated specimens was larger than that of the non-coated ones.

Park et al. ( 73) applied two surface penetrants to concrete samples. The first penetrant
was inorganic and had sodium silicate as the main ingredient. The second was a
combination of sodium silicate and an organic polymer. These were applied to two
concretes, one with a w/c of 0.55 and one with a w/c of 0.49. The samples were cured,
submerged for four weeks, and then exposed to air for two weeks before surface
impregnation through spraying. The surface impregnation resulted in reduced water
permeability, absorption, and porosity. The inorganic penetrant resulted in concrete with
slightly better resistance to chloride penetration than the combination of inorganic and
organic components. This was attributed to lower viscosity and surface tension,
resulting in deeper penetration depth.

Baltazar et al. ( 74) conducted an experimental study about the efficacy of silicate-
based impregnations to protect concrete. Concrete specimens with two different
water/cement ratios (0.40 and 0.70) were produced. The impregnations were evaluated
with three different surface roughnesses and three different moisture contents (3.0%,
4.5%, and 6.0%). The performance of unprotected and protected concrete specimens
was assessed using penetration depth, water absorption by immersion, abrasion
resistance, impact resistance, and bond strength. Results show that the silicate-based
impregnation effectively improved the resistance to water penetration and abrasion
resistance but did not improve the resistance to impact. The reduction in water
permeability was highest for the specimens to which the impregnation was applied at
higher moisture contents.

Fibers

Studies have found that fibers can provide resistance to plastic and drying shrinkage
cracking in concrete ( 75, 76, 77). Including uniformly distributed and randomly oriented
short fibers in concrete significantly improves its tensile and bending strength. It allows
for the bridging of forming cracks in concrete ( 78, 79, 80). Fibers can be readily added
to concrete before or during the mixing operation. However, at higher addition dosages,
the workability of the mix can be reduced significantly, and water-reducing admixtures
are required to retain slump and ensure fiber dispersion.

Various types of fibers have been employed in concrete as mitigation strategies for
shrinkage-caused concrete cracking. The most common and practical ones are steel
and synthetic polymeric fibers. The addition of steel fibers improves the ultimate load
and elastic modulus of concrete mixes and reduces the early shrinkage and cracking
due to the bridging effect ( 81, 82). Concrete mixtures containing steel fibers exhibited
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increased tension stiffening and smaller crack spacings, thus, reducing crack width
compared to reference mixtures without steel fiber ( 83). While steel fibers rust when
exposed to the concrete's surface, they appear to be more durable within the concrete
mass due to a passivation layer formation in the alkaline cementitious environment (
84).

Synthetic polymeric fibers used as anti-cracking admixtures in concrete have garnered
tremendous attention due to their high strength, superior long-term durability, and cost-
effectiveness in reducing the amount of shrinkage cracking. The mechanical blocking
action of ductile polymeric fibers can inhibit the growth of microcracks in concrete due to
shrinkage. The internal support system of the synthetic fibers inhibits the formation of
plastic settlement cracks. The uniform distribution of fibers throughout the concrete
discourages the development of large capillary channels caused by bleeding water
migration to the surface, which provides locations for later-age cracking. Polypropylene
(PP) fibers are the most common synthetic fibers in FRC applications due to their ability
to reduce concrete autogenous and total shrinkage ( 85). PP embedment in concrete
has been reported to reduce crack width by 62% and extend the time to cracking by
84% when the concrete specimens were subjected to restrained shrinkage ( 86). Other
polymeric fibers, such as nylon ( 87) and polyolefin ( 86), have also demonstrated
similar effects on mitigating shrinkage in concrete. However, the effectiveness of
mitigation depends mainly on the distribution of fibers in concrete mixes.

Shen et al. ( 88) used restrained ring tests to study shrinkage in four HSC mixtures
employing double hooded-end steel fibers at 0.0, 0.12, 0.24, and 0.36 percent by
volume. The concrete mixtures had a w/c of 0.32. The fine aggregate was river sand,
and the coarse aggregate was limestone. The measured strains in the ring tests
decreased with an increasing amount of fiber, as well as the residual stress. The free
shrinkage rate of HSC decreased with increasing fiber content, and the cracking
potential also decreased with increasing fiber content.

Younis et al. ( 89) used steel fibers extracted from scrap tires in fiber-reinforced self-
compacting concrete. The recycled steel fiber (RSF) lengths used were 10, 15, 25, and
35 mm. Eight mixes with various combinations of fiber lengths were considered with
constant fiber content. The addition of RSF reduced the free shrinkage strain by using a
single short fiber length. Increasing fiber length led to an increase in free shrinkage
strain. The incorporation of RSF increased the cracking resistance. The short RSF
showed better resistance to cracking than long fibers. Mixes containing long and short
fibers did not exhibit cracking during the test period.

Yousefieh et al. (2017) evaluated the influence of polypropylene, polyolefin, and steel
fibers on the drying shrinkage of concrete. The maximum drying shrinkage strength
depended on the fibers' elastic moduli. In this regard, steel fibers have the highest
elastic modulus compared to polypropylene and polyolefin fibers, resulting in the
greatest increase in the tensile strength of the concrete before initial cracking. In
concrete samples with a fiber content of 0.1 percent (by volume), the maximum
restrained drying shrinkage strains were 72, 40, and 30 microstrains for steel, polyolefin,
and polypropylene fibers, respectively. The steel fibers showed the best performance
due to their hook-shaped tail. Polypropylene fibers also performed better in preventing
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crack development due to their longer length and surface serrulation. All three types of
fiber reduced the average crack width. The average length of cracking in fiber-
reinforced concretes was more than in the control concrete, which was explained by the
general behavior of fibers in producing hairline cracks. Specimens containing 0.1
percent steel, polyolefin, and polypropylene fiber (by volume) increased the cracking
length by 19, 9, and 2 percent compared with the plain concrete. Adding fibers
decreased the drying shrinkage cracking and delayed the initial cracking time. The first
crack appears after 144 h in steel fiber reinforced concrete instead of 48 h in the control
concrete.

Kawashima and Shah ( 90) studied fiber-reinforced concrete's early-age drying
shrinkage behavior. The cellulose fibers used in this study were 100% virgin specialty
cellulose fibers with an alkaline-resistant coating. They had an average length of 2.1
mm, an average diameter of 16 um, and a density of 1.1 g/cc. It was found with the w/c
= 0.5 mortar that adding cellulose fibers did not reduce drying shrinkage and that the
situation is similar in concrete. However, cellulose fibers effectively mitigate autogenous
shrinkage of w/c = 0.28 mortar at 1% addition. And they were found to decrease crack
width by redistributing wider cracks to finer cracks, of w/c = 0.44 concrete under
restrained shrinkage conditions.

Aggregate Gradation

Numerous studies have shown that the common practice of using binary aggregate
blends of a fine and a coarse aggregate results in a gap-graded mix with a lack of
intermediate particle sizes in the 2.36 mm to 9.5 mm range. Shilstone (1990) presented
a quantitative method for optimizing aggregate proportions. Shilstone's method works
with the relationship between the coarseness of two larger aggregate fractions and the
fine fraction, the total amount of mortar, and the aggregate particle distribution to
produce an optimized blend. One of the goals of an optimized mixture is a well-graded
blend of aggregates that results in a smaller paste volume. A reduced paste volume can
reduce shrinkage.

Cramer and Carpenter ( 91) considered mixes made from aggregate gradations defined
as control, near-gap, and optimized. The control mix was based on Wisconsin DOT
specifications. The near-gap mix tended to have a reduced aggregate quantity in the 9.5
mm to 1.2 mm sizes with an increase in fine material. The optimized mix gradation used
the principles of Shilstone ( 92) and practical considerations to minimize waste and had
higher quantities of material in the 9.5 mm to 1.2 mm range. The near-gap mixes had
shrinkage 4 to 14 percent higher than comparable control mixes. The control mixes
exhibited the lowest shrinkage, and the optimized mixes did not show clear reduced
shrinkage.

Ramakrishnan and Patnaik ( 93) evaluated optimized aggregate gradations for bridge
deck concrete in South Dakota. A control mix was compared to a mix with optimized
aggregate gradation through laboratory testing. The optimized mix was then used on
three bridge decks in South Dakota. At 60 days, the control concrete had a drying
shrinkage strain of 393 microstrains, the optimized laboratory concrete had a drying
shrinkage strain of 293 microstrains, and the concrete used on the bridge decks had a
drying shrinkage strain of 278 microstrains. The optimized mixture from the laboratory
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and field had approximately 10 percent higher compressive strength than the control.
The elastic modulus of the optimized and field concrete was also higher than the
control.

Fowler and Rached ( 94) evaluated mixes with various sand-to-aggregate ratios to
study the effect of paste volume on mix performance. They also considered using
microfines to replace a portion of the paste volume. Demand for HRWRA to maintain
the same slump increased with increasing sand-to-aggregate ratio and as paste volume
decreased. Drying shrinkage and permeability increased with paste volume. The
replacement of cement with microfines while holding the paste volume constant
increased in compressive strength. Shrinkage decreased as the microfines percentage
increased.

Hooten et al. ( 95) considered several packing models to reduce cement content while
achieving the performance requirements of the Canadian Standards Association
specifications. They found they could reduce the cementitious materials in typical 5080
psi (35 MPa) mixes by 8 percent and in 7250 psi (50 MPa) mixes by 16 percent while
maintaining workability and air content requirements. Eight mixes achieved a drying
shrinkage of less than 400 microstrains at 28 days at 50 percent relative humidity.

Henschen and Lange ( 96) investigated concrete mixtures designed to have high
aggregate packing density that allowed a reduction in paste volume. The control mix
had a paste content of 31 percent by volume and a coarse-to-fine ratio of 1.47. A
second mix had a low paste content of 22 percent by volume. Two mixes were intended
as paving mixtures and had paste contents of 24 and 27 percent by volume. The last
three mixes all had coarse aggregate to fine aggregate ratios of 0.78. All of the mixes
used a w/c of 0.42. This study demonstrated that well-graded aggregates could reduce
concrete shrinkage regardless of the paste content. In addition, all the optimized
aggregate mixtures showed a lower-than-expected potential for cracking compared to
the control mixture. The mixtures optimized for aggregate density required significantly
more water reducer to achieve desired slumps. They were workable and consolidated
well with a vibrator. Reduced cement paste volume can adversely affect workability
while improving the drying shrinkage and creep performance.

Ryu and Kim ( 97) developed a high-performance concrete paving material with lower
shrinkage and reflection of sunlight. The reflectivity was reduced by including a small
percentage of black pigment. Using optimized aggregate gradations for the mix design,
the strength and freeze-thaw resistance of the concrete significantly improved.
Incorporating fly ash at 25 percent replacement, combined with the optimized aggregate
gradation, reduced the drying shrinkage. The drying shrinkage was reduced by 23
percent compared to a control mix.

Zhu et al. ( 98) investigated the influence of the volume and gradation of coarse
aggregate on the drying shrinkage of self-consolidating concretes (SCC). An aggregate
skeleton dispersion model was proposed to determine the mortar coating thickness.
Based on the model and experimental results, they concluded that increasing coarse
aggregate volume decreases SCC's workability and drying shrinkage. An optimum
coarse aggregate volume of 33 percent was proposed. For SCC, an optimal aggregate
gradation has 30 percent retained between 5 and 10 mm, 30 percent retained between
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10 and 16 mm, and 40 percent retained between 16 and 20 mm for superior workability.
The shrinkage of SCCs decreased with an increased volume ratio of 16 to 20 mm
aggregate. The mortar coating thickness mainly influences the shrinkage of SCCs.
When coarse aggregate volume is kept constant and coarse aggregate size is
increased, the shrinkage of SCCs decreases with increasing mortar coating thickness
because of better restraint from the coarser aggregate.

Systems in Combination

Meddah et al. ( 99) studied combinations of expansive and shrinkage-reducing
admixtures on autogenous deformation of high-performance concrete with silica fume.
The internal stress development induced during the development of autogenous
shrinkage strains was investigated on three different types of HPC. HPC made with
blended cement containing 10% of silica fume (SF) was used with three different water-
to-binder ratios, 0.15, 0.23, and 0.30. Shrinkage-reducing agent (SRA) and an
expansive additive (EXA) were combined and added to the HPC mixtures to minimize
autogenous shrinkage. Using a combination of SRA and EXA resulted in a slight
decrease in the compressive strength, tensile strength, and modulus of elasticity.
Combining SRA and EXA reduced the autogenous shrinkage by 50% in the 0.15 mix.
The autogenous shrinkage and internal tensile stress were further reduced or eliminated
at higher water-to-binder ratios of 0.23 and 0.30. The reduction in shrinkage was most
efficient at the higher w/b ratio. It was also found that more than 80 percent of the
shrinkage develops during the first 24 hours of curing and does not increase
significantly after that.

Oliveira et al. ( 100) presented laboratory test results of SCC's autogenous shrinkage,
considering the efficiency of shrinkage-reducing admixtures, expansive binders, and the
products used in combination. Nineteen concrete mixtures were considered, with six
considered low strength, six considered intermediate strength, and six considered high
strength. The results indicate that autogenous shrinkage was significantly reduced and
sometimes eliminated by incorporating SRA and expansive products. This was found for
all three strength classes of SCC studied. The risk of deleterious expansion in saturated
conditions is marginal, provided the expansive products are used in appropriate
dosages.

Khajehdehi et al. ( 101) evaluated eleven concrete mixtures with w/c ratios of 0.45 that
employed lightweight aggregate for internal curing, calcium oxide-based and
magnesium oxide-based SCAs, and combinations of internal curing, SCMs, and SCAs.
The following conclusions were drawn:

e Internal curing provided by intermediate-sized prewetted lightweight
aggregate effectively reduces drying shrinkage in concrete with moderate w/b
ratios. Mixtures with IC exhibited greater early-age expansion and less
shrinkage during the first 20 days of drying than companion mixes without
internal curing.

¢ Internal curing combined with slag cement and silica fume further increased
the first-day expansion and reduction in shrinkage.

e The CaO-based SCA induced a more rapid expansion of greater magnitude,
with most of the expansion taking place within the first day after casting, while
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the MgO-based SCA caused an expansion that steadily increased throughout
the curing period and was lower in magnitude.

e When the CaO-based SCA is incorporated in a mixture containing SCMs or
SCMs and IC, a larger expansion and, consequently, a lower overall
shrinkage strain is observed. The increase in expansion is greater than that
observed in CaO-based SCA alone or the CaO-based SCA used in
conjunction with prewetted LWA. The same observation was not made for
mixtures incorporating SCMs with the MgO-based SCA.

Valipour and Khayat ( 102) evaluated the efficiency of various shrinkage mitigation
approaches in reducing autogenous and drying shrinkage of ultra-high performance
concrete (UHPC). Products studied included CaO-based and MgO-based expansive
agents, shrinkage-reducing admixture, and pre-saturated lightweight sand.

The incorporation of 25 percent to 60 percent pre-saturated lightweight sand decreased
HRWRA demand (1.23%—1.05%) compared to the control mixture (2.3%) required to
secure self-consolidating characteristics. The lightweight sand content necessary to
compensate for chemical shrinkage for the investigated UHPC corresponds to 35% by
volume of sand. The coupled effect of incorporating a CaO-based expansive agent with
60% pre-saturated lightweight sand resulted in significantly improved control of
autogenous shrinkage of UHPC.

The coupled effect of pre-saturated lightweight sand and CaO-based expansion agent
for different curing conditions indicates that increasing lightweight sand and CaO-based
expansion agent replacement levels along with extending moist curing improved
expansion during the moist curing period. Using shrinkage-reducing admixtures or
MgO-based expansion agents combined with 60 percent pre-saturated lightweight sand
effectively reduced total shrinkage by up to 30 percent. The authors suggested that the
best shrinkage reduction and strength improvement performance was obtained with a
mixture of 10 percent CaO-based expansion agent and 60 percent pre-saturated
lightweight sand.

Shrinkage and Cracking in New Jersey and Other States

New Jersey

Sixteen high-performance concrete mixes with water-to-binder ratios ranging from 0.34
to 0.40 and varying amounts of coarse and fine aggregate were studied by Nassif et al.
( 103) for cracking potential. Compressive and tensile strength, elastic modulus, and
unrestrained and restrained drying shrinkage were also analyzed. It was found that a
higher content of coarse aggregate and a higher ratio of coarse to fine aggregates
reduced cracking potential across all mixes. Silica fume use and higher cementitious
material content also increased cracking potential. It was recommended that at least
1800 pounds per cubic yard of coarse aggregate be used in mixes with a coarse-to-
fines ratio above 1.48. Maximum cementitious material should be limited to 700 Ib per
cubic yard, and silica fume should be limited to 5 percent of the cementitious
component.
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Oklahoma

Ramseyer and Giebler developed and used four HPC mixtures in field trials on bridge
decks ( 104). The mixtures were developed by studying the effects of air entrainment,
cementitious materials content, water to cementitious materials (w/cm) ratio,
supplemental cementitious materials, fiber reinforcement, and a shrinkage-reducing
admixture. The field investigation consisted of test slabs for the HPC mixtures and
actual bridge construction. It was found that the shrinkage-reducing admixture had
reduced unrestrained shrinkage while increasing compressive strengths but had an
adverse effect on the air content. The shrinkage-reducing admixture's impact on air
content was reduced by adding the admixture in small repeated doses. Moderate to low
range shrinkage, high compressive strengths, and little or no cracking was achieved in
the decks.

Colorado

Durham and Cavaliero ( 105) provided an evaluation of Colorado Department of
Transportation specifications for Class H and Class HT crack-resistant concrete
intended for use in bridge decks. Class H is used for bare concrete decks, and Class
HT is used for deck resurfacing and repair. The shrinkage strain development rate and
ultimate strain were reduced by lowering binder content and using a high dosage of
shrinkage-reducing admixture while maintaining adequate development of ultimate
strength at all ages. The following modifications were recommended to the CDOT
specifications in place at the time of the study: 1) increase maximum allowable water-to-
cement ratio from 0.42 to 0.44; 2) increase maximum allowable cement replacement
with Class F fly ash from 20% to 30%; 3) incorporate the use of cement replacement
with ground-granulated blast furnace slag up to 50%; 4) incorporate the use of a
shrinkage reducing admixture at high dosage rates; 5) incorporate the use of a set
retarder admixture at average dosage rates; 6) decrease cementitious content to 564
pounds per cubic yard when supplementary cementitious materials are not used.

Additional requirements for Class H and Class HT concrete are: 1) The concrete mix
shall consist of a minimum of 55 percent sizes No. 57, No. 6, or No. 67 coarse
aggregate by weight of total aggregate; 2) the cracking tendency of the laboratory trial
mix shall not exhibit a crack before 15 days when tested following AASHTO T334.

lowa

Wang et al. ( 106) evaluated various shrinkage components in HPC mixes used for
bridge decks and overlays in lowa. Mixes using three types of cement (Type |, I/ll, IP),
three supplementary cementitious materials (Class C fly ash, slag, metakaolin), and
chemical admixtures (normal and mid-range water reducer, retarder, air-entraining
agent) were studied. Tests were conducted for chemical, autogenous, free drying
shrinkage, and restrained shrinkage, as well as creep strain, compressive strength,
splitting tensile strength, and elastic modulus. The cracking potential of the concrete
mixes was assessed based on the simple stress-to-strength ratio method and the ASTM
C 1581 stress rate method.

It was found that autogenous shrinkage of the HPC mixes ranged from 150 to 250
microstrains, and free drying shrinkage of the HPC mixes ranged from 700 to 1200
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microstrains at 56 days. This research recommends using the peak shrinkage stress-to-
splitting tensile strength ratio with the consideration of concrete creep for predicting
cracking potential in concrete mixes. It was also suggested that 20% Class C fly ash
replacement reduced all forms of measured shrinkage. 25% ground granulated blast-
furnace slag (GGBFS) replacement increased free drying shrinkage and restrained
shrinkage of concrete significantly. Mixes with cement content greater than 700 Ib/yd®
showed a high potential for cracking. Mixes made with Type | cement yielded greater
shrinkage than those made with Type I/ll cement, which yielded greater shrinkage than
those made with Type IP cement.

Mississippi

Varner ( 107) reports shrinkage and permeability data for thirty concrete mixtures
developed as low-cracking, high-performance concrete for Mississippi. The mixtures
were based on recommendations from the University of Kansas. The results indicate
that Class F fly ash was more effective than Class C fly ash in reducing shrinkage, and
blast furnace slag was more effective than fly ash. All three SCMs significantly reduced
chloride ion permeability. Aggregate gradation optimization had less influence on length
change than SCMs.

State Specifications

South Dakota

The South Dakota DOT ( 108) standard specifications for bridge deck preparation and
resurfacing use Type | portland cement conforming to AASHTO M 85 and portland-
pozzolan cement conforming to AASHTO M 240. For fly ash, Class C or F conforming
to AASHTO M 295 may be used for Type | portland cement; however, fly ash may not
be substituted for a portion of portland-pozzolan cement. Air-entraining admixtures for
concrete shall be "one hundred percent vinsol resin based or one of the products as
listed on the Department's Approved Products List for air-entraining admixtures" and
shall conform to the requirements of AASHTO M 154. The chemical admixtures used
shall conform to AASHTO M 194. A latex emulsion admixture is also used and is
selected from a list of qualified products available on the Department's Approved
Products List. The mixture proportions target an entrained air percentage of 5 +1%, a
slump of 4-8 in., a max water cement ratio of 0.40, and 60% fine aggregates. The
concrete shall be between 45°F and 80°F at the time of placement and shall be
maintained in this range for at least 48 hours. Traffic shall not be permitted until 96
hours after placement. A longer curing period may be required when temperatures fall
below 55°F.

Colorado

The Colorado DOT ( 109) 2017 standard specifications include Class H concrete for
bare concrete bridge decks and Class HT for bridge deck resurfacing and repair. These
concretes are intended to produce decreased porosity and less cracking in the decks.
The concretes have the same minimum strength of 4500 psi (31 MPa) as Class D, and
DT mixes used for bridge decks, but the strength requirement does not have to be met
until 56 days instead of 28 days. The cementitious requirements were reduced to 580 to
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640 Ib/yd3 (344 to 380 kg/m3) instead of 615 to 660 Ib/yd® used in Class D and the
minimum of 700 Ib/yd3 for Class DT. Adding fly ash and silica fume and using a lower
cement content reduces the permeability. The lower cement content helps reduce
shrinkage cracking. Adding fly ash and silica fume also increased strength to offset the
lower cement content ( 110). Class H and HT concrete has an air content range of 5 to
8 percent and a w/c of 0.42 to 0.44.

In the 2022 State specifications ( 111), Class H and HT are no longer present, while
Class G was added. Class G concrete is a low-shrinkage macro fiber-reinforced
concrete. The concrete mix includes macro or hybrid polyolefin fibers at a minimum
dosage of 4 Ibs/cy or the minimum manufacturer-specified dosage, whichever is
greater. Shrinkage-reducing admixtures and expansive cement additives may be
incorporated into the mix. The unrestrained shrinkage shall not exceed 0.030 percent at
28 days. When an expansive cement is used, the expansion of the laboratory trial mix
shall be 0.05 to 0.09 percent at 7 days. The mix shall either have a permeability not
exceeding 2,500 Coulombs at 56 days when tested following ASTM C1202 or have a
surface resistivity of at least 12 kQ-cm at 28 days using AASHTO T358. The strength
requirement for Class G is 4500 psi at 28 days.

Kansas

The Kansas DOT ( 112) specifies the use of Moderate Permeability Concrete (MPC) for
full-depth bridge decks and Low Permeability Concrete (LPC) for bridge deck overlays.

The requirements for MPC are 11.0% maximum volume of permeable voids (KT-73),
13.0 kQ-cm minimum surface resistivity (KT-79), or 2000 Coulombs maximum from the
rapid chloride permeability test (AASHTO T-277). The specifications note that concrete
mixes for MPC require aggregates with a minimum soundness of 0.95 (KTMR-21), a
maximum LA wear of 40% (AASHTO T 96), and a minimum acid insoluble residue of
85% (KTMR-28). These are harder aggregates with very low absorption. MPC may rely
more heavily on optimized gradations, blended cements, or SCMs to meet
specifications.

The requirements for LPC are a 9.5% maximum volume of permeable voids, 27.0 kQ-
cm minimum surface resistivity, or 1000 Coulombs maximum with the rapid chloride
permeability test. LPC also uses harder aggregates with very low absorption. These
mixes must be optimized with the MA-6 gradation. Mix designs with 5% silica fume and
95% Type I/ll cement often meet the LPC requirements. These mixes have traditionally
been known as silica fume concrete. Ternary mix designs help meet these
requirements. Consider using 3% to 5% silica fume with 25% to 30% slag cement, or
25% to 30% slag cements with 10% to 25% Class C fly ash. Class F fly ash alone may
also be effective in reducing the permeability to these levels.

Delaware

The Delaware DOT ( 113) has Class D concrete for structures that require 1.5 Ibs of

nonferrous fiber per cubic yard of concrete and shrinkage-reducing/compensating

admixture. The concrete has a maximum w/cm of 0.4 and minimum compressive

strength of 450 psi. The concrete can be used as deck overlays, deep cavity repairs,

and approach slabs. The maximum allowable temperature for Class D concrete for
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bridge decks is 85°F. In contrast, the maximum allowable temperature for all other
concrete classes is 90°F.

CONCRETE MATERIALS

This section contains the lists of the materials and proportions used in this study. The
materials are presented in two parts. The first part lists the materials and the proportions
used for the intitial evaluation concrete mixtures . The second part presents the
admixtures and additives used to modify the two selected mixtures used as controls for
evaluation of effectiveness of the shrinkage control methods.

Initial evaluation mixture materials and proportions

Table 1 lists the materials for the intitial evaluation mixtures. The list comprises products
included in the NJDOT-qualified list (at the time of testing). The list is composed of
binders, aggregates, and admixtures.

There were four types of cementitious materials used. These were portland cement and
three supplementary cementitious materials.

Four types of coarse aggregates with one type of fine aggregate were used in the
mixtures. The coarse aggregates differ by size and gradation. The largest coarse
nominal maximum size was 1 in., and the smallest was 3/8 in.. Also, one type of coarse
aggregate was a lightweight aggregate, while the other three were granite.

The admixtures were an air-entraining agent, a mid-range, and a high-range water
reducer.

Table 2 lists the 15 concrete mixture proportions studied for their shrinkage properties.
The mixture proportions are based on approved NJDOT mixtures from different regions
in New Jersey. The mixtures were selected based on their high cementitious content or
low water-to-cement ratios. The highest total cementitious content in the group is 800
pcy, while the lowest water-to-binder ratio (w/b) is 0.34.
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Table 1 - Concrete materials for concrete mixtures

Material Type/Product Manufacturer
Binders
Portland cement Type | Lehigh Cement
Fly ash Class F Separation Tech.
Ground granulated blast furnace slag (GGBFS) | Grade 100 Lehigh Cement
Silica fume Rheomac SF100 Master Builders
Aggregates
Coarse aggregate #57 granite Hanson Aggregates
Coarse aggregate #67 granite Hanson Aggregates
Coarse aggregate #8 granite Hanson Aggregates
Coarse aggregate #8 (LWA) lightweight agg Northeast Solite

Fine aggregate

concrete sand

Hanson Aggregates

Admixtures
Air entraining admixture (AEA) Sika Air Sika
Mid-range water reducer (WR) Sikament 475 Sika
High-range water reducer (HRWR) Sikament 686 Sika
Retarder Sikatard 440 Sika
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Table 2 - Concrete mixtures

MXTURE D | Redi Coarse Aggregate Alzgfe 'Z:‘:;mf :z‘ GGBFS E::'rzz Water Ent‘;‘;ner R‘é‘:ﬁi;r HRWR | Retarder
egion| Class | #57 | #67 | #8 |#8LWA| gate
Ib/yd® oz/yd®

NEABR200991 | North | HPC-1 - - 1508 - 1244 | 600 100 - 25 1290.6 8 - 36.25 | 145
NEABR201093 | North | HPC-1 | 1782 - - - 1083 | 570 130 - 25 1290.6| 29 - 36.25 | 14.5
NCCNA335350 | North | HPC-1 - - 1650 - 1230 | 455 - 320 25 |320.6| 0.25-4 | 24 8-24 2-4
NCCNA335391 | North | HPC-1 | 1800 - - - 1201 | 395 - 263 - 1263.9| 0.25-4 | 24 8-24 2-4
NCCNA335392 | North | HPC-1 | 1800 - - - 1194 | 370 - 263 25 |263.9| 0.25-4 | 24 8-24 2-4
NCTEO200859 | North | HPC-1 | 1440 - 360 - 1140 | 400 - 260 25 |274.7| 11.2 19.8 | 924 -
NSPSP201098 | North | HPC-1 | 1818 - - - 1158 | 505 130 - 25 |264.7| 10.53 - 85.7 -
NSRWA200992| North | HPC-1 | 1819 - - - 1138 | 555 100 - 25 |273.0| 1.7 - 81.6 -
Class P2 Central | Class P2 | - - - 820 1400 | 800 - - - 272 | a.n’ - a.n” -
Class P-X Central - 1810 | - - 1292 | 570 - 135 - 256 | a.n.* - a.n’” -
Class P Central| Class P - 1720 | - - 1035 | 640 160 - - 272 | a.n’ - a.n.* -
HPC-1 Central| HPC-1 - 1834 - - 1253 | 435 - 240 25 | 250 | a.n.* - a.n.* -
B Slip Form South | Class B - - 1660 - 1319 | 500 110 - - 1298.1 - - - -
A w/hr South | Class A | 1650 - - - 1255 | 525 - 175 - |280.6 - - - -
HPC Type 1 South | HPC-1 | 1735 - - - 1180 | 570 130 - 25 |298.1 - - - -

*as needed
HPC-1  verification strength: 5400 psi @ 56 days ( 114)
Class A verification strength: 5400 psi @ 28 days ( 114)
Class B verification strength: 4500 psi @ 28 days ( 114)
Class P verification strength: 6000 psi @ 28 days ( 114)
Class P2 verification strength: 7000 psi @ 28 days ( 114)
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Shrinkage control admixtures and additives

The shrinkage control admixtures and additives are listed in Table 3. Five types were
included in the study.

The shrinkage-reducing admixture (SRA) has both shrinkage-reducing and shrinkage-
compensating capabilities. This was mentioned in the manufacturer's product
description and indicated by having sodium hydroxide (for reducing) and magnesium
oxide (for compensating) in the admixture. However, the shrinkage-compensating
admixture (SCA) used in the study does not indicate a shrinkage-reducing capability.
Both admixtures are in powder form and are added to the mixture during the mixing
process.

The internal curing additive is a fine lightweight aggregate. It is incorporated in concrete
mixtures as a partial replacement for fine aggregate. A portion of the concrete sand that
was volumetrically equal to the volume of LWA required for internal curing was
removed and replaced with the LWA.

Two coatings were tested for their effects on shrinkage. Both materials are primarily
intended to fortify concrete surfaces for abrasion and wear. One coating is lithium
silicate-based (LS), and the other is a polymer-modified cementitious paste (EN). LS is
a concentrated liquid that is diluted in water when applied to hardened concrete. It was
applied to small samples (prisms and cylinders) by submerging them in the solution
while the concrete rings were sprayed. (Sample types are described in the Concrete
Tests section.) EN was prepared based on the manufacturer's instructions and was
brushed on samples.

The synthetic fibers are 2 in. long with an aspect ratio of 75. They have specifically been
designed to replace welded wire reinforcement, steel fibers, and light rebar
reinforcement. The fibers are added to the mixture during the concrete mixing. The
fibers are shown in Figure 1.

The dosages applied to control mixtures are given in Table 4. The SRA and SCA
dosages are the maximum and half of the manufacturer's recommended dosages. The
LWA dosages are the calculated required amount based on the work of Bentz and
Weiss ( 115) and half of the calculated amount. The LS dosage is based on the
manufacturer's recommendation. The EN dosage is the average amount of a single-
layer coat applied to prism specimens. The fiber dosage is half of the maximum
recommended dosage by the manufacturer. The maximum dosage of fibers will require
a modification of the proportions of the control mixture.

The two control mixtures were selected based on the shrinkage test results, which are
discussed in the following sections.
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Table 3 - Shrinkage control admixtures and additives

Type Material Product Manufacturer
e fetacno | Wagneshm oide E0l | convorns | s
igmti %2 %Oén Ap;ensating Magnesium oxide Control SC Sika

Internal Curing (LWA) Fine lightweight aggregate, Hydrocure Northeast Solite

expanded shale

. - - - Kretetek
Coating (LS) Lithium silicate Lithi-Tek 4500 Industries

. - Pavement
Coating (EN) Polymer modified cement Endurablend Surface Coatings

. Polypropylene and
Fiber oolyethylene blend STRUX BT50 | GCP
Table 4 - Dosages of shrinkage control admixtures and additives
Control mixture

Type that is modified Dosages
Shrinkage Reducing Admixture (SRA) NCTEO200859 24 Ib/yd® | 48 Ib/yd?
Shrinkage Compensating Admixture (SCA) | NCTEO200859 24 |b/yd® 48 Ib/yd®
Internal Curing (LWA) NCTEO200859 238* lo/yd® | 476* Ib/yd®
Coating (LS) Class P 1:2 water -
Coating (EN) Class P 0.66 lb/ft? -
Fiber NCTEO200859 7.5 Ib/yd® -

*Values are dry weight; however, mixed in concrete saturated surface dry.
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Figure 1. LWA (left) and fibers (right)

Calculation of LWA dosage: The following equations refered from ( 115) equate the
water demand of the mixture with the water supply that can be obtained from the LWA
to help calculate the theoretical amount required to overcome chemical shrinkage
completely:

C,xCSxa,,,, =SxP,,,xM,,, (1)
M, s = (C, X CEX ) /(SXP ) (2)

max

where Cr = binder factor, CS = chemical shrinkage of binder at 100% reaction, amax =
degree of hydration, S = saturation level of LWA, ® wa = sorption capacity of LWA, and
Miwa = dry weight of LWA. An “IC - Max” condition uses the M, wa calculated from this
equation, while an “IC - Half Max” uses half that value.

For the fiber-modified mix, only half of the dosage recommended by the manufacturer
was tested. There was an attempt to prepare a mix with the full recommended dosage
(15 Ib/yd®), but the workability was very poor. Even after adding superplasticizer over
the maximum dosage of 18 fl.oz. per 100 Ib of binder, as recommended by the
manufacturer, the target slump was not achieved (the slump was nearly zero), and the
mix started showing signs of segregation. Therefore this mix was omitted from further
testing.

CONCRETE TESTS

Overview of tests

Fifteen mixtures were first tested to evaluate their shrinkage behavior. The shrinkage
tests were autogenous shrinkage, drying shrinkage, and restrained ring shrinkage
cracking. Based on the results of the tests, two control mixtures were selected for
modification with shrinkage control admixtures and additives. The modified mixtures
were then tested for the effects of the admixtures and additives on autogenous
shrinkage, drying shrinkage, and restrained shrinkage. The compressive and tensile
strength, elastic modulus, and creep of the modified mixtures were also measured. .
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The modified mixtures were also tested for electrical resistivity and resistance to cyclic
freezing and thawing to evaluate their durability. Finally, slabs made from modified
mixtures were exposed to field conditions to measure their shrinkage behavior.

The sections below describe the details of the different tests conducted on the control
and modified mixtures.

Shrinkage tests (Autogenous, drying, and restrained shrinkage)

The autogenous shrinkage tests of concrete were conducted according to ASTM C157 (
116). Three 3x3x11V4 in. specimens were cast and demolded after 24 hours for each
concrete mix. Immediately after de-molding, the surfaces of the specimens were sealed
with aluminum tape, paraffin wax, or bitumen. After sealing, the initial length was
measured, and the specimens were kept in a room at T=23%2 °C. The specimens'
length changes were measured with a length comparator for up to 28 days.

The free-drying shrinkage tests were also carried out according to ASTM C157.
Specimens were also three 3x3x114 in. prisms that were cast and then de-molded after
24 hours. Unlike the autogenous test, the specimens were not sealed but were cured for
6 days in lime-saturated water after demolding. The specimens were then subjected to
drying at RH=50+4% and T=23+2°C. The specimens' lengths were measured for up to
28 days. It is noted that ASTM C157 requires specimens to be cured for 28 days and
dried for 448 days. Due to the limited project time, the short time of moist curing (7
days) and shrinkage measurements was employed in the study. Since all specimens
were cured in the same manner, the test results were used for a comparative study.

The shrinkage cracking potential of concrete was determined by the restrained ring
tests according to ASTM C1581 ( 117). In the test, three specimens were cast for each
concrete mix. One day after casting, the specimens were de-molded by removing the
outer ring. The top surfaces of the ring specimens were then coated with paraffin wax or
bitumen. The specimens were then subjected to the same drying condition (RH=50+4%
and T=23+2°C) as the free drying shrinkage tests. While shrinking, the concrete exerts
pressure on its inner steel ring. Therefore, the strains of the steel ring were measured
immediately after casting by attached strain gages. The strain gages record strain every
10 minutes until the tested ring cracks or reach 28 days.

Hardened Concrete tests (Compressive and tensile strength, modulus, creep)

The compressive and splitting tensile strength and elastic modulus were determined
from 4 in. x 8 in. concrete cylinders at 7, 28, and 56 days. The test methods were
based on ASTM C39 ( 118), C496 ( 119), and C469 ( 120), respectively. Three
specimens were cast for each type of test and each test day. All the specimens were
cured in lime-saturated water until the testing day.

The creep testing was conducted following ASTM C512 ( 121). Two 4 in. x 8 in.
concrete cylinder specimens were tested in creep, and a third 4 in. x 8 in. control
cylinder was monitored simultaneously for shrinkage. The concrete specimens were first
cured for 28 days in lime-saturated water. After curing, two cylinders were loaded to up
to 40% of the compressive strength at the loading age and maintained throughout the
test period. Concrete deformation readings for the loaded cylinders were taken before
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and after loading, at 2 to 6 h later, then daily for 1 week, weekly until the end of 1
month, and monthly until the end of 6 months. Length change readings from the control
cylinders were also recorded. The deformations were measured using a demountable
strain gauge. The specimens under load were kept in the same room as the drying
shrinkage specimens.

Figure 2. Creep frame with specimens under load

Durability Tests (Resistivity and Resistance to Cyclic Freezing-Thawing)

Surface resistivity tests were measured on 4 in. x 8 in. concrete cylinders at ages 7, 28,
and 56 days following AASHTO T358 ( 122). Three specimens were tested on each
testing day. The measurements were made at quarter points on the side of the
cylinders. The results are reported as the average of all the readings from all
specimens.

The resistance of concrete to cyclic freezing-thawing was measured following ASTM
C666 ( 123). Three 3 in. x 4 in. x 16 in. prisms were prepared for each mixture type. The
specimens were cured for 14 days in lime-saturated water before the cyclic freezing and
thawing.

Field exposure

To study the performance of the shrinkage cracking mitigation techniques and materials
on New Jersey concrete and climate, mixtures were tested by casting restrained slabs
in the field and making observations. The restrained slabs’ geometry and restraint were
based on the recommendations of ASTM C1579.

The shrinkage was measured using an externally mounted vibrating wire placed in the
middle of the slab. The vibrating wire recorded the strain of the concrete every 5
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minutes. Two slabs were cast per mixture type tested.

RESULTS

Initial evaluation mixture shrinkage

The measured autogenous and free drying shrinkage, by percent of length changes, in
the initial fifteen mixtures are plotted in Figure 3 and Figure 4. The range of autogenous
shrinkage is 0.026% to 0.052%. The mixture with the largest autogenous shrinkage is
NCTEO200859. On the other hand, the range of drying shrinkage is 0.011% to 0.086%.
The mixture with the largest drying shrinkage is Class P. The values of autogenous and
drying shrinkage at 28 days for the initial evaluation mixtures are provided in Table 6.

The correlations of the initial evaluation concrete mixture components with autogenous
shrinkage and free drying shrinkage were calculated using the statistics software JMP.
In this analysis, mixtures B Slip Form and Class P2 were excluded. This is because B
Slip Form has a w/b (0.49) that is much higher than the other initial evaluation mixtures,
while Class P2 has lightweight coarse aggregates. The parameters considered are the
amounts of portland cement, total binder, water, fine aggregate, coarse aggregate, and
w/b. The results of the correlation calculations are tabulated in Table 5. A positive value
means increasing the parameter also increases shrinkage, and a negative correlation
value means increasing the parameter decreases shrinkage.

The correlation values are relatively low or not close to 1. This is because the mixtures
considered were not parametrically designed, i.e., one parameter value is varied while
others are maintained. Instead, the mixtures represent NJDOT-approved concrete
mixtures with high cementitious content and low w/b.

The correlation values indicate that the parameter influencing autogenous shrinkage of
the mixtures is the amount of aggregates. The increase of fine aggregate or decrease of
coarse aggregates tends to increase autogenous shrinkage. On the other hand, the
increase in portland cement and total binder while decreasing the amount of fine and
coarse aggregates tends to increase the drying shrinkage.
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Figure 3. Length change of prisms due to autogenous shrinkage
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Figure 4. Length change of prisms due to drying shrinkage
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Table 5 - Correlation of autogenous and drying shrinkage to the initial evaluation
concrete composition

Portland | Total Water w/b Fine Coarse

Cement | Binder Aggregate | Aggregate
Autogenous Shrinkage | 0.0846 0.0831 0.0882 | -0.0074 0.2227 -0.2337
Free Drying Shrinkage | 0.3938 0.4990 0.1981 -0.2762 -0.6806 -0.2015

The plots of the strains over time that were obtained from the restrained ring tests are in
Figure 5. The end of the curves indicates the completion of the test for the specimen,
which is either when the concrete ring cracks or it reaches 28 days without cracking.
Based on the strain curves, the average age at cracking and average stress rate were
calculated following ASTM C1581. The calculated results are tabulated in Table 6. Also,
based on ASTM C1581, the potential for cracking for each initial evaluation mixture type
was determined. The potentials for cracking of the mixtures ranged from moderate-low
to high and are listed in Table 6. Of the mixtures tested, three mixtures were identified
as having a high potential for cracking. The ring specimen of these mixtures cracked
within seven days of the casting of the rings.

100 —— NCTEO0200859 —— NCTEO200859 (2) 100 ——NEABR201093 —— NEABR201093 (2)
Bl Fom B Sio o2 o ies  —icihst
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Figure 5. Steel ring strain due to concrete ring shrinkage
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Table 6 - Restrain, drying, and autogenous shrinkage results

e esing Restrained Shrinkage

28-d Length |28-d Length |Average age at|/Average stress| Potential for

Change (%) | Change (%) | cracking (D) | rate (MPa/D) Cracking
NSRWA200992 -0.0280 -0.0310 18 8.7 Mod-Low
HPC Type 1 -0.0410 -0.0567 17 14.5 Mod-Low
B Slip Form -0.0510 -0.0472 17 18.9 Mod-Low
A w/hr -0.0360 -0.0393 17 20.3 Mod-Low
NCCNA335391 -0.0330 -0.0277 15 36.3 Mod-Low
NCCNA335392 -0.0260 -0.0320 9al 16.0 Mod-Low*
NCCNA335350 -0.0337 -0.0287 8 14.5 Mod-High
HPC-1 -0.0367 -0.0240 14 18.9 Mod-High
Class P2 -0.0347 -0.0357 8 21.8 Mod-High
Class P-X -0.0430 -0.0117 9 27.6 Mod-High*
NSPSP201098 -0.0325 -0.0303 7 30.5 Mod-High*
NEABR200991 -0.0440 -0.0326 10 46.4 Mod-High
NCTEO200859 -0.0523 -0.0437 7 65.3 High
NEABR201093 -0.0340 -0.0307 6 37.7 High
Class P -0.0330 -0.0860 3 72.5 High

a —one ring did not crack; * - based on stress rate

The mixtures with the highest cracking potential, free drying shrinkage, and autogenous
shrinkage were considered to select the mixtures to be modified with shrinkage control
admixtures and additives. NCTEO200859 was selected to be modified with SCA, SRA,
LWA, and fibers because of the high values of the results. On the other hand, Class P
was selected to be modified with coatings because of the high cracking potential but a
lower value of autogenous shrinkage.
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Effects of SRA, SCA, IC, coating, and fiber on concrete with high shrinkage
cracking potential

The autogenous shrinkage measurements of modified mixtures and the control mixtures
are presented in Figure 6 and Figure 7. Half of the recommended dosage of SRA had
less shrinkage than the control at a later age, while using the maximum recommended
dosage reduced the shrinkage from an early age. The LS and EN application reduced
shrinkage, but SCA modification did not reduce the autogenous shrinkage.

Fibers, even at a dosage of half the recommended, helped reduce autogenous
shrinkage by 36%. However, the LWA internal curing agent, when used at the maximum
dosage, led to the best performance by reducing the shrinkage at 28 days to 0.008%,
which is a 64% reduction from the control sample. When used at half the maximum
dosage, the LWA decreased shrinkage to a lesser extent, as expected.
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Figure 6. Length change of control and modified mixtures due to autogenous shrinkage
— SCA, SCA, LS, EN
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Figure 8 and Figure 9 contain the length changes of control and modified mixtures due
to drying shrinkage. Adding SRA, either half or the maximum of the recommended
dosage, reduced drying shrinkage by about the same degree. For SCA, using the
maximum dosage reduced drying shrinkage, but only half the maximum dosage did not
change the shrinkage. For the coatings, LS did not affect shrinkage, but EN reduced
drying shrinkage slightly.

In Figure 9, while the effect on autogenous shrinkage of LWA and fibers was obvious,
the effect on free-drying shrinkage was inconclusive. The control and the mix with fibers
showed similar behavior throughout the test period. The mixes with LWA (at both max
and half max) showed higher drying shrinkage by 21 days. Therefore the results
indicate that although LWA decreased the autogenous shrinkage of this mix, especially
at max dosage, they do not exhibit the same apparent benefit on drying shrinkage.
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The restrained ring shrinkage results of modified mixtures are presented in Figure 10
and Figure 11. In Figure 10, the development of strains in the rings with SRA was
similar regardless of dosage. However, the concrete rings did not crack in either half or
maximum dosages during the testing period. One ring specimen did not crack for the
rings with SCA, while others cracked even with the maximum dosage. The SCA can
reduce shrinkage and cracking potential based on the drying and restrained ring
shrinkage test results. However, the dosage, mixture processing, and compatibility with
the concrete materials require further investigation to optimize the use of the SCA for
cracking potential reduction.

In Figure 11, both fibers and LWA were effective in reducing the total shrinkage on day
28. Based on the results from the prism tests, most of the reduction in shrinkage can be
attributed to the reduction in autogenous shrinkage. However, the results are
inconclusive in dictating which shrinkage reducing measure is more effective for the
mixture tested.
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Effects of shrinkage prevention techniques and materials on other concrete
properties

The compressive strengths of the modified mixtures are shown in Figure 12. The
modified NCTEO200859 had higher strengths compared to the control. For the modified
Class P mixtures, the strengths were higher than the control at 28 days but were lower
at 56 days. However, all modified Class P mixtures had strengths higher than the
required verification strength of 6000 psi.

For the splitting tensile strength results shown in Figure 13, the modified NCTEO200859
mixtures were higher than the control at 28 days but lower at 56 days. The modified
Class P mixtures were lower than the control at 28 and 56 days. However, all mixture
tensile strengths were greater than 600 psi at 28 days and 700 psi at 56 days.

The elastic modulus results are plotted in Figure 14. The moduli of the mixtures at 28
and 56 days were similar to the controls, ranging from 3550 ksi to 4850 ksi, except for
the mixtures with fiber and maximum dosage of SRA. The mixtures with fibers and
maximum dosage of SRA had moduli of 5000 to 5300 ksi.
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Figure 12. Compressive strength of the modified mixtures
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Figure 13. Splitting tensile strength of the modified mixtures
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Figure 14. Elastic modulus in compression of the modified mixtures

The results of the creep tests for the SCA-modified mixtures are plotted in Figure 15.
The deformations of the creep specimens and control cylinder were recorded for up to
125 days. Then, the total strains per unit stress were calculated as the difference
between the results from the loaded specimens and the control cylinder, divided by the
stress on the loaded specimens. The strains per unit stress were then plotted on a
semilog scale, in which the logarithmic axis was time, as shown in Figure 15. The creep
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rate is the slope of the regression line on the creep curve. Based on the results, the
SCA does not significantly impact creep since the creep rates of the SCA-modified
mixture is similar to the control.
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Figure 15. Creep test result of the modified mixtures

The results for the resistivity of the mixtures are plotted in Figure 16. The surface
resistivity of the mixture with fibers and LWA was calculated from bulk resistivity results
using the relationship given in ( 124). Modified mixtures with LS, EN, IC, and fibers had
resistivity lower than 19 kQ-cm (acceptance requirement for HPC in 114). All other
mixtures had resistivities greater than 19 kQ-cm. The likely causes for the low resistivity
are the conductivity of lithium for LS, possible porosity between the concrete and the EN
coating, and the possible porosity increased by adding fibers and LWA. The EN coating
was brushed on the surface of newly demolded concrete specimens. Hence, specimen
surface preparations and coating application methods can be investigated to improve
the interface between the coating and the concrete. Also, the fibers were added to the
concrete mixture without modifying the proportions. Therefore, adjusting the mixture
proportions to accommodate the stiff fibers will likely improve the resistivity.

The results for the cyclic freeze-thaw durability of modified mixtures with SRA and SCA
are shown in Figure 17. The relative dynamic modulus (RDM) is computed following
ASTM C666. All the RDM results were greater than 80%, which is the requirement for
HPC ( 114). The results indicate that with air entrainment, the admixtures do not affect
concrete’s durability to cyclic freezing and thawing.
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Figure 16. Surface resistivity of the modified mixtures
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The slabs tested in the field and the average strains of the slabs are shown in Figure
18. The dash lines in the plots connect the gap in data that was lost in the data logger.
The recorded shrinkage strains in the slabs had reached 100 microstrains for the control
mixture NCTEO200859 and the modified mixture with SCA. However, the modified
mixture with SRA had only shrunk by 60 microstrains, demonstrating its robustness
under field exposure. Further field testing can be performed on the other mitigation
measures, LWA, fibers, and coatings, to study their robustness in the field.

CONCLUSIONS

Control mixtures with high cementitious content and low w/b ratios, as well as various
materials that can be used to reduce shrinkage and mitigate cracking, were studied.
The following conclusions are derived from the study:

1. The cracking potential of control mixtures ranged from moderate-low to high.
Control mixtures with high cracking potential are restrained rings that crack within
seven days of casting.

2. Control mixture autogenous shrinkage increases with the increase of fine
aggregate and decrease of coarse aggregates. On the other hand, the increase
in portland cement and total binder while decreasing the amount of fine and
coarse aggregates tends to increase the drying shrinkage.

3. The shrinkage-reducing admixture, SRA, effectively reduced the concrete’s
shrinkage and cracking potential.

4. The shrinkage compensating admixture, SCA, did not reduce the autogenous
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shrinkage of the concrete but reduced the drying shrinkage when the maximum
dosage was used. Adding SCA to the concrete extends the craking time. And in
one sample, the concrete did not crack after 28 days with only half the
recommended dosage.

5. The cementitious coating, EN, slightly reduced autogenous and drying shrinkage.

6. The lithium silicate, LS, reduced the autogenous shrinkage but not the drying
shrinkage.

7. The internal curing agent, LWA, reduced the autogenous shrinkage but not the
drying shrinkage. LWA also reduced the restrained ring cracking potential.

8. The fibers reduced the autogenous shrinkage but did not reduce the drying
shrinkage. The fiber also reduced the restrained rings cracking potential.

9. SRA, SCA, fibers, LS, and EN do not adversely affect concrete’s strength and
elastic modulus.

10.SRA reduced surface resistivity, while SCA did not. Fibers, EN, and LS, reduced
surface resistivity. Lithium silicate is conductive and may reduce resistivity. No
modification was made to the mixture proportions to accommodate the addition
of the fibers. EN was brushed on the surface of the concrete immediately after
demolding.

11.SRA was more robust than SCA in reducing shrinkage when exposed to field
conditions.

RECOMMENDATIONS

To mitigate cracking in concrete by using admixtures and additives, the standard
restrained ring test ASTM C1581 can be adopted for evaluating the concrete’s
performance after modification. A mixture with a low cracking potential classification
based on the test has a lower risk of concrete cracking due to shrinkage. However, it
was observed that the cracking age in a restrained ring test could greatly vary, even for
specimens from the same batch. It is therefore recommended that specifications for
concrete shrinkage cracking be met by three specimens from the same batch to be
approved. This will reduce the risk of failures due to incompatibility, processing, and
testing. Such a specification can be in the form of

Table 7 - Recommendation on the potential for cracking requirement
Design and Verification Requirements for HPC

. . Requirements
Performance Characteristic Test Method HPC-1 HPC-2
. . ASTM 1 1
Potential for cracking C1581 Low Low

1. Based on three rings having the same classification by t.. > 28 days

Recommendations for further research are:

1. Methods of sample preparation and application of cementitious coating can be
investigated to realize the potential of the coating for shrinkage mitigation. This
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study can consider the thickness of the coating, applying by spraying, immersing
for small specimens, and scrub coating.

. Study the chloride ion permeability and water permeability of lithium silicate-

treated concrete surfaces. This is to establish a characterization method for
permeability when electrical methods do not apply.

. Study the compatibility of cementitious materials with shrinkage mitigation

admixtures and the effect of dispersion methods. This will provide guidance on
how to select and use shrinkage control additives for New Jersey materials.

. Study the effect of combining shrinkage cracking mitigation methods such as the

ones studied in this research.
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