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Abstract: The use of cementitious grouts in prefabricated bridge element (PBE) connections is
a common practice in the USA. Given the important role that these connections play within the
infrastructure, the grout materials used must provide good flowability, mechanical and durability
properties, low shrinkage, and good bond to the precast concrete element. However, this type of grout
material has shown serviceability issues in the form of volume instabilities (primarily shrinkage).
The inclusion of internal curing (IC) in cementitious grouts with the goal of reducing shrinkage has
been successfully demonstrated in a previous study. The research presented in this paper extends
upon that prior study and assesses the IC effect on properties relevant to PBE grout connections.
The paper uses novel experimental techniques such as the dual ring test, formation factor concepts,
and microstructural analysis to evaluate improvements in cracking, bond, and durability performance.
The results show that, while the IC grouts did not alter the bond performance, they improved their
cracking and durability properties. The inclusion of IC in cementitious grouts is presented here as
a strategy to increase the durability and thus sustainability of bridge structures.

Keywords: cementitious grouts; internal curing; prefabricated bridge element connections; bond;
cracking; durability

1. Introduction

The interest in using prefabricated bridge elements (PBEs) in accelerated bridge construction
(ABC) projects has increased in recent years in the U.S. [1,2]. These elements are typically of high quality
since they are often produced off-site under controlled temperature and humidity conditions prior to
bridge construction. The elements are then transported to the jobsite for assembly using cast on-site
grout-like materials, with the most common made from cementitious materials (i.e., cementitious grout).
The grout materials connecting PBEs must readily flow into narrow openings between reinforcing
steel (Figure 1a), while being strong and durable since the connections can be the weakest points of
the infrastructure [3]. However, previous studies have reported serviceability and constructability
concerns in the form of material volume instabilities (primarily shrinkage) [4,5]. PBE connection
materials are typically designed to expand to counteract shrinkage; hence, they are referred to as
‘non-shrink’ grouts. However, after the initial expansion, they exhibit autogenous shrinkage, attributed
to chemical shrinkage in cementitious materials. This results in a low net volume change where the

Sustainability 2018, 10, 3881; doi:10.3390/su10113881 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0003-4374-212X
https://orcid.org/0000-0001-9205-1486
https://orcid.org/0000-0002-3694-1369
http://www.mdpi.com/2071-1050/10/11/3881?type=check_update&version=1
http://dx.doi.org/10.3390/su10113881
http://www.mdpi.com/journal/sustainability


Sustainability 2018, 10, 3881 2 of 21

absolute values of expansion and shrinkage must be added to return the total amount of volume
change. Excessive shrinkage may not only cause premature material degradation in the form of
cracking (Figure 1b), but also loss of bond to the precast element and the consequent ingress of
deleterious agents (e.g., chlorides) through the grout-concrete interface. In other words, without
the proper material performance characteristics, premature structural failures may occur at the PBE
connections; thereby reducing infrastructure service life.
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Figure 1. (a) Connecting two precast bridge deck elements with a cementitious grout, and (b) commonly
observed shrinkage cracking on top of the deck at the grout pocket.

A conventional and effective means to overcome shrinkage concerns in cementitious materials
is using internal curing (IC). Internal curing is a technology that consists of curing the material from
the inside rather than applying conventional (external) curing, thus providing a longer and more
efficient curing effect (Figure 2) [6]. A considerable number of research studies show the benefits of IC
in concrete both in laboratory and field conditions [7–14]. The IC mechanism consists of the inclusion
of highly porous agents (e.g., light-weight aggregates, wood fibers, super-absorbent polymers) in the
mixture design that releases curing water at the appropriate time, generally when a negative pressure
occurs in the matrix (i.e., after set) [7]. In conventional concretes, fine light-weight aggregates (LWA) are
used most often, which typically replace the same volume fraction of fine normal-weight aggregates.Sustainability 2018, 10, x FOR PEER REVIEW  3 of 21 
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Figure 2. Illustration of the IC concept [6].
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A previous study presented the inclusion of IC in cementitious grouts to reduce or even
mitigate shrinkage [15]. The study described challenges experienced when designing internally
cured cementitious grouts compared to conventional concretes, and their general performance in
terms of fresh, mechanical, and shrinkage properties compared to non-internally cured grouts.
The study demonstrated that IC efficiently reduces shrinkage in this type of material, only minimally
compromising the fresh workability properties of the grout. The study also proved that the inclusion
of IC in cementitious grouts decreases the initial unit cost of the grout material since the solid fraction
replaced by LWA is typically more expensive than the LWA.

Given the potential benefits that the inclusion of IC might provide in cementitious grouts used
as PBE connections, the team decided to extend upon the prior study and perform additional tests
to assess the IC effect on properties relevant to PBE grout connections, namely cracking propensity,
interfacial bond, and durability. This paper uses novel experimental techniques such as the dual ring
test [16,17], formation factor concepts [18,19], and microstructural analysis to evaluate improvements
in performance. These techniques help investigate how IC may lead to more robust and longer-lasting
PBE connections. The inclusion of IC in cementitious grouts is then presented here as a strategy to
increase the durability and thus sustainability of bridge structures.

2. Materials

A commercially-available ‘non-shrink’ cementitious grout was used in the study. The grout
was supplied in 23-kg bags containing the solid fraction (e.g., cementitious materials, additives,
and fine aggregates) that was mixed with a certain amount of water following the manufacturer’s
recommendations to obtain an average flow of 100% per ASTM C1437-15 [20]. The grout required
a water-to-solids ratio (w/s) of 0.16 by mass. Due to the proprietary nature of the material, it is not
possible to know the exact composition, and thus the water-to-cement (w/c) or water-to-binder (w/b)
ratios. According to different grout manufacturers, a common cementitious content in grouts is about
30%. In fact, this was corroborated by the authors via petrographic analysis, where the inert and
reactive materials were quantified by a technique that uses a polarized light microscope to differentiate
between crystalline and amorphous materials. Therefore, a w/b of about 0.50 can be estimated in
this material.

Fine LWA was used for providing IC in the cementitious grout. The IC agent consisted of rotatory
kiln expanded shale with a specific (dry) gravity of 1.56, a 4-h and 72-h water absorption of 14.1%
and 19.3% by dry mass, respectively, and desorption of 96% when exposed to a slurry of KNO3 with
a controlled relative humidity of 94% at 23 ◦C, as per ASTM C1761-17 [21]. The median particle size of
the LWA particles was 0.9 mm, as reported by the manufacturer.

For the execution of the bond tests, a concrete substrate was prepared using an ordinary portland
cement, ASTM C150-16 Type I/II [22], with a Blaine fineness of 382 m2/kg, and a density of 3070 kg/m3.
The fine aggregate (FA) used in the concrete was ordinary river sand with an apparent specific gravity
of 2.59. The coarse aggregate (CA) consisted of dolomitic limestone with an apparent specific gravity
of 2.85. The concrete mixture was developed to perform similarly to a prefabricated concrete element
in terms of strength. Therefore, the concrete was designed with a water-to-cement ratio (w/c) of
0.35 by mass, cement:FA:CA ratio of 1:1.7:2.5 (by mass), a minimum slump of 76 mm (achieved by
using a high-range water reducer), and a 28-day compressive strength of 55 MPa.

3. Experimental Methods

3.1. Grout Mixtures Preparation

The preparation of the “Control” grout (without IC) consisted of mixing the grout dry components
with the proper amount of water in a medium-sized benchtop mixer according to ASTM C1107 [23].
For mixture proportioning with IC, the amount of IC water needed was determined according to
the procedure described by Bentz et al. which is based on the chemical shrinkage occurring in the
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sample [24]. The chemical shrinkage of the cementitious grout was measured over a 28-day period
using the ASTM C1608-17 standard test method [25], and resulted in an extrapolated infinite value of
0.035 g water/g dry grout. Note that this value is lower than that of conventional concrete because
the value is normalized by the total amount of dry grout material. If the value was normalized by the
amount of reactive material in the grout (about 30%), it would increase to about 0.12 g water/g reactive
grout, which is more similar to conventional concretes with cementitious materials. The amount of
LWA used to generate sufficient IC was calculated from the IC water needed, using the LWA absorption
values [24]. In conventional IC concretes, LWA are commonly incorporated in a prewetted condition.
However, the prepackaged grout components must remain in dry conditions until mixing, preventing
the introduction of prewetted LWA to the package. The ideal situation involves adding the proper
amount of dry LWA into the bag containing the dry constituents. In this paper, two situations were
evaluated:

(1) Prewetted conditions (as in conventional concrete applications), where the LWA were soaked in
water for 72 h (thus using the 72-h absorption value for the LWA amount calculation), premixed
with the grout dry components, and mixed in a medium-sized benchtop mixer according to
ASTM C1107. The amount of soaking water equals the mixing and IC water. These specimens are
labelled as “LWA (prewetted)” throughout the paper.

(2) LWA were added in oven-dry conditions, where the amount of LWA in this case was calculated
using the 4-h absorption value since it is assumed that the LWA particles would only absorb water
during the grout fresh stage (that is, before set), which in this case is about 4 h. The oven-dry
LWA was premixed with the grout dry components. Extra water based on the 4-h absorption was
added to the mixing water and all ingredients were mixed in a medium-sized benchtop mixer
according to ASTM C1107. These specimens are labelled as “LWA (OD)” throughout the paper.

Contrary to designing conventional concretes with IC, the IC agent is added “on top” of the
ordinary mixture proportions of the grout, thus altering the volume fractions in the mixtures with
IC vs. the Control grout prepared without IC. In the LWA (prewetted) mixture, the prewetted LWA
particles occupied about 19% of the total volume; whereas the LWA particles occupied about 25%
of the total volume in the LWA (OD) mixture. The difference in the volume fractions corresponds
to the different LWA absorption capabilities at 4 h and 72 h. It is recognized that these changes in
the mixture volume fractions with respect to the Control grout would be expected to influence some
of the paste-dependent material properties such as mechanical, shrinkage, cracking, and durability.
The reduction in the paste volume fraction of the grout material would also contribute to the production
of a more sustainable material with less cementitious materials content. Table 1 shows the mixture
proportions of the grouts prepared in the study.

Table 1. Mixture proportions of the grouts with and without IC (based on solid amount provided in
one bag).

Component
Grout Mixture Proportions, kg

Control LWA (Prewetted) LWA (OD)

Solid 23.0 23.0 23.0
LWA - 4.3 5.9

Total Water 1 3.7 4.5 4.5
1 Total water includes both mixing and IC water.

3.2. General Performance: Fresh, Mechanical, and Shrinkage Properties

A set of material properties were measured in the cementitious grout with and without IC.
Fresh grouts were evaluated for flow using a flow table as per ASTM C1437-15 [20], fresh density
via mass measurements of a 400-mL volumetric cup according to ASTM C185-15 [26], and setting
time using a Vicat needle as described in ASTM C191-18 [27]. Additionally, specimens were prepared
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to measure compressive and tensile strength, as well as elastic properties (i.e., Young’s modulus).
These measurements were performed on cylinders with a 102-mm diameter and 203-mm height
according to ASTM C39-18 [28], ASTM C496-17 [29], and ASTM C469-14 [30], respectively.
The specimens were stored in sealed (bagged) conditions at 23 ± 1 ◦C prior to testing. The sealed
curing condition is preferred in order to properly assess the IC effect since other variables affecting the
curing process such as drying or soaking can be neglected.

Autogenous (sealed) and drying shrinkage deformations were measured according to ASTM
C157-17 [31] using 25 mm by 25 mm by 286 mm prismatic specimens. While all specimens were
stored in an environmental chamber at 23 ± 0.2 ◦C and a relative humidity of 50 ± 3%, specimens
for autogenous shrinkage assessment were sealed with two layers of aluminum tape after removal
from the molds at 24 h. Length change and mass measurements were conducted weekly for the first
month and once every month thereafter. Since length change measurements cannot be performed
before demolding the specimens at 24 h, autogenous deformations were measured during the first
24 h using the method described in ASTM C1698-09 [32], also known as the “corrugated tube test”.
The measured 24-h autogenous deformation was added to the autogenous and drying deformation
results obtained from the ASTM C157-17 method.

3.3. Cracking Assessment

Cracking propensity was assessed using a dual ring test (DRT) [16]. An AASHTO specification
describing this test has recently been developed [17]. The DRT consists of two Invar steel concentric
rings that allow for the measurements of both shrinkage and expansion with approximately a 72%
degree of restraint. The DRT operates by casting a 38-mm thick annulus of grout between the two
restraining rings. The temperature of the test was controlled by placing copper tubing coil that is
connected to a water/ethyl-glycol system on both the top and bottom of the rings and sample. Due to
the low coefficient of thermal expansion of the Invar rings, the DRT has the ability to retain a stable
degree of restraint over varying temperatures. The rings, sample, and temperature control coil
were sealed in a heavily insulated chamber. The temperature of the water/ethyl-glycol mixture was
controlled through an external water bath. The rings were instrumented with four equally spaced Invar
strain gages that measure the strain developed in the inner and outer restraining rings. Thermocouples
were also used to measure the rings and sample temperature. A data acquisition system was set
up so that the strain and temperature of the rings were recorded every 30 s. Figure 3 shows the
complete setup. The recorded strains were used to calculate the residual stress accumulation in the
sample [16,17]. The induced stresses from temperature changes can be used to show the stress reserve
capacity and determine how near the specimen is to cracking. In this study, isothermal conditions at
23 ± 0.1 ◦C were maintained for 7 days, at which time the temperature was reduced at a rate of 2 ◦C/h
down to −21 ◦C to induce cracking in the material.Sustainability 2018, 10, x FOR PEER REVIEW  6 of 21 
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3.4. Tensile Bond Strength and Microstructural Analysis

Tensile bond strength tests were performed according to the ASTM C1583-13 test method [33],
also known as the “pull-off” test. The test specimen consisted of a 305 mm by 305 mm by 102 mm
concrete slab cured for 7 days at 23 ± 0.2 ◦C and a relative humidity of 80 ± 3%. Prior to the grout
overlay pour, the top surface of the concrete slab was sandblasted to provide a degree of surface
roughness comparable to that of an International Concrete Repair Institute (ICRI) CSP-5 surface profile
chip [34]. A 51-mm thick grout overlay was cast over the sandblasted surface of the concrete slab so
that an interface between the two materials was created. The concrete-grout slab was then cured for an
additional 7 days prior to executing the pull-off bond tests. In this test, a 51-mm diameter steel disc
was glued on the top surface of the grout overlay. The test specimen is formed by partially drilling
a core perpendicular to the surface, and penetrating down into the concrete material, approximately
25 mm below the concrete-grout interface. A tensile load was applied to the steel disc at a constant rate
of 35 kPa/s ± 15 kPa/s until failure occurred. The failure load and the failure mode were recorded
and the nominal tensile stress could thus be calculated. Four pull-off tests were conducted for each
type of overlay.

Following the pull-off tests, intact 50-mm diameter concrete-grout cores were extracted from the
slab specimens to analyze the concrete-grout interface. These cores were used to prepare 45 mm
by 20 mm specimens for microstructural analysis (MSA) following the procedure described by
De la Varga et al. [35]. The MSA was conducted using backscattering image analysis conducted
on a FEI Quanta 650 (Certain commercial equipment and software are identified to describe the
subject adequately. Such identification does not imply recommendation or endorsement by FHWA
or SES Group & Associates, nor does it imply that the equipment identified is necessarily the best
available for the purpose.) scanning electron microscope (SEM) equipped with a concentric backscatter
detector. The microscope operated under high vacuum at 15 KV and with a 10-mm working distance.
Large backscatter electron (BSE) mapping areas at a magnification of 1500× were collected using Aztec
2.4 EDS microanalysis software. Four of these BSE maps were required to cover the entire surface of
the interface (62.5 mm2).

The distribution of porosity, fine sand particles, and unhydrated cement particles along the
grout side of the interface were analyzed using consecutive 10-µm-wide bands, starting from the
location of the concrete substrate. This process covered a 100-µm region in the grout side that is
recognized to properly represent the concrete-grout interfacial transition zone (ITZ) [35–38]. The same
approach was successfully applied to characterize other interfacial transition zones in cement-based
materials [36]. The quantitative analysis of the distribution of the above-mentioned phases of interest
along the interface was performed using ImageJ 1.49j software. Specific details of this quantitative
image analysis method are described by the authors elsewhere [35,39]. The lowest detectable pore size
(1.3 µm) was dictated by the pixel size at the 1500× magnification which was 0.6 µm by 0.6 µm [40].
Herein, pores ranging from 1.3 to 40 µm were considered capillary pores, and those bigger than 40 µm
were considered as voids. This limit of 40 µm was selected based on the range of pore sizes observed
in these types of interfaces [35].

3.5. Durability

Durability evaluation focused on two main transport mechanisms: fluid absorption and ionic
diffusion. Fluid absorption was conducted using a water absorption test, similar to that described in
ASTM C1585-13 [41]. After casting and sealed curing for a period of 28 days, six 100 mm diameter discs
with a height of 50 mm were cut from standard cylinders for each mixture. Three discs were oven dried
and vacuum saturated at an absolute pressure of 6 torr to determine the moisture content at saturation,
MCsat. Three additional specimens were conditioned immediately after cutting at 23 ± 0.2 ◦C and
50 ± 3% relative humidity for a period of 2 weeks. These three specimens were wrapped with
aluminum tape around the circumference and the top surface was covered with plastic and taped to
prevent excessive drying. Each specimen was measured to determine the initial mass, m0. The exposed
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face was placed into a small amount of water, and mass measurements, m, were conducted at a series
of time intervals, m. After 8 days of testing, the specimens were oven dried to determine an oven dry
mass, mod. At the time of each mass measurement, the degree of saturation S was determined using
Equation (1). The degree of saturation can be plotted against the square root of time, with bi-linear
behavior predicted [42]. The slopes of the two linear portions are termed primary and secondary rate
of absorption.

S =
(m − m0)/mod

MCsat
, (1)

The portion of testing corresponding to diffusion evaluation used a procedure termed the
Cylinder Absorption Test (CAT) which uses electrical resistivity measurements to determine the
formation factor of the mixtures. The formation factor is a material property that can be used
to quantify the pore network, can be related to the diffusion coefficient [18,19,43–45] and other
transport mechanisms [46–48], and can be used to estimate the life-cycle of concrete elements [49,50].
Three 102 mm diameter by 204 mm height cylinders from each mixture were made. At an age
of 1 day, the specimens were demolded and submerged in an artificial pore solution consisting
of super-saturated Ca(OH)2 and 0.54 M NaOH, which has a resistivity of 0.1 Ω·m (ρs = 0.1 Ω·m).
The specimens were stored and cured in this solution. At the specified testing age, the specimens
were removed from the solution, surface dried with a damp towel, and the uniaxial resistivity,
ρ, was measured according to Section 10 of AASHTO TP119-15 [51]. The formation factor (F) was
determined at each age according to Equation (2):

F =
ρ

ρo
, (2)

where ρo is the pore solution resistivity. The major assumption with the CAT procedure is that the
pore solution resistivity is the same as the resistivity of the storage solution, i.e., ρo = ρs = 0.1 Ω·m.
This assumption seems reasonable, as the pore solution is likely similar to this solution based on the
average of a wide-range of North American cementitious materials [52], and the volume of storage
solution is nearly 10 times larger than the amount of pore solution in the sample.

4. Results and Discussion

4.1. General Performance: Fresh, Mechanical, and Shrinkage Properties

Although the main goal of this paper is to assess the bond, cracking, and durability properties
of grouts with and without IC, some of the fresh, mechanical, and shrinkage properties were also
included in the study, given their relevance to end users, and at the same time they can be useful
to explain the cracking response of these materials. Table 2 summarizes the fresh and mechanical
properties of the Control and internally cured grouts. As observed in other studies [15], fresh flow is
reduced by 25% when including the LWA particles in the grout material, regardless of their moisture
conditions (prewetted vs. OD). This reduction is explained by the change in total paste volume along
with a modification of the initial grout particles gradation when adding the coarser LWA particles,
with a reported median size of 0.9 mm. Given the desire for good flow properties of cementitious
grouts, rheological studies are currently being performed to better understand the main effect that the
inclusion of LWA particles has on the yield stress and plastic viscosity. Understanding the rheology of
these materials could better address flow concerns in the field, if any. Additionally, while fresh density
is reduced by about 10% due to both the presence of lower density particles in the mixture and the
additional IC water added to the mixtures, setting times are practically unaltered, with only a slight
retardation that might be due to the additional IC water added to the mixtures. In any case, these small
changes in setting should not compromise any activity in the field regarding workability time.
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Table 2. Fresh and mechanical properties of grouts with and without IC (Numbers in parentheses
represent ± one standard deviation from the average of three specimens).

Mix Flow, % Fresh Density, g/cc Time of Set, h
Mechanical Properties

1 Day 3 Days 7 Days 28 Days

Control 100 2.22 4.0

fc, MPa 21.25 (0.16) 37.02 (1.07) 45.03 (0.49) 54.06 (0.89)

ft, MPa 2.79 (0.14) 4.06 (0.46) 3.68 (0.36) 3.66 (0.21)

E, GPa 20.58 (0.30) 24.18 (0.22) 27.38 (0.28) 30.21 (0.24)

LWA (prewetted) 75 2.02 4.2

fc, MPa 14.63 (0.31) 23.78 (1.11) 31.05 (0.38) 40.96 (0.77)

ft, MPa 2.08 (0.12) 2.65 (0.21) 3.07 (0.18) 3.51 (0.16)

E, GPa 14.20 (0.19) 20.08 (0.24) 21.63 (0.10) 24.09 (0.05)

LWA (OD) 75 1.98 4.5

fc, MPa 16.61 (0.88) 25.85 (1.07) 29.34 (0.32) 37.57 (0.36)

ft, MPa 1.92 (0.33) 2.67 (0.59) 2.86 (0.35) 3.58 (0.33)

E, GPa 16.24 (0.12) 17.82 (0.16) 21.59 (0.04) 20.95 (0.38)

Table 2 also shows that the compressive strength of both LWA mixtures is about 30% lower than
that of the Control at all ages. This reduction is attributed to the reduction in paste volume as well
as the presence of highly porous aggregates, among other reasons [53,54]. It is expected though that
the strength increases at later ages due to the additional hydration provided by IC, as observed in
other studies [7,10]. In any case, and despite the strength reduction in the internally cured grouts,
the compressive strength results obtained remain above the limits stated in the ASTM C1107-17
standard [23] for cementitious grouts acceptance. The tensile strength and modulus of elasticity results
become relevant when interpreting the cracking behavior of these mixtures (see section on cracking
below). It is observed that both tensile strength and modulus of elasticity are consistently lower than
the Control mixture by about 25% at all ages, again attributed to the reduction in paste volume, which
is reduced by 19% and 24% in the LWA (prewetted) and LWA (OD) mixtures, respectively.

Figure 4 shows the autogenous and drying deformations measured over the period of three
months. The curves were ‘zeroed’ at the 1-day deformations measured in the corrugated tubes
test (that is, considering the initial expansions typically observed in this type of grout material).
The Control grout exhibited 3-month total autogenous shrinkage values of about 500 µε, compared to
about 150–200 µε of shrinkage observed in both LWA grouts. As a reminder, when evaluating the risk
of shrinkage cracking, the net difference between the maximum and minimum deformations achieved
during the test should be considered [55]. The reduction in autogenous shrinkage when adding IC was
significant, and is mainly attributed to a combination of two effects: (1) reduction of the self-desiccation
that accompanies chemical shrinkage [7,56], and (2) reduction of the paste volume fraction.
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The measured total deformations (including drying) were about 1000 µε larger than the
autogenous shrinkage results in each of the grouts, due to the additional shrinkage effect in drying
conditions. The addition of IC partially reduced drying shrinkage with respect to the Control.
The Control grout exhibited 3-month total drying shrinkage values of about 1400 µε, compared to
about 900–1000 µε for both LWA mixtures. This reduction, while not considerable, might be sufficient
to improve the cracking response of these materials. Drying shrinkage is mainly driven by the water
content in the material: more water, more drying [57,58]. This is the case for cementitious grouts,
where the w/s ranges from 0.15 to 0.20, thus having an effective water-to-cementitious materials mass
ratio (w/cm) that would range from 0.50 to 0.60. This makes questionable the practice of labelling this
type of materials as “non-shrink”.

Nevertheless, in both autogenous and drying cases, the important effect that IC has on the
measured shrinkage was observed during the first days, when the material is still developing its
mechanical properties to sustain any shrinkage cracking (i.e., tensile strength). The reduction was
about 100% and 30% over the first 14 days for the autogenous and drying deformations, respectively,
when compared to the Control.

4.2. Cracking Assessment

In unrestrained conditions, PBE grout connections undergo volume changes freely without
inducing significant stress in the material. However, the material is commonly connected to other
stationary elements (e.g., reinforcement bars, precast concrete elements) that do not experience the
same volume change, thus limiting its volume changes. The DRT used in this study was designed
to subject the material to a 72% degree of restraint, commonly experienced in reinforced concrete
bridge decks whose free movement is restraint by reinforcement and elements of the structural system
(e.g., piers, caps). This particular degree of restraint in the DRT is similar to that of the commonly used
single ring test described in ASTM C1581 [59]. High degrees of restraint should induce cracking in
certain conditions, causing both strength and durability issues. Figure 5 shows the residual stress
generated in the material when tested with the DRT for 7 days under sealed isothermal conditions of
23 ± 0.01 ◦C. The stresses were calculated from the strains measured on both inner and outer rings,
and using the equations described in the AASHTO standard and other documents [16,17]. The residual
stresses were zeroed at the materials time of set.
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As observed, the Control grout did not develop any substantial internal stress during the first
5 days, and slightly increased to a tensile stress of about 0.5 MPa before the temperature in the DRT was
intentionally reduced to induce cracking in the material. In contrast, both LWA (prewetted) and LWA
(OD) mixtures developed compressive stresses of almost 2 MPa and 1 MPa during the first 7 days of
testing, respectively. This is mainly due to the expansive effect of IC in autogenous (sealed) conditions,
as shown in the shrinkage results in Figure 4. Once the temperature was decreased at a rate of 2 ◦C/h,
the Control grout cracked when the material reached a temperature of about −3 ◦C and a tensile stress
of 4.8 MPa. Cracking was indicated by a sudden drop in the stress reading. Both LWA mixtures did not
crack even after reaching a temperature of −21 ◦C and tensile stresses of about 4.8 MPa. By calculating
the absolute stress difference at the beginning and end of the temperature drop, the stress reserve
capacity of the materials was estimated (that is, how near the materials are from cracking). While the
Control grout depicted a total stress reserve capacity of about 4.4 MPa, the LWA (prewetted) and LWA
(OD) grouts exhibited a minimum stress reserve capacity of 6.5 MPa and 4.9 MPa, respectively.

The improvements observed in the cracking behavior of the internally cured grouts can be
explained by a combination of two factors. First, the LWA mixtures contain less paste which makes
them less ‘shrinking’ materials. Second, the LWA mixtures exhibited a 25% reduction in the modulus
of elasticity compared to the Control grout (Table 2). A less stiff material tends to relax internal stresses
more efficiently [60], thus reducing cracking propensity. It is worth mentioning that the maximum
tensile stress achieved by each of the grouts when dropping the temperature does not correspond
to the tensile strength measured and reported in Table 2. The type of stress developed in the DRT is
radial, rather than the linear stress normally observed in split tensile testing.

Therefore, the stress reserve capacity viewpoint demonstrates a beneficial effect of including IC
in grouts. However, it is conjectured that the benefits might be larger at temperature and humidity
conditions different from those tested. As already mentioned, these grouts are designed to have
a high w/cm (about 0.50 to 0.60), which makes them less prone to autogenous shrinkage cracking [61].
This reasoning may explain the fine performance of the Control grout in the DRT, showing slight stress
development during the isothermal stage. However, if these materials were tested using the DRT in
more realistic drying humidity conditions (e.g., 50% relative humidity), a larger stress development in
the materials would be expected due to the high w/cm, and IC could then be even more beneficial.
Additionally, the thermal gradient typically observed in field-cast cementitious materials due to the
exothermic hydration reaction would be larger in the Control grout because of its higher paste volume
compared to the internally cured grouts, which could be translated into more internal stresses being
developed. Both of these cases are currently being investigated.

4.3. Tensile Bond Strength and Microstructural Analysis

Figure 6 shows the tensile stresses at failure as determined from the pull-off bond tests. The Y-axis
represents the tensile stress at failure. The Control and LWA (prewetted) specimens failed at the
interface, while the LWA (OD) specimens predominantly failed within the overlay. This means
that the true tensile bond strength could be assessed for the two formers, whereas a low boundary
was estimated for the latter. As observed in Figure 6, the bond strength value of the Control was
significantly higher than that of the LWA (prewetted), but not significantly different from the LWA (OD)
(again, considering that the stress measured in this case was a low boundary of the true tensile bond
strength). More tests should be performed at later ages to see if the IC effect on enhanced hydration
and thus bond strength development can be detected.

Several parameters are recognized to influence the bond strength between two cementitious
grouts [62–64], including the consolidation properties of the overlay material. The results in Table 2
show that the inclusion of LWA particles reduces the flow properties of the grout. This could
be translated into lower bond strengths, as observed in Figure 6. However, it is also expected
that IC may promote the formation of additional hydration products [7,10], thus increasing the
number of contact points at the interface and improving not only the mechanical bond strength,
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but also the bond durability (ongoing research work is currently being performed on this topic).
As such, the MSA conducted in this study intended to quantify the distribution of the different
phases commonly observed in an interface (i.e., porosity, hydrated/unhydrated products, fillers).
The comparison of the phase distribution along the 100-µm wide band of grout at the interface between
the Control, LWA (prewetted) and LWA (OD) specimens is illustrated in Figure 7. The graph shows no
significant difference in the trends of any of the phases among the three specimens. In all three cases,
the microstructure closest to the interface (first 20 µm) depicted a high content of hydrated particles
(~60%) and a low content of porosity and voids (below 5% in both cases). As already mentioned,
perhaps more tests should be performed at later ages to see if the IC effect on enhanced hydration and
thus bond strength development can be detected.
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In addition to assessing the phases distribution along the ITZ (first 100 µm within the grout
material from the interface), the BSE maps collected during the MSA were used to assess the
percentage of ITZ length occupied by voids (pores >40 µm). Voids are one of the different features
capable of disrupting the contact between the grout hydration products and the concrete substrate
on a microscale level [65]. This direct contact on the micro-scale influences the bond strength of the
interface. Thus, the percentage of interface length occupied by air voids was calculated by dividing the
total length of the void surface in direct contact with the interface by the total length of the interface.
Results from this analysis are shown in Table 3. The percentage of the ITZ length occupied by voids
was lower in those specimens containing LWA. The high standard deviation associated with the LWA
specimen measurements was caused by the increased number of areas in the interface with negligible
content of voids.

The porosity values and percentages of the ITZ length occupied voids, both below 5% and 8%,
respectively, were indicative of sound interfaces in all the evaluated specimens [65,66]. As observed
in previous studies [15], as well as in Figure 6, the bond strength at the interface was not improved
when adding LWAs. Theoretically, the promotion of a higher degree of hydration attained when
adding IC was counterbalanced by the 25% grout flow reduction. The latter caused a reduction
of the grout consolidation at the interface, which is one of the most important variables affecting
bond strength [62–64]. Therefore, it is hypothesized that improving the consolidation properties of
LWA-modified grouts with a certain level of mechanical vibration could result in significant benefits to
the bond strength and further densification of the microstructure at the interface.

Table 3. Percentage of the ITZ length occupied by voids.

Control LWA (Prewetted) LWA (OD)

Void, % 7.1 3.6 4.2
S.D. 2.8 3.9 4.4

4.4. Durability

The first parameter investigated to assess durability was the rate of water absorption in terms
of the degree of saturation. The degree of saturation (S) indicates the fraction of porosity that is fluid
filled, with 0% being an oven-dry state (no porosity is fluid filled) and 100% being complete saturation
(all the porosity is fluid filled). Data usually consists of two regions of bi-linear behavior, when shown
against the square root of time [67]. The bi-linear fit consists of an initial region and a secondary
region, with the slopes of the respective regions termed initial sorptivity and secondary sorptivity.
The intersection of the initial and secondary regions is termed the nick point degree of saturation (Snick)
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and is related to the pore size distribution and paste content. While typically applied to air-entrained
materials, the behavior of capillary absorption leading to water uptake is a general characteristic of
porous materials [68]. It is generally regarded that when exposed to water after a precipitation event,
a cement-based material will reach the Snick quickly. For these reasons, it is not typically included in
the estimations discussed below.

The rate of fluid ingress relates to freeze/thaw damage because as water transitions to ice,
a volumetric expansion occurs that leads to stresses within the material. Literature has shown a strong
correlation between degrees of saturation exceeding 85% and freeze thaw damage, measured both in the
traditional resonant frequency tests [69] and using both active and passive acoustic emission [70–72].
As such, an increase in the amount of time to reach the critical degree of saturation would lead
to an improvement in terms of freeze thaw performance. More detailed and recent studies have
observed damage in cement-based materials when S meets or exceeds approximately 87% and the
material undergoes a freeze/thaw cycle [69,70,73]. This is termed a critical degree of saturation, Scrit.
Weiss et al. [73] have proposed a sorption-based model to estimate a time to reach the critical degree
of saturation, shown here in Equation (3).

tcrit =

(
Scrit − Snick

.
S2

)2

, (3)

where tcrit is the time to reach the critical degree of saturation in units of time, (Scrit) which is assumed
as 87%, Snick is previously discussed, and

.
S2 is the secondary sorptivity. The equation assumes

continuous contact with water, which represents an aggressive worst-case scenario but is utilized here
for comparison purposes with recognition of the lack of sufficient data to estimate an effect of drying
and non-continuous contact. Furthermore, it should be noted in this study, tcrit is not being presented
for an estimation of service life of a bridge deck element due to the fact that it does not account for
effects due to drying, temperature, pore solution composition, etc. Rather, it is being used to compare
the behavior of the materials in this study and is simply a measure of the time to reach a critical degree
of saturation of 87%.

Results shown in Figure 8 display the characteristic bi-linear behavior. A reduction in Snick is
observed for both IC mixtures. The Control grout has a Snick average of 88%. These materials are not
air-entrained and have a relatively high w/cm, both of which explain the high Snick. While the IC
mixtures are not air-entrained, the reduction in Snick can be attributed to both the larger pore sizes in
the LWA (which can act similarly to air entrainment [74]) and a reduction in paste content. For the
IC materials, a region around Snick is observed that does not fit the bi-linear behavior. This behavior
could be attributed to the increase in the number of intermediated sized pores, possibly in the LWA.
These three data points for each IC mixture were excluded from the calculations of the bi-linear
parameters, e.g.,

.
S2.

The parameters describing the sorptivity-based model shown in Equation 3 are presented in
Table 4 for each of the mixtures. A value of time to reach the critical degree of saturation for the Control
mixture was not calculated, as the average Snick was 88%, higher than Scrit. Of the IC mixtures, the LWA
(OD) had a larger tcrit, even though the value of

.
S2 was slightly higher (although not statistically

significantly different). The main reason for the increase in tcrit is attributed to the reduction in Snick.
The reduction in Snick from the Control mixture to LWA (prewetted) and finally to LWA (OD) mixtures
can be attributed to the reduction in the grout volume fraction, which decreases from 1.0 to 0.81 and
0.76, respectively. Additionally, the large, empty pores in the LWA in the OD condition could absorb
water and paste from the grout mixture which could lead to an improvement in the transition zone
between the LWA and the grout. This further refinement in the porosity could lead to additional
reduction in Snick, but this would need to be confirmed by future research.
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The assumption in the calculation of tcrit assumes a negligible time to reach the nick point degree
of saturation (typically on the order of 16 to 30 h in this study), and a continuous contact with water,
which represents a worst-case scenario as it neglects a few processes that might extend a tcrit value in
a typical field application of a bridge deck connection. As mentioned, it is presented here as a tool
with meaningful units to compare the behavior of the different mixtures. A slight improvement from
a negligible tcrit in the Control grout to 50 days in the LWA (OD) grout is observed, and a slight
improvement in freeze-thaw performance would be expected. However, they still do not reach a level
seen by typical higher performance concrete materials, which have shown to be orders of magnitudes
higher [75]. However, the values of tcrit are consistent with results for cement-based materials with
high w/cm and negligible air contents [75]. The authors attribute the low tcrit to the high w/cm of
the grout. Despite the slight improvement, usage of these materials in an aggressive freeze-thaw
environment should be done with caution, and even with internal curing, users cannot expect the same
level of performance in this particular grout that they would expect to see in a higher-performance
concrete material. Furthermore, not all cementitious grouts are created equal, and some have shown
acceptable performance in a moist-freeze thaw environment [76].

Other research studies have demonstrated an improvement in freeze/thaw performance for
concrete materials made with high-absorptive fine aggregate compared to control concretes with no
air-entraining admixture [74,77,78], and an improvement in water absorption behavior, similar to that
seen in this study, has been observed in non-air-entrained mortars with internal curing using LWA [79].

The impact of drying on tcrit is an important, but difficult, consideration that is not considered
with the sorption-based model used in this study. Especially for high w/cm materials, that typically
lose moisture quickly and easily [80], it might represent an important contribution to keep the materials
below Scrit. Based upon the environmental conditions, ambient temperature and relative humidity,
and drying behavior, it is possible that the materials lose moisture between precipitation events that
offset the absorption that occurred. This could lead to situations in which Scrit is never achieved or
is only achieved after significant amounts of time. This is a future area of research that could greatly
benefit the understanding of high w/cm materials and lead to better correlation with field performance.
However, for completeness, in applications in the presence of deicing salts, the drying behavior
is significantly altered, which leads to cementitious materials that do not lose moisture in drying
environments [81]. So, the lack of drying on estimations of tcrit do not represent such an impossible
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situation. Furthermore, the assumption of 87% as a value for the Scrit could be investigated, which
has been shown to vary slightly, and can be dependent on the distribution of the pore network [75].
For a more connected pore network, it is possible for this value to approach 91%, which is the theoretical
maximum based upon the expansion of water [69].

Table 4. Results from absorption test used to estimate resistance to freeze/thaw damage described by
Equation 3, with Scrit assumed as 87%. A value of tcrit is not shown for the Control mixture, as Snick is
higher than Scrit. (Numbers in parentheses represent ± one standard deviation from the average of
three specimens).

Mixture Snick [%]
.
S2 [%/h1/2] tcrit [days]

Control 88
(0.97)

0.31
(0.018) -

LWA (prewetted) 77
(1.88)

0.38
(0.040)

27.8
(0.28)

LWA (OD) 70
(1.92)

0.48
(0.035)

50.2
(0.69)

The cylinder absorption test was performed on the three mixtures, and the formation factor (F) was
determined by dividing the measured resistivity by the resistivity of the storage solution, as described
in Section 3.4. Figure 9 illustrates F development for the three different mixtures. While initially
slightly higher, at an age of 74 day, the prewetted and OD mixtures have F values that are an average
of 9% and 20% higher than the Control grout mixture. This difference is statistically significant at
a level of 95%, based on a t-Test on the difference between the respective mixture and the Control.
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The increase in F observed in the IC mixtures can likely be attributed to a reduction in the paste
content, as paste is typically thought of as the permeable portion of the material, and an increase in
the degree of hydration of the cementitious materials. Furthermore, Castro et al. [82] showed that
LWA can become fluid filled, and due to their large porosity, act like a conductive inclusion, while the
concept of a formation factor is derived based upon a single conductive phase, i.e., the pore solution.
The interpretation of this is that concrete with LWA can measure a lower resistivity, and thus a lower
F, than the value that is truly indicative of the behavior of the material. That is to say, the values
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presented here for the IC mixture represent a lower bound of the F that describes the behavior of the
material if the conductive inclusion could be removed.

The Nernst-Einstein relationship shows that F is proportional to an estimated time to corrosion
initiation, as an increase in F corresponds to a reduction in the volume of permeable pores and
a decrease in the connectedness of that pore network [18]. The observed increase in the Formation
Factor with internal curing would be expected to increase the time to corrosion initiation. Both the
increase in the formation factor and the reduced cracking propensity of IC mixtures would lead to
a system with a reduction in overall chloride ingress, creating a more sustainable and long-lasting
infrastructure element.

5. Concluding Remarks

This study aimed at evaluating the effect that the inclusion of internal curing has on the material
performance of cementitious grouts commonly used as PBE connections in ABC projects. The study
presented results in characteristics relevant to PBE connections namely fresh, mechanical, shrinkage,
cracking, bond, and durability properties. Based on the results obtained, the following conclusions can
be drawn:

- The inclusion of IC with LWA in both prewetted and oven-dried conditions reduced the fresh
flow and density of the grout material by about 25% and 10%, respectively. Setting times were
slightly retarded. These changes in fresh properties should be considered when using internally
cured grouts in the field.

- Both LWA (prewetted) and LWA (OD) mixtures depicted a reduction in the mechanical properties
when compared to the Control grout. The reduction was about 30% in compressive strength,
and 25% in both tensile strength and modulus of elasticity. Nevertheless, the compressive strength
values obtained for the internally cured grouts were above the minimum strength required by
specifications for grouts, such as ASTM C1107 [23].

- A considerable reduction in both autogenous and drying shrinkage deformations was observed
when including IC in cementitious grouts, which should lead to less shrinkage cracking in general.
This reduction was more evident at earlier ages (i.e., first 14 days), when the material is still
developing its mechanical properties needed to sustain any shrinkage cracking.

- The cracking behavior of internally cured grouts in a restraint condition improved with respect
to the Control grout. Both LWA (prewetted) and LWA (OD) mixtures depicted higher tensile
stress reserve capacities when evaluated in a DRT. The tensile stress reserve capacity measured in
the DRT is an indication of how near the material is to cracking. In other words, it measures the
propensity of a material to crack.

- The tensile bond strength to an existing concrete substrate with a sandblasted surface was partially
reduced when including IC in the grout. MSA confirmed that this might be mainly attributed to
the fresh flow reduction. However, it is expected that the potential increase of hydration products
along the interface at later ages would likely lead to a higher resistance to penetration of moisture
or deicing salts, and thus to a more durable bond. Research is currently ongoing.

- Durability was evaluated using water absorption and formation factor. While IC grouts
demonstrated similar rates of absorption, i.e., sorptivities, the reduction in the nick point degree
of saturation resulted in a significant increase in the time to reach a critical degree of saturation.
This could be attributed to the reduction in grout content and additional hydration of the
cementitious materials leading to an improvement in the microstructure. The formation factor
is a microstructural material property that describes the pore network and can be related to the
diffusion coefficient. The IC grouts demonstrated an increase in formation factor. An increase
in the formation factor would lead to an expected increase in the time to corrosion initiation.
Ongoing work is investigating the improvement in time to corrosion initiation.
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Non-shrink cementitious grouts are often prepackaged and can be extended using small
aggregates for volumetrically large pours. IC can be thought of as an extension of the grouts using
LWA rather than normal weight aggregate. In this paper, it has been shown that incorporating the
LWA particles in an oven-dried condition gives a similar performance to prewetted LWA particles.
The use of dry LWA as inclusion in the prepackaged mixture might serve to make IC even easier with
grout materials regarding field implementation. It was also proved elsewhere that incorporating IC in
cementitious grouts offers cost benefits [15].

It is concluded that the inclusion of IC in cementitious grouts negatively affects to some degree
the flow and mechanical properties of the material. While flow loss can generally be compensated
with external vibration, the partial reduction in the mechanical properties is not considered to be
critical since the internally cured grouts still meet the ASTM strength requirements. The crucial effect
achieved with the inclusion of IC is on the durability spectrum, where shrinkage cracking and transport
properties are considerably improved. This should have a direct effect on the sustainability factors
of elements using these materials. Additionally, the reduction in the paste volume fraction of the
grout material with IC would also agree with the production of a more sustainable material with less
cementitious materials content.
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