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High early strength (HES) concrete is becoming increasingly used to repair
damaged concrete pavement sections. The use of HES concrete enables the repaired
pavement to be opened to traffic within hours of placing the concrete. A common
approach used for the rapid repair of concrete pavement consists of closing a pavement
section after evening rush hour traffic, repairing the damaged pavement with a HES
concrete, and opening the repaired pavement when the target strength is achieved. The
HES concrete is expected to have gained the target strength by the time the road is
opened to traffic early the following morning (typically before morning rush hour traffic
begins). As a result, traffic delays during busy day-time hours are kept to a minimum.
The rapid repair of concrete pavement is attractive because the traveling public is not
delayed by the repair of the pavement, and costs associated with traffic delays are kept to
a minimum.

Although HES concrete repair projects are attractive, inherently they have
challenges due to strict requirements for opening, simultaneous construction tasks,
extensive traffic control, and severe penalties for not achieving the target strength. In
addition, the bid price is adjusted to account for the costs of the penalties, requiring
higher average bid prices for these types of projects. Ultimately, jurisdictions and owners
incur the increased costs associated with rapid repair concrete pavement projects.
HES concrete mixtures are typically designed with a low water-to-cement-ratio.
As a result, these concrete patches are susceptible to self-desiccation which can lead to
shrinkage, stress development, and early age cracking. In addition, self-desiccation can
lead to a reduction in the rate of cement hydration, resulting in the reduced rate of
strength gain and overestimation of strength development through the use of conventional
maturity predictions. This thesis specifically examines the impact of self-desiccation on
the performance of these mixtures.
This research aims to: 1) develop an experimental procedure to determine
accurate quantifications of self-desiccation through the internal relative humidity of
concrete at early ages, 2) mitigate self-desiccation through internal curing, thereby
improving the performance of HES concrete, 3) account for self-desiccation in modified
maturity predictions, thereby resulting in more accurate strength estimations of in place
HES concrete, 4) minimize shrinkage and cracking potential in cementitious systems at
early ages with expansive cementitious additives.
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Introduction
High early strength (HES) concrete patching materials are becoming increasingly

used to repair damaged pavement sections, enabling the repaired pavement to be opened
to traffic at an early age. Many State Highway Agencies (SHAs) are using innovative
construction techniques to rapidly repair sections of concrete pavements. A common
approach used for rapid repair consist of closing a pavement section after evening rush
hour traffic, removing the existing pavement, preparing the patch area, placing a
HES concrete repair material, and opening the repaired pavement to traffic loads the
following morning (1,2). In this repair methodology, the HES concrete is expected to
have gained the target strength over-night so that it can be opened to traffic early the
following morning. As a result, traffic delays during day-time hours are kept to a
minimum. The rapid repair of concrete pavement is attractive because the traveling
public is not delayed by the repair of the pavement, and costs associated with traffic
delays are kept to a minimum.
Although HES concrete repair material is attractive, inherently it has challenges.
These projects are often challenging for contractors, material producers and SHAs as they
have strict requirements for opening, severe penalties for not achieving the target
strength, simultaneous construction tasks, and extensive traffic control (1,3–5). The
challenges associated with successfully completing a HES concrete repair job safely, on
time, and at or above target strength frequently result in the contractor modifying the
mixture design and curing procedures.
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Modifications include the use of admixtures such as accelerators and hydration
retarders, a lack of supplementary cementitious contents (1), heated blankets for high
temperature curing contents (6–8), and low water to cement ratios (w/c) (1). As a result
of these modifications, chemical imbalances and increased salt degradation potential can
occur (1,2,9–11). In addition, self-desiccation in HES concrete repair material can result
in excessive shrinkage, cracking, and low strengths. This thesis specifically examines the
impact of self-desiccation on the performance of these mixtures.
Some amount of self-desiccation occurs in all concrete mixtures as the cement
hydrates and water is consumed (12). However, self-desiccation can be especially
problematic in HES concrete since low w/c’s are typical. Mixtures with low w/c’s have a
lack of water, and this limited amount of water is insufficient to hydrate the cement
completely. As smaller pores are emptied in the concrete, water becomes unavailable for
hydration essentially causing hydration to cease (13) resulting in a loss of strength gain or
the over-estimation of concrete strength by maturity. In addition, sufficient selfdesiccation can induce large capillary stresses in the concrete, leading to excessive
shrinkage and cracking (14).
This research investigates methods to quantifiably determine the extent to which
self-desiccation occurs, mitigate the self-desiccation that occurs, account for selfdesiccation in maturity predictions, and control shrinkage that occurs due to selfdesiccation.
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1.1

Research Objectives
The objectives of this study are to:


develop an experimental procedure to determine accurate quantifications of selfdesiccation,



mitigate self-desiccation thereby improving the performance of HES patching
material,



account for self-desiccation in modified maturity predictions, and



minimize shrinkage and eliminate cracking in cementitious systems at early ages.

1.2 Thesis Organization
This thesis is composed of five chapters.
Chapter 1 provides an introduction and background for the research presented
herein. The main objectives are listed.
Chapter 2 discusses thoughts on the measurement of the internal relative humidity
(RH) of concrete at early ages. Several commercially available RH sensors are tested as
they are used for the determination of the internal RH in concrete. Recommendations
and guidelines for accurate measurement are discussed. The internal RH can be used as a
quantifiable measure of self-desiccation in concrete.
Chapter 3 discusses methods of improving HES concrete patching material by
mitigating self-desiccation. In addition, self-desiccation is accounted for in maturity
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predictions, leading to accurate estimated strength values. The shrinkage and cracking
potential of low w/c cementitious is mitigated through internal curing.
Chapter 4 investigates a unique method of controlling and minimizing the early
age shrinkage that can occur due to self-desiccation and drying. Expansive cementitious
additives are used to induce expansion and compressive stresses in cementitious systems,
thereby minimizing the shrinkage and reducing cracking potential. In addition, the
hydration behavior of mixtures with expansive additives is studied.
Chapter 5 includes a summary of the experimental observations carried out in this
study. Final thoughts and recommendations of the authors are discussed. The main
objectives and the conclusions from them are considered.
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2

Thoughts on the use of Capacitive Sensors to Measure the Internal
Relative Humidity of Concrete at Early Ages

2.1 Abstract
The accurate measurement of the internal relative humidity (RH) of concrete is
challenging, especially at early ages. The internal RH can be used to determine the
availability of water in concrete. This has implications on shrinkage, hydration rate, and
transport. This paper examines the use of different types of capacitive sensors for
measuring the internal RH of concrete. The capacitive RH sensors are typically encased
inside of a probe that enables the RH of the air within the probe to be measured. The
probe is frequently inserted in a cavity in fresh or hardened concrete. Condensation of
water vapor caused by variation in temperature of the sample has been observed to result
in unreliable measurements, calibration issues, sensor malfunction, and sensor damage.
Heated sensors are used to either evaporate the condensed water vapor or maintain the
sensor at a higher temperature than the ambient concrete to reduce the potential for the
formation of condensation. Guidelines for the measurement of internal concrete RH, and
calibration of the sensors are provided.

2.2 Introduction
The relative humidity (RH) of air is a common term that is used to describe the
ratio of the partial pressure exerted from an amount of water vapor in air with respect to
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the partial pressure of water vapor in air when it is fully saturated (15,16). Just as the RH
of air can be determined, so can the internal RH of concrete. The internal RH of concrete
has several applications. First, the internal RH can be used to describe the shrinkage of
concrete (17,18). Second, it can be used to verify that an internally cured (IC) concrete is
sufficiently supplying extra curing water, thus maintaining a higher internal RH (19–21).
Third, the internal RH of concrete can be used as an input to modified maturity methods
that incorporate self-desiccation by accounting for the effect of a reduced rate of
hydration (22,23). As lower water to cement ratio (w/c) and IC mixtures become more
common in practice, the internal RH of concrete is increasingly useful to determine if
(and to what extent) high performance concrete continues to hydrate.
The internal RH of concrete can be determined in a sealed system. Water
molecules simultaneously evaporate and condense until an equilibrium vapor pressure is
reached. At equilibrium, the RH of air surrounding the sensor within the cavity inside of
the concrete or in a test channel is the internal RH of the concrete (18,24,25). Several
different types of sensors can be used for determining RH, but capacitive sensors are
often preferred due to their ease of use and relatively low cost (26,27). Therefore, this
study will investigate capacitive RH sensors.
Although internal concrete RH measurements can be useful, they are challenging
to perform. The internal RH of concrete is typically in the upper ranges of possible RH
values, especially for IC systems (i.e., between 90% and 100%). RH sensors are
typically are less accurate when measuring RH >90% (18,28). In addition, the high RH
of concrete leads to an increased risk of water vapor condensation in the system since the
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concrete temperature and the dew point temperature are close (24). Generally,
condensation will occur if a volume of air is not large enough for the amount of water
vapor it holds, and a decrease in temperature can cause this reduction in volume. The
dew point is the temperature at which water in air becomes saturated and water droplets
form (29). The relationship between RH and temperature in relation to its dew point is
illustrated in Figure 2-1. This relationship is often determined through simple equations
such as those of the Magnus Formula (29). As the temperature decreases for a given
environment, the RH increases until saturation occurs at the dew point. For example, if a
concrete sample has an internal RH equal to 90% at a temperature of 20°C, then
condensation is expected to occur if the temperature decreases until the dew point is
reached (i.e., 18°C). Whereas, if a concrete sample has an internal RH of 70% at a
temperature of 20°C, then condensation is expected to occur if the temperature decreases
to 14°C. Simply put, for concrete with high internal RH, even small temperature
reductions can result in condensation in the concrete.
Temperature changes are not uncommon for concrete, especially with daily
temperature changes or temperature changes produced by hydrating cement. These
temperature changes can be of sufficient magnitude to result in the condensation of water
vapor on the RH sensor. This condensed water can accumulate on the electric
connections or on the capacitive plates of the sensor which can change the measured
capacitance and thus the RH reading, even leading to erroneous RH measurements and
sensor malfunction. Castro et al. (30) showed that RH sensors in field slabs frequently
malfunction due to condensation formation. Granja et al. (27) reported the unreliability
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of internal RH sensors at high RH values (>95%). Andrade et al. (31) showed that
stabilization of an internal RH sensor could take more than 24 hours at high internal RH
(RH > 90%). Parrott (32) and Castro et al. (17,25) reported increased stabilization times
with capacitive RH sensors at higher RH’s.

Figure 2-1: Relationship between an environment’s RH and temperature with respect to
its dew point using the Magnus formula

Although accurate internal concrete RH measurements can be challenging,
methods have been developed for determining the internal RH by using capacitive
sensors while attempting to overcome measurement problems associated with the
accumulation of liquid water onto RH sensors. Four of these methods are discussed next.
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First, as opposed to a continuous RH measurement, discrete measurements have
been instead used. Discreetly measuring the internal RH of concrete allows the RH probe
to be removed from the measurement void. In doing so, water vapor cannot build up
inside the probe for an extended time, thus minimizing condensation of water vapor onto
the RH sensor. Yang el al. (33) discretely measured RH within a cavity inside of the
concrete, and he allowed the RH sensors to set out in ambient laboratory environment for
four hours in order to eliminate error due to moisture hysteresis. Jiang et al. (34,35),
Parrott (32), and Persson (36) have also performed discrete measurements while
measuring the internal RH of hydrating cementitious materials.
Second, shorter RH measurement times have been used, thus minimizing time for
condensation to accumulate on the internal sensor (37). Typically internal RH is
measured until an equilibrium value is reached, and this equilibrium value is the internal
RH of the sample. However, Andrade et al. (31) measured internal RH at 1-5 and 10
minutes, and then graphically extrapolated to longer times using a logarithmic expression
previously developed.
By surrounding the internal RH sensor with a semi-permeable membrane, liquid
water coming in contact with the RH sensor is minimized. Rajabipour et al. (37), Zhou et
al. (38), and Grasley et al. (18) used an embedded RH sensor within a sleeve of material
that allowed the transmission of water vapor, but not liquid water; they continuously
monitored the RH. This however does not completely solve the problem since water can
still condense on the sensor.
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Fourth, by calibrating capacitive sensors before and after each measurement
performed, error due to moisture hysteresis can be minimized. Jensen et al. (39)
calibrated RH sensors before and after the measurement of the RH in paste samples
containing silica fume. Wyrzykowski and Lura (40) continually monitored internal RH
with miniature capacitive sensors, which were calibrated before and after each
measurement cycle to obtain better accuracy. Castro et al. (30) used miniature sensors
embedded in concrete field slabs at different depths, and periodically removed the
sensors in order to calibrate them.
Although modified internal RH measurement methods involving capacitive
sensors have been used, other researchers have used measurement solutions that omit
capacitive sensors completely. First, Rajabipour et al. (37) used sensors were cast into
concrete and consisted of a porous siltstone with an ionic solution enclosed in a
membrane that allowed the transmission of vapor but not liquid. Second, Monfore (41)
measured the internal RH of mortar by using a moisture sensitive wire that changed
length due to changes in RH, and the resistance of the wire was measured. Third,
Schiessel et al. (42) measured the electrical properties of concrete between two
electrodes, and calibration specimens were used to correlate the measured resistance to
the internal RH of the concrete.
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2.3 Objective
This study evaluates different capacitive type RH sensors for measuring the
internal RH of concrete. Four types of capacitive RH sensors were evaluated: Type 1
(standard sensors), Type 2 (cyclically heated sensors), and Type 3 (constantly heated
[warm] sensor). A standard concrete and an internally cured concrete with a w/c of 0.30
were used as a means to evaluate the performance of the capacitive RH sensors.

2.4 Equipment, Materials and Methods
2.4.1 Types of Sensors
Details regarding the three types of sensors used in this study are provided in
Table 2-1 and are described in the following section.

2.4.1.1 Standard RH Sensors
Two types of standard capacitive RH sensors were investigated. The first type of
sensor (labeled S1-S4) was housed in a hollow probe that was inserted into a cavity
inside concrete. The second type of sensor (labeled G1-G13) was housed in a module
that is embedded inside of concrete, and it transmitted data wirelessly to a mobile device.
This sensor was manufactured specifically for determining RH inside of concrete.

2.4.1.2 Cyclically Heated RH Sensor
A cyclically heated capacitive RH sensor (labeled S5-S12) was used. A
cyclically heated sensor was used in order to evaporate the water that would condense
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and accumulate on the sensor itself, and they are manufactured specifically for high
humidity conditions. Considering that RH is a temperature dependent measurement, the
temperature of the sensor must be the same as the temperature in the concrete during RH
measurement. Because of this, the sensor measures RH for 1 minute, heats for 1 minute
in order to evaporate condensed water, cools for 4 minutes reaching the ambient concrete
temperature, and the cycle continuously repeats.

2.4.1.3 Constantly Heated (Warm) RH Sensor
A constantly heated (warm) RH sensor was used. The temperature of the entire
probe is constantly heated to be a few degrees beyond the ambient concrete temperature,
and this ensures that condensation will not form (even when the measurement
environment is at the dew point) (43). The dew point in the concrete can be calculated
from the RH and elevated temperature in the warm probe (44). However, in order to
determine the RH in the concrete (at the ambient temperature), the ambient temperature
of the concrete must actually be determined. This necessitates a separate temperature
probe installed in the same measurement environment as the warm probe but sufficiently
far away from it as to not be influenced by the warm probe’s increased temperature. This
is necessary as RH is a temperature dependent parameter, and probe heating disturbs the
RH measurement (43). The RH of the concrete is calculated from the dew point in the
warmed probe and the temperature from the additional sensor (24,44). In this study, a
separate temperature sensor was inserted into a duplicate concrete sample. Unlike the
cyclically heated sensor, the warm probe continuously determines RH (as opposed to
once every 6 minutes).
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Table 2-1: RH Sensor Details
Type

Sensor
Indentification

Manufacturer

Model #

Standard

Rotronic
Instruments

HC2-S3

Standard
Embeddable

Giatec
Scientific

BlueRock™

1

Temperature
Heating
Measurement

Wireless
Embeddable RH Accuracy RH Accuracy
Data
in Concrete (<90%RH)
(>90%RH)
Transfer

None

No

No

±0.8%

N/A

None

Yes

Yes

±2.0%

±3.0%

±1.3%

N/A

No

No
±1.0%

±1.7%

Yes

2
3

Cyclically
Heated
Constantly
Heated (warm)

Rotronic
Instruments

HC2-S3HEATED

Vaisala
HMP-155
Corporation

Cyclic
Constant

*Note: This study does not endorse certain manufacturers, it simply provides data on the
sensors

2.4.2 Calibration
To account for how the measured RH changes with temperature, a calibration
procedure similar to one discussed in (17) was used. The RH of the air within a water
jacketed chamber was measured with four different saturated salt solutions (K2SO4, KCl,
NaCl, NaBr) at four different temperatures (18, 23, 28 and 33°C ± 0.1 °C). The
equilibrium vapor pressure exerted from a reference salt at a specific temperature was
known from Greenspan (45), and calibration equation was developed for each sensor.
The function for the corrected RH is shown in Eq. 2-1.
𝑅𝐻𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑧0 + 𝑎 ∗ 𝑥 + 𝑏 ∗ 𝑦 + 𝑐 ∗ 𝑥 2 + 𝑑 ∗ 𝑦 2 + 𝑓 ∗ 𝑥 ∗ 𝑦

Eq. 2-1

(where z0, a, b, c, d and f are fitting parameters; x is the measured temperature; and y is
the measured RH).
Figure 2-2 shows data from one particular sensor in this study. For a measured
RH at a given temperature, the actual RH was known. Eq. 2-1 was fit to the data and the
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fitting parameters were as follows: z0, a, b, c, d and f were 145.7, 0.7, -2.4, -0.00176,
0.02079 and -0.01068 respectively. The adjusted R-Squared value was 0.99.
The values for the measured RH for all standard and cyclically heated sensors
before calibration is shown in Figure 2-3, while Figure 2-4 shows the measured values
for each sensor after the calibration functions were applied.

Figure 2-2: Actual RH for a given measured RH and temperature. A calibration function
is fit through the data.
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Figure 2-3: Measured RH values for different temperatures and saturated salt solutions
before calibration (sensors S1-S8)

Figure 2-4: Measured RH values for different temperatures and saturated salt solutions
after calibration (sensors S1-S8)
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2.4.3 Materials and Mixture Designs
A type I/II ordinary Portland cement with a Blaine fineness of 401 m2/kg was
used. It contained 2.4% interground limestone with the following phase compositions:
56% alite, 17% belite, 7% aluminate and 10% ferrite. The oxide compositions were as
follows: 46.1% CaO, 7.9% SiO2, 3.0% Al2O3, 2.9% MgO, 1.3% Fe2O3. Fine aggregate
had an oven dried specific gravity of 2.43 and an absorption capacity of 3.17%. Coarse
limestone aggregate had a specific gravity of 2.62 and an absorption capacity of 1.3%. A
super absorbent polymer (SAP) with an absorption of 23.7 g/g SAP was used. The
method for determining SAP absorption can be found in (46).
A concrete mixture design with a w/c of 0.30 was used. The mixture proportions
were 955 lb/yd3 of cement, 1118 lb/yd3 of fine aggregate, 1704 lb/yd3 of coarse
aggregate, 287 lb/yd3 of water, and a water reducing admixture was used at a dosage rate
of 4.5 oz/cwt. The mixing procedure followed ASTM C192/C192M-16a, and the casting
procedure followed specifications in ASTM C31 (47,48).

2.4.4 Determination of RH from Fresh Concrete
Samples were cast into modified concrete cylinder molds (4 inch diameter by 8
inch height) that allowed the RH to be measured in a cavity inside of the concrete. The
cavity was a ½ inch plastic pipe that had ½ inch holes drilled throughout it. The cavity
was covered with polypropylene sheet (0.008 inch thick at 100 microns) using glue,
which allowed water vapor to enter the cavity without allowing access to excess liquid.
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The cavity was glued to a plastic base plate in order to keep it stationary within the mold.
The lid of the cylinder mold was fit with a compression fitting that housed the RH probe.
Once the RH in the cavity reached equilibrium, the resulting RH was representative of
the internal concrete RH. The RH testing device used in this study is explained in detail
in (49), and shown in Figure 2-5.

Figure 2-5: RH measurement device

2.4.5 Determination of RH from Crushed Concrete
The RH of crushed concrete was determined from sealed samples (2 inch
diameter by 4 inch height) that were demolded and crushed with a hammer and a pestle
and mortar. Remaining large chucks of hardened paste were removed from the mortar,
and 10 to 20 grams of crushed material were placed in a 12mm deep dish with a 43mm
diameter. The filled dishes were placed in a sealed temperature controlled environment
(23.0 ± 0.1 °C). The RH of the sealed environment was measured, and the equilibrium
RH of the system was considered the internal RH of the crushed sample. This procedure
for determining the RH from crushed specimens is described in more detail in (17).
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2.5 Results and Discussion
2.5.1 Condensation Formation Due to Temperature Decrease
Recall that condensation can occur due to a decrease in temperature. Figure 2-6
shows the temperature profile of the sealed plain concrete system in ambient laboratory
conditions (23 ± 2°C). Before 1 day, the temperature increases to a maximum of 33°C,
and then after 1 day begins to decreases until it reaches 24°C (a 9°C decrease). In order
to determine if this decrease in temperature is sufficient for condensation to form, the RH
will be assumed to be above 80% during the first day (although in reality it is higher).
Using the Magnus formula for determining dew point, an RH of 80% and the temperature
of 33°C, the dew point will be reached if the temperature drops to 29°C (a 4°C decrease).
Although this calculation is determined from a low conservative assumption of 80% RH,
the actual 9°C decrease in the concrete far exceeds the decrease in temperature needed for
condensation to form. In other words, condensation would be expected to occur and
accumulate inside the measurement cavity.
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Figure 2-6: Temperature profile of plain concrete system

2.5.2 Standard RH Sensors in Plain Concrete
Standard sensors in plain concrete are shown in Figure 2-7. The sensors were
removed periodically from the measurement cavity, and this is represented by the
periodic sharp decreases in the figure, at periodic intervals. S1 and S3 show a sharp
increase in recorded RH values before 1 day, reaching values that do not make physical
sense. These increases are a result of water vapor from inside the concrete measurement
cavity that had condensed and accumulated on the sensor itself, and this water influenced
the measured voltage of the capacitive sensors.
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Over time the accumulation of water on the sensor can cause corrosion on the
sensor itself, as shown in Figure 2-8. The terminals that connect the sensor to the probe
were not covered with any protective coating. Without any barrier between electrical
components of the sensor and the accumulated condensed water from inside the concrete,
unreliable measurements and excessive sensor hysteresis can occur easily. At the
conclusion of this test, with a controlled condition of 23 ± 0.1°C and 97.4 ± 0.5% RH, the
calibrated S1 and S3 had hysteresis of +4.0 and -0.5 respectively. Simply stated, S1 and
S3 outputted realistic values during calibrations after concrete testing, while values
during the concrete testing did not make physical sense. This would suggest that the
sensor is operable, just not in the concrete environment.
S2 and S4 are standard sensors. They are the same model number as S1 and S3,
though they are a newer version of that model with 2 differences. First, the sensors
contain a clear protective coating between sensor components and the atmosphere, and
this is pictured in Figure 2-8. Second, S2 and S4 are pre-programed to never record a
value higher than 100% RH, which has previously been shown to occur in a condensation
prone environment. Instead of recording impossibly high RH values, the sensors default
to 100% RH (before sensor calibration).
According to Figure 2-7, S2 and S4 begin at around 99% RH and drop to near
95% at 7 days. Although water may have accumulated on S2 and S4, the RH values at 7
days were realistic as compared to others (36,38). At the end of these tests, at 23 ± 0.1°C
and 97.4 ± 0.5% RH, the calibrated S2 and S4 had hysteresis of -1.6 and -1.0
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respectively. Although S2 and S4 give realistic values for internal concrete RH, the long
term effect of accumulated water on the sensor was not studied here.

Figure 2-7: Standard (non-heated) RH Sensors in plain concrete
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Figure 2-8: Standard sensors. The newer model sensor is pictured on the left and a
coating is protecting sensor components from corrosion. The older model sensor is
pictured on the right where corrosion can be seen.

The embeddable type of standard sensors (G1-G13) were tested in 3 different
sealed conditions: 1) embedded in concrete in a cylinder mold, 2) placed on top of
concrete in a partially filled mold, 3) same as 2, but removed at periodic intervals
(discrete measurements). For all testing methods, the embeddable standard sensors
yielded the same result. The RH maintained a constant 100% for the duration of the test
(for plain and internally cured concrete).
RH values for the factory-calibrated sensors were calibrated using saturated salt
solutions before and after concrete testing, and this is shown in Figure 2-9 and Figure
2-10 and for plain and IC concrete respectively. Only sensors placed on top of concrete
in a partially filled molds (testing conditions 2 and 3) were able to be calibrated after
concrete testing, as the embedded sensors (condition 1) were not able to be removed from
the concrete without damaging them. A control sensor, G13, was activated and
remained in ambient laboratory conditions. Before concrete testing, the measured RH
values corresponded to the actual RH values from the salt solutions. Though after
testing, the sensor values for the same solutions changed significantly, except for the
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control sensor. The high RH in the concrete led to the condensation of water vapor on
the sensor, whereas the control sensor remained in the ambient laboratory environment
(i.e., typically RH < 50%) where condensation did not occur. The condensation of water
onto the sensor in the concrete environment led to the calibration drift of these sensors.
The drift in values for the IC concrete was significantly higher than the plain
concrete, and this may be attributed to the longer testing duration of the IC concrete (i.e.,
60 days versus 7 days). In addition, the SAP supplied additional curing water to the
concrete, thus leading to a higher RH in the concrete (as compared to the plain concrete).
The increased RH led to more condensation occurring in the system, thus possibly
increasing the calibration drift. The next section will discuss sensors that use increased
temperatures as a means to minimize the potential for condensation to occur on a sensor.

Figure 2-9: Standard embeddable sensor calibration before and after testing plain
concrete
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Figure 2-10: Standard embeddable sensor calibration before and after testing internally
cured concrete

2.5.3 Cyclically Heated RH Sensors in Plain Concrete
Figure 2-11 shows data from cyclically heated RH sensors (S6 and S7) for
crushed and fresh concrete. The cyclically heated sensors show similar results to the
standard sensors at 7 days, however measurements before 36 hours are not reliable. For
example, in fresh concrete, the RH increased to values in excess of 100% before 36
hours. Condensation occurred, disrupting the measured RH reading. The 1 minute
heating period may not have been a sufficient amount of time to evaporate all the
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accumulated water. In addition, condensed water likely accumulated during the 4 minute
cool down period of the sensor.
To determine if the water vapor released from the fresh concrete was too
abundant for the cyclically heated sensors to evaporate, the RH of small crushed concrete
specimens (10-20 grams) was measured. No early age increase in RH was present for
crushed samples. This indicates that the sensors are not able to evaporate a sufficient
amount water within the fresh concrete due to the large size of the sample and thus a
large amount of water within the sample, whereas the crushed sample is small and has a
finite amount of moisture (and the sensor is able to evaporate it sufficiently).
In addition to the early age measurement problems of the cyclically heated
sensors, several of the sensors malfunctioned during concrete testing as shown in Figure
2-12. For each sensor, an unrealistic RH value materialized during concrete testing, and
realistic values were never recovered. It is believed that the accumulation of water and/or
temperature changes resulted in sensor malfunction. The heating element failed to
operate properly and condensation accumulated on the sensor. Considering condensation
can be detrimental to RH measurements, the next section investigates a sensor that does
not allow it to occur in the first place.
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Figure 2-11: Cyclically heated sensors (crushed and fresh samples)
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Figure 2-12: Cyclically heated sensor failures

2.5.4 Constantly Heated (Warm) Sensor in Plain Concrete
Figure 2-13 shows the RH as measured by the constantly heated sensor (i.e.,
warm sensor), which remained in the sample for the test entirety. Increases in RH at
early age are not present. Considering the sensor was constantly at a temperature higher
than the ambient concrete temperature, water vapor was not able to condense and
accumulate on the sensor itself, and changes in sensor voltage due to water accumulation
was absent.
The RH as determined by the warm sensor corresponds with values from a
cyclically heated sensor, S5, as both sensors were never removed from the concrete
during testing. In addition, RH values obtained from continuous measurements are
around 2% RH higher than discrete measurements as shown in Figure 2-7 and Figure
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2-11. This is due to moisture loss occurring when the sensor is removed from the sample.
Therefore, discrete measurements may not yield accurate values.
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Figure 2-13: Constanly heated (warmed) sensor in plain concrete

2.5.5 Internally Cured Concrete (All Sensors)
The conclusions that were previously drawn regarding the sensor accuracy were
also assessed for IC concrete. Figure 2-14 shows internal concrete RH data obtained
from IC concrete samples for a period of 60 days. The standard embeddable sensor (an
average of 9 sensors used in all conditions discussed in Section 2.5.2) measured a value
of 100% RH for the entire duration of the test. The cyclically heated sensor (which was
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the average value for 3 different sensors) reported values above 100% RH initially, and
then values begin to decrease below 100% after 19 days. The values that were measured
in excess of 100% RH indicate that water may have been accumulating on the sensor
components, resulting in unreliable values. Later age values for the cyclically heated
sensors correspond with the values of the standard sensors at 42 days and the crushed
sample at 28 days (within the measurement error range of ±1.3% RH). The cyclically
heated sensors discreetly measure RH values by removing the sensors periodically in
order for moist air to be evacuated from the sensor, and they show a lower RH value than
the constantly warm sensor which was continually left in the sample for the duration of
the test.
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Figure 2-14: Internal RH of internally cured concrete

2.6 Conclusion
This study evaluated different capacitive RH sensors for the determination of the
internal RH in concrete. Problems associated with RH measurements in concrete were
discussed. Problems can occur due to the high RH in concrete because RH sensors are
less accurate in this range and susceptible to error caused by the condensation of water on
the sensor. The potential for condensation is more likely to occur in concrete mixtures
with a high w/c and in mixtures at early ages. In addition, condensation can be initiated
by a decrease in temperature.
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RH is a temperature dependent measurement, and the temperature of concrete can
vary depending on ambient temperature or the hydration reaction (especially at early
ages). Therefore, the effect of temperature on internal concrete RH measurements should
be considered. A calibration procedure considering the measured RH and the ambient
temperature was developed.
Three types of sensors were studied: 1) Standard, 2) Cyclically heated, and 3)
Constantly heated (warmed). Standard RH sensors were shown to yield unreliable
measurements at early ages if condensation occurs and water accumulates on the RH
sensor. The condensation of water can result in long term sensor hysteresis or damage.
Cyclically heated sensors that evaporate accumulated condensed water vapor were
evaluated. The condensation of water on the internal RH sensor could lead to unreliable
measurements at early ages. The constant heating, evaporating water, and cooling
resulted in sensor malfunctioning in several cases. Constantly heated (warmed) probes
limit the potential for water vapor to condense on the RH sensor since the temperature of
the probe is constantly a few degrees above the ambient concrete temperature. As the
warm probe is constantly at an elevated temperature, the actual temperature of the
concrete must be determined from a separate temperature probe elsewhere in the concrete
in order to determine the RH.
To obtain accurate internal concrete RH measurements and minimize moisture
hysteresis, condensed water vapor should not be allowed to form near the RH sensor.
The warmed probe design has been used in other industries where accurate measurements
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in the highest RH ranges are crucial, and future work should investigate these sensors in
actual field applications.
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3

Improving the Durability of High Early Strength Cement Based Patching
Materials for Concrete Pavements

3.1 Abstract
High early strength (HES) concrete patching materials are becoming increasingly
used to repair damaged pavement sections, enabling the repaired pavement to be opened
to traffic at an early age. These HES concrete mixtures are typically designed with a low
water to cement ratio, a high cement content, contain accelerating admixtures, and
contain few supplementary materials. As a result, these patches may be susceptible to 1)
self-desiccation which can lead to early age cracking, 2) reduced hydration which results
in the reduced rate of strength gain and overestimated strength development by maturity
predictions, and 3) degradation when salts are applied due to calcium oxychloride
formation. The objective of this study are four-fold. First, the paper will illustrate how
self-desiccation can lead to the premature cessation of hydration and shrinkage cracking.
Second, the paper will illustrate how maturity based predictions can be modified to
account for self-desiccation. Third, internal curing is discussed as a way to mitigate selfdesiccation and shrinkage ultimately improving the performance of HES concrete
patching materials. Finally, suggestions will be made to make these patches more
resistant to salt related damage.
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3.2 Introduction
Many State Highway Agencies (SHAs) are using innovative construction
techniques to rapidly repair sections of concrete pavements. A common approach that is
used for rapid repair consist of closing a pavement section after evening rush hour traffic,
removing the existing pavement, preparing the patch area, placing a high early
strength (HES) concrete repair material, and opening the repaired pavement to traffic
loads the following morning.
An example of the typical process followed by a contractor was recorded for HES
concrete repair on US30 in northern Indiana and is described in the following paragraph
(1,2). For this project, lane closure began at approximately 6:00 PM when the contractor
initiated a traffic control plan to divert vehicles into a single lane of traffic in each
direction. From 6:00 PM to 7:00 PM the concrete pavement was saw cut to enable the
damaged concrete to be removed. The demolition and removal crew began to remove the
damaged concrete between 7:00 PM and 9:00 PM. A jackhammer or drop hammer was
used to crush the damaged concrete, and it was removed with a track hoe or other
machine. The base, subbase, dowels, and tie bars were prepared from 9:00 PM-10:00
PM. Specifically, for partial depth patches the patch area was sandblasted clean, and a
bonding agent was applied to horizontal and vertical surfaces. For full depth patches,
coarse aggregate was added to the subbase and leveled, with the purpose of establishing
drainage. A receptive pocket for the tie bars was drilled into the existing pavement, and
the bars were placed. From 10:00 PM-11:30 PM the HES repair concrete was cast into
the patch area. Hydration retarder was added at the batch plant, and accelerating
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admixture was added on site, just prior to discharge of the concrete. The concrete was
finished immediately, and from 11:30PM-12:30 AM, the patches were covered with
plastic and thermal blankets while the quality assurance/quality control samples were
collected. The concrete strength was periodically tested, and the repaired section was
opened to traffic between 5:00 and 6:00 AM (provided the specified opening strength
was achieved). If the required strength was not achieved and the repaired pavement was
not opened to traffic by 6:00 AM, penalties would be applied. In this repair
methodology, the HES concrete is expected to have gained the target strength over-night
so that it can be opened to traffic early the following morning.
The compressive strength that is required to open the pavement to traffic is
generally between 1500 to 3500 psi (or 4000 psi for deep repairs) (50), while the flexural
strength requirements are in the range of 400-600 psi (50). Recent work has suggested
that specifications in Indiana may be unnecessarily high for HES concrete pavement
repairs, resulting in the Indiana Department of Transportation reducing their required
flexural strength to 300 psi or greater (51).
Contractors recognize that there is a high risk for not achieving the target strength
in the allotted time, thus incurring penalties. Because of this, bid price is adjusted to
account for the costs of the penalties, requiring higher average bid prices for these types
of projects (3–5).
These projects are often challenging for contractors, material producers and SHAs
as they have strict requirements for opening, severe penalties for not achieving the target
strength, simultaneous construction tasks, and traffic control. The challenges associated
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with successfully completing a HES concrete repair job safely, on time, and at or above
target strength frequently result in the contractor modifying the mixture design and curing
procedures. These modifications can have a negative impact on durability properties of
the concrete.
Modifications include 1) admixtures such as accelerators (which have been
observed to alter the sulfate balance (1,2,9,10)); 2) high cement contents (and often a
lack of supplementary cementitious contents which have been observed to increase the
potential for deicing salt damage (52); 3) heated blankets for high temperature curing
(which may result in an increased potential for thermal cracking, especially when
combined with high cement contents (6–8)); and 4) low water to cement ratios (w/c) that
are susceptible to the consequences of self-desiccation. While not immediately obvious,
self-desiccation is important in these materials because consequences can include
excessive shrinkage, shrinkage cracking, and a reduced rate of strength gain.
This paper examines the impact of self-desiccation on the performance of these
mixtures. First, it should be noted that self-desiccation occurs in every concrete mixture.
Self-desiccation occurs as a result of fact that the reaction of cement and water results in
a volume reduction known as chemical shrinkage (i.e., the volume of reacted products is
smaller than the original constituent materials (cement and water) (12)). When the system
is fluid (at very early ages), the volume of the material simply reduces. However, once
the material has set (i.e., solidified gaining a rigid structure) this volume reduction results
in the expansion of vapor filled spaces in the matrix. These vapor filled spaces occupy
the largest of the pores. In high w/c mixtures, this has little impact on the hydration
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process as the vapor filled spaces occur in very large pores and have little impact on the
remaining pore fluid (i.e., the water activity remains high). In contrast, low w/c mixtures
have a finer pore structure and a lack of water, thus vapor filled spaces occur in smaller
pores, thereby reducing the activity of the water (reducing the measured relative humidity
(RH)) of these mixtures (53). Practically this can reduce the rate of hydration to such an
extent that the hydration eventually stops (13). This can also increase the capillary
pressure, thus increasing the shrinkage of these mixtures, making them more susceptible
to cracking (14).

3.3 Objectives
The goal of this study is improve the performance of HES concrete. This goal is
achieved by:


Illustrating how self-desiccation can lead to reductions in the rate of hydration and
increase the potential for shrinkage cracking



Illustrating how maturity based predictions can be modified to account for selfdesiccation



Utilizing internal curing, via pre-wetted lightweight aggregate (LWA), to mitigate
self-desiccation and shrinkage, ultimately improving the performance of HES
concrete patching materials



Providing recommendations for salt damage resistance
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3.4 Background on the Maturity Method
The maturity method is frequently used to estimate the rate of concrete strength

gain and has gained widespread used for opening pavement to traffic and form work
removal. The maturity method has resulted from research that began in the 1940’s (54–
57). This method is frequently formulated to determine an ‘equivalent age’ of the
concrete as shown in Eq. 3-1.
𝒕

𝒕𝒆 = ∫ 𝜷𝑻 𝜷𝑯 𝒅𝒕

Eq. 3-1

𝟎

where:
𝛽𝑇 = a mathematical factor that accounts for the influence of temperature on the rate of
the hydration reaction (54),
𝛽𝐻 = a mathematical factor that accounts for the influence of moisture on the rate of the
hydration reaction (22).
Two prominent maturity approaches have been developed for the prediction of
strength by maturity. The first of these approaches is the Nurse-Saul approach, which
considers the reaction to be linearly related to the temperature (54). The second method is
the Arrhenius method which assumes the rate of reaction is exponentially related to
temperature as shown in Eq. 3-2. While the Nurse-Saul approach is often used due to its
simplicity, the Arrhenius method will be used in this paper since it has been found to
better relate to data (57).

𝜷𝑻 = 𝒆

𝑬
𝟏
𝟏
−( 𝑨 (
−
))
𝑹 𝑻𝒂 +𝟐𝟕𝟑 𝑻𝒓 +𝟐𝟕𝟑

Eq. 3-2
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where:
𝐸𝐴 = the activation energy (kJ/ mol),
𝑅 = the universal gas constant (8.314 J/ mol K),
𝑇𝑟 = the reference temperature (23 ˚C),
𝑇𝑎 = the real-time recorded temperature (˚C).
While many people are familiar with the factor that accounts for temperature,
fewer people are familiar with the assumption associated with the maturity method that
sufficient water is available for continued hydration (58,59) (i.e., 𝛽𝐻 = 1). In a concrete
with a low w/c, this assumption may be violated due to sufficient self-desiccation (1). As
such, the predicted strength can be overestimated if sufficient self-desiccation occurs.
While many applications in practice do not account for moisture, research studies
(22,23,60–62) have included a mathematical function to account for moisture (𝛽𝐻 ) as
shown Eq. 3-3.
𝜷𝑯 = (𝟏 + (𝜸 − 𝜸 ∗ 𝑹𝑯)𝝀 )−𝟏

where:
𝛾 = a fitting parameter (typically assumed to be 7.5),
𝜆 = a fitting parameter (typically assumed to be 4.0),
RH = the relative humidity (%).

Eq. 3-3
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These parameters were estimated using observations from Powers, where the
water uptake in dry cement at different RH environments was observed (63). Bazant et
al. (61,64) used the same parameters for modeling shrinkage and diffusion behavior in
non-saturated concrete. Castro et al. (17) showed, through isothermal calorimetry, that
sufficient self-desiccation can reduce the rate of hydration in mixtures with low w/c to
such an extent that hydration can slow to point of nearly ceasing.
While other researchers (22,23,61) have assumed values for the parameters in Eq.
3-3, Lura et al. (65) determined 𝛽𝐻 experimentally using the heat released from sealed
and saturated systems using isothermal calorimetry in accordance with Eq. 3-4.
𝝏𝑸
)
(𝒕 , 𝑸
)
𝝏𝒕 𝑺𝒆𝒂𝒍𝒆𝒅 𝒏 𝑺𝒆𝒂𝒍𝒆𝒅𝒏
𝜷𝑯 =
𝝏𝑸
(
)
(𝑸
)
𝝏𝒕 𝑺𝒂𝒕𝒖𝒓𝒂𝒕𝒆𝒅 𝑺𝒆𝒂𝒍𝒆𝒅𝒏
(

Eq. 3-4

where:
(

𝜕𝑄
𝜕𝑡

)

𝑆𝑒𝑎𝑙𝑒𝑑

(𝑡𝑛 , 𝑄𝑆𝑒𝑎𝑙𝑒𝑑 ) = the rate of heat released from a sealed hydrating cement
𝑛

paste at each time instant (𝑡𝑛 ) (65),
(

𝜕𝑄
𝜕𝑡

)

𝑆𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑

(𝑄𝑆𝑒𝑎𝑙𝑒𝑑𝑛 ) = the rate of heat released from a saturated hydrating cement

paste at the same cumulative heat as the sealed system (65).
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3.5 Experimental Program
3.5.1 Overview
This study elucidates that sufficient self-desiccation can occur in mixtures with a
low w/c through the use of RH measurements and isothermal calorimetry. First, the
impact of sufficient self-desiccation on autogenous shrinkage, shrinkage cracking, stress
development, and strength is conveyed through autogenous shrinkage and Ball on Three
Ball (B3B) (66) measurements. Second, self-desiccation is accounted for in modified
maturity predictions by considering available water for hydration. A moisture correction
parameter,𝛽𝐻 , is determined by the rate of heat released in sealed and saturated systems
using isothermal calorimetry. Third, self-desiccation is mitigated through internal curing;
and benefits in terms of shrinkage, internal stress, cracking potential, and strength are
demonstrated. Fourth, recommendations for salt damage resistance are discussed. A
brief overview of the experimental program, intended results, and solutions are shown in
Figure 3-1.
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Figure 3-1: Chart displaying experimental program, results, and solutions

3.5.2 Materials and Mixture Designs
A range of different mixtures were produced in this study as shown in Table 3-1.
Pastes, mortars, and concrete in different curing conditions and at varying w/c’s were
used. Curing practices involved 1) saturated curing (i.e., placing water on top of a
sample), 2) sealed curing (i.e., no extra water), and 3) internal curing (with pre-wetted
LWA).
Paste mixture designs consisted of cement and water, in addition to a high range
water reducing admixture (HRWRA) for mixtures with a w/c below 0.40. Mortar
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mixtures consisted of a 45% paste volume (cement as the sole binder), and 55%
aggregate volume. For internally cured mortars, an amount of normal weight fine
aggregate was replaced with pre-wetted LWA. The amount of pre-wetted LWA used was
determined by the volume reduction from chemical shrinkage as discussed in (67).
Normal weight fine aggregate had an absorption of 3.1% and saturated surface dry (SSD)
specific gravity (SG) of 2.57. LWA had an absorption of 19.9% and a SSD SG of 1.52.
A HRWRA was used for mortar mixture designs with a w/c below 0.40. For pastes and
mortars produced, cement oxide compositions and Blaine fineness values are listed in
Table 3-2. The concrete mixture design is representative of a high performance concrete
(HPC) bridge deck in Indiana, and details regarding this mixture can be found in (68).
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Table 3-1: List of all mixtures produced in this study

* denotes a different OPC was used (CEM-II). All other paste and mortar mixtures used

OCP CEM-I.
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Table 3-2: Oxide compositions and Blaine fineness for cements used in this study

3.5.3 Methods
3.5.3.1 Isothermal Calorimetry (Pastes)
Cement pastes were mixed in a vacuum mixer at 400 revolutions per minute for 3
minutes. The mixing was paused after 1 minute in order to scrape the sides of the mixing
bowl. Fresh paste was cast into glass vials immediately after mixing was completed. The
amount of paste in each vial was 2.0 ± 0.2 grams. For samples that were ponded with a
thin layer of water on top (i.e., saturated condition), 0.10 ± 0.02 grams of deionized water
per gram of paste was used. This method of saturation provides sufficient water for
hydration and minimizes the effects of leaching and thermal lag. The vials were sealed
and place into an isothermal calorimeter (TAM Air by TA Instruments) (69) which has
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been used previously to determine the potential increase in hydration at early ages (17). It
was maintained at a temperature of 23± 0.02°C. The heat released from the cement pastes
was measured for 7 days. Duplicate samples were tested. For data analysis, the heat
released was normalized by the amount of dry cement in each vial.

3.5.3.2 Capacitive Sensors for RH Measurements (Pastes)
Cement pastes were mixed according to ASTM C305-14 (70). Fresh pastes were
cast in their molds (55 mm height x 35 mm diameter), vibrated, sealed and stored at a
temperature of 23± 1°C until testing. The internal RH was measured at 1, 3, 5 and 7 days
using capacitive type sensors. The RH sensors were calibrated with saturated salt
solutions, and more on this can be found in (17,45). Triplicate samples were tested for
each condition. Samples were crushed and placed in cylindrical plastic containers (43 mm
diameter by 12 mm height). The containers were placed into water-jacketed cells with
temperature of 23± 0.2°C as shown in Figure 3-2. These cells were sealed, and a heated
capacitive type dual RH and temperature probe was inserted (Rotronic Sensor HC2-S(3)HEATED (71)). The sensors had a reported accuracy of ±1.3% RH from 0% - 80%,
although the accuracy was expected to decrease in the range of 80% - 100% RH
(27,28,43). The RH was measured until equilibrium was reached in the measurement
chamber, and the equilibrium RH was determined to be the RH of the sample.
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Figure 3-2: Picture of the apparatus used to measure RH on crushed samples. Water
jacketed cells, RH sensors, saturated salt solutions, and crushed sample is pictured.

3.5.3.3 Restrained Autogenous Shrinkage (Mortars)
Mortars were prepared in accordance with to ASTM C305-14 (70). The
autogenous shrinkage of mortar in a restrained state was determined from the dual ring
test (72,73). Fresh mortar was placed into an annular shaped, Invar mold, and the
samples were placed inside a temperature controlled, sealed chamber. The measured
strain in the Invar rings (as determined by attached strain gauges) was used to calculate
the residual stress in the mortar. More details regarding the size of the ring, its degree of
restraint, the calculation of the residual stress, testing chamber, and ring calibration
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procedure can be found in (74). After 7 days, the temperature of the ring was decreased
at a rate of 2°C / hr in order to increase tensile stresses in the system, ultimately inducing
a crack while determining the remaining residual stress capacity of the sample.

3.5.3.4 Free Autogenous Shrinkage (Mortars)
Mortars were prepared in the same manner as described in Section 3.5.3.3. The
free autogenous shrinkage for mortars was measured for at least 7 days. Mortar mixing
occurred in the same manner as discussed in Section 3.5.3.3. Duplicate samples were
prepared in all cases. The molding and testing procedure followed ASTM-C1698 (75)
with the exception that LVDT’s were used to continuously measure the length change.

3.5.3.5 Flexural Strength Measurement (Pastes)
Cement pastes were prepared in the same manner as described in Section 3.5.3.2.
Fresh paste was cast into plastic cylindrical molds (50.8 mm diameter by 101.6 mm
height), and they were cured in a sealed condition at 23± 1°C for 1 day. At 1 day, all
samples were cut into thin disks of 3.0 ± 0.1 mm thick using a high precision water
lubricated saw. 12 samples were cut for each mixture proportion and condition. After
cutting, samples destined for the saturated condition were cured in limewater at 23± 1°C,
whereas samples bound for the sealed condition were put in constant RH environment
(75.4 ± 0.1% RH) in order to simulate the sealed condition. Regardless of the curing
condition, all samples were immediately tested after being removed from their respective
environment. Testing occurred at 3 and 7 days.
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A Ball on Three Ball (B3B) testing apparatus was used to measure the flexural
strength of specimens (66,76). The determination of the flexural strength from the B3B
test was made using an empirical model described in the study of Borger et al. (66).

3.6 Results
3.6.1 RH Decrease and Reduced Rate of Hydration
Self-desiccation causes pores to become vapor filled as water is consumed in the
hydration reaction, beginning with the largest pores emptying first. As sufficient selfdesiccation occurs, smaller pores empty, and thus self-desiccation can be directly related
to the size of pore that is fluid filled (14). The largest pore size filled with fluid can be
determined from the internal RH through the Kelvin Laplace equation (18,30). Thus the
internal RH can be used to describe the extent of self-desiccation that is occurring.
Figure 3-3 shows the internal RH for pastes with varying w/c’s. The RH of the mixture
with a w/c of 0.28 decreased to 84% RH at 7 days whereas the RH of the mixtures with
w/c of 0.34 and 0.42 decreased to 89% and 95% RH respectively. Previous researchers
have showed that useful hydration in hardened pastes gradually decreases and may cease
when the internal RH is below 80% as caused by drying or self-desiccation (63,77),
although, this value has been shown to underestimate the effect of self-desiccation on
hydration (65). This section provides a qualitative example of the effect of selfdesiccation on the rate of hydration, however, succeeding sections will quantify the rate
of hydration at different RH values. Regardless, appreciable amounts of evaporable
water for cement hydration do not exist in the capillary pores at lower vapor pressures
(63). Considering this, the mixture with a w/c of 0.28 reached a sufficiently low RH at
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which hydration may slow to the point of ceasing, whereas the mixtures with a 0.34 and
0.42 did not. However, in any case, as water is consumed in the hydration reaction, the
rate of hydration will tend to gradually decrease.
Mixtures with a low w/c can have self-desiccation sufficient enough for the rate
of hydration to slow at early ages as shown in Figure 3-4. The addition of extra curing
water can cause an increase in the cumulative hydration. As the w/c increases, less
benefit from additional curing water occurs. For example, for the mixture with a w/c of
0.28 in Figure 3-4, a 15% increase in hydration occurred at 7 days when additional water
is added to the system, whereas no benefit to hydration occurred for a mixture with a w/c
of 0.42. Considering that sufficient self-desiccation is indeed occurring in mixtures with
a low w/c, the next section will investigate its negative impacts and mitigation
techniques.
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Figure 3-3: RH of sealed pastes at different age for varying w/c (using capacitive
sensors)
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Figure 3-4: Cumulative heat released for hydrating cement pastes for varying w/c in
sealed or saturated conditions

3.6.2 Shrinkage and Cracking
Internal curing has been shown to be a method that can increase the RH and
reduce autogenous shrinkage in mixtures with low w/c’s (17,21,67,68,72,78–80). The
addition internal curing water also benefit mechanical and durability properties (17,21).
Figure 3-5 shows measured autogenous shrinkage for a plain and internally cured mortar
mixture with a w/c of 0.28. The inclusion of pre-wetted LWA reduced the free
autogenous shrinkage by nearly 50%.
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Figure 3-6 shows the stress that developed when the shrinkage was restrained for
both a plain and internally cured mortar with a w/c of 0.28. The temperature was
decreased at 7 days, and the plain system developed 450 psi of tensile stress and a
cracked when the stress reached 550 psi (a 100 psi remaining stress capacity), while the
internally cured system had only 300 psi of tensile stress and cracked at 650 psi (350
remaining stress capacity). The internally cured system developed less stress by 7 days
than the plain system while having more remaining stress capacity during the temperature
decrease. In addition to the stresses occurring, the plain system required a temperature
decrease of nearly 4°C to crack while the internally cured system required a temperature
decrease 17°C to crack, implying that the internally cured system is more robust to
thermal cracking.

Figure 3-5: Autogenous shrinkage of pastes with a w/c of 0.28 (corrugated tube method)
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Figure 3-6: Restrained shrinkage of pastes with a w/c of 0.28 (dual ring test)

3.6.3 Effect of Self-Desiccation on Strength
The impacts of sufficient self-desiccation on hydration, RH, 𝛽𝐻 , and strength are
shown in Figure 3-7 for mixtures with a w/c of 0.28 and 0.42. For the mixtures with a
w/c of 0.28, the cumulative hydration of the sealed system deviated from the saturated
system at around 1 day, and this occurred when the RH in the sealed system was
approximately 92%. The corresponding 𝛽𝐻 value was nearly 0.8 at 1 day, which implies
that rate of hydration was already reduced by 20%. This indicates that the impact of

55
sufficient self-desiccation starts at early ages when a mixture’s w/c is low. As such, the
corresponding strength of the sealed and saturated system began to deviate at 1 day. For
the mixture with a w/c of 0.28, the rate of hydration (and strength gain) began slow to the
point of nearly ceasing when the RH reached 92% and 𝛽𝐻 =0.8.
Figure 3-7 shows the mixture with a w/c of 0.42. The hydration of the sealed
system did not deviate from the saturated system as there was initially sufficient water for
continued hydration. This agrees with the Power’s Model (81) where the entire volume
of cement can be hydrated by the initial mixing water. 𝛽𝐻 remained 1.0 through the 7
day testing duration because the rate of hydration of the sealed system was never
exceeded by that of the saturated system. Indeed, there is little benefit in terms of
hydration when additional water is supplied to a mixture with a w/c of 0.42. The RH of
the system with w/c of 0.42 never reached below 96% by 7 days. As such, the strength
of the sealed system was similar to that of the saturated system because sufficient selfdesiccation was not taking place.
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Figure 3-7: Cumulative heat released, βH, RH, and flexural strength for pastes with a w/c
of 0.28 and 0.42. Sealed and saturated cured data are presented.
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3.6.4 𝜷𝑯 with Respect to RH for Pastes
The evolution of 𝛽𝐻 with respect to RH was determined as shown in Figure 3-8
for mixtures with varying w/c’s. 𝛽𝐻 , for each time, 𝑡𝑛 , was plotted as a function of the
RH of the sealed system (i.e., the RH value corresponding to same w/c and at the same 𝑡𝑛
as 𝛽𝐻 ). For all mixtures tested, sealed samples showed a higher rate of hydration than
saturated samples (i.e., 𝐵𝐻 > 1) until just after the acceleration period ended, and an
example of this is shown in Figure 3-9 for the mixture with a w/c of 0.30. This may be
due to alkalis from the cement paste diffusing into the saturation water on top of the
sample, (i.e., changing the water’s ionic concentration), thereby lowering the pH in the
paste, initially decelerating the hydration reaction in water saturated samples, and this is
discussed in detail in (65). As such, 𝛽𝐻 values in excess of 1.0 were considered to be 1.0.
The theoretical curve as proposed by Bazant et al. (61) and the value of the curve
determined experimentally from Lura et al. (65) were superimposed on the plot for
reference.
Initially, 𝛽𝐻 was 1.0 when the RH was greater than 95% for all mixtures.
However, the value of 𝛽𝐻 generally decreased as the RH dropped below 95%. This
indicates that the rate of hydration of the sealed systems began to deviate from the
saturated systems at a RH of approximately 95%. This consistent with Figure 3-7 where
it was discussed that at 1 day the cumulative hydration (and strength) of the sealed
system began to deviate from the saturated system at around 92%. It shall be noted that
the value of 𝛽𝐻 for the mixture with a w/c of 0.30 began to decrease at a RH value of
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97%, but the increased error in RH measurements at high RH would indicate that this is
not significant.
Below 95%, 𝛽𝐻 values tended to decrease until testing ceased (7 days). Mixtures
with a low w/c reached lower RH values and lower 𝛽𝐻 values by 7 days than mixtures
with higher w/c’s. This implies that the hydration of mixtures with a low w/c is more
greatly impacted by self-desiccation than in mixtures with a high w/c, and 𝛽𝐻 values can
be used to quantify this.
𝛽𝐻 with respect RH provides a means to quantify the change in hydration (or
strength) due to self-desiccation. All the mixtures tested in this research were well
represented by the function as proposed by Lura et al. (65), whereas the curve proposed
by Bazant (61) underestimated the effect of self-desiccation on hydration. Therefore, for
the remainder of this research, the function as proposed by Lura et al. will be used in the
prediction of strength from maturity calculations.
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Figure 3-8: βH with respect to RH for pastes with varying w/c
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Figure 3-9: Rate of Hydration for mixtures with w/c = 0.30 in sealed and saturated
conditions

3.6.5 Using 𝜷𝑯 for the Determination of Strength through Maturity
Predictions

Once 𝛽𝐻 with respect to RH has been determined, it can be used in maturity
predictions to account for the effect of sufficient self-desiccation on strength
development. For this research, all samples were cured at a temperature of 23 ± 1°C,
thereby, 𝛽𝑇 from Eq. 3-2 was simply used as the value 1.0 for the maturity calculations.
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Figure 3-10 shows the equivalent age from Eq. 3-1 with respect to the actual age of the
sample for a w/c of 0.28. The equivalent age for the saturated system was equal to its
actual age because 𝛽𝐻 = 1 (i.e., the saturated system had a constant supply of water for
curing). Using the 𝛽𝐻 determined by Lura at al. (65) and the measured RH from Figure
3-3, the equivalent age of the sealed system was estimated at each time instant using Eq.
3-1. Before 1 day, the estimated equivalent age for the sealed system was similar to
equivalent age of the saturated system, then after 1 day it began to deviate. By 7 actual
days, the estimated equivalent age for the sealed system was 25% of that of the saturated
system.
Considering the actual strength of both the sealed and saturated system was
known, the actual equivalent age of the sealed system was determined: First, a curve was
fit through the experimental strength data (58) (Figure 3-11). Second, for a given actual
age and corresponding strength in the sealed system, the age at which the saturated
system reached that strength was considered the actual equivalent age of the sealed
system. The estimated equivalent age slightly over predicts the actual equivalent age, but
is overall a good representation. As such, the strength was determined as shown in
Figure 3-11 through the maturity equation, and the actual strength of the sealed system
was similar to the predicted strength. Regardless, for the sealed system, the rate of
strength gain decreased until nearly ceasing by around 1 day due sufficient selfdesiccation. By supplying additional water to the system (i.e., saturated system), the rate
of strength gain can be increased and sustained, leading to higher later age strength.
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Figure 3-10: Determination of equivalent age using 𝛽𝐻 for paste mixtures with a w/c of
0.28.
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Figure 3-11: Actual strengths and estimated strength for mixture with a w/c of 0.28

3.6.6 An Example for the Use of 𝜷𝑯 for an HPC Bridge Deck Material
This example utilizes 𝛽𝐻 to estimate the compressive strength of a ready mixed
produced HPC bridge deck. The mixtures were representative of a HPC bridge deck that
was built on US 150 in Orange County, Indiana (68). A non-internally cured and an
internally cured HPC (IC-HPC) were produced by a batch plant. Compressive strength
samples were cured in a sealed condition at 23 ± 1°C and tested at 3, 7 and 28 days (68).
To estimate the strength of the HPC, some assumptions were established. 1) The
IC-HPC material was assumed to have sufficient water for continued hydration (i.e., 𝛽𝐻 =
1.0). 2) 𝛽𝐻 for the sealed HPC was assumed to follow the function as proposed by Lura
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et al. (65). 3) Since samples were cured in a temperature controlled environment, 𝛽𝑇 was
considered to be 1.0. The internal RH was determined from the HPC in a sealed
condition at 1, 3, 5, 7 and 28 days, and a curve was fit. 𝛽𝐻 was determined from the RH
profile of the HPC, and Eq. 3-1 was used to determine the equivalent age of the HPC.
Figure 3-12 provides a comparison between the actual age and equivalent age of
the IC-HPC and the HPC, the 𝛽𝐻 values, and the RH profile. First, it should be noticed
that the actual age and equivalent age of the IC-HPC were the same because 𝛽𝐻 = 1.0 and
𝛽𝑇 = 1.0. However, the estimated equivalent age of the HPC began to deviate from the
IC-HPC after 5 actual days due to the reduction in 𝛽𝐻 that occurred due to selfdesiccation (i.e., sufficient reduction in RH). At 5 days, the measured RH was 95%, and
this is consistent with Figure 3-7, where a reduction in strength occurred at a similar RH
value. By 28 actual days, the HPC approaches 16.5 equivalent IC-HPC days (i.e., the
estimated 28 day strength of the HPC can be considered the 16.5 day strength of the ICHPC).
The next step was to determine if the estimated equivalent age for the HPC
corresponded to the actual measured strength, and this is shown in Figure 3-13. The
corresponding compressive strength of the HPC was estimated to be 5400 psi from
maturity. This value can be compared with the actual compressive strength of the HPC at
28 days (i.e., 5300 psi). This example shows that the 𝛽𝐻 function along with the RH
profile can be used to quantify reductions in strength as a mixture consumes water and
sufficient self-desiccation occurs.
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Figure 3-12: RH profile of HPC in a sealed condition in laboratory conditions, 𝛽𝐻 , and
the actual age versus the equivalent age for the IC-HPC and HPC
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Figure 3-13: Estimation of the HPC strength

3.6.7 Recommendations for Salt Damage Resistance
The effects of self-desiccation, mitigation techniques, and maturity methods that
incorporate self-desiccation have been investigated. However, this study aims to provide
other recommendations for producing durable HES concrete patching material. As such,
implications from using concrete with a low w/c on damage due to deicing salts are
discussed. In addition, mitigation techniques are recommended.
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Deicing salts are commonly used in many cold weather regions prevent ice from
forming on roadways. Deicing salts are typically comprised of 1 or more of the
following salts: NaCl, CaCl2, and MgCl2. CaCl2 (and MgCl2) has been shown react with
calcium hydroxide (CH) or C3A forming an expansive product, namely calcium oxychloride (CAOXY). CAOXY can cause damage in the cementitious matrix at
temperatures above the freezing point of water (11,52,81–88). HES concrete patching
materials are at high risk of damage from CAOXY because 1) high cement contents of
HES concrete lead to high CH amounts which can react with CaCl2, forming CAOXY.
2) HES concrete typically lacks SCM’s, which are known to bind to CH, forming C-S-H.
In addition some SCM’s can reduce the pH, ultimately reducing the CAOXY formation
(52).
The damage due to deicing salts can be reduced in HES concrete patching materials
using mitigation techniques. Namely, replacing an amount of the cement with SCM’s
can improve the durability in three ways. 1) By replacing a percentage of the cement,
dilution occurs, and there is less CH to react with the CaCl2 in the deicing salt. 2) SCM’s
induce pozzolanic reactions by which silica and alumina present in the SCM’s react with
CH in the cementitious matrix forming more C-S-H, which is beneficial. 3) CAOXY
formation is reduced when the pH decreases, and slag systems have been observed to
reduce the ph (52). Indeed, by replacing an amount of the cement with SCM’s, HES
concrete patching materials can be become more resilient to damage due to deicing salts,
ultimately producing a more durable concrete.
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3.7 Conclusion
This paper has discussed challenges associated with the use of HES concrete
patching mixtures. These mixtures are susceptible to altered early age strength
development with the use of accelerators, especially at higher temperatures. HES
mixtures are susceptible to early age cracking due to high paste contents, and selfdesiccation which can lead to excessive autogenous shrinkage. These HES mixtures may
also be susceptible to salt damage due in part to the high paste content and the fact that
the paste consists primarily of ordinary Portland cement without the use of supplementary
materials. These materials frequently are designed using a low w/c making them prone to
self-desiccation which may reduce the rate of hydration or even limit the overall DOH
that can be achieved. When the overall DOH is limited this can result in limited
strengths, increased porosity and increase transport.
Paste samples were prepared with a low w/c to demonstrate that the addition of
curing water resulted in an increased DOH and strength. The supply of additional water,
through internal curing, enabled an increased degree of cement hydration which improve
strength and durability.
Plain and internally cured mortars were prepared, and autogenous shrinkage in a
free and restrained state was measured. Internal curing proved to reduce free shrinkage,
lower tensile stress, and reduce cracking potential as compared to mixtures without
internal curing.
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The typical use of the maturity method assumes that sufficient water is available
for continued hydration. While the need to supply sufficient water for curing is widely
known, this is frequently violated in low w/c materials like, HES concrete patching
materials. As a result, maturity based predictions often over-estimate the DOH at later
ages resulting in an overestimation of strength development. This paper has provided
guidance on how maturity predictions for HES concrete can be improved by accounting
for and /or mitigating self-desiccation. Specifically, a moisture correction function, 𝛽𝐻 ,
was applied to the prediction of maturity to account for self-desiccation. This correction
factor(𝛽𝐻 ) was determined using experimental data for a variety of mixtures. By
determining the RH, 𝛽𝐻 can be used to quantify a change in hydration (and equivalent
age) due to self-desiccation. A function for 𝛽𝐻 was proposed, and it is attractive since it
may be able to be applied to concrete’s in the field.
Data from a ready mix produced HPC and IC-HPC bridge deck material were used
to evaluate the proposed 𝛽𝐻 function. The strength of the HPC bridge deck at 28 days was
estimated using the strength of an IC-HPC bridge deck, RH of the HPC, and the 𝛽𝐻
function. The estimated strength corresponded well with the actual strength of the HPC
bridge deck.
Concrete with a low w/c can benefit from internal curing which introduces curing
water through pre-wetted lightweight aggregate or the use of superabsorbent polymers.
Internal curing can be used mitigate problems associated with sufficient self-desiccation.
Utilizing internal curing from pre-wetted lightweight aggregate or superabsorbent
polymers to mitigate self-desiccation and shrinkage ultimately improves the performance
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of HES concrete patching materials. Finally, the addition of SCM’s to HES concrete
patching materials can reduced the potential for damage due to deicing salts, ultimately
producing a more durable concrete.
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4

The Influence of Expansive Additives on Early Age Shrinkage and
Stress Development

The objective of this project was to investigate the performance of three different
expansive additives on the hydration properties, volume change, and stress development
of Portland cement pastes and concrete.

4.1 Introduction
Early age cracking of concrete can be improved by controlling or mitigating the
shrinkage that can occur in a cementitious system. This study focuses on examining
materials that produce expansive products for mitigating shrinkage. Background on these
types of expansive additives can be found in (89).
The main objective of this study was to determine the effectiveness of different
expansive additives at early age as they are used in paste and concrete. First, the
hydration behavior of paste mixtures containing expansive additives was investigated to
determine if the expansive additives cause changes in hydration behavior. Second,
volume change was studied in order to determine if (and to what extent) the addition of
expansive additives causes reduction in shrinkage (i.e., expansion). Third, the stress
development of mixtures containing expansive additives was investigated in order to
determine if (and to what extent) the expansive additives can reduce the built in residual
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tensile stresses, eliminate cracking, and build in compressive stresses in restrained
systems.

4.2 Testing Plan
The chemical reaction, volume change, and stress development was studied for
three different expansive additives as they are used in cement pastes and concrete. The
study consisted of two phases, and their objectives are listed below.

4.2.1 Phase 1 Testing Plan
Hydrating cement pastes containing varying amounts of the expansive additive
were studied. The objective of this testing plan was threefold.
1. Evaluate the influence of the hydration reaction through chemical shrinkage
measurements and isothermal calorimetry.
2. Evaluate the impact of the volume change through autogenous and total shrinkage
measurements.
3. Evaluate the stress development in restrained ring testing under autogenous
conditions.

4.2.2 Phase 2 Testing Plan
At the conclusion of Phase 1, select mixtures were chosen for testing in Phase 2.
Concrete containing the expansive additives was studied. The testing plan had two
objectives.
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1. Evaluate the impact on volume change through autogenous and total shrinkage
measurements.
2. Evaluate the stress development in restrained ring testing under both autogenous
and drying conditions.

4.3 Material and Methods
4.3.1 Materials and Mixture Designs
4.3.1.1 Cement
A type I/II ordinary Portland cement manufactured by Cal Portland Cement
Company was used for both Phase 1 and Phase 2 of this study. The specific gravity of
the cement was 3.15. The mill certificate for this cement can be found in the appendix
(Figure 4-47).
Table 4-1 shows the main phase compositions for cement used in this project.
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Table 4-1: Phase Compositions for the cement

Phase

(%)

C3S

56

C2S

17

C3A

7

C4AF

10

4.3.1.2 Expansive additives
Three different expansive additives were used in this study and they are denoted
as SRI-A, SRI-D, and SRI-T. SRI-A and SRI-D were ettringite producing expansive
additives and SRI-T was a lime producing expansive additive. It shall be noted that high
experimental variability was noticed in chemical shrinkage tests at the beginning of Phase
1, and this variability was thought to be partly due to un-even dispersion of the additives
in the paste. Therefore, prior to mixing either pastes (Phase-1) or concrete (Phase-2), the
dry expansive additives were blended with the other dry cementitious materials (cement
and flay ash) for 5 minutes. The blending occurred immediately before mixing either
paste or concrete. In addition, the amount of expansive additives in each mixture was
achieved by replacing a volume of the cementitious material with a percentage of
expansive additive (i.e. 3%, 6%, and 9%).

4.3.1.3 Fly Ash
Phase 2 of the study utilized class F fly ash in the concrete mixtures. The fly ash
was blended with the dry cement and expansive additives as stated in Section 4.3.1.2. A
test report for the fly ash can be found in the appendix (Figure 4-48).

75

4.3.1.4 Aggregates
Crushed limestone was used for the fine and coarse aggregate in this study. The
coarse aggregate had a maximum size aggregate of 3/4 inches with an absorption of
0.58% and a saturated surface dry specific gravity of 2.69. The fine aggregate had an
absorption of 1.2% and a saturated surface dry specific gravity of 2.65.

4.3.1.5 Water and Admixtures
Tap water was used for all mixtures with the exception that deionized water was
used for isothermal calorimeter mixture designs. A high range water reducing admixture,
Master Glenium 7500 (90), was used in Phase 2 to adjust the concrete slump. The target
slump was 15 to 20 cm, and this target was achieved for all concrete produced. In Phase
1, another high range water reducing admixture, ADVA CAST 575 (91), was used for
mixtures with a w/cm of 0.30 at a dosage of 0.18% of cementitious materials.

4.3.1.6 Test Matrix
a) Phase 1 Test Matrix
Cement pastes were studied in Phase 1. Initially, mixtures with three different
water to cementitious material ratios (w/cm) were tested (i.e., 0.30, 0.40, and 0.50).
Bleeding was noticed for the mixtures with a w/cm of 0.50, and therefore all mixtures
with this w/cm were not included in the testing matrix. This bleeding is shown in Figure
4-1. A complete listing of all the mixtures from Phase 1 can be found in Table 4-2.
In addition to varying the w/c and replacement amount of the three expansive
additives, different testing conditions were studied. For each of the tests performed in
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Phase 1 of this study, a sealed, saturated, or drying condition was studied, and these
conditions will be discussed further in succeeding sections.
b) Phase 2 Test Matrix
At the conclusion of Phase 1, three different concrete mixtures with unique
replacement levels and additive types were selected. The sealed and the drying condition
were studied for each of the tests performed. The mixtures were selected as follows:
1. Control mixture (w/c = 0.45 and 0% additive replacement)
2. SRI-A mixture (w/c = 0.45 with a 6% additive replacement)
3. SRI-D mixture (w/c = 0.45 with a 6% additive replacement)
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Figure 4-1: Bleeding of cement paste with a w/c of 0.50 as noticed in restrained
shrinkage testing
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Table 4-2: Phase 1 Testing Matrix

4.3.1.7 Mixture Designs
The concrete mixture design and specific gravity (SG) of the materials in a
saturated surface dry (SSD) state for Phase 2 is shown in Table 4-3. The mixtures had a
w/cm of 0.45 with a 6% additive replacement amount (by volume). The high range water
reducing chemical admixture was added at a dosage of 1.1 to 1.7 ml / kg cementitious
material. All concrete was mixed in a drum style mixer at 20 to 30 revolutions per
minute (RPM) following ASTM-C192 (47) .
Table 4-3: Phase 2 concrete mixture design
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4.3.2 Experimental Methods
4.3.2.1 Isothermal Calorimeter
An isothermal calorimeter (TAM Air by TA Instruments) (69) was used in order
to determine the heat released from hydrating cement pastes for 7 days. Cement pastes
were mixed in a vacuum mixer at 400 revolutions per minute for 3 minutes. The mixing
was paused after 1 minute in order to scrape the sides of the mixing bowl. Fresh paste
was poured into glass vials immediately after mixing was completed. The amount of
paste in each vial was 2.0 ± 0.2 grams. For samples that were saturated with a thin layer
of water on top, 0.20 ± 0.02 grams of deionized water per gram of paste was used.

This

method of saturation provided sufficient water for hydration and minimized the effects of
leaching and thermal lag of the calorimeter. The vials were sealed and place into the
isothermal calorimeter. It was maintained at a temperature of 23± 0.02°C. The heat
released from the cement pastes was measured for 7 days. Duplicate samples were
tested. For data analysis, the heat released was normalized by the amount of dry cement
in each vial.

4.3.2.2 Chemical Shrinkage Apparatus
The absolute volume of cement and water is greater than the hydration products,
and this reduction in volume is known as chemical shrinkage (92). Cement pastes were
mixed in the manner as discussed in the Section 4.3.2.2; 2.0 ± 0.2 grams of cement paste
were placed in a small vial. Immediately after placing cement paste in the vial, deionized
water was carefully placed on top of the cement paste until the vial was filled. A
capillary tube was inserted in the vial. The vials with their capillary tubes were placed in
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a temperature controlled water bath (23 ± 0.1°C), and the reduction in volume was
measured with an automated chemical shrinkage apparatus. More information on the
apparatus and the experimental setup can be found elsewhere (92), and a picture is shown
in Figure 4-2.

Figure 4-2: Automated chemical shrinkage test setup (92)

4.3.2.3 Total Shrinkage Apparatus
The total shrinkage is comprised of 2 components: the drying shrinkage and the
autogenous (sealed) shrinkage. The total shrinkage (drying + autogenous) and solely the
autogenous shrinkage were measured in Phase 1 and Phase 2. Samples remained at a
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temperature of 23 ± 0.2°C for the duration of testing. Both types of shrinkage were tested
as discussed in the following section:

a) Total Shrinkage (drying and autogenous)
In Phase 1, the total shrinkage of hardened cement pastes after 1 day was
determined. Pastes were mixed according to ASTM C305-14 and cast in prism shaped
molds (dimensions of 2.5 x 2.5 cm x 5.1 cm) (70). Metal pins (gage studs) were cast in
the ends of the beams in order to measure the length change, and the beams with their
gage studs are shown in Figure 4-3. The fresh samples were covered with plastic and
then wet burlap for 24 +- 2 hours until they were demolded. In other words, the
specimens were cured in a sealed condition for 1 day prior to exposure to drying.
Immediately after demolding the specimens, the initial length was measured with the
comparator as specified by ASTM C-490 and pictured in Figure 4-4 (93). Length
measurements were taken at least every 1,3,5,7,14, and 28 days. The length change due
to drying was determined by the procedure as specified in Section 12.2 of ASTM-C157
(94).
In Phase 2, the total shrinkage of concrete was determined in the same manner as
in Phase 1 with the exception of the size of the prism mold which was 7.6 cm x 7.6 cm x
28.6 cm.
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Figure 4-3: Total shrinkage paste specimens from Phase 1. The gauge studs can be seen
in the ends of the specimens.

Figure 4-4: Length change comparator (manufactured by Humboldt) (95)
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b) Autogenous deformation
In Phase 1, the autogenous deformation for cement pastes was measured for 5
days. Paste mixing occurred in the same manner as discussed in Section 4.3.2.3.
Duplicate samples were prepared in all cases. The molding and testing procedure
followed ASTM-C1698-09(2014) (75) with the exception that LVDT’s were used to
measure the length change continuously from final set onward.
In Phase 2, the autogenous deformation for concrete specimens was determined
using the same procedure as was used for cement pastes with the exception of the size of
the corrugated tube mold which are pictured in Figure 4-5 and the testing frame which is
pictured in Figure 4-6. Larger corrugated tubes (7.6 cm diameter) were used to
accommodate the coarse aggregates, and a larger testing frame was used to hold the
corrugated tube.

Figure 4-5: Corrugated tubes for autogenous shrinkage. The paste tube for Phase 1 is in
the upper section of the picture whereas the concrete tube for Phase 2 is in the lower
section
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Figure 4-6: Autogenous shrinkage apparatus for concrete

4.3.2.4 Restrained Shrinkage
The deformation of paste and concrete in a restrained state was determined from
the dual ring test (72,73), and the stress in the sample was calculated. Fresh paste or
concrete was placed into annular shaped molds and testing occurred at a temperature of
23 ± 0.2°C for 5 days. Unique restrained shrinkage ring apparatus were used in both
Phase 1 and Phase 2 and these apparatuses are described in the following section.
In Phase 1, for each mixture tested, three rings with varying degrees of restraint
were cast (i.e., approximately 62, 73, and 85%); they are pictured in Figure 4-7. To
determine the degree of restraint, the elastic modulus and Poisson’s ratio for the paste and
the metal rings must be known. The elastic modulus of the paste was assumed to be
20,000 MPa, and the elastic modulus of the invar steel ring was 141,000 MPa. The
Poisson’s ratio was assumed to be 0.18 and 0.30 for the paste and steel respectively.
More information on the degree of restraint (DOR) can be found in (72). Fresh pastes
were cast into the annular shape, and they were sealed with plastic to achieve the sealed
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testing condition. The cement paste rings were 25.4 ± 1.3 mm thick and 25.4 ± 1.3 mm
deep. The radius from the outside of the paste ring to the ring center was 76.2 ± 1.3 mm.
The shrinkage (or expansion) of the metal rings was measured with attached strain
gauges on the metal ring. The residual stress in the cement paste was calculated at the
inner face of the paste ring. More information on ring details, calibration, and residual
stress buildup can be found elsewhere (20,72,73)
In Phase 2, for the 3 mixtures specified, 2 rings were cast and the testing
apparatus is shown in Figure 4-8. One of the rings was maintained in the sealed
condition, whereas the other ring was maintained in a drying condition. The sealed
condition was achieved as described previously in Section 4.3.2.4, and the drying
condition was achieved by subjecting the ring to an environment with a relative humidity
of 50%. The samples were exposed to 1 sided drying (i.e., the top side). The inner and
outer ring had a DOR of 70% and 40% respectively. The elastic modulus of the concrete
was assumed to be 32,000 MPa, and the elastic modulus of the invar steel was the same
as specified previously. The Poisson’s ratio for the invar steel and the concrete were the
same as specified previously. The concrete ring was 88.9 ± 2.5 mm. thick and 76.2 ± 2.5
mm. deep. The radius from the outside of the concrete ring to the ring center was 175.3 ±
2.5 mm. The residual stress increase was determined in the same manner as described
previously in Section 4.3.2.4.
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Figure 4-7: Restrained shrinkage testing apparatus for cement pastes in Phase 1.
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Figure 4-8: Restrained ring apparatus for concrete in Phase 2

4.3.2.5 Relative Humidity Sensors:
The internal relative humidity of hardened paste samples containing expansive
additives were determined for 9 days after casting. Hardened paste samples were crushed
with a pestle and mortar, and crushed samples were placed in temperature controlled
chambers. The temperature was maintained at 23 ± 0.1°C. Relative humidity sensors
manufactured by Rotronic Instruments (Model HC2-S(3) (96)) were inserted into the
temperature controlled chambers, and the relative humidity was measured. More
information on this procedure and testing apparatus can be found in (14,17).
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4.3.2.6 Dynamic Vapor Sorption:
The distribution of pore sizes in hydrated cement pastes containing each
expansive additive was determined at an age of 5 days. A dynamic vapor sorption (DVS)
analyzer manufactured by TAM instruments was used (97). Fully saturated samples were
placed into the DVS analyzer, and the mass was determined as the relative humidity was
decreased from 97.5% to 0%. The radius of the largest pore size filled was determined
from the measured relative humidity and the Kelvin Laplace equation (21). The degree
of saturation was determined and plotted with respect to the relative humidity and the
pore size. More information regarding the DVS analyzer, DVS procedure, and
calculation of the largest pore size filled with fluid can be found in (98).

4.4 Phase 1 Results
4.4.1 Isothermal Calorimetry
First, the hydration reaction (cumulative heat released) of hydrating cement pastes
containing an amount of expansive additive will be discussed. Figure 4-9 to Figure 4-11
show the heat released from hydrating cement pastes as a function of the sample age for
mixtures with varying SRI type. All presented data is a result of the average value of
duplicate samples. It should be noted that two y-axis values exist in these figures,
namely the degree of hydration (DOH) and the cumulative heat released. The DOH was
determined by calculating a theoretical maximum heat released, and this is determined
from the summation of the maximum heats released from individual phase compositions
in the cement (i.e., C3S, C2S, C4AF). The normalized heat released per gram of dry
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cement is divided by the theoretical maximum heat released per gram of dry cement in
order to determine the DOH. The value for the maximum theoretical heat released was
determined to be 486.64 Joules / gram dry cement using the Bogue compounds of the
cement. Details regarding this procedure can be found in (99). In addition, in each
figure, the sealed and saturated condition is shown in the upper and lower section of the
graph respectively. It should also be noted that isothermal calorimetry was performed
solely on mixtures with a w/c of 0.40.
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Figure 4-9: Degree of Hydration; Comparing additive type for 3% additive replacement
and w/c = 0.40
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Figure 4-10: Degree of Hydration; Comparing additive type for 6% additive replacement
and w/c = 0.40
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Figure 4-11: Degree of Hydration; Comparing additive type for 9% additive replacement
and w/c = 0.40

Figure 4-9 shows the comparison of additive types at the 3% replacement amount.
The addition of 3% of any additive did not significantly change the hydration behavior
(cumulative heat released) with respect to the neat system (whether the sealed or
saturated condition is considered). Although 3% of additive SRI-A is not pictured,
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Figure 4-10 shows the 6% of the additive SRI-A does not change the hydration behavior
with respect to a neat system, therefore it can be concluded that 3% of SRI-A will likely
not change the behavior as well.
Also in Figure 4-10, 6% of any additive does not change the hydration behavior
with respect to the neat system (with the exception of 6% of additive SRI-D in the
saturated condition where there is a reduction in heat released of nearly 7% at 5 days).
For 9% replacement amount as shown in Figure 4-11. SRI-T does not affect the
heat released in either the sealed or saturated condition. On the contrary, the heat
released from the paste with 9% of SRI-A is reduced in both testing conditions (nearly
7% reduction at 5 days for both cases). Interestingly, SRI-D increases the heat released
for both conditions at 9% replacement amount (i.e., 8% and 12% for sealed and saturated
cases respectively at 5 days), whereas it decreased the heat released by 7% at 5 days in
the 6% replacement scenario. In order to determine why certain additive amounts and
types either increase or decrease the heat released, more work would need to be done to
determine why. The determination of what products are forming at early ages would
need to be investigated, and this could be the focus of a future study.
In Figure 4-12 to Figure 4-14, the comparison of additive amounts for each of
additive type are shown.
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Figure 4-12: Degree of Hydration; Comparing replacement amount for additive type
SRI-A and w/c = 0.40

The same conclusions as previously discussed in this section can be drawn.
Figure 4-12 shows that SRI-A reduces heat released with respect to the neat system with
increasing amounts of additive.
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Figure 4-13: Degree of Hydration; Comparing replacement amount for additive type
SRI-D and w/c = 0.40

Figure 4-13 shows that additive type SRI-D has no effect on heat released at the
3% replacement amount, reduces heat released at 6% replacement amount, and increases
it at 9%.
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Figure 4-14: Degree of Hydration; Comparing replacement amount for additive type
SRI-T and w/c = 0.40

Figure 4-14 shows that additive type SRI-T has no effect on the hydration behavior
for any replacement level.
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4.4.2 Chemical Shrinkage
Mixtures with a w/cm of 0.30 and 0.40 were studied. Figure 4-15 and Table 4-4
show results from the chemical shrinkage tests.

Figure 4-15: Chemical Shrinkage; Measured 5 day chemical shrinkage and estimated
ultimate chemical shrinkage
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Table 4-4: Chemical Shrinkage (CS); Details of values in tabular form
SRI
Ultimate CS
SRI
Sample-1 Sample-2 Difference Average
Sample W/CM
Amount
Estimated
Type
CS (ml/g) CS (ml/g)
(ml/g)
CS (ml/g)
(%)
(ml/g)
0.3_neat
0.3
Neat
0%
0.056
0.054
0.002
0.055
0.068
0.3_6_A
0.3
A
6%
0.053
0.058
0.005
0.056
0.065
0.3_9_A
0.3
A
9%
0.050
0.049
0.001
0.050
0.064
0.3_6_D** 0.3
D
6%
***
***
***
0.054
0.058
0.3_9_D** 0.3**** D
9%
0.051
0.052
0.001
0.052
0.062
0.3_6_T
0.3
T
6%
0.045
0.050
0.005
0.048
0.062
0.3_9_T
0.3
T
9%
0.050
0.058
0.008
0.054
0.066
0.4_neat
0.4
Neat
0%
0.047
0.051
0.004
0.049
0.059
0.4_6_A
0.4
A
6%
0.059
0.065
0.006
0.062
0.078
0.4_9_A
0.4
A
9%
0.053
0.057
0.004
0.055
0.076
0.4_6_D
0.4
D
6%
0.056
0.065
0.009
0.061
0.066
0.4_9_D
0.4
D
9%
0.052
0.062
0.010
0.057
0.066
0.4_6_T
0.4
T
6%
0.052
0.051
0.001
0.052
0.074
0.4_9_T
0.4
T
9%
0.056
0.061
0.005
0.059
0.073
Note: All chemical shrinkage data displayed are values at 5 days
** denotes a special casting system due to the breakage of glass vials
***denotes set based on 10 samples with CS = 0.045,0.048,0.057,0.061,0.062,0.0490,0.062,0.042,0.044,0.066 ml/g
****denotes 2 extra samples were ran to verify, though average reaimed the same (0.049 ml/g and 0.052 ml/g)

For all mixtures tested, the addition of expansive additive did not significantly
change the chemical shrinkage with respect to the neat systems. The measured 5 day
chemical shrinkage was in the range of 0.05 to 0.06 ml / gram cementitious for all
mixtures. In addition, the estimated ultimate chemical shrinkage was estimated by
plotting the reciprocal of age with respect to the reciprocal of chemical shrinkage, fitting
a linear function, and the inverse of the slope of the linear function was the estimated
ultimate chemical shrinkage. More details on this method can be found elsewhere
(20,58). It should be noted that this procedure does not consider that mixtures with a
w/cm of 0.30 will run out of space for hydration products to form. The expected ultimate
chemical shrinkage for cement paste is approximately 0.07 ml / gram cement (12). The
estimated values from the mixtures tested correspond well with the expected value from
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previous literature. No noticeable trend between additive types or additive replacement
amounts is present. In addition to the graphical data, numerical data on the sample
duplicates is shown in Table 4-4.

4.4.3 Total Deformation (Autogenous and Drying)
The autogenous deformation is shown in Figure 4-16 and Figure 4-17. The
comparison of additive type and additive replacement amount are shown in Figure 4-16
and Figure 4-17 respectively.
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Figure 4-16: Autogenous shrinkage; Comparing additive types for w/c = 0.30 and 0.40
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Figure 4-17: Autogenous deformation; Comparing replacement amount for w/c = 0.30
and 0.40
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Any amount of any additive eliminated shrinkage completely. As expected,
increasing additive amounts tended to result in more expansion at early ages. SRI-D
caused the most expansion whereas SRI-T caused the least. It should also be noticed that
3% of any additive eliminates shrinkage without sustaining significant expansion at 5
days. Specifically, the expansion of nearly all mixtures with SRI-A was nearly 50% of
that of mixtures with SRI-D at 5 days. Also, the expansion of mixtures with SRI-T was
about 80% of that of the mixtures with SRI-A at 5 days for all replacement levels and
w/cm’s.
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The total deformation (drying plus autogenous) after 1 day is shown in Figure
4-18.

Figure 4-18: Drying Shrinkage; Comparing additive types for common replacement
amount for w/c = 0.30 and 0.40
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It should be noted that SRI-D induced the most expansion (reduced the shrinkage
the most), whereas SRI-A induced the least expansion (reduced the shrinkage the least).
This is a contrast to the autogenous deformation tests, where SRI-A had more effect on
the system than SRI-T. This would suggest while SRI-A causes more expansion in a
sealed state than SRI-T, SRI-A is not as effective as SRI-T in the drying condition.
Also regarding the drying shrinkage tests, a 3% replacement of any expansive
additive did not significantly reduce the drying shrinkage. Although with increasing the
replacement amounts, some additives had more effect than others. Specifically SRI-A
had very little to no effect on the reduction in drying shrinkage for any additive amount,
while 9% of SRI-T and 6% of SRI-D did reduce the shrinkage by nearly 50% for both
w/cm’s.
Although SRI-T and SRI-D did noticeably reduce the shrinkage, later age
expansion occurred in some cases. For example 9% replacement of SRI-T caused
expansion at around 20 days. This later age expansion is thought to be because of the
sample curing procedure. The samples were cured in their molds (sealed) for 1 day, and
then they were de-molded and tested at daily intervals. It is thought that un-hydrated
expansive additive was still present in the sample due to sealed curing, and the additive
may have hydrated at later ages. Also 9% of SRI-D caused excessive expansion in the
sample, and the samples broke (crumbled and cracked). The gauge studs became
removed from the sample in some cases.
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4.4.4 Restrained Shrinkage
The restrained shrinkage can be seen in Figure 4-19 and Figure 4-20.
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Figure 4-19: Restrained Shrinkage; 6% replacement and w/c = 0.30 and 0.40
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The neat cement systems are presented as black squares. Shrinkage occurred in
the neat mixture with a w/c of 0.30 and cracked at some age depending on the DOR (i.e.,
they cracked in the range of 2.0-4.0 MPa tensile residual stress depending on the DOR).
This cracking can be clearly noticed by the immediate decrease in residual stress.
The addition of any expansive additive reduced shrinking and eliminated cracking
(i.e., anywhere from 1.0 to 4.0 MPa of maximum compressive residual stress occurred
depending on the w/cm and DOR of the mixture). For the mixtures with a w/c of 0.40,
shrinking and cracking were not present in the plain system, but the inclusion of the
expansive additive still caused compressive stress increase. The magnitude of the
compressive stress increase in the mixtures with a w/c of 0.40 was similar to the mixtures
with a w/cm of 0.30, even though the neat mixtures with a w/c of 0.40 did not shrink or
crack.
The varying DOR’s with respect to additive type was also investigated. Mixtures
with the inclusion of SRI-T caused similar expansive stress increase regardless of the
w/cm or the DOR. For example, for all mixtures with a w/cm of 0.3, SRI-T caused a
maximum of 1.0 MPa compressive residual stress to occur in the system regardless of the
DOR. On the contrary, SRI-A lost its effectiveness to induce expansion as the DOR
increased. For example, a maximum of 3.0 MPa of compressive residual stress occurred
at DOR of 63%, whereas at higher DOR, the maximum compressive stress was
decreased. Lastly, it can be noticed that SRI-D was the most effective at inducing
compressive stresses regardless of the w/cm or DOR. For example in the mixtures with a
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w/cm of 0.3, SRI-D reduced the cracking and induced anywhere from 3.0-4.0 MPa of
maximum compressive residual stress in the system.
At the conclusion of the test (i.e., nearly 5 days), SRI-T and SRI-A caused little to
no compressive residual stress to remain in the systems for any w/cm or DOR (with the
exception that SRI-A at a w/cm of 0.30 and at 62% DOR did sustain 1.0 MPa
compressive residual stress in the system at 5 days). Mixtures with SRI-D did usually
cause the system to have anywhere from 1.0 to 2.0 MPa of compressive residual stress in
the sample at 5 days.
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Figure 4-20 shows the residual stress buildup for varying amounts of SRI-A.

Figure 4-20: Restrained Shrinkage; Additive type SRI-A at different replacement
amounts for w/c = 0.4
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As expected, increasing the amounts of the additive caused an increasing amount of
compressive stress. At 3% and 6% replacement levels, the expansive stresses were not
sustained at 5 days, but the 9% replacement amount caused the compressive stress to
remain in the sample at the end of the test (i.e., anywhere from 2.0 to 3.0 MPa
compressive residual stress occurred at the conclusion of the test for the 9% replacement
amount).

4.4.5 Relative Humidity and Dynamic Vapor Sorption
The pore size distribution for 1 set of mixtures is shown in Figure 4-21.

RH (Relative Humidity %)
70 84 90
17 35
3
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Figure 4-21: Pore size distribution of 6% additive replacement amount and a w/c = 0.30
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The mixtures had a w/c of 0.30 with a 6% replacement amount. The inclusion of
any expansive additive did not significantly change the pore size distribution in the
hardened cement pastes.

4.4.6 Rate of Hydration
This section shows the rate of reaction for mixtures with expansive additives. The
additive type, replacement amount, w/c and curing condition is varied in these figures
(i.e., Figure 4-22 to Figure 4-42). Mixture naming convention is as follows: First the w/c,
second the additive replacement amount, third the additive type, and fourth the curing
condition (i.e., “seal” designates the sealed condition and “sat” designates the saturated
condition). Mixtures listed without a replacement amount or type are neat systems. For
example, “0.4 6 D seal” represents a mixture with a w/c of 0.4, 6% of SRI-D, in the
sealed condition.
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Figure 4-22: Rate of Hydration for w/c = 0.4, SRI-A, sealed condition

Figure 4-23: Rate of Hydration for w/c = 0.4, SRI-A, saturated condition

113

Figure 4-24: Rate of Hydration for w/c = 0.4, SRI-D, sealed condition

Figure 4-25: Rate of Hydration for w/c = 0.4, SRI-D, saturated condition
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Figure 4-26: Rate of Hydration for w/c = 0.4, SRI-T, sealed condition

Figure 4-27: Rate of Hydration for w/c = 0.4, SRI-T, saturated condition
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Figure 4-28: Rate of Hydration for w/c = 0.4, 3% replacement, sealed condition

Figure 4-29: Rate of Hydration for w/c = 0.4, 3% replacement, saturated condition
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Figure 4-30: Rate of Hydration for w/c = 0.4, 6% replacement, sealed condition

Figure 4-31: Rate of Hydration for w/c = 0.4, 6% replacement, saturated condition
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Figure 4-32: Rate of Hydration for w/c = 0.4, 9% replacement, sealed condition

Figure 4-33: Rate of Hydration for w/c = 0.4, 9% replacement, saturated condition
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In Figure 4-22 to Figure 4-33, it can be noticed that the inclusion of any additives
results in a secondary hydration peak. This is due to the hydration of the expansive
additive, whether it be ettringite or lime being produced. No clear trend between additive
types or amounts can be seen.

Figure 4-34: Rate of Hydration for plain systems in a sealed condition

119

Figure 4-35: Rate of Hydration for plain systems in a saturated condition

In Figure 4-34 and Figure 4-35, higher rates of hydration are a result of lower
w/c’s. This is expected because mixtures with a lower w/c have more cement that
hydrates, resulting in a higher rate of hydration, and ultimately a higher cumulative
hydration.
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Figure 4-36: Rate of Hydration for plain system with w/c = 0.3 in sealed and saturated
conditions
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Figure 4-37: Rate of Hydration for plain system with w/c = 0.4 in sealed and saturated
conditions

122

Figure 4-38: Rate of Hydration for plain system with w/c = 0.5 in sealed and saturated
conditions

Figure 4-36 to Figure 4-38 shows the rates of hydration for the neat systems,
comparing sealed and saturated conditions. Sealed systems show a higher rate of
hydration in the acceleration period, and then at later ages, the saturated systems have
greater rates of hydration than the sealed as showed in Figure 3-9.
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Figure 4-39: Rate of Hydration for w/c of 0.3, SRI-A, sealed condition
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Figure 4-40: Rate of Hydration for w/c of 0.3, SRI-A, saturated condition

Figure 4-39 and Figure 4-40 shows the rate of hydration for the mixture with a
w/c of 0.30 and 6% of SRI-A. A secondary hydration peak can be seen, and this is the
result of the products of the expansive additives.
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Figure 4-41: Rate of Hydration for all mixtures (5 day duration)

Figure 4-42: Rate of Hydration for all mixtures (1.5 day duration)
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Figure 4-41 and Figure 4-42 show the rates of hydration for all the mixtures tested
for a 5 day duration and a 1.5 day duration. The inclusion of expansive additives
generally causes a secondary hydration peak.
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4.5 Phase 2 Results
4.5.1 Restrained Shrinkage
Figure 4-43 shows the residual stress for each concrete mixture in the sealed
condition.

Figure 4-43: Restrained shrinkage in a sealed condition for concrete mixtures

Positive residual stress is tensile and negative residual stress is compressive. The
plain system exhibited neither shrinkage nor expansion through the duration of the test.
Concrete mixture with SRI-D produced the most compressive stress, whereas the mixture
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with SRI-A produced nearly half as much. Specifically, SRI-D produced nearly 1.7 MPa
of residual compressive stress, and SRI-A produced 1.0 MPa of residual compressive
stress. For both mixtures with expansive additives, compressive stress built up for the
first day, and then it was sustained for the test duration.

Figure 4-44 shows the residual stress for concrete mixtures exposed to drying
after 1 day.

Figure 4-44: Restrained shrinkage in the drying condition for concrete mixtures

129
The plain system was exposed to drying, and this in indicative of the increase in
tensile stresses during the duration of the test (up to 0.8 MPa by around 18 days). It
should be noted that the plain system was tested for an increased duration as compared to
the mixtures with expansive additives. The mixtures with expansive additives initially
behaved similarly to the sealed samples with the same expansive additives, resulting in
similar residual stress values. Specifically, SRI-D produced nearly 1.8 MPa of residual
compressive stress, and SRI-A produced about 1.4 MPa of residual compressive stress.
However, at around 2 days, the mixtures with expansive additives begin to produce
tensile stresses (as they begin to dry), and this is indicative of the tensile stresses
beginning to curl upward (positive direction) as shown in Figure 4-44.

4.5.2 Autogenous Deformation
Figure 4-45 shows the autogenous deformation for the concrete mixtures.
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Figure 4-45: Autogenous strain for concrete mixtures

Data analysis performed as discussed in Section 4.4.3, and duplicate samples were
made. The plain concrete systems produced very little shrinkage (i.e., less than 50 )
during the duration of the test. The addition of expansive additives resulted in expansion
as expected. Mixtures with SRI-D produced the most expansion, whereas mixtures with
SRI-A produced nearly 150  less at 5 days. Specifically, SRI-D produced 450  of
expansion at 5 days, and SRI-A produced 300  of expansion at 5 days. For both
mixtures with expansive additives, most of the expansion occurred by 1 day.

4.5.3 Total Shrinkage (Drying plus Autogenous)
Figure 4-46 shows the total shrinkage after 1 day for concrete mixtures.
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Figure 4-46: Drying shrinkage for concrete mixtures

The total shrinkage presented is the average of 3 different specimens over a 28day period. The plain system produced nearly 600  of shrinkage at 28 days. Mixtures
with expansive additives reduced the shrinkage as expected. Concrete mixture with SRID reduced the shrinkage of the plain system by nearly half. Concrete mixtures with SRIA also reduced the drying shrinkage but to a lesser extent than mixtures with SRI-D.
Specifically, the expansive additives reduced total shrinkage by 50% and 40% for SRI-D
and SRI-A respectively.
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Concrete mixtures with SRI-D showed expansion until 5 days. This expansion for
the concrete mixtures in Phase 2 was not present in the paste mixtures from Phase 1 (for
the same replacement amount of 6%). However, the paste mixtures with 9% of SRI-D
did produce expansion before 5 days for drying shrinkage tests. The reason for this
expansion is that there could be unhydrated expansive additives due to the curing
procedure (as this was previously discussed in Section 4.4.3).

4.6 Final Discussion and Conclusion
The objective of this study was to determine the effectiveness of different
expansive additives at early ages in paste and concrete.
First, the hydration behavior (as determined from isothermal calorimetry) of paste
mixtures in sealed and saturated conditions with expansive additives was investigated.
Note that this it cumulative heat released which is interpreted as cement hydration
(DOH), although in reality, the reaction of the expansive additives can result in heat
released. Lower replacement levels (i.e., 3%) did not affect the cumulative hydration for
any of the mixtures. As higher replacement amounts were used, hydration was either
reduced or increased depending on the additive type and amount. For example, paste
mixtures with 9% SRI-A reduced the cumulative hydration by 7% at 5 days for both
testing conditions, whereas the hydration remained unchanged at lower replacement
levels of SRI-A (i.e., at 6% and 3%). In addition, 6% SRI-D reduced the hydration by
7% at 5 days for the saturated system, but was unchanged in the sealed system. For 9%
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replacement levels of SRI-D, an increase of 8% and 12% for the sealed and saturated
cases respectively at 5 days was measured. The reason as to why certain additive
amounts and types reduced or increased the hydration behavior cannot be determined
from the testing in this project alone. Further investigation would need to be completed
to determine what products are forming in the systems with expansion additives. Simply
put, the hydration behavior can change depending on how much and what additive is
used, but it will generally remained unchanged for lower replacement levels. In addition,
no noticeable trend for the chemical shrinkage between additive types or additive
replacement amounts was present.
Second, autogenous the volume change of cement pastes and concrete mixtures
was studied. Results from Phase 2 show similar trends as Phase 1. All expansive
additives did indeed produce expansion or reduce shrinkage in sealed and drying systems
respectively. Mixtures with SRI-D produced more expansion (reduced shrinkage to a
greater extent) than mixtures with SRI-A or SRI-T. Mixtures with SRI-T generally
produced expansion similar to that of A, but to a somewhat lesser degree in most cases.
For example, the autogenous deformation of paste samples in Phase 1 showed that
mixtures with SRI-A produced nearly 50% less expansion than mixtures with SRI-D at 5
days for all w/cm’s and replacement amounts. Also, mixtures with SRI-T produced
nearly 80% less expansion than mixtures with SRI-A at 5 days for all w/cm’s and
replacement levels.
In regards to the total shrinkage testing, for some additive types and replacement
amounts (i.e. 6% and 9% of SRI-T and SRI-D), expansion occurred after 1 day. This
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later age expansion was thought to be due to unhydrated expansive additive as a result of
the sealed curing process as discussed in Section 4.4.3 and 4.5.3. In addition, 9%
replacement amounts of SRI-D caused damage to samples (i.e., crumbling and breaking)
during the total shrinkage test. This would suggest that although increasing the amount
of some additives can be beneficial for reducing shrinkage or causing expansion, the
mechanical properties should be investigated to ensure target strengths can still be
achieved.
Interestingly, in the autogenous shrinkage test, mixtures with SRI-A caused more
expansion than mixtures with SRI-T. However, in the total shrinkage test, the opposite
was true (i.e., mixtures with SRI-T had more effect on shrinkage reduction than mixtures
with SRI-A). This would suggest while SRI-A causes more expansion in a sealed state
than SRI-T, SRI-A is not as effective as SRI-T in the drying condition.
For concrete testing, all shrinkage was eliminated and the mixture with SRI-D
produced 450 expansion at 5 days whereas the mixture with SRI-A produced 300
expansion at 5 days for the autogenous deformation test. For the drying shrinkage test,
the expansive additives reduced total shrinkage by 50% and 40% for SRI-D and SRI-A
respectively.
Third, the stress development of pastes and concrete in a restrained state was
investigated. Similar trends existed for Phase 1 and Phase 2. Mixtures with SRI-D
produced the most compressive stress. Mixtures with SRI-T and SRI-A produced
consistently less compressive stress than mixtures with SRI-D. All expansive additives
reduced shrinkage and eliminated cracking. For paste mixtures at the 6% replacement
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amount, anywhere from 1.0 to 4.0 of maximum compressive residual stress occurred
during testing, but only SRI-D caused compressive stresses to remain in the sample at the
end of the testing duration (i.e., anywhere from 1.0 to 2.0 MPa compressive residual
stress at 5 days).
For all concrete mixtures, most compressive stress was gained in the first day, and
it was sustained for the duration of the testing. Around 1.7 MPa and 1.0 MPa of
compressive residual stress was developed in concrete mixtures with additives SRI-D and
SRI-A respectively.
Altogether, SRI-D was the most effective expansive additive for reducing
shrinkage, causing expansion, and building in compressive stresses. However, higher
additive amounts (i.e., 9%) of SRI-D resulted in excessive expansion and damage in that
system (as well as either delaying or accelerating the hydration reaction). SRI-T acted
similarly to SRI-A, only producing slightly less autogenous expansion and compressive
stress while sustaining consistent compressive stresses for varying DOR in the restrained
shrinkage experiments.
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4.8 Chapter 4: Appendix 1

Figure 4-47: A copy of the cement mill certificate for the cement used in both phases of
this project
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Figure 4-48: Test report for fly ash used in Phase 2 of this study
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5

Concluding Remarks

HES concrete mixtures typically contain low w/c’s; therefore self-desiccation and
the effects thereof can be especially problematic (13). The overall goal of this study was
to improve the performance of HES concrete by mitigating self-desiccation to reduce
shrinkage and improve hydration. Chapter 2 focused on accurately quantifying the extent
of self-desiccation that occurs in concrete with a low w/c, specifically through the use of
internal RH measurements (at early ages). Early age RH measurements are especially
challenging because the high RH values in concrete at these early ages ultimately result
in the formation and accumulation of condensed water vapor onto the capacitive sensor,
and this can lead to erroneous measurements and sensor damage. The formation of
condensation on the sensors should be eliminated for the determination of accurate,
reliable measurements. Most commercially available RH sensors (including sensors
manufactured specifically for determining the internal RH of concrete) allow
condensation to form on the sensor itself, leading to un-reliable measurements and sensor
damage. However, a RH probe that is constantly heated can reduce the potential for
condensation to occur to on the sensor, leading to reliable measurements (43). Therefore,
a RH sensor within a constantly heated probe is recommended when reliable early age
RH measurements are desired. In addition, sensors should be calibrated for the accurate
determination of the internal RH. Future work should investigate the effectiveness of
these sensors as they are used to determine the extent that self-desiccation is occurring in
field produced, HES concrete repair material at early ages.
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Maturity methods are often used as a means to estimate the in-place strength of
HES concrete patching materials (1). In these maturity methods, it is often assumed that
sufficient water is available for continued hydration. In a concrete with a low w/c, this
assumption may be violated due to self-desiccation. As such, the predicted strength can
be overestimated if sufficient self-desiccation occurs. Chapter 3 utilized early age,
internal RH measurements in a modified maturity method that accounts for selfdesiccation. Self-desiccation was mitigated through internal curing, and the autogenous
shrinkage and cracking potential were reduced. In addition the use of SCM’s in HES
concrete patching materials can benefit the salt degradation resistance through the
dilution of cement by SCM’s, increased pozzolanic reactions, and a reduction in pH
(11,86). The performance and durability of HES concrete can be improved by supplying
extra water through internal curing, the addition of SCM’s, and utilizing modified
maturity methods. Future work should implement these recommendations in a field
produced, HES concrete repair material.
Early age shrinkage can lead to stress development and cracking (72). Expansive
cementitious additives can be used to mitigate the shrinkage by inducing expansion and
compressive stresses at early ages (89). Chapter 4 investigated the hydration behavior,
volume change in un-restrained conditions, and stress development in restrained
conditions for cementitious systems with expansive additives. Expansive additives can
reduce autogenous and drying shrinkage, thereby reducing the potential for cracking at
early ages. Future work can investigate the effectiveness of using expansive additives in
a field produced, HES concrete repair material.
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