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by Abdulsamed Bazer
Thesis Advisor: Dr. Aleksandra Radlinska

Shrinkage cracking is one of the main engineering problems that reduce the durability of
concrete infrastructure. MgO expansive admixture is a technology designed to diminish
shrinkage cracking in various applications of concrete, to decrease the cost of maintenance and
project timeline as well as to increase the service life of the material. Ordinary portland cement
(OPC) concrete with MgO expansive admixture is tested by two sets of restrained ring
instruments standardized by ASTM C1581 and AASHTO PP-34. Results of restrained ring tests
of plain and MgO concrete specimens with 0.42 w/c showed that 5% addition of MgO
expansive admixture to the OPC delayed shrinkage cracking in concrete. Petrographic analyses
of plain and MgO concrete showed that fewer shrinkage microcracks are observed in the MgO
concrete specimens. SEM/EDS analyses showed that hydrated MgO expands in concrete and
reduces shrinkage microcracks. Fresh properties of MgO concrete showed insignificant
difference from that of plain concrete while MgO admixture reduced the slump of concrete
predominantly.
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CHAPTER 1: INTRODUCTION
1.1.PROBLEM STATEMENT
Concrete is the most commonly used construction material that is susceptible to undergo
shrinkage cracking and reduction of durability leading to significant financial costs to the
construction industry. Mitigation, repair and prevention measures against shrinkage cracks are
costly and increase the price of concrete projects. Shorter joint spacing extends the construction
timeline and produces maintenance costs before the expected lifecycle of the structure.
Secondary effects of cracking such as corrosion, ASR, freeze-thaw damage, infiltration of
chemicals reduces lifecycle expectancy of the concrete structures.
Additionally, construction of mass concrete tends to be affected by thermal shrinkage cracking
due to the high rate of heat generation during concrete operations. Precooling of raw materials
and post-cooling of concrete increases the cost of a project with an uncertainty to mitigate
thermal cracking and excessive delays in the construction timeline.
Reducing the factors that lead to cracking of concrete is the key to lower maintenance costs,
expedite the time of completion and extend the service life of construction projects. MgO
expansive admixture is designed to provide the characteristics of expansion at a rate that closely
compensates for shrinkage of concrete and reduce the capillary surface tension of the concrete
pore water. It is applied in all types of cement-based mixes, highly-restrained structures, mass
concrete, concrete structures exposed to de-icing such as bridge decks, parking lots and marine
structures, concrete floors to control shrinkage cracking and curling and to extend joint spacing.
It is expected to significantly reduce shrinkage cracking caused by drying and autogenous
shrinkage, improve durability, decrease curling, allow for lesser usage of control joints and
shorten infiltration of water, salt, and aggressive chemicals by reducing cracks. Therefore,

1

identifying these effects and defining the potential of cracking of concrete mixes with MgO
expansive admixture accurately are vital in controlling shrinkage cracking.
1.2.RESEARCH OBJECTIVE AND SCOPE
The primary purpose of this research is to define and compare the cracking potential of concrete
with MgO expansive admixture to ordinary portland cement (OPC) concrete. Basic properties
to be investigated include restrained shrinkage, compressive strength, time of setting, and fresh
properties of concrete. Total of two mixtures of OPC concrete and OPC with 5% MgO
expansive admixture concrete were tested. Water to cement ratio was 0.42 for both of the
mixtures. Furthermore, the microstructural characteristics of two concrete mixtures were
compared. Petrographic thin sections of both plain and MgO concrete cured for different ages
were prepared and tested for fluorescence microscopy, polarized light microscopy, scanning
electron microscopy, and energy dispersive spectroscopy to analyze the microstructural
differences of plain concrete and MgO concrete and the effect of MgO expansive admixture on
the cement matrix and the drying shrinkage cracking potential of concrete.
1.3.THESIS ORGANIZATION
This thesis consists of 8 chapters as the following: Chapter 1 covers the introduction consisting
of the problem statement, research objective and scope, and thesis organization.
Chapter 2 covers general background and literature review on definition and types of concrete
shrinkage and literature review of MgO expansive admixture.
Chapter 3 covers materials, concrete design and mixing procedure of plain and MgO concrete.
Chapter 4 covers tests of fresh properties of plain and MgO concrete specimens.
Chapter 5 covers background, operation and test results of the restrained ring set-up.
Chapter 6 covers sample preparation and test results of petrographic analyses.
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Chapter 7 covers scanning electron microscopy and energy dispersive spectroscopy results of
plain and MgO concrete specimens.
Chapter 8 covers conclusions.
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CHAPTER 2: LITERATURE REVIEW
2.1.INTRODUCTION
Concrete materials and structures are subjected to volumetric shrinkage which has negative
effects on mechanical properties reducing the durability of concrete and shortening the service
life of structures. Different effective approaches i.e. replacing portland cement with
supplementary cementitious materials such as fly ash, adding shrinkage-reducing chemical
agents or expansive additives, and combining fibers or polymers within concrete have been
applied to diminish shrinkage cracking of concrete. 1, 2
Heat generated by cement hydration increases in temperature of concrete and significant
thermal shrinkage occurs during the cooling period resulting in shrinkage cracking. Depending
on the mixture proportion, practice, volume, and environmental conditions, the cooling time of
concrete to reach normal temperature may be several days or years. 2
Traditional methods are applied to prevent thermal shrinkage in mass concrete such as using
cement with low hydration heat, high volumes of cementitious material replacements with
portland cement, pre-cooling of raw materials or post-cooling of concrete by embedding
cooling pipes.3 Nonetheless, these traditional methods may be costly, time-consuming and
insufficient to prevent thermal shrinkage of mass concrete, i.e. dams.2
Slow hydration of MgO facilitates the delayed expansion of concrete and compensates thermal
cracking of dam concrete. Being an efficient and cost-effective approach, MgO concrete has
been first uncovered in China during the progress of Baishan Dam construction in the 1970s.
Delayed expansion due to slow hydration of MgO in clinker compensated thermal shrinkage of
mass concrete and cracking due to thermal shrinkage has been prevented. MgO concrete
provided significant financial benefits and speedy progression on construction due to
facilitating reduction or removal of temperature rise control systems on dam concrete. 2

4

Discovery of the expansive capacity of MgO cement in China initiated research on MgO
concrete and studies have involved significant findings of preparation, hydration and expansion
properties of MgO cement such as the ratio of MgO content, MgO expansive agent (MEA), the
performance of MgO concrete, manufacturing and application of MEA. 2,4
MgO is distinguished from traditional expansive cement and additives due to its benefits
involving stable hydration product, specifically Mg(OH)2, short water demand for hydration
and designable expansion properties. Shrinkage of concrete at an early age can be compensated
by rapid expansion capacity of MgO with high reactivity.5 Novel utilization of MEA on
concrete pavement benefits from high reactivity of MgO to reduce drying shrinkage and
autogenous shrinkage at an early age. Improvements on durability and shrinkage performance
provided by MEA are endorsed by both experimental and industrial practice. Nevertheless,
MgO cement and MEA usage for shrinkage compensation purposes are only present in China
and the majority of research is published in Chinese, hence simply useful literature related to
MgO concrete is highly limited. Besides, the need for critical research and shortcoming of
quality control procedures in the manufacturing of MEA require further effort to develop MgO
concrete technology.2
Since the cement with high MgO content used in Baishan dam construction reduced thermal
shrinkage at a late age, MgO cement applications have been used with early age shrinkage
compensation as well. MEA is a promising technology to be used in autogenous shrinkage or
drying shrinkage compensation of concrete at an early age to prevent shrinkage cracking as the
shrinkage compensation of concrete in the field is affected by the amount of MEA in the cement
and the hydration and expansion capacity of MgO in the admixture.6
The expansion properties and the hydration reactivity of MEA are affected by calcination
conditions of magnesite since the microstructure of MEA differs based on calcination
temperature and residence time in the kiln. Hence, accurate control of calcination conditions
5

ensures the production of MEA with designed quality. MEA particles manufactured with high
temperature and long residence time have low hydration reactivity and slow expansion. It is
resulted by the crystal growth in those calcination conditions which leads to the large grain size
of MgO with fewer crystal defects and small specific surface area. MEA with low reactivity
provides higher ultimate expansion due to having less inner pores for the accommodation of
hydration products. Besides, hydration and expansion of MgO are affected by particles size of
MEA, curing temperature and relative humidity of the environment.6
The performance of MgO concrete is significantly influenced by restraint condition as well as
raw materials, mixture proportion, and curing conditions. Expansion produced by MgO in
concrete is adjusted by the effect of MgO on the microstructure of concrete and consequently,
volume stability, mechanical strength, and durability can be improved. However, it should be
noted that excessive expansion may lead to damage in microstructure decaying performance of
concrete. Therefore, the beneficial function of MgO in concrete for shrinkage compensation is
obtained by addition of MEA with appropriate characteristics and quantity which may ensure
optimum microstructural densification in concrete.2
2.2.CONCRETE SHRINKAGE
Shrinkage of concrete is a time-dependent deformation which reduces the volume of concrete
without the impact of external forces. It is induced by chemical reactions, water loss, and
temperature gradient during cement hydration. Shrinkage of hardened concrete under restraint
leads to shrinkage cracking as the tensile stress exceeds the tensile capacity of concrete.7
Shrinkage is effected by water-cement ratio, temperature, and humidity of ambient air,
properties of aggregates, type of cementitious materials and admixtures. Concrete shrinkage is
classified into three groups namely plastic shrinkage, autogenous shrinkage, and drying
shrinkage.8
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2.2.1.Plastic Shrinkage
Plastic shrinkage is generated by the evaporation of bleeding water from the surface of concrete
and it leads to plastic shrinkage cracking.9 Plastic shrinkage is impacted by the water-binder
ratio, fineness of cementitious materials in the mixture and the finishing of concrete. It is
induced by environmental conditions such as air temperature, relative humidity, wind speed,
radiation, and high temperature in the concrete.10 Wind breaks, shading, fogging or spraying
the surface, and using plastic fibers are methods to reduce plastic shrinkage.11
2.2.2.Autogenous Shrinkage
Autogenous shrinkage develops when all the water in the concrete mixtures is used for
hydration and fine capillary pores are formed as the mixture lacks moisture. It is also called
self-desiccation or chemical shrinkage and it can lead to cracking due to the surface tension
generated in the capillary pores.12, 13
Autogenous shrinkage is effective in fresh concrete and it is prevented by wet curing at early
ages of concrete since capillary pores are saturated with moisture. Autogenous shrinkage occurs
in concrete mixtures that have a water-cement ratio of less than 0.42.12, 13
2.2.3.Drying Shrinkage
Drying shrinkage is the decrease in volume and the change of shape in the concrete material
after setting and hardening that usually results in cracking. It is caused by the reduction of
moisture content in the concrete material and it is induced by the loss of capillary water due to
evaporation. All concrete elements in various size and shape are subjected to drying shrinkage
as concrete ages. The severity of drying shrinkage depends on various parameters such as the
properties of raw materials, mix proportion and mixing procedure, moisture content, curing
temperature and humidity, and the size of the element.7, 14
Detrimental effects of drying shrinkage can be diminished in various ways. One of the methods
to decrease the risk of drying shrinkage cracking is adjusting the moisture content in concrete
7

mixture and raw materials since high water content increases the tendency of drying shrinkage
cracking in concrete linearly. Another method to prevent drying shrinkage can be sealing or
wet curing the concrete since environmental conditions such as relative humidity, temperature,
and ventilation directly affect moisture loss in concrete. The risk of drying shrinkage can be
lowered by humid and cool air conditioning on fresh concrete and capillary moisture can be
retained in the sealed concrete elements. Shrinkage reducing chemical admixtures are also
applied to prevent drying shrinkage cracking since they can compensate volume decrease in
concrete by their expansion or bonding capabilities.14, 15
In addition to three types of concrete shrinkage described in this chapter, thermal shrinkage also
causes cracking in concrete. Concrete expands or contracts due to fluctuations in temperature
by environmental effects or exothermic reactions during cement hydration. If the heat generated
in a mass of concrete is not dissipated, the thermal gradient in the material leads to severe
cracking. Moreover, restrained members of concrete in structures are subjected to cracking due
to the increase in tensile stress in the material. Contraction joints are formed by the masonry
saw on concrete slabs to crack the concrete in a regular pattern related to the temperature and
restraint directory and reduce irregular cracking. Thermal expansion and contraction of concrete
are affected by the type of aggregate, the content of binder and other cementitious materials,
water-cement ratio, temperature range, concrete age, and ambient relative humidity.8
2.3.MGO EXPANSIVE ADMIXTURE
Micro-expansion capacity of MgO expansive agent in concrete implements reduction of
concrete shrinkage control measures such as transverse joints or thermal control systems and
facilitates a continuous construction of mass concrete projects in hot summer days. It maintains
expeditious and inexpensive construction without the prospective thermal cracks during
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operation. Some examples of the MgO concrete technology applied to dam projects in China
and reduced control measures in the structures are shown in Table 2.1.16
Table 2.1. Selected hydropower stations with employment of MgO concrete 16
Location

Project

Height (m) MgO (%) Remark

Guizhou

Sanjiang arch dam

71.5

5

Thermal control canceled

Guizhou

Shalaohe arch dam

62.4

4.5-5.5

Transverse joints canceled

Guizhou

Yujianhe arch dam

81.0

5.0-5.5

4 induced joints

Guizhou

Macaohe arch dam

81.0

6.0

4 induced joints

Guizhou

Suofengying gravity dam

115.8

5.0

Foundation restrained area

Guangdong

Qingxi gravity dam

52.0

5.0

The first gravity dam to use
MgO

Guangdong

Changtan arch dam

53.5

5.5-5.75

Construction on hot summer

According to Chen et al., expansion tendency of MgO concrete is impacted by microstructural
features of MgO expansive agent which are determined by manufacturing conditions of MgO
and cement mixture. In the research of Chen et al., conventional components of the cement and
MgO expansive agent produced by magnesite brake down are processed together to
manufacture MgO cement. MgO expansive agent was mixed with other cementitious materials
in advance and supplied into the mixer all at once to alter calcination conditions and to provide
a homogeneous dispersion of MgO in cement. Various sets of MgO cement paste specimens
with different MgO content in the mixture were tested for autogenous shrinkage, chemical
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reactivity and thermogravimetric analysis and the results are compared to find out the impact
of manufacturing conditions on the expansion capacity of MgO cement paste. Autogenous
shrinkage tests showed that cement paste specimen with 4% MgO expansive agent with the
reaction time of 100 seconds performed the most satisfactory in terms of thermal shrinkage
resistance and that mixture proportion has been applied to several dam projects in China.16
Research of Mo et al. shows that microstructural characteristics of the MgO expansive agent
particles can be altered by calcination conditions such as temperature and residence time in the
kiln and the expansion potential of the MgO agent is adjusted by changing those parameters.
Higher calcination temperature and longer residence time in the kiln during MgO
manufacturing process lead to the production of MgO particles with less porosity, larger crystal
size, and smaller specific surface area. Although those microstructural qualities decrease its
hydration activity decelerating the reaction and diminish its expansion capacity at an early age,
they enhance ultimate expansion of MgO particles and reduce thermal shrinkage and drying
shrinkage cracking in concrete at late ages.2
Chen et al. state that MgO particles produced under high-temperature form relatively larger
grains and the effect of calcination temperature on particles size of MgO expansive agent can
be imaged by scanning electron microscopy. Fig.2.1 shows the SEM images of MgO expansive
agent particles produced with 1 hour residence time and different calcination temperatures in
the rotary kiln. Fig.2.1a shows MgO particles produced at 900 °C while Fig.2.1b shows MgO
particles produced at 1100 °C and Fig.2.1c shows MgO particles produced at 1300 °C.
According to SEM results, MgO particles grow massive and less porous with a regular crystal
formation when the calcination temperature in the kiln increased.16
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a

b

c

Figure 2.1. Crystal structure of MgO agent under different calcination temperature (a)
Calcination for 1 hour at 900 °C, (b) Calcination for 1 hour at 1100 °C, (c) Calcination for 1
hour at 1300 °C 16
Mo et al. state that increasing calcination time of the MgO expansive agent leads to large grain
formation of MgO particles. Fig.2.2 shows SEM images of MgO expansive agent particles
produced under different calcination temperature and residence times. Fig.2.2a shows the MEA
particles produced at 1100 °C temperature and 1 hour residence time in the kiln while Fig. 2.2b
shows the MEA particles produced at the same temperature with 1.5 hours residence time in
the kiln. The comparison of Fig.2.2a and Fig.2.2b shows that increasing residence time in the
kiln leads to enlargement of the grain size of MgO particles.6
a

b

Figure 2.2. MgO particles produced at different residence times in the kiln, a) Calcination for 1
hour at 1100 °C, b) Calcination for 1.5 hours at 1100 °C 6

11

According to Chen et al., MgO expansive agent produced with relatively longer residence time
and higher temperature in the kiln performs low reactivity. Fig.2.3 shows the reaction time of
MgO expansive agent particles manufactured with different residence time and kiln temperature
parameters. According to citric acid neutralization test results shown in Fig.2.3, hydration
reaction progresses with a relatively slow pace and lasts longer when MgO particles produced
with a relatively long residence time in the kiln while the calcination temperature maintained
constant. Moreover, reaction time increases drastically when the calcination temperature is
increased from 1000 °C to 1200 °C.16

Figure 2.3. Influence of calcination condition on the reaction time of MgO agent 16
Mo et al. state that MgO expansive agent performs low reactivity if the temperature and time
during calcination are increased while the production of MgO particles. Fig.2.4 shows the citric
acid neutralization test results of various MEA specimens manufactured under different
calcination temperature and residence time in the kiln. It is seen that MEA particles
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manufactured with relatively higher calcination temperature and residence time in the kiln take
a longer time to get neutralized with citric acid titration which means they have low reactivity.6

Figure 2.4. Effect of calcination temperature and residence time on the neutralization time of
MEA 6
Chen et al. state that the hydration degree of MgO particles is decreased if the MgO expansive
agent is produced at higher temperatures. Fig.2.5 shows hydration degree results of MgO
particles produced with 900 °C, 1100 °C and 1300 °C of calcination temperature and 60 minutes
residence time in the kiln. Results of the thermogravimetry tests with MgO cement paste
specimens show that hydration reaction is decelerated by increasing calcination temperature of
MgO particles in the kiln. MgO agent with fine particle size, defected crystal structure, high
specific surface area, and porosity is manufactured with low calcination temperature and
residence time in the kiln. This expansive agent is highly reactive and it performs expeditious
hydration lasting at early ages of cement paste specimens. However, MgO agent manufactured
with relatively high temperature and residence time in the kiln show decreased reactivity and
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start the hydration process at later ages since it has relatively large and impermeable grains with
a sound crystal structure and small specific surface area.16

Figure 2.5. Influence of calcination condition on hydration degree of MgO agent 16
According to Mo et al., MgO expansive agent manufactured with relatively higher calcination
temperature and residence time have a smaller specific surface area and longer neutralization
time which implies lower chemical activity. Fig.2.6 shows that the specific surface area results
of MgO particles produced under different calcination temperatures and increasing the
calcination temperature from 900 °C to 1300 °C decreases the specific surface area of the MgO
agent drastically. Moreover, specific surface area values of MgO particles lessen increasing
residence time in the kiln under constant temperature.6
Fig.2.7 shows the relation between the specific surface area and neutralization time. According
to results, MgO particles with relatively higher values of the specific surface area have lower
neutralization time which implies more rapid hydration of MgO expansive agent and early age
expansion in the cement matrix. 6
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Figure 2.6. Effect of calcination temperature and residence time on the specific surface area of
MEA 6

Figure 2.7. Relationship between specific surface area and the neutralization time of MEA 6
Fig.2.8 shows SEM images of MgO particles with different neutralization time values at two
curing stages to explain the relation between neutralization time value of MgO expansive agent
and its hydration progression. Fig.2.8a and Fig.2.8b show hydration progress of MgO expansive
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agent with the neutralization time of 42 seconds on the day two and day seven under wet curing
conditions. Hydration progress of MgO agent with the neutralization time of 325 seconds is
shown in Fig.2.8c and Fig.2.8d while hydration progress of MgO agent with the neutralization
time of 1966 seconds is shown in Fig.2.8e and Fig.2.8f. Comparison of SEM images shows that
MgO particles with relatively low neutralization time hydrate rapidly and it explains the effect
of calcination temperature and residence time in the kiln on the chemical reactivity of MgO
expansive agent.6

Figure 2.8. SEM image of the hydration products of MEA with different neutralization time
cured in water at 20 °C 6
16

High temperature and residence time in the kiln generate not only massive grain growth of
manufactured MgO agent but also larger pores between MgO particles. Mg(OH)2 species form
in the boundaries of the MgO particles and they fill the interparticle pores in the region causing
a stress development in the boundaries of MgO particles. MgO particles break apart due to the
stress development in the grain boundaries exposing a larger surface area of non-hydrated MgO
in broken particles, and it regenerates expansion due to MgO hydration at later ages that results
in high ultimate expansion. Ultimate expansion capacity of MgO agent with the smaller particle
size is reached at early ages since there is a relatively lower volume between grain boundaries
and MgO expansive agent with a small particle size perform the same hydration regeneration
due to particle break down at earlier ages. Since MgO agent with a smaller grain size reaches
the ultimate expansion capacity faster, it is more suitable for early age drying shrinkage
compensation. It can be seen in Fig.2.9 that the difference in the volume between the initial
condition and the state when ultimate expansion capacity reached is higher with MgO particles
with larger grain size and lower chemical activity. MgO particles start hydration on the outer
surface and Mg(OH)2 species accumulate on the boundaries of MgO grains in both cases.
However, MgO particle with high activity and smaller grain size reach its ultimate expansion
capacity which is relatively smaller than the ultimate expansion of the MgO particles larger
grain size and low chemical activity.6
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Figure 2.9. Hydration and expansion model of the porous MEA with high reactivity in the
cement paste 6
The difference in the expansion mechanisms of various MgO particles is explained by their
activity related to their microstructural characteristics. MgO grains produced with lower
temperature and residence time in the kiln are fine particles with the high specific surface area,
high lattice distortion, and high porosity. Those characteristics lead MgO particles to be highly
reactive which shows a rapid reaction and perform the ultimate expansion at the early age of
hydration. Fig.2.9. shows the scheme of MgOH formation on the surface of fine MgO particles
with high reactivity and the volume change lead by ultimate expansion in the material. MgOH
species are formed and they fill the pores and grain boundaries of MgO particles and ultimate
expansion is reached by the volume increase. Fig.2.10. shows the hydration scheme of the MgO
particles with low reactivity which has large grains, low porosity, low specific surface area, and
low lattice distortion. Due to the low porosity and surface area of the large MgO grains, the
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active surface area of these particles is relatively small compared to MgO particles with high
reactivity and expansion is low at the early age of hydration. However, MgO particles with low
reactivity perform relatively high expansion at the late age. Hydration products formed on the
surface of large MgO grains are accumulated on the grain boundaries and they increase the
stress on the MgO particles filling the space between MgO grains. MgO particles are broken
apart due to the increased pressure on the grain boundaries, and un-hydrated MgO surface is
exposed to hydration. This process is continuous in the MgO particles with low reactivity, and
hydration is regenerated until the late age. Higher ultimate expansion in the MgO agent with
low reactivity is caused by its slow hydration due to large grain size, low porosity, low specific
surface area, and lattice distortion.6

Figure 2.10. Hydration and expansion model of the less porous MEA with low reactivity in the
cement paste 6
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Concrete durability is diminished due to shrinkage cracking and MgO, or sulfo-aluminate
expansive admixture can reduce concrete shrinkage averting moisture loss. However, sulfoaluminate expansive agent is based on ettringite forming under wet curing conditions to
compensate concrete shrinkage while relatively slow hydration of MgO in cement leads to a
delayed expansion in mass concrete which prevents later-age thermal shrinkage cracking.
Current ettringite-bearing expansive agents do not perform proficient later-age shrinkage
compensation on concrete materials without wet curing conditions since the ettringite-bearing
expansive agent is designed to expand at an early age in wet conditions. Since the hydration of
MgO particles requires a relatively lower amount of water than sulfate based expansive agents,
shrinkage of concrete materials cured or maintained under non-wet conditions can be reduced
drastically using the cement mixture with the MgO expansive admixture.17
According to Mo et al., MgO expansive admixture enables the production of concrete with
relatively lower water content and higher microstructural compaction without the wet curing
treatment since hydrated MgO particles form Mg(OH)2 and they occupy a larger space in the
cement matrix and induce a microstructural extension of the material. Besides, Mo et al. state
that adjusting calcination temperature and residence time in the kiln during the MgO expansive
agent production alters the chemical activity and expansion capacity of MgO in the concrete
drastically. Although early age thermal shrinkage cracking is not recovered by MgO expansion,
concrete deterioration due to late age thermal shrinkage is fixed by hydration of MgO expansive
agent since the hydration reaction decreases the temperature of concrete gradually in a long
period and the formation of Mg(OH)2 heals shrinkage microcracks.17
Unlike sulfate based expansive agent, MgO hydrates without the necessity of wet curing
conditions and the expansion of MgO particles proceeds locally filling the nearby space in the
cement matrix. Hence, the addition of MgO expansive agent into cement mixture is a more
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suitable application for less permeable concrete with a relatively low moisture content cured in
dry conditions.17
The research of Mo et al. shows that autogenous shrinkage cracking of cement paste specimen
with the content of 8% MgO expansive agent is recovered in 21 days while the concrete sample
with 5% MgO content shows full recovery of autogenous shrinkage cracking in 55 days. Hence,
it is stated that increasing the amount of MgO content of cement paste provides earlier
compensation of autogenous shrinkage cracking.17
In the research of Mo et. al., autogenous shrinkage test with polyethylene molds and strain
transducer is applied to specimens of portland cement paste and fly ash cement paste with
various MgO expansive agent and aluminate based expansive agent content, and strain
development in specimens was monitored to determine volume deformations such as shrinkage
or expansion in time. Water to cement ratio was taken as 0.28 for all samples. Fig.2.11 shows
strain results collected in autogenous shrinkage tests of portland cement paste specimens with
MgO based and aluminate based expansive agent (AEA) while Fig.2.12 shows the total
deformation of the same samples. Results show that cement paste with 5% MgO expansive
agent (MEA) provides considerable shrinkage compensation while ettringite bearing aluminate
based expansive agent does not perform any expansion due to the lack of moisture for crystal
formation. Moreover, accelerated shrinkage recovery occurs and relatively high ultimate
expansion is reached by portland cement paste increasing the weight ratio of MgO expansive
agent in the specimen to 8%.17
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Figure 2.11. Autogenous deformations of Portland cement pastes containing various contents
of MEA under non-wet curing condition 17

Figure 2.12. Total deformations of Portland cement pastes containing various contents of MEA
17

Fig.2.13 and Fig.2.14 show strain development and total deformation of fly ash paste with MgO
and aluminate based expansive agent. Results show that fly ash cement paste with 5% MgO
content indicates relatively late compensation of autogenous shrinkage than portland cement
22

specimen with 5% MgO expansive agent since fly ash hydrates relatively slower than portland
cement. Fly ash specimen with 8% MgO show relatively early shrinkage recovery, and it
reaches the ultimate expansion later than all other MgO cement paste specimen used in the
experiments.17

Figure 2.13. Autogenous deformations of fly ash cement pastes containing various contents of
MEA under non-wet curing condition 17

Figure 2.14. Total deformations of fly ash cement pastes containing various contents of MEA17
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Additionally, Fig.2.15 shows SEM results of fly ash cement paste specimen indicating that high
concentration of Mg(OH)2 species is observed in the same region with MgO particles in the
cement paste and it is stated that expansion of MgO particles proceeds locally in the cement
matrix. Short moisture requirement and slow reaction speed of MgO hydration induce late age
expansion of both portland cement and fly ash cement paste specimens with low water to binder
ratio. Late age autogenous shrinkage and thermal shrinkage performance of MgO cement paste
show that increasing the amount of MgO expansive agent in the cement paste provides higher
expansion.17

Figure 2.15. BSEM image of fly ash cement paste comprising 8% of MEA 17
Fig.2.16 shows the expansion results procured from rectangular prisms cast by cement paste
with MgO expansive agent cured under wet conditions at different temperatures. Ultimate
expansion values of MgO agent with low activity is larger when curing temperature under wet
conditions is increased while highly active MgO expansive agent does not show a big difference
in its ultimate expansion changing curing temperature. MgO expansive agent with relatively
longer neutralization times such as 325 seconds, 1266 seconds and 1966 seconds (MEA-325,
MEA-1266, MEA-1966) performs higher ultimate expansion when wet curing temperature is
increased from 20 ˚C to 40 ˚C. Moreover, changing wet curing temperature from 20 ˚C to 40
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˚C leads to a slight decrease in ultimate expansion capacity of MgO agents with 46 seconds and
115 seconds (MEA-46, MEA-115) of neutralization time.6

Figure 2.15. Expansion curves of cement pastes containing 8 wt.% of MEA with different
neutralization time 6
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CHAPTER 3: MATERIALS AND MIXTURE DESIGN
3.1.INTRODUCTION
Materials and mixture proportions of both plain and MgO concrete were specified. Batching
procedures followed for both plain and MgO mixtures were identical. Fresh properties of plain
and MgO concrete mixture were determined following the relevant standards. Later tests were
performed using the same plain and MgO concrete mixtures.
3.2.MATERIALS
Type of cement used in concrete mixture throughout all laboratory tests was Lehigh type I-II.
Central Pennsylvania River Sand (Tyrone Sand) and Union Furnace #8 coarse aggregate were
fine and coarse aggregate used in the experiments. Master Glenium 7920 superplasticizer and
PREVent-C 500 MgO expansive admixture have been used in the concrete mixture tested in
the experiments. The types of raw materials used in the concrete mixtures for the tests in this
research such as restrained ring test and microstructural analyses are shown in Table 3.1.
Table 3.1. Raw materials used in the concrete mixture for restrained ring tests
Material

Specification

Cement

Lehigh type I-II cement

Coarse aggregate

Union Furnace #8 aggregate

Fine aggregate

C. Pensylvania River Sand (Tyrone Sand)

Superplasticizer

Master Glenium 7920

Expansive Admixture

PREVent-C 500 MgO Expansive Admixture
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Specific gravity and absorption capacity of coarse and fine aggregates used in the concrete
mixture in the restrained ring tests are shown in Table 3.2. Union Furnace #8 coarse aggregate
has the oven dry specific gravity of 2.70 and absorption capacity of 0.60 %. Tyrone sand has
the oven dry specific gravity of 2.52 and absorption capacity of 1.49 %. Specific gravity and
absorption capacity data of coarse and fine aggregates have been acquired by following ASTMC127 and ASTM-C128 standards and these specific data are shown in Table 3.2.
Table 3.2. Specific gravity and absorption capacity of aggregates used in the concrete
Aggregate

Source Location

Absorption (%)

Specific Gravity (OD)

Union Furnace #8

Pennsylvania (USA)

0.60

2.70

Tyrone Sand

Pennsylvania (USA)

1.49

2.52

MgO expansive admixture is a free-flowing powder, off-white to light brown. The specific
gravity, density, purity and pH properties of MgO expansive admixture are shown in Table 3.3.
Table 3.3. Material properties of Prevent-C 500 MgO expansive admixture
Density

Loose bulk density

43.3 lb/ft3

Tapped bulk density 59.5 lb/ft3
pH (10% slurry)

10-11

Specific gravity

2.256

MgO weight%

90-95

27

3.3.MIXTURE PROPORTIONS
Raw material mixture proportions of the concrete tested in this research study are shown in
Table 3.4. The amount of each element in the mixture is shown for one cubic yard of concrete.
The calculated amount of each component per one cubic yard of concrete was that 773.8 pounds
of cement, 325 pounds of water, 1442.5 pounds of coarse aggregate, 1294.1 pounds of fine
aggregate. Superplasticizer amount per one cubic yard of concrete is 10 fl. oz per
hundredweight of cement. Amount of MgO expansive admixture per cubic yard of expansive
concrete was 38.60 pounds. These mixture proportions were used in all tests performed in this
research such as restrained ring tests and microstructural analyses of plain and MgO concrete.
Water-cement ratio was taken as 0.42 for all concrete mixtures used in the tests.
Table 3.4. Proportions of raw materials calculated for the concrete used in ring tests
Material

Non-Expansive Plain

Concrete Batch with 5%

Concrete Batch

MgO Expansive Admixture

(lb/cyd)

(lb/cyd)

Cement

773.8

773.8

Water

325.0

325.0

Coarse Aggregate

1442.5

1442.5

Fine Aggregate

1294.1

1294.1

Super Plasticizer (oz/cwt)

10 fl. oz

10 fl. oz

n/a

38.69

MgO Expansive Admixture
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The expansive concrete mixture used for ASTM ring test includes the same amount of each raw
material with the non-expansive batch. However, it contains MgO expansive admixture which
equals the 5% of the weight of the cement in the concrete mixture.

3.4.MIXING PROCEDURE
The mixing procedure instructed in this section is practiced for expansive and non-expansive
concrete mixtures used for determining concrete fresh properties and shrinkage cracking
potential. First, the raw materials are measured and prepared following the specific mixture
proportions and they were placed next to the pan mixer in the facility of Civil Infrastructure
Testing and Evaluation Center (CITEL). The one and three-quarter cubic feet pan mixer used
in concrete mixing processes is shown in Fig.3.3.

Figure 3.1. Pan mixer in CITEL of Pennsylvania State University
The paddles and the pan are cleaned and wetted before starting the mixing. Superplasticizer
was added to the mixing water and the water-plasticizer mixture is blended. If an expansive
concrete mixture was to be prepared, MgO expansive admixture was added to the cement in the
beginning and the cement mixture was stirred with a scoop to provide the dispersion of the
MgO particles in cement. Coarse and fine aggregates and half of the total mixing water were
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added in the pan mixer and they were mixed together for 30 seconds starting the mixer. Cement
(or MgO cement) and remaining half of the water were added to the mixture and the top cover
of the mixer was closed. Since the mixer was loaded with the total ingredients for the batch, it
was kept running for 3 minutes. The mixer was stopped for the next 3 minutes and it was run
again for another 2 minutes. The mixing process ends in a total of 8 minutes and the cover of
the mixer is opened. The residues of cement paste on the walls of the pan mixer were cleaned
by a scoop and the mixture was stirred to blend all particles added to the mixer. The concrete
mixture can be used for the tests after the mixing process practiced following the instructions.
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CHAPTER 4: PROPERTIES OF FRESH CONCRETE
4.1.INTRODUCTION
The properties of freshly mixed concrete were determined following the corresponding ASTM
standards. All of the tests reported in this section were performed using the facilities of Civil
Infrastructure Testing and Evaluation Laboratory (CITEL) of the Pennsylvania State
University. Concrete mixture proportions and procedures used in sample preparation for the
tests of fresh concrete properties are the same with the sample proportions and procedures used
in restrained rings tests defined in the previous sections.
4.2.TEMPERATURE
The temperature of freshly mixed concrete was measured following ASTM C 1064-86. The
temperature measuring device is capable of measuring temperature within ±1˚F(0.5˚C) and the
device conform to the requirements for ASTM thermometer No. 36 C. The temperature of
freshly mixed concrete is taken after the mixing process was completed in the pan mixer and
the temperature measuring is completed within five minutes after obtaining the mixture. The
temperature measuring device has at least 3 in. (75 mm) of concrete surrounding it and it is kept
in the freshly mixed concrete for a minimum of two minutes until the temperature reading
stabilizes. The measured temperature of the freshly mixed concrete is recorded to the nearest
degree of Fahrenheit (0.5 degrees Celcius).18
A number of two batches of each plain concrete and MgO concrete mixtures were measured for
temperature and the results of each measurement are shown in Table 4.1. As shown in Table
6.1, the average measured temperature of freshly mixed plain concrete batches was calculated
as 79˚F (26˚C) while that of MgO concrete batch was calculated as 76˚F (24˚C).
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Table 4.1. The measured temperature of plain concrete and MgO concrete batches
Mixture

1st Batch Temperature

Plain concrete

MgO concrete

2nd Batch Temperature Average Temperature

80˚F (27˚C)

77˚F (25˚C)

79˚F (26˚C)

±1˚F(0.5˚C)

±1˚F(0.5˚C)

±1˚F(0.5˚C)

75˚F (24˚C)

76˚F (24˚C)

76˚F (24˚C)

±1˚F(0.5˚C)

±1˚F(0.5˚C)

±1˚F(0.5˚C)

4.3.AIR CONTENT
Air content tests were performed following the guidelines of ‘ASTM C 231-89: Standard Test
Method for Air Content of Freshly Mixed Concrete by the Pressure Method’. Before starting
the measurement, test equipment was wetted and excess moisture was removed from the
container. The bowl was filled with freshly mixed container in three equal layers and each layer
was penetrated 1 in. (25 mm) in to the previous layer rodding uniformly. The sides of the bowl
were hit smartly 10-15 times with a standard mallet after rodding each layer. The bowl was
filled until there is no excess or shortage of concrete after consolidation. The top surface of the
concrete in the bowl was struck off with a metal bar. Contact surfaces were cleaned and the
rubber seal on the cover was dampened. Both of the petcocks were opened and the cover was
clamped on. The main air valve between the air chamber and the measuring bowl was closed.
Water was syringed from one petcock until it came out of the other petcock and the meter was
jarred gently until no air bubbles came out. The air bleeder valve was closed and the pressure
was pumped up to the initial pressure line. The meter was brought to zero by tapping the gauge
gently. Both of the petcocks on the holes through the cover were closed and the main air valve
was opened. The base of the container was hit sharply and the gauge was tapped gently. The air
content on the gauge was read and both petcocks were opened to release the pressure.19
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Fig.4.1 represents air entrainment meter which was the test instrument used for air content test
of both plain concrete and MgO concrete specimens. Air content test results show that the air
content of plain concrete was 2.0% while that of MgO concrete was 1.8%.

Figure 4.1. Air entrainment meter used for air content test 20
4.4.UNIT WEIGHT
Unit weight tests of both plain concrete and MgO concrete mixtures were performed following
the instructions of ASTM C 138-81: ‘Standard Test Method for Unit Weight, Yield and Air
Content(Gravimetric) of Concrete’.
The container of air entrainment meter was used for unit weight tests. The weight and the
volume of the empty container were measured as 37.86 lbs (17.17 kg) and 0.249 ft3 (0.007 m3).
The container was wetted and excess water in the container was removed after the concrete
mixing process ends. The container was filled in three equal layers, rodding each layer 25 times
and rapping the sides of the container smartly 10-15 times. The surface of the concrete was
struck off when the container is full and the weight of the container is measured.21
Table 4.2 shows the volume and weight measurements of plain concrete and MgO concrete
specimens. Unit weight of the plain concrete mixture was calculated as 148.92 lbs/ft3 (2386.93
kg/m3) while that of MgO concrete was 152.05 lbs/ft3 (2452.86 kg/m3). According to standards,
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the multi-operator standard deviation of density of freshly mixed concrete has been found to be
13.1 kg/m3 [0.82 lb/ft3]. Hence, results of two properly conducted tests by the two operators on
the same sample of concrete should not differ by more than 37.0 kg/m3 [2.31 lb/ft 3].
Table 4.2. Unit weight results of plain concrete and MgO concrete specimens
Volume (ft3)

Weight (lbs)

Unit Weight (lbs/ ft3)

Plain Concrete

0.249

37.08

148.92 ± 2.31

MgO Concrete

0.249

37.86

152.05 ± 2.31

Specimen

4.5.SLUMP
Slump tests were performed following the instructions of ASTM C 143-89: ‘Standard Test
Method for Slump of Portland Cement Concrete’. After the mixing process of concrete in the
pan mixer is completed, the batch was remixed with a scoop. The slump test mold was
dampened and placed on a flat, moist, nonabsorbent, rigid, horizontal surface such as plywood
covered with a plastic. The mold was held firmly in place and filled in three layers, each layer
being approximately one-third of the volume of the mold. Each layer was rodded 25 times and
tamped smartly from the sides of the mold 10-15 times. The last layer was struck off with the
rolling motion of tamping rod and spilled concrete is removed from the base of the cone. The
mold was raised a distance of 12 in. (300 mm) in 5 ± 2 seconds by a steady upward lift with no
lateral or torsional motion. The difference in the height of the cone and the displaced original
center of the top surface of the concrete was measured and reported to the nearest ¼ in. (6
mm).22
Two batches of both plain concrete and MgO concrete mixtures were tested for slump and
results are shown in Table 4.3. According to slump results, the average of the slump
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measurements of two plain concrete batches was calculated as 8.00 ± 1.50 in. while average
slump measurement of two MgO batches was calculated as 2.75 ± 1.10 in.
According to standards, multilaboratory precision of the acceptable range for two results was
determined as 1.10 in. (28 mm) for a slump of 3.40 in. (85 mm) while that value for a 6.50 in.
(160 mm) slump was specified as 1.50 in. (37 mm). 22
MgO concrete mixture showed relatively lower magnitude of slump in comparison to plain
concrete mixture.
Table 4.3. Slump test results of plain concrete and MgO concrete specimens
1st Batch Slump (in)

2nd Batch Slump (in)

Average Slump (in)

Plain concrete

8.25 ± 1.50

7.50 ± 1.50

8.00 ± 1.50

MgO concrete

2.00 ± 1.10

3.25 ± 1.10

2.75 ± 1.10

Specimen

4.6.TIME OF SETTING
Time of setting tests were performed following the guidelines of ‘ASTM C 403-88: Standard
Test Method for Time of Setting of Concrete Mixtures by Penetration Resistance.’
Freshly mixed concrete was sieved through a #4 (4.75 mm) sieve and the mortar was remixed.
A total of three specimens were prepared for one concrete batch. The mortar was filled in the
cylindrical containers that are 6 in. (152 mm) in diameter and 4 in. (102 mm) in height. The
sample containers were rigid, watertight, nonabsorbent and nonoiled. Sample containers were
filled with mortar and compacted by rodding with a standard tamping rod once for every 1 in2
(645 mm2) of top surface area. The strokes were distributed uniformly over the cross section of
the specimen and the sides of the mold were tapped to close voids left by the tamping rod. The
mortar surface is ½ in. (13 mm) below the top edge of the container upon completion of
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specimen preparation. The containers filled with mortar were stored in the moist room that has
100% relative humidity and 23 ˚C temperature until the end of the test. The bleed water was
removed by means of a syringe prior to making a penetration test tilting the specimen about 12⁰
to facilitate the collection of bleed water. Once the penetration test was performed, areas
disturbed by previous penetrations were avoided. The clear distance between needle
impressions was at least twice the diameter of the needle being used but not less than ½ in while
the clear distance from the side of the container was not less than 1 in. for any penetration.23
As shown in Fig.6.2, the handle of the instrument was pushed to provide the penetration of the
pin into the mortar and corresponding reading in the gauge and area of the pin size was recorded
to calculate the magnitude of the pressure. The needle was pressed 1 in. (25 mm) into the mortar,
in approximately 10 seconds, taking at least six readings for each rate of hardening test and the
resistance pressure for each penetration was recorded. Resistance pressure for the initial set was
500 psi (3.6 MPa) while the final set pressure was 4000 psi (27.6 MPa).

Figure 4.2. Test instruments of time of setting experiment
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According to standards, the multilaboratory standard deviation has been determined to be 15.2
min. and the results of two properly conducted tests from two different laboratories on samples
of the same cement should not differ by more than 43 min. 23
The time of setting test results of mortar specimens PA, PB, and PC obtained from the plain
concrete mixture by screening are shown in Table 6.4. The exact time when cement and water
were mixed was recorded as the initial state of the specimens. Each time a penetration test was
performed, the amount of time passed since the contact of cement and water was recorded.
Corresponding to the time of penetration test of each specimen, the force applied and the area
of the pin used for the penetration test were represented in Table 6.4. The first penetration test
was performed 3.75 hours after the mixing process started and none of all three specimens show
any resistance to be recorded. The first data of penetration resistance was measured at the 6
hours after batching. The penetration test of plain mortar specimen was ended 8.50 hours after
mixing the batch since all specimens showed the resistance that exceeds 4000 psi (27.6 MPa)
which is the threshold value of the final set.
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Table 4.4. Results of time of setting test of plain mortar specimens
Specimen

PA

PB

PC

Force (lbs)

Area(in2)

Force (lbs)

Area(in2)

Force (lbs)

Area(in2)

0

-

-

-

-

-

-

3.75

0

0.25

0

0.25

0

0.25

5.25

0

0.25

0

0.25

0

0.25

6.0

46

0.25

56

0.25

60

0.25

6.50

102

0.25

118

0.25

120

0.25

6.75

22

0.05

18

0.05

20

0.05

7.0

54

0.05

52

0.05

30

0.05

7.25

60

0.05

58

0.05

80

0.05

7.50

72

0.05

76

0.05

104

0.05

8.0

176

0.05

110

0.05

140

0.05

8.25

96

0.025

123

0.025

140

0.025

8.50

140

0.025

150

0.025

210

0.025

Time (hr)

Fig.4.3 shows the plot of penetration resistance values of mortar samples PA, PB, PC and the
average of all three specimens versus time after mixing the plain concrete batch. According to
the penetration resistance data, average time of initial setting of plain mortar specimens was
6.55 ± 0.72 hours while average time of final setting for plain mortar specimens was 8.23 ±
0.72 hours.
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Figure 4.3. Penetration resistance development of plain mortar specimens after mixing
The time of setting test results of mortar specimens MA, MB, and MC obtained from the MgO
concrete mixture by screening are shown in Table 6.5. First penetration test of MgO mortar
specimens were performed 4.62 hours after mixing the concrete yet the specimen started to
develop penetration resistance later during the experiment. Since all the MgO mortar specimen
exceeded the final set threshold value, the penetration test was ended 8.62 hours after mixing.
Fig.4.4 shows the penetration resistance values of MgO mortar specimens MA, MB, MC, and
the average resistance value of all three specimens. According to penetration resistance results,
the average initial setting time of MgO mortar specimens was measured as 6.42 ± 0.72 hours
while average final setting time was 8.32 ± 0.72 hours.
As shown in the results of both plain and MgO concrete specimens, initial and final time of
setting of concrete with 5% MgO concrete is similar to plain concrete.
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Table 4.5. Results of time of setting test of MgO mortar specimens
Specimen

MA

MB

MC

Force (lbs)

Area(in2)

Force (lbs)

Area(in2)

Force (lbs)

Area(in2)

0

-

-

-

-

-

-

4.62

0

0.25

0

0.25

0

0.25

5.87

20

0.25

24

0.25

28

0.25

6.42

94

0.25

106

0.25

88

0.25

7.12

172

0.25

35

0.05

190

0.25

7.45

45

0.05

70

0.05

58

0.05

7.70

70

0.05

120

0.05

80

0.05

8.28

140

0.05

134

0.025

164

0.05

8.62

100

0.025

160

0.025

200

0.025

Time (hrs)

Figure 4.4. Penetration resistance development of MgO mortar specimens after mixing
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4.7.COMPRESSIVE STRENGTH
Compressive strength tests were performed on both plain and MgO concrete specimen
following ‘ASTM C 39: Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens.’ Cylindrical compressive strength specimens were prepared following the
guidelines of ‘ASTM C 31-88: Standard Method of Making and Curing Test Specimens in the
Field’ to be tested in compressive strength test instrument at CITEL.
After the plain or MgO concrete was mixed in the pan mixer, 4in x 8in cylindrical molds were
used to prepare compressive strength test specimens. Cylindrical molds were cleaned and oiled
before the concrete started to be mixed. Test cylinders were filled in three equal layers and the
concrete was distributed evenly filling and tamping prior to consolidation. Each layer was
rodded 25 times penetrating the previous layer at least 1 in. (25 mm) and distributing the strokes
uniformly over the cross-section of the mold. After each layer was rodded, the outside of the
mold lightly tapped 10 to 15 times with the mallet to close any holes left by rodding and to
release any large air bubbles trapped. The excess concrete on the top surface of the mold was
struck off with a tamping rod and the specimens were cured in the moist room with 98 ± 2%
relative humidity and 73.4 ± 3˚F (23 ± 1.7˚C) temperature.24, 25
A total of twelve 4 in x 8 in. clyndrical concrete specimens were prepared from each of plain
and MgO concrete mixture to be used in the compressive strength test. Specimens were named
based on the content being plain or MgO concrete and curing age being 24 hours, 7 days, or 28
days.
Fig.4.5 shows 4 in.x 8 in. cylinders cast and cured for compressive strength experiments while
Fig.4.6 shows compressive strength test set-up and concrete cylinders after the test was
performed. Compressive strength test results of plain and MgO concrete specimens are shown
in Table 4.6 and Table 4.7. Fig.4.7 shows the average results of compressive strength tests of
both plain and MgO concrete specimens cured for 24 hours, 7 days and 28 days.
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Figure 4.5. 4 in. x 8 in. cylinders cast and cured for compressive strength experiments
According to standards, acceptable range of individual cylinder (4 in. x 8 in.) strengths under
laboratory conditions based on single-operator precision was determined as 10.6%. 24
Results of compressive strength tests performed with 24 hours, 7 days and 28 days aged
specimens showed that concrete with 5% MgO expansive admixture had similar compressive
strength to plain concrete.

Figure 4.6. Cylindrical concrete specimen tested for compressive strength
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Table 4.6. Compressive strength test results of plain concrete specimens
Specimen

Strength (lbs)

Strength (psi)

P1A

32230

2804

P1B

36410

2897

P1C

36300

2888

P7A

73470

5847

P7B

68610

5460

P7C

71290

5673

P28A

90710

7219

P28B

91960

7318

P28C

91720

7299

Table 4.7. Compressive strength test results of MgO concrete specimens
Specimen

Strength (lbs)

Strength (psi)

M1A

41610

3314

M1B

39710

3160

M1C

41180

3277

M7A

72800

5793

M7B

70340

5597

M7C

74240

5908

M28A

89230

7101

M28B

89550

7126

M28C

86070

6849
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Figure 4.7. Compressive strength results of plain concrete and MgO concrete at different ages
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CHAPTER 5: RESTRAINED RING TEST
5.1.INTRODUCTION
One of the methods to determine the time of shrinkage cracking in concrete is the restrained
ring test. The concept of the test is based on a concrete ring cast around a steel ring. As the
concrete ages and the hydration progresses, moisture in the concrete and the total volume of the
concrete decrease. Since the volume of the concrete ring continues to decrease, a compressive
stress develops around the steel ring and it is balanced with the tensile stress in the concrete
ring. Drying shrinkage cracks in concrete occur when this tensile stress exceeds the allowable
tensile stress of the concrete ring. Strain development in the steel ring is measured by strain
gages instrumented on the inner side of the steel ring and the strain data is monitored by the
data acquisition system simultaneously. The time of cracking is determined by examining the
plotted strain data since cracking in the concrete ring leads to a sharp decrease in the strain
value.
5.2. RESTRAINED RING TEST
5.2.1.Restrained Ring Test Background
The concept of the restrained ring test was first proposed by Carlson and Reading in 1988 as
they developed the basis of the test method studying shrinkage stresses of concrete walls.26
Krauss and Rogalla used the test in the study of transverse cracking in the concrete bridge decks
in 1996 and they stated that the technique was a useful method to predict the cracking tendency
of concrete mixes.27 In 2002, Weiss and Shah added that the restrained ring test provides the
simulation of the infinitely long bridge deck application due to the circular shape of the concrete
ring and the method was used in the study to investigate the effect of the element shape and
geometry on fracture development.28
Restrained Ring Test was approved by American Society for Testing and Materials (ASTM) in
2004 as “C 1581 – 04: Standard Test Method for Determining the Age at Cracking and Induced
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Tensile Stress Characteristics of Mortar and Concrete under Restrained Shrinkage”. The
method was accepted by the American Association of State Highway and Transportation
Officials (AASHTO) in 1998 as “AASHTO PP34-98: Standard Practice for Estimating the
Cracking Tendency of Concrete” and it was published in 2006 after several revisions.
5.2.2.ASTM C 1581 Ring Test Set-up
According to ASTM standards, the restrained ring test set-up consists of the steel ring,
nonabsorptive base, outer ring, anchoring bolts, and concrete ring. Strain gages are installed
and sealed on the inner side of the steel ring to be connected to the data acquisition system.29
Fig.5.1 shows the designated positions and dimensions of each element of the test instrument.
The steel ring is made out of structural steel pipe and it has a wall thickness of 13 ± 1 mm (0.50
± 0.05 in.), an outside diameter of 330 ± 3 mm (13.0 ± 0.12 in.) and a height of 150 ± 6 mm
(6.0 ± 0.25 in.).29

Figure 5.1. ASTM C1581 Restrained ring test specimen dimensions 29
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As shown in Fig.5.1, outer ring has the thickness of 3-mm (0.125-in.) with the inside diameter
of 405 ± 3-mm (16.0 ± 0.12-in.) and the height of 150 ± 6-mm (6.0 ± 0.25-in.). It is made out
of the formed steel sheeting and it is used as a mold to cast the concrete ring. The inner and
outer surfaces of the rings are machined smooth, round and polished. The outer ring is removed
after 24 hours since casting as the hardened concrete has the consistency to keep the ring shape.
The concrete ring cast in the ASTM mold has a wall thickness of 37.5 mm (1.5 in) and a height
of 150 ± 6-mm (6.0 ± 0.25-in.). The base is an epoxy-coated plywood or other non-absorptive
and non-reactive surface and it completes the test specimen mold with the inner steel ring and
the outer ring. Strain gages are placed on the mid-height of the inner wall of the steel ring and
they are sealed from the ambient air. Strain gages are to be at least 2 in number per steel ring
and data acquisition system is compatible with strain instrumentation. Designated
environmental conditions for the test are constant air temperature of 23.0 ± 2.0 °C (73.5 ± 3.5
°F) and relative humidity of 50 ± 4 %. 29
5.2.3.AASHTO P-34 Ring Test Set-up
Instrumentation of AASHTO ring test is very similar to ASTM ring test since the number of
elements and the role of each element in the set-up is the same. AASHTO ring test consists of
a steel ring, wooden base, the concrete ring, and outer ring. Fig.5.2 shows the AASHTO test
elements and dimensions of each unit. Steel ring has a wall thickness of 12.7 mm ± 0.4 mm
(1/2 in. ± 1/64 in.), an outside diameter of 305 mm (12 in.), and a height of 152 mm (6 in.). The
outer ring which works as a mold has a diameter of 457 mm (18 in.) and a height of 152 mm (6
in.). The concrete ring cast in AASHTO ring test has a wall thickness of 76 mm (3 in.) and 152
mm (6 in.) which is larger than ASTM ring. The mold is anchored to the base by bolts placed
on each corner of the base. Similar to ASTM ring test, strain gages are placed in the inner
surface of the steel ring and they are positioned on the mid-height with proper sealing from the
environment. A compatible data acquisition system is used to record strain data and it is
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connected to each strain gage on the steel ring. Designated environmental conditions for the
curing stage of the AASHTO ring test are constant air temperature of 21°C ± 1.7°C (73.4°F ±
3°F) and a relative humidity of 50 ± 4 percent.30

Figure 5.2. AASHTO P34 Restrained ring test specimen dimensions 30
5.2.4.Restrained Ring Test Procedure
The restrained rings tests were performed following the instructions of ASTM C 1581 ‘Standard
Test Method for Determining Age at Cracking and Induced Tensile Stress Characteristics of
Mortar and Concrete under Restrained Shrinkage’ and AASHTO PP 34 ‘Standard Practice for
Estimating the Cracking Tendency of Concrete’. A set of three restrained rings was used to test
a batch of concrete and the time of drying shrinkage cracking was determined for each batch.
One set of ASTM rings was used to perform restrained ring test with each of the non-expansive
concrete and the expansive concrete with 5% MgO admixture. Hence, a total of two ASTM
restrained ring tests (3 rings in each test) were performed and the data of both tests were
acquired successfully. AASHTO rings were also used for each of the non-expansive concrete
and the expansive concrete with 5% MgO admixture and the data of two tests were obtained.
Restrained ring test starts with preparing the test instruments according to guidelines. Steel
rings and outer rings were assembled to the base using the bolts to immobilize the molds.
Cylindrical spacers were used to assure a uniform space between the steel ring and the outer
ring along the entire mold. Instruments were cleaned from residues of former batches and non48

reactive releasing lubricant is used to cover the walls and base inside the molds in order to
provide an easy removal of the concrete ring after the test is accomplished. After the rings were
prepared for the test, the concrete mixing process was performed. Fig.5.3a shows the restrained
rings prepared for the casting of concrete.

a)

b)

c)

Figure 5.3. Restrained rings a) prepared for the casting of concrete, b) filled with freshly mixed
concrete, c) covered with wet burlap and plastic sheets and placed in the environmental chamber
The volume of the non-expansive concrete mixture used for one batch of ASTM rings test is
0.032 cubic yards (0.025 cubic meters) and the amount of each raw material used in that
concrete mixture is shown in Appendix 1. The expansive concrete mixture used for ASTM ring
test includes the same amount of each raw material with the non-expansive batch. However, it
contains MgO expansive admixture which equals the 5% of the weight of the cement in the
concrete mixture. The volume of the non-expansive concrete mixture used for one batch of
AASHTO rings test is 0.070 cubic yards (0.054 cubic meters) and the amount of each raw
material used in that concrete mixture is shown in Appendix 1. The expansive concrete mixture
used for AASHTO ring tests contains MgO expansive admixture in addition to the same mixture
of the non-expansive AASHTO concrete. Water to cement ratio of all mixtures used for ASTM
and AASHTO ring tests is 0.42. The mixing procedure instructed in Chapter III is practiced for
expansive and non-expansive concrete used in both ASTM and AASHTO restrained ring tests.
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After the batching process, concrete was poured into the molds. The ring mold was filled with
the concrete mixture to the mid-height of the space, and the air voids were eliminated using the
vibration table and rodding. The rest of the space was filled with concrete again and the top
surface was smoothed after the vibration and rodding steps were applied for the second time.
Each one of the three rings was filled performing the described procedure and the rings were
placed in the environmental chamber that provides continuous air circulation with the constant
temperature of 23.0 ± 2.0 °C and relative humidity of 50 ± 4 %. Fig.5.3b shows the restrained
rings filled with freshly mixed concrete.
The top surface of the concrete rings were covered with wet burlap and plastic wrap to prevent
moisture loss, then the set of three rings was placed into the chamber. Fig.5.3c shows the
restrained rings filled with fresh concrete placed in the environmental chamber after sealing
with wet burlap and plastic sheets from top surface.
After 24 hours of hydration in the environmental chamber, outer rings and sealing elements
were removed from the concrete rings. The top surfaces of the concrete rings were sealed by
the aluminum tape yet the outer surfaces left unsealed. Fig.5.4 shows the concrete ring after 24
hours of hydration sealed with aluminum tape on the top surface.

Figure 5.4. Concrete ring sealed with aluminum tape on the top surface
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The concrete rings start to lose moisture from the outer surface and the direction of the moisture
gradient advances perpendicular to the same surface. As the compressive stress develops around
the steel ring due to the volume decrease in concrete, shrinkage cracking occurs in the concrete
ring when the tensile stress exceeds its allowable limits of the material. Fig.5.5 shows the
interpretation of the strain development in the concrete ring.

Figure 5.5. Strain development in the concrete ring 29
Strain gages on the restrained rings were connected to the data acquisition system from the
beginning of the test. In each experiment, a set of three steel rings was used, each ring with four
strain gages placed on the inner surface and connected to data acquisition system. The system
saved the strain values measured by all strain gages connected between steel rings and the
computer every 5 seconds throughout the test. The strain values were plotted on the screen of
the connected computer simultaneously and the plots showed strain development measured by
every single gage over time. Labview software was used for the data acquisition and Fig.5.6
shows sample development by the data acquisition system. Four strain curves are plotted for
each ring based on the obtained strain data from four strain gages on that ring. In the right
bottom chart, an average strain curve of each ring is displayed.
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Figure 5.6. Strain plots acquired by the data acquisition system
Strain data shows the time of cracking as a drastic decrease in the value of strain curve plotted
on the chart and the time of cracking can be read on the screen. The test was concluded after
the cracks were observed on each of three specimens. Fig.5.7 shows a typical shrinkage
cracking pattern in the concrete ring.

Figure 5.7. Typical cracking pattern in the concrete ring
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5.2.5.Results of the Restrained Ring Test
A total number of four restrained ring tests were performed and the results of all four tests are
presented in this section. Results of ASTM rings test performed with non-expansive concrete
are shown in Fig.5.8. According to the results, Ring #1 and Ring #2 experienced cracking while
Ring # 3 did not experience cracking until the test ended. Both Ring #1 and Ring #2 experienced
drying shrinkage cracking at the age of 10 days of the non-expansive concrete rings.
Results of ASTM rings test performed with expansive concrete containing 5% MgO admixture
are shown in Fig.5.9. Strain data show that Ring #1 experienced cracking at 23 days while Ring
#2 experienced cracking at 17 days and Ring #3 experienced cracking at 15 days.

Figure 5.8. ASTM restrained rings test result of non-expansive concrete
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Figure 5.9. ASTM restrained rings test result of expansive concrete with 5% MgO admixture
Results of AASHTO rings test performed with non-expansive concrete are shown in Fig.5.10.
Strain data show that Ring #1 experienced drying shrinkage cracking at 19 days while Ring #2
experienced cracking at 39 days and Ring #3 experienced cracking at 36 days.
Results of AASHTO rings test performed with expansive concrete containing 5% MgO
admixture are shown in Fig.5.11. Strain data show that none of the three AASHTO rings
experienced drying shrinkage cracking at the in the 40 days of testing.
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Figure 5.10. AASHTO restrained rings test result of non-expansive concrete

Figure 5.11. AASHTO restrained rings test result of expansive concrete with 5% MgO
admixture
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In summary, results of restrained ring tests showed that MgO concrete specimen delayed
shrinkage cracking potential. According to ASTM rings results, MgO concrete specimen
performed cracking under restrained condition at 16 to 23 days while plain concrete specimen
cracked at 10 days. AASHTO ring test results showed that plain concrete specimen performed
shrinkage cracking at 18 to 40 days while MgO concrete specimen did not crack during 40 days
until the test ended.
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CHAPTER 6: PETROGRAPHIC ANALYSES
6.1.INTRODUCTION
Petrographic examination can be used in the investigation of concrete products of any kind,
including masonry units, precast structural units, piling, pipe, and building modules. The
products or samples of those submitted for examination may be either from current production,
from elements in service in constructions, or from elements that have been subjected to tests or
to actual or simulated service conditions.31
The purpose of applying petrographic examination to concrete materials can be to determine
the effects of manufacturing processes and variables such as procedures for mixing, molding,
demolding, consolidation, curing, and handling or to establish whether any other cement–
aggregate reaction has taken place. In addition to alkali-silica, and alkali-carbonate reactions,
these include hydration of anhydrous sulfates, rehydration of zeolites, wetting of clays and
reactions involving solubility, oxidation, sulfates, and sulfides.31
Concrete petrography provides microscopical data being a complementary testing method to
X-ray diffraction, X-ray emission, differential thermal analysis, thermogravimetric analysis,
analytical chemistry, infrared spectroscopy, scanning electron microscopy, energy or
wavelength dispersive analysis, and other techniques.32
Basic instruments that are used for concrete petrography are stereomicroscope, polarized light
microscope, and metallographic microscope. Besides, sample preparation requires equipments
such as Ingram-Ward (diamond-edged) saw, horizontal lap wheel, drying oven, polishing
wheels and grinding plates, silicon carbide abrasives, monocrystalline diamond suspensions,
and microscope slides.32
The usual size of a sample for a thin section is at least one core, preferably 6 in. (152 mm) in
diameter and 1 ft (305 mm) long for each mixture or condition or category of concrete. Cores
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smaller in diameter than 6 in. can be used if the aggregate is small enough; While it is desirable
in examination and testing to have a core three times the maximum size of aggregate. The most
useful samples for petrographic examination of concrete from constructions are diamonddrilled cores with a diameter at least twice (and preferably three times) the maximum size of
the coarse aggregate in the concrete.31
The information provided with the samples should include the location and original orientation
of each specimen, the mixture proportions of the concrete, sources of concrete-making materials
and results of tests of samples thereof, description of mixing, placing, consolidation, and curing
methods, age of the structure, or in case of a structure that required several years to complete,
dates of placement of the concrete sampled, conditions of operation and service exposure, the
reason for and objectives of the examination, symptoms believed to indicate distress or
deterioration.31
For specimen preparation, it is useful to prepare at least one sawed surface by grinding it with
progressively finer abrasives until a smooth matte finish is achieved and to select areas on the
matching opposing surface for preparation of thin sections and specimens for optical, chemical,
X-ray diffraction, or other examinations. Thin section preparation procedure includes slicing
the concrete into 1⁄16-in. (2-mm) thick wafers. It may be necessary to (vacuum) impregnate the
concrete with a (fluorescent dye) epoxy resin before slicing to prevent disintegration. The thin
concrete slices are then mounted on glass slides with epoxy and ground on laps using
progressively finer abrasive until a thickness of 30 μm for a detailed examination of the concrete
in transmitted light.33
The sample is impregnated with a low-viscosity epoxy resin to consolidate it prior to grinding.
The soluble dye can be incorporated in the epoxy resin which makes original cracks, voids, and
porosity clearly visible and differentiates them from any damage which may occur during
subsequent preparation. Yellow fluorescent dyes are widely used for general petrographic work
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because of their high visibility and difference in color from colors produced by the majority of
staining techniques used for petrographic identification of minerals. These dyes also have the
advantage that they can be made to fluorescence and if mixed to a standard specification may
be used for the estimation of water-cement ratio and porosity in concrete.33
Tests that may be made mixing in the as-received moisture condition include compressive
strength, static or dynamic modulus of elasticity, air content by high-pressure meter,
permeability, and freezing and thawing. The stereomicroscope examination reveals additional
details at magnifications from 5× to 150×. Examinations at low magnifications reveal
characteristics of formed, finished, deteriorated, broken, sawed, or ground surfaces. The
samples are organized and oriented in a manner appropriate to the objectives of the
examination. The following information is recorded and clearly marked on the samples:
location in the product unit (top, side, end, interior, etc.); vertical and horizontal directions as
cast or molded; outer and inner ends; position in the product unit during curing period; position
of the sample relative to highly stressed portions of the concrete adjacent to tendon anchorages;
and location in the unit as put in place in construction, etc.33
Characteristics of good concrete thin sections are to have a mounted lower surface free of
abrasive and ground to a smooth matte finish, to have complete peripherical air voids and sharp
boundaries between the voids and surrounding mortar and deposits in voids has to be preserved.
The desirable thickness of the thin sections ranges from about 40 to 20 μm. Thinner sections
may be required for a detailed examination of the cement paste matrix. Thicker section to
preserve fragile deposits in voids such as alkali-silica gel, ettringite, calcium hydroxide, calcite,
aragonite, or thaumasite.31
When finely ground and polished surfaces are compared under the petrographic microscope at
200× magnifications, large differences in the surface roughness can be observed. A wellpolished surface is bright and crisp with sharp edges and good differentiation between
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components. This indicates that observation of a finely ground surface is best restricted to a
good-quality low-power stereomicroscope using magnifications not exceeding 100×.33
According to Bisschop and van Mier, thin section concrete specimen is used in the process to
describe a method to quantify shrinkage microcracking in a young mortar by means of crack
mapping.34 Fluorescence light microscopy has been used in the visualization of the shrinkage
microcracks and results obtained with the microcrack mapping method showed an increase in
the extent of shrinkage microcracking as a function of the hardening time of the young mortar.
In fluorescent thin-sections, microcracks are filled with the fluorescent epoxy and the contrast
of the impregnated microcracks with the adjacent material strongly depends on the porosity of
the cement paste. It is concluded that microcrack mapping can be an aid to quantify shrinkage
microcracking in young mortar utilizing fluorescence light microscopy.34
Drying shrinkage cracks can be imaged by fluorescent thin sections under a fluorescent light
stereo microscope. Fig.6.1 shows the thin section specimen from MgO expansive agent
concrete and the slab from which that thin section has been attained. Fig.6.2 shows drying
shrinkage cracks that propagate from the surface of the plain concrete specimen. The images
were attained from thin section specimen of plain concrete (w/c=0.42) with the fluorescent light
stereomicroscope under UV light.
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Figure 6.1. Thin section specimen and epoxy impregnated concrete slab

a

b

Figure 6.2. Thin section images of plain concrete under the fluorescent light microscope
(lateral length of the imaged area = 2.6 mm)
Fig.6.3 shows uncracked area on the surface of the concrete with MgO expansive agent
(w/c=0.42) obtained with the fluorescent light stereomicroscope under UV light. Drying
shrinkage cracks of MgO concrete that propagate from the surface to inside of the concrete
specimen are less in numbers in comparison to plain concrete. Besides, length of shrinkage
cracking is higher in plain concrete. Consequently, restrained ring results and petrographic
analyses and may be compared and MgO expansive performance can be discussed.
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a

b

Figure 6.3. Thin section images of MgO concrete under the fluorescent light microscope
(lateral length of the imaged area = 2.6 mm)
6.2.THIN SECTION SAMPLE PREPARATION
Thin section sample preperation includes several steps that require specific methods,
instrumentation, and materials. Fig.6.4 shows the main steps of thin section (TS) sample
preparation in an order namely cutting and surface protection, impregnation, grinding, and
polishing.34

Figure 6.4. Procedure for the thin section and ESEM sample preparation 34
First, a small prism of the concrete specimen is obtained by cutting the main concrete core along
the dotted lines shown in Fig.6.4 with a diamond saw. The size of the prism can vary based on
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the particular size of the specimen desired to be prepared. Fig.6.5 shows the first cutting process
of the concrete core with a diamond saw.

Figure 6.5. First cutting process of the concrete core with a diamond saw 36
After the concrete prism is obtained, it is dried in a chamber with the air temperature of 40°C
and relative humidity of 20 to 40 % for 30 minutes to evaporate residual moisture from diamond
saw cutting process. Since liquid lubricants from diamond wired saw may affect the hydration
degree of the concrete specimen, drying procedures are applied several times throughout the
sample preparation procedure.34
The second step is to cut the concrete prism for the second time to acquire two individual prisms
in order to prepare one thin section and one ESEM-sample. Before the second step of cutting,
sides of the prism perpendicular to the direction of the cutting can be protected with plastic
padding to prevent the corners of the sample from damages of further cutting and grinding
processes. Also, the second cutting process is required to be done with a 1 mm thick diamond
saw carefully to decrease the risk of harming the specimen. Fig.6.6 shows the cutting process
of a concrete cylinder with a 1 mm thick diamond saw.34
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Figure 6.6. Cutting process of a concrete cylinder with a 1 mm thick diamond saw 36
Thin section prism can be ground with a 320 grit size sandpaper to remove the scratches and
surface roughness caused by cutting before the epoxy impregnation. After drying the thin
section prism for 30 minutes at 40°C for the second time, thin section specimen was vacuumimpregnated with a fluorescence dyed epoxy. The impregnated sample was stored for 6 hours
at 40°C in an oven to let the epoxy harden. The purpose of this impregnation stage is to hold
weak porous zones around the sand grains, microcracks, and air voids together. Epoxy
impregnated thin section prism is mounted on a glass slide to be cut and ground by IngramWard diamond saw until the thickness of the specimen is decreased to 80 microns. Later, thin
section specimen is hand-grinded and hand-polished to a thickness of 30 microns.34
Before grinding the thin section specimen with Ingram-Ward saw, the concrete specimen can
be sliced down to 2-mm (1⁄16 in.) thick wafers if the concrete is strong. The cleaned and
prepared thin concrete slices are then mounted on glass slides with either epoxy, Canada
balsam, or Lakeside 70.35 Fig.6.7. shows an epoxy coated concrete specimen that is mounted
on a glass slide by an adhesive agent.
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Figure 6.7. Epoxy coated concrete specimen being mounted on a glass slide 33
Semiautomatic thin-sectioning machines can trim the excess thickness of the thin section
concrete specimen and grind the section to 50 to 100 μm, leaving little thickness to be removed
by hand lapping.35 Fig.6.8 shows a semiautomatic thin section machine produced by Pelcon,
Denmark. Ingram-Ward diamond wired saw is placed on the left side of the machine and that
piece is used for cutting the relatively thick concrete specimen at the early steps of the thin
section sample preparation. The high precision automatic grinder is placed on the right side of
the equipment which grinds the relatively thin (50 microns) concrete specimen at the later stages
of the thin sectioning procedure.36

Figure 6.8. Semi-automatic thin section machine 33
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Fig.6.9 shows the grinder and vacuum sample holder pieces of the semiautomatic thin section
machine. That parts of the equipment enable the thin section sample to be trimmed to 50
microns uniform thickness.36

Figure 6.9. Grinding elements of the semiautomatic thin section machine, a) grinder/trimmer
piece, (b) vacuum sample holder, (c) and (d) grinder trimming the concrete thin section
Concrete thin section specimen ground to 50 to 100-micron thickness is hand-polished down to
30 microns thickness using progressively finer abrasive. However, detailed examination of the
cement paste in transmitted light requires a thickness not greater than 20 μm. Oil-based
polycrystalline diamond suspension and polishing discs or clothes are used for hand-polishing.
The grain size of 9 microns, 6 microns, 3 microns, 1 micron and 0.25 microns of diamond
suspensions are used in the segmental order to polish thin section specimen and thin down the
concrete gradually. The use of birefringent colors of common minerals in the aggregate, such
as quartz or feldspar, during the final grinding stages, is usually necessary to check the thickness
of the section.35 Mineral species in the concrete thin section have distinctive color differences
at various thicknesses which also enable the identification of the elements. Fig.6.10 shows the
Michel Levy birefringence chart which is used to compare the highest-order interference colors
displayed by the specimen in the microscope to those represented in the chart.36
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Figure 6.10. Michel Levy Birefringence Chart 36

6.3.THIN SECTION CONCRETE SPECIMENS
Concrete thin section specimens were prepared following the sample preparation guidelines
described by ASTM C 856 − 14 ‘Standard Practice for Petrographic Examination of Hardened
Concrete’. The mixture proportions used to cast concrete cores are the same with the mixture
proportions of restrained ring experiments identified in the chapter III previously. Concrete
cubes with the volume of 8 cubic inches were cast using 2 x 2 x 2 cubic inch molds. The concrete
cubes were cured for different length of time in the environmental chamber with a temperature
of 23.0 ± 2.0 °C (73.5 ± 3.5 °F) and relative humidity of 50 ± 4 %. Fig.6.11 shows the expansive
concrete cubes cast for thin section samples.
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Figure 6.11. 2-in. mold and concrete cubes used as cores for thin section specimens
Concrete cube specimens were coded based on their age in the moist room and MgO content.
There are three groups of the specimens based on their curing age being 24 hours, 7 days and
28 days respectively. Also, the specimens were divided into two groups based on being nonexpansive or expansive concrete. As a result, six different groups of the specimen were cast and
each group has 3 identical cubes. Table 6.1 shows the details of each specimen.
Concrete cube specimens were cast and cured using the facilities of CITEL of the Pennsylvania
State University. Each concrete cube was cut into three slices with uniform dimensions. Each
slice of one cube had the dimensions of 2 x 2 x 0.75 cubic inches. Fig.4.12 shows the diamond
wire saw used for cutting concrete cube specimen at CITEL. One slice of each cube was used
to prepare a thin section specimen and the slice with the corresponding surface to the thin
section was used to make an ESEM lap section. Thin section slice is cut further from the bottom
and one side to make the rectangular prism smaller. Thin section prisms had the dimensions of
0.75 x 1.75 square inches and a thickness of 0.75 inches. Fig.4.13 shows the concrete cube and
prisms used for the thin section specimen.
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Table 6.1. MgO content and curing age of 2” cube concrete specimens
Specimen Code

MgO content (% wt. cement)

Moist Curing (days)

P1A, P1B , P1C

0

1

P7A, P7B, P7C

0

7

P28A, P28B, P28C

0

28

M1A, M1B , M1C

5

1

M7A, M7B, M7C

5

7

M28A, M28B, M28C

5

28

Figure 6.12. Diamond wire saw used for cutting concrete cube specimen at CITEL

Figure 6.13. 2” concrete cube and concrete prism used for the thin section specimen
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As shown in Fig.6.13, the top surface of the specimen was marked to indicate a reference point
for orientation which enables the observation of a specific region on microscope. Additionally,
top surface of the concrete is referred as it was the surface exposed to drying.
Concrete slice used for ESEM section had the dimensions of 2 in. x 2 in. x 0.75 in. and it is
shown in Fig.6.14.

Figure 6.14. Concrete slice used for ESEM section with 2” concrete cube
Concrete specimens cast and cut in the designated shapes and dimensions required to be
impregnated by fluorescence dyed epoxy. Concrete samples were vacuum impregnated with
fluorescent epoxy using the facilities of the sample preparation laboratory of Millenium Science
Complex at University Park. Fig.6.15 shows the concrete thin section prisms impregnated with
fluorescence epoxy.
a

b

Figure 6.15. Concrete thin section prisms impregnated with fluorescent epoxy
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Due to the bending and rupture of the Ingram-Ward diamond saw blade in the sample
preparation laboratory of the Millenium Science Complex, a number of thin section specimens
were damaged in further cutting processes and they were reprepared. Also, the lack of
automated thin sectioning machine, compatible hand polishing disks, and oil-based
polycrystalline diamond suspensions in the laboratory required thin section samples to be sent
to a company with the essential facilities and expertise for thin section sample preparation.
Concrete prisms impregnated with fluorescent epoxy were sent to two companies R.J. Lee
Group in Pittsburg, Pennsylvania and Spectrum Petrographics in Vancouver, Washington and
concrete thin sections were prepared in those facilities by professionals.
Fig.6.16 shows the thin section of non-expansive concrete cured for seven days. Each thin
section had a 30 microns thick concrete layer mounted on a 1 mm glass slide. The top surface
of the specimen was marked to indicate the orientation of the inspected region in the specimen
under a microscope. Thin section specimen is used for fluorescence microscopy, polarized light
microscopy, scanning electron microscopy and energy dispersive spectroscopy.

Figure 6.16. Thin section of non-expansive concrete cured for seven days
ESEM section was prepared with a more simpler procedure than a thin section specimen. After
cutting the concrete cube in 0.75 thick slices, ESEM section is polished by 320 silicon carbide
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sandpaper. After vacuum impregnation in fluorescent epoxy, the specimen is ground by silicon
carbide grit with a water-isopar solution on a frosted glass plate. The sequence of silicon carbide
grits size to use for polishing of ESEM lap section was that 60, 120, 320, 600 and 1000. Fig.
6.17 shows the lap section that can be used for fluorescence microscopy, scanning electron
microscopy and energy dispersive spectroscopy.

Figure 6.17. Concrete lap section
6.4.CONCRETE MICROSCOPY
Petrographic thin sections prepared from plain OPC concrete and MgO concrete were used for
fluorescence microscopy and polarized light microscopy.
6.4.1.Fluorescence Microscopy
Fluorescence is a type of luminescence, occurs in gas, liquid or solid chemical systems due to
the mobilization of electrons in the material between energy layers. If a photon from a light
source is absorbed by an electron, that electron advances to the single excited state from ground
state because its energy is increased. Returning to its initial energy state, the electron emits the
photon with a lower energy level and a higher wavelength and the released light is observed as
fluorescence. Fig.6.18. shows the emitted fluorescence lead by the excitation of an electron.37
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Figure 6.18. Jablonski diagram of absorbance, non-radiative decay, and fluorescence 37
According to Brundle et. al., fluorescence is the phenomenon that the molecule exposed to light
source radiates light of a different color than absorbed light.38 As Fig.6.19 shows, a plain
diagram of the fluorescence mechanism, a molecule at the ground state absorbs a photon of blue
light and its electron ascends to excited state due to the energy input. The absorbed energy is
transferred to nearby molecules by collisions and the energy of the excited molecule drops
within 10-8 seconds. However, a major part of the energy decays by the emitting light of a longer
wavelength such as green light and the molecule returns to its ground energy state. While
fluorescein is a common fluorophore that emits green light when stimulated with blue excitation
light, the wavelengths of the excitation light and the color of the emitted light are material
dependent.38, 39

Figure 6.19. Mechanism of fluorescence 38
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In conventional fluorescence microscopy, a fluorescent dyed specimen is illuminated with light
of an appropriate wavelength and an image is formed from the resulting fluorescent light.
Fluorescence microscope utilizes a series of light filtering components to view this
fluorescence. As shown in Fig.6.20, excitation filter, a dichroic mirror, and emission filter are
essential components to observe fluorescent substances in the specimens. The excitation filter
allows short wavelengths to pass as they carry high energy required for excitation of electrons.
A dichroic mirror (beam splitter) reflects shorter wavelengths of light on the sample and induce
excitation of electrons while it allows longer wavelengths to pass such as fluorescence. The
emission filter is also translucent for the light with a distinct wavelength and it allows the light
emitted by the specimen to pass through and reach the detector. Fig.6.20 shows that the
excitation light is blue and the emitted light is green. Blue light passes through excitation filter
and it is reflected the sample by the dichroic mirror (dichromatic mirror) as the dichroic mirror
reflects light shorter than a certain wavelength but transmits light of longer wavelength. Thus,
the blue light from the main source is reflected and passes through the objective to the sample,
while the longer-wavelength green light from the fluorescing specimen passes through both the
objective and the dichroic mirror.38

Figure 6.20. Light path through a fluorescence microscope 38

74

As shown in Fig.6.21, visible light spectrum comprises electromagnetic radiation with
wavelengths ranging from 380 nanometers (nm) on the blue end of the spectrum to about 700
nm on the red end. One-third of all visible light is considered high-energy visible (HEV) or
"blue" light which corresponds to the wavelength of 380 to 500 nm. The majority of fluorescent
microscopes uses blue-violet light since it has a wavelength of 380 to 450 nm.38
As visible light is divided into different colors, UV radiation is also divided into three groups
named UVA, UVB, and UVC. UVC has the wavelength of 100-280 nm and UVB has the
wavelength of 280 to 315 nm while UVA radiation has the longest wavelength of 315-400 nm.
Since the visible wavelength of blue-violet light corresponds to UVA radiation, UV light is
commonly used in fluorescence microscopy applications being the most energy intensive
visible light source.38

Figure 6.21. Electromagnetic Spectrum 39
Fluorescence microscopy is extensively used for biological research since specific molecules
can be tagged with fluorescent substances and they can be viewed and imaged. Some of the
fluorescent substances are listed in Table 6.2. While these materials are colorless or they have
their own colors in daylight, they appear to have another distinctive color under ultraviolet (UV)
light.40
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Table 6.2. Fluorescent substances and their colors under transmitted light and UV light 40
Substance

Transmitted light

UV light

Nigrosine (acid solvent)

Dirty green

Red

Tri-sulfo-acid of induline

Blue

Red

Resorcin (di-azo compound)

Yellow

Vermillion

Amido-pthalic acid

Colorless

Green

Murexide (di-azo compound)

Yellow

Green

Naphthalamine

Colorless

Violet blue

Beta-Naphthole

Brown

Blue

Fluorescence microscopy is used with thin sections of rocks or cementitious specimens for
microstructural examination and imaging purposes. Fig.6.22 shows the fluorescent microscopy
images of a concrete thin section specimen under UV light and white light. Using fluorescence
microscopy, concrete thin section specimen can be tested for its pore size and location, water
to cement ratio, microstructure, fractures, and cracks.

a)

b)

Figure 6.22. Concrete thin section a) under blue light excitation, b) under white light 39
6.4.2.Polarized Light Microscopy
Polarized light microscopy is a method based on placing a polarizer in the light path before the
sample in the same instrument of an optical microscope to study materials characterization. The
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polarizer in the light path vibrates the light in one direction only and facilitates the imaging of
specific properties of materials in specific orientations. While ordinary white light microscope
enables to determine only morphology and size of the specimen, polarized light microscope
provides the examination of further properties of the specimen such as refractive indices and
pleochroism which is the change in color or hue relative to the orientation of polarized light.
Adding the second polarizer, additional properties of the species can be determined such as
birefringence, elongation of the specimen and crystal properties. While ordinary microscope
with additional polarizer pieces provides a decent characterization of the specimen, a polarizing
microscope with essential elements facilitates highly accurate quantitative and intrinsic analysis
such as morphology, crystallography, transparency and opacity, refractive indices, color,
pleochroism, fluorescence, birefringence, melting point, microhardness, etc.38
Light is an electromagnetic wave in which time-varying electric vector (light vector) and
magnetic vector are mutually perpendicular to each other. As shown in Fig.6.23, either of the
electric field and the magnetic field vectors are perpendicular to the direction of the propagation
of the light wave.38

Figure 6.23. Components of a light wave and direction of the propagation of light 38
The phenomenon in which the light electric vector vibrations are confined to a particular
direction in a plane is called polarization. Ordinary white light normally contains a range of
frequencies with all possible phase relationships, and it is unpolarized vibrating in all possible
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planes. Passing through the polarizer, the white light turns to plane polarized light since
polarization vector confined to a plane. Fig.6.24 demonstrates the transverse nature of light
through polarization of light wave using a polarizer.38
Polarizing microscope composed of a detector, lenses and polarizing filters. The first filter
selects a polarization which determines a single orientation among all waves that compose light.
The second filter selects a single orientation once again. When two filters are perpendicular, no
wave can go through the second filter to be detected. If a birefringent sample is positioned along
the light beam, it will split the light by polarization into two rays with different delays. The
second filter allows through only the waves whose polarization was affected by the sample and
the sample becomes visible. Fig.6.25 shows the imaging mechanism and main elements of a
polarizing microscope.41

Figure 6.24. Unpolarized light and its polarization through a filter 38
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Figure 6.25. Components of the polarizing microscope 41
Refractive index is a dimensionless number that is the ratio of the speed of light in a vacuum to
the speed of light passes through a material. It is described as:
n=c/v
where c is the speed of light in vacuum and v is the phase velocity of light in the medium.42
Refractive index is a characteristic property of the material and it is described by Sneel’ s law
of refraction. According to Sneel’ s law,
n1 . sinθ1 = n2 . sinθ2
where θ1 and θ2 are the angles of incidence and refraction, respectively, of a ray crossing the
interface between two media with refractive indices n1 and n2. As shown in Fig.6.26, the light
passing through the interface of two different materials refracts as the angle between the light
ray and the normal to the interface changes by the media.42
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Figure 6.26. Refraction of light at the interface of materials 42
Transparent solid materials such as glass or sodium chloride that have an equal index of
refraction in all directions throughout the crystalline lattice are called optically isotropic. As
shown in Fig.6.27a, sodium chloride has a cubic lattice structure where all of the sodium and
chloride ions are arranged with uniform spacing along three mutually perpendicular axes.
Anisotropic crystals such as calcium carbonate shown in Fig.6.27b interacts with light in a
totally different manner than isotropic crystals. Fig.6.27c represents material with amorphous
structures such as polymers which possess some degree of crystalline order and may or may
not be optically transparent.43

Figure 6.27. Lattice structures: a) isotropic solid, b) anisotropic solid, c )amorphous phase 43
All isotropic crystals have equivalent axes that interact with light in a similar manner, regardless
of the crystal orientation with respect to incident light waves. Light entering an isotropic crystal
is refracted at a constant angle and passes through the crystal at a single velocity without being
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polarized by interaction with the electronic components of the crystalline lattice. Anisotropic
crystals, on the other hand, have crystallographically distinct axes and interact with light in a
manner that is dependent upon the orientation of the crystalline lattice with respect to the
incident light. When light enters the optical axis of anisotropic crystals, it acts in a manner
similar to interaction with isotropic crystals and passes through at a single velocity. However,
when light enters a non-equivalent axis, it is refracted into two rays each polarized with the
vibration directions oriented at right angles to one another, and traveling at different velocities.
This phenomenon is birefraction and is seen to a greater or lesser degree in all anisotropic
crystals.43
Refraction of light through anisotropic crystals is nonuniform since light rays are polarized and
travel at different velocities. Light rays that travel with the same velocity in every direction
through the crystal are described as the ordinary ray while the other ray that travels with a
velocity that is dependent upon the propagation direction within the crystal is described as the
extraordinary ray. The two independent refractive indices of anisotropic crystals are quantified
in terms of their birefringence, a measure of the difference in refractive index. Thus, the
birefringence of a crystal is defined as:
B = |nhigh - nlow|
where nhigh is the largest refractive index and nlow is the smallest.43
Fig.6.28 illustrates a birefringent crystal placed between two polarizers whose vibration
directions are perpendicular to each other. As shown in Fig.6.28, light refracted through the
anisotropic crystal is polarized with the vibration directions of the polarized ordinary and
extraordinary light waves which are oriented perpendicular to each other. White light which
enters the first polarizer advances in the direction of anisotropic crystal specimen as a plane
polarized light. The polarized light is refracted by the anisotropic crystal and it is divided into
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two separate components perpendicular to each other. The second polarizer passes the light
waves that are parallel to the polarization direction of the analyzer. The difference in speed
between the ordinary and extraordinary rays refracted by the anisotropic crystal is termed as
retardation and it is defined as:
Γ=t×B
where t is the thickness of the birefringent crystal or sample and B is birefringence. The
retardation value is affected by sample thickness and magnitude of the birefringence based on
different refractive indices of the species in the sample. Michel-Levy chart can be referred to
identify materials since polarization colors, birefringence, thickness, and retardation can be
correlated using the birefringence chart.43

Figure 6.28. Refracted polarized light passes through polarizers and anisotropic crystals 43
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6.5.RESULTS OF PETROGRAPHIC ANALYSES
6.5.1.Results of Fluorescence Microscopy
Fluorescence microscopy analyses of thin section concrete samples were examined in
Millenium Science Complex of Pennsylvania State University at University Park. The
instrument used for analysis is named Zeiss Axio Zoom Stereomicroscope shown in Fig.6.29.
A total of 18 concrete thin sections prepared from plain and MgO concrete mixtures were
imaged under UV light and drying shrinkage microcracks in those specimens were determined.

Figure 6.29. Zeiss Axio Zoom Stereomicroscope at Millenium Science Complex
Fig.6.30a shows a fluorescence microscopy image of thin section specimen P1A that was
prepared from plain concrete cubes cured in the environmental conditions for 24 hours. Fig.
6.30a shows a drying shrinkage microcrack detected in the central area of specimen P1B and
that microcrack exceeds the approximate of 1000 um in length.
Fig.6.30b shows fluorescence microscopy images of thin section specimen M1A which was
obtained from MgO concrete cubes cured for 24 hours and illustrate no microcracks since the
specimen did not have shrinkage cracking.
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Specimen P7B was prepared from plain concrete cubes cured for 7 days and Fig.6.30c shows
drying shrinkage microcrack located in the central region of the specimen P7B and the crack
exceeds 1400 um in length.
Fig.6.30d shows drying shrinkage microcrack located in the central region of the specimen
M7A which was prepared from MgO concrete cubes cured for 7 days and Fig. 4.30d shows
drying shrinkage microcrack located in the central region of the specimen M7C and the crack
measures 400 um in length approximately.
Specimen P28A was prepared from plain concrete cubes cured for 28 days. Fig.6.30e shows
drying shrinkage microcrack located in the central region of the specimen P28B and the length
of the detected microcrack exceeds 1400 um.
Fig.6.30f shows drying shrinkage microcrack located in the left-hand side of the specimen
M28B and the detected crack is 800 um in length.
Detailed results of fluorescence microscopy images are shown in Appendix B. Fluorescence
microscopy results of thin section concrete specimens showed that MgO concrete was subjected
to shrinkage microcracking as plain concrete specimen was. However, the amount and the
length of microcracks are higher in plain concrete thin sections in comparison to MgO concrete.
Moreover, the severity of microcracking increases in both plain and MgO concrete specimens,
as the curing age increases.
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a)

b)

P1B

M1A

c)

d)

P7B

e)

M7C

f)

M28B

P28B

Figure 6.30. Drying shrinkage microcracks located in the P1B, M1A, P7B, M7C, P28B, and
M28B
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6.5.2.Results of Polarized Light Microscopy
Polarized light microscopy results of six concrete thin section specimens (namely P1A, M1C,
P7B, M7C, P28B, and M28B) are presented. While the cement matrix is seen as a black medium
under crossed polarized light, MgO species and drying shrinkage microcracks were not
distinguished using polarized light microscopy.
Fig.6.37 shows the crossed polarized light microscopy image of specimen P1A that was
prepared from plain concrete cured for 24 hours in the environmental conditions and different
phases such as limestone, quartz, and calcite species are marked in the image.

Figure 6.31. Crossed polarized image of specimen P1A
Fig.6.38 shows the microscopy image of specimen M1C that was prepared from MgO concrete
cured for 24 hours in the environmental conditions. The phases observed under polarized light
are similar to that of plain concrete such as limestone, quartz, and calcite species in the cement
paste. Fig.6.39 shows the crossed polarized light microscopy image of specimen P7B that was
prepared from plain concrete cured for 7 days in the environmental conditions. Mica species
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which is the composite material of aluminum silicate sheets and minerals such as K, Mg, Li,
and Fe residing in the crystals of quartz are shown in Fig.6.39.

Figure 6.32. Crossed polarized image of specimen M1C

Figure 6.33. Crossed polarized image of specimen P7B
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Figure 6.34. a) Plain polarized, b) Crossed polarized image of specimen M7C
Fig.6.40 shows both plain and crossed polarized light microscopy images of specimen M7C
that was prepared from MgO concrete cured for 7 days in the environmental conditions. Fig.
4.40a shows an image of quartz species under plane polarized light while Fig.4.40b shows exact
the same region under crossed polarized light. As seen in Fig.4.74b, crossed polarized mode
enables the identification of mica species on quartz particles although most species in the
cementitious materials appear the same color under plane polarized light.
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Figure 6.35. Crossed polarized image of specimen P28B

Figure 6.36. Crossed polarized image of specimen M28B
Fig.6.41 shows the crossed polarized light microscopy image of specimen P28B that was
prepared from plain concrete cured for 28 days in the environmental conditions and different
phases such as quartz and mica species in the specimen are marked in the image. Fig.6.42 shows
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the crossed polarized light microscopy image of specimen M28B that was prepared from
concrete with 5% MgO expansive admixture cured for 28 days in the environmental conditions
and different phases such as limestone, quartz, and calcite species are marked in the image.
Polarized light microscopy results showed that both plain and MgO concrete thin sections
constitute similar species such as limestone, quartz, calcite, and mica species. MgO species
were not observed under polarized light while shrinkage microcracks were not clearly visible
under plane polarized light as well.
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CHAPTER 7: SCANNING ELECTRON MICROSCOPY
7.1.INTRODUCTION
The Scanning Electron Microscopy (SEM) is an analytical imaging method used when optical
microscopy can not provide sufficient resolution. SEM instrument is capable of high
magnification up to 100,000 times, and elemental analysis for chemical mapping of the sample.
Size of the sample that can be tested by SEM may be smaller than 0.1 mm or larger than 10 cm.
Also, specimens tested by SEM are coated with a conductive film and they are vacuum
compatible.38
Main components of an SEM instrument are a vacuum chamber, electron gun, accelerating
anode, focusing magnet (electromagnetic or condenser lens), scanning magnet (scanning coil
or objective lens), backscattered electron detector, secondary electron detector, an X-ray
detector, sample stage and sample chamber. Fig.7.1 shows the scheme of the main elements of
the Scanning Electron Microscope.

Figure 7.1. Elements of Scanning Electron Microscope 38
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SEM method uses electron interaction with the specimen to create an image. Electron gun
placed on top of the electron path is the main source of the electron beam. Electron gun contains
a filament (emitter) that is made out of lanthanum hexaboride (LaB6) crystal, tungsten crystal
or tungsten wire. Electron gun uses heat or electrical field to excite and pull off electrons from
the filament to produce an electron beam.38
Accelerating anode is positively charged and negatively charged electrons from the electron
gun are attracted and driven along the electron path due to the magnetic field produced by the
anode. Lenses placed on the electron path are electron magnets that correct the electron beam
and direct the beam toward the specimen. The difference in the magnitude of the electrical field
in lenses along the electron column facilitates the movement of electrons to the specimen.
Specimen stage is also positively charged which facilitates the movement of the electrons in
the direction of the focused specimen.38
Electron beam hit upon the specimen leads the interaction of electrons between the atoms of
the specimen and incident beam. Atoms of the specimen absorb the energy from bombarded
electrons of the incident beam and release their own electrons. As a result, two types of electrons
namely secondary electron and backscattered electron and X-ray photons are emitted from the
specimen.38
Secondary electrons released from the atoms of the specimen are attracted by positively charged
secondary electron detector and the information is used to form an image on the computer
screen. Backscattered electrons are the reflected electrons from the surface or deep in the
specimen and they are collected by the backscattered electron detector. Fig.7.2 illustrates
electrons and X-ray photons emitted from the specimen subjected to the electron beam.38
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Figure 7.2. Electrons and X-rays emitted from the specimen due to the electron beam 38
Secondary electrons are mainly surface electrons and they provide the topographical
information about surface features. Backscattered electrons are emitted from relatively deeper
in the specimen or they do not escape the specimen being absorbed by atoms and inducing Xray emissions. Backscattered electrons provide the information of the topography and atomic
numbers of the species in the imaged region. X-ray emissions are identified by X-ray detector
and employed for compositional analysis of the imaged region of the specimen. Auger electrons
can provide surface sensitive compositional information. Fig.7.3 shows the sequence of
secondary electrons, backscattered electrons, Auger electrons and X-ray emission in depth of
material on a teardrop diagram. 38

Figure 7.3. Teardrop diagram that shows electrons emitted from the surface of the specimen 38
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The x-ray detector is used for elemental detection in the SEM and it produces an output signal
that is proportional to the number of X-ray photons in the area under electron bombardment.
Energy Dispersive X-Ray Spectroscopy (EDS) instrument is attached to the SEM and X-ray
energy data obtained from the surface of the specimen is displayed for elemental analysis. The
detector is adjusted to pass only a range of pulses corresponding to a single X-ray spectral peak
that is characteristic of a particular element. While an SEM image of an analyzed region of the
specimen is displayed on the screen, a histogram of counts versus X-ray energy and an
elemental map of the same region are attained simultaneously.38

5.2.SEM AND EDS RESULTS OF PLAIN CONCRETE SPECIMEN
Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy tests were
performed using the facilities of Millenium Science Complex of Pennsylvania State University
at University Park. Environmental SEM (ESEM) instrument Quanta 250 in Millenium Science
Complex was employed for both microstructural imaging and elemental analysis.
30-micron thin section concrete specimens were coated with 5-nanometer Iridium prior to
imaging to reduce charging while SEM/EDS analysis. The instrument was set to 50 kV energy
and backscattered mode for the operation. SEM imaging and elemental mapping results of thin
section specimens were recorded for the research. A total of two thin section specimens were
tested for SEM/EDS analysis.
Fig.7.4a shows the backscattered Scanning Electron Microscope (BSEM) image of a thin
section specimen with the sample code of P7A obtained from 2 in. plain concrete cube cured
for 7 days in environmental conditions while Fig.7.4a shows the EDS image of the same
specimen with the same scale. The imaged region represents a shrinkage crack formed on the
right-hand side of the central region of the specimen P7A. BSEM image shows different species
in that specific region of the specimen in grayscale while EDS image shows various elements
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in different colors on the same image with an identical scale. The area marked with an arrow in
both EDS and BSEM images represents the region rich in Mg content displaying hydrated and
unhydrated MgO particles in different tones of gray in BSEM image. Moreover, that same MgO
region shown in red in EDS image enables the distinction of MgO species in the cement matrix.
It is shown in Fig.7.4 that MgO intensive region was not subjected to shrinkage cracking unlike
the rest of the imaged region of the plain concrete specimen. EDS analysis shows that the weight
ratio of Mg species in the imaged area of the specimen P7A is 1.11%. Detailed explanation of
SEM/EDS image results of plain concrete thin section specimens is in Appendix C.
SEM/EDS results of plain concrete thin section specimen P7A showed that shrinkage
microcracks are encountered in the cement paste of non-expansive concrete and severe
microcracking was observed In the regions with low Mg species. Mg species imaged by the
SEM/EDS analyses of P7A were formed by the hydration of plain OPC concrete without
additional MgO concrete.
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a)

b)

Figure 7.4. a) BSEM, b) EDS results of thin section specimen P7A (right center crack 1)
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5.3.SEM AND EDS RESULTS OF MGO CONCRETE SPECIMEN
Fig.7.5 shows SEM and EDS images of the left-hand side of the central region of thin section
concrete specimen M7B prepared from MgO concrete cubes cured for 7 days in environmental
conditions. As shown in Fig.7.5a, imaged area of the specimen is free of drying shrinkage
cracking and EDS results show that the weight ratio of Mg species in the imaged region is
3.77%. Rectangular boxes in Fig.7.5a show both hydrated and unhydrated Mg species in the
cement matrix. As it is shown in Fig.7.5b, Mg species are represented in red in the EDS image
and corresponding areas in the SEM image shows both hydrated and unhydrated Mg species in
the cement matrix. Hydration products of MgO expansive admixture are adjacent to the
unhydrated Mg particles and they are clustered in the same area. Mg(OH)2 species are formed
on MgO particles and they are seen as a darker field in the same Mg region. Breaking in the
clusters of Mg species due to the expansion of the hydrated MgO particles are also seen in this
marked area. As seen in the SEM image, no drying shrinkage microcracks have been detected
in the imaged area since hydrated Mg species provided expansion in the cement matrix.
Detailed explanation of SEM/EDS images of MgO concrete thin section specimens is in
Appendix D.
SEM/EDS images of thin section specimen M7B obtained from concrete with 5% MgO
expansive admixture showed low shrinkage microcracking and high ratio of Mg species in the
cement paste. Expansion capacity of cement paste reduces the microcracks as the hydration
product of MgO expansive agent induced the expansion in the cement paste. Expansion of
hydrated MgO was imaged as Mg rich region in the cement past showed swelling and breaking
apart. Moreover, hydration products of MgO were distinguished in the confined region of Mg
species as relatively darker fields in the image.
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a)

b)

Figure 7.5. a) BSEM, b) EDS results of thin section specimen M7B (left center region 1)
According to Mo et. al, alkali effect on the hydration of MgO expansive admixture influences
supersaturation, hydration rate, nucleation and growth, and the morphology of hydration
products Mg(OH)2. High concentration of OH- in the pores of cement paste reduces the
diffusion distance of Mg2+ and Mg(OH)2 is formed locally in the confined site of MgO particles.
Hence, hydration products Mg(OH)2 accumulate on the surfaces, boundaries and interior pores
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of MgO grains and the expansion of MgO particles is induced by the hydration products. Selfexpansion of hydrated MgO particles is restrained by surrounding cement matrix and expansive
stress on the MgO species increases. As a result, sintered MgO particles embedded in cement
matrix break apart due to the expansive stress while cement matrix is expanded by the hydration
products Mg(OH)2 formed in the confined area of MgO expansive admixture. As shown in
Fig.7.6, MgO expansive admixture (MEA) particle surrounded by cement matrix is displayed
as a restrained and relatively darker field in the SEM image. Besides, hydration products of
MgO particles are seen in dark gray while unhydrated MgO species are displayed in light gray
in the SEM image.6

Figure 7.6. Backscatter SEM image of MEA particle embedded in cement paste 6
According to SEM and EDS results of thin section specimens P7A and M7B, MgO concrete
specimen displayed fewer drying shrinkage microcracks than the plain concrete specimen. MgO
concrete exhibit uncracked cement matrix due to the expansion of MgO admixture while SEM
images of plain concrete show large drying shrinkage cracking in the areas with low Mg
content. SEM images of MgO concrete specimen M7B display that particles of MgO expansive
admixture confined in the cement matrix exhibit hydration products of MgO formed in the
cluster of Mg region and hydration products lead to the cracking of the MgO particle due to
self-expansion.
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CHAPTER 8: SUMMARY AND CONCLUSION
The primary purpose of the study was to define and compare shrinkage cracking potential of
OPC concrete and the same concrete mixture with 5% MgO expansive admixture added. Two
mixture designs identical in all proportions except MgO content were compared in restrained
rings tests per ASTM C1581 and AASHTO PP-34. The effect of the MgO expansive admixture
on microstructural development of concrete was tested using petrographic methods such as
fluorescence microscopy and polarized light microscopy as well as scanning electron
microscopy and energy dispersive spectroscopy. The effect of MgO expansive admixture on
the fresh properties of concrete was tested by the slump, temperature, air content, unit weight,
time of setting and compressive strength tests.
The following conclusions can be made from the test results:
1) MgO expansive agent enhances the performance of concrete by mitigating drying
shrinkage cracking. Restrained ring test results of both ASTM and AASHTO showed
that addition of MgO expansive admixture delayed the cracking in time. Moreover,
microstructural results of the MgO concrete specimens displayed reduced
microcracking compared to plain concrete. While plain concrete tested via ASTM rings
showed cracking under restraint at 10 days, MgO concrete specimen tested by ASTM
rings showed restrained cracking at 16 to 23 days which is considered to be moderately
low potential for cracking. AASHTO ring test results showed that plain concrete
specimens showed shrinkage cracking at 18 to 40 days while MgO concrete specimens
did not experience cracking for 40 days until the test ended.
2) Microstructural results showed that concrete with 5% MgO experienced less cracking
than plain concrete. Fluorescence microscopy results on thin section concrete specimens
confirmed those findings. Shrinkage microcracks propagating on the drying surface into
the specimen observed on MgO concrete thin section specimens were relatively shorter
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and lower in amount than plain concrete thin section specimens. SEM/EDS image
results showed that MgO concrete experienced less microcracking than plain concrete
as hydration products of MgO induced expansion of cement paste and reduced
microcracking. Mg rich regions in the thin section specimens showed lower shrinkage
microcracks, as hydration products of MgO expansive admixture were formed in the
confined region of MgO particles and they induced self-expansion resulting in swelling
and breaking of MgO group apart. Polarized light microscopy results did not show
shrinkage cracking or hydration products of MgO.
3) OPC concrete with 5% MgO expansive admixture shows insignificant difference in
fresh concrete properties in comparison to plain concrete. Temperature test results of
fresh MgO concrete were relatively lower than that of plain concrete as lower heat
generation of MgO expansive admixture during hydration may have reduced the
temperature of fresh MgO concrete. Unit weight, air content, time of set and
compressive strength test results of concrete with 5% MgO expansive admixture were
similar to plain concrete specimens. Slump test results of MgO concrete was determined
to be relatively smaller than that of plain concrete specimen. Since the slump and
workability of concrete mixture is affected by the parameters such as the type and
quantity of supplementary cementitious materials and admixtures, fineness of powders
and densification of cement paste by admixtures, slump reduction of MgO concrete
specimen can be related to the addition of MgO expansive agent.44 As MgO concrete
has the same mixing procedure and mixture proportions with plain conrete except the
addition of MgO expansive agent in the 5% of the weight of cement, slump reduction
may be referred to the densification of cement paste as a result of added MgO expansive
agent.
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This research combined examination of shrinkage cracking potential and microstructural
analyses of OPC with MgO expansive admixture by performing restrained rings tests and
utilizing petrographic methods. Main finding of this study is that shrinkage cracking potential
of OPC under restraint conditions is reduced by the expansion capacity of MgO admixture.
Results of microstructural analyses showed that expansive characteristic of MgO reduced
microcracking of cement paste and concrete.
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APPENDIX A
MIXTURE PROPORTIONS OF CONCRETE BATCHES
A.1. Amount of raw materials used in one batch of ASTM restrained ring tests
Material ASTM

Weight per one batch (lbs)

Weight per one batch (kg)

Cement

24.42

11.07

Water

10.38

4.71

Coarse Aggregate

46.08

20.90

Fine Aggregate

41.36

18.76

Super Plasticizer

1.52 fl. oz

45.0 ml

1.221

0.554

MgO Expansive Admixture

A.2. Amount of raw materials used in one batch of AASHTO restrained ring tests
Material AASHTO

Weight per one batch (lbs)

Weight per one batch (kg)

Cement

53.39

24.21

Water

22.43

10.17

Coarse Aggregate

99.53

45.14

Fine Aggregate

89.33

40.51

Super Plasticizer

3.31 fl. oz

98.0 ml

2.67

1.21

MgO Expansive Admixture
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APPENDIX B
RESULTS OF FLUORESCENCE MICROSCOPY
B.1 shows a fluorescence microscopy image of thin section specimen P1A that was prepared
from plain concrete cubes cured in the environmental conditions for 24 hours. As shown in B.1,
the center region of the specimen P1A has a drying shrinkage microcrack which approximates
600 um(micrometers) in length that propagates from the surface of the specimen into the cement
matrix. B.2 shows another drying shrinkage microcrack located in the same central area of the
thin section specimen P1A and that microcrack approximates 600 um. B.3 shows first drying
shrinkage microcrack located in the left-hand side of thin section specimen P1A which
approximates 1500 um. B.4 shows second drying shrinkage microcrack located in the left-hand
side of thin section specimen P1A which approximates 800 um.

B.1. 1st drying shrinkage microcrack located in the central area of specimen P1A
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B.2. 2nd drying shrinkage microcrack located in the central area of specimen P1A

B.3. 1st drying shrinkage microcrack located in the left-hand side of specimen P1A
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B.4. 2nd drying shrinkage microcrack located in the left-hand side of specimen P1A

B.5 shows a fluorescence microscopy image of thin section specimen P1B that was also
prepared from plain concrete cubes cured in the environmental conditions for 24 hours and it
illustrates a shrinkage microcrack in the central region of P1B that is 200 um in length. B.6
shows second drying shrinkage microcrack located in the central area of specimen P1B that
approximates 1000 um in length. B.7 shows third drying shrinkage microcrack detected in the
central area of specimen P1B and that microcrack exceeds the approximate of 1000 um in
length. B.8 shows fourth drying shrinkage microcrack detected in the central area of specimen
P1B and the microcrack approximates 800 um in length.
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B.5. 1st drying shrinkage microcrack located in the central area of specimen P1B

B.6. 2nd drying shrinkage microcrack located in the central area of specimen P1B
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B.7. 3rd drying shrinkage microcrack located in the central area of specimen P1B

B.8. 4th drying shrinkage microcrack located in the central area of specimen P1B
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B.9 shows a fluorescence microscopy image of thin section specimen P1C that was prepared
from plain concrete cubes cured in the environmental conditions for 24 hours and it illustrates
a drying shrinkage microcrack detected in the central region of the specimen that lengths 450
um approximately. B.10 shows second drying shrinkage microcrack located in the central area
of specimen P1C which is nearly 800 um in length. B.11 shows first drying shrinkage
microcrack located in the left-hand side of specimen P1C and the crack is 750 um in length
approximately. B.12 shows second drying shrinkage microcrack located in the left-hand side of
specimen P1C that lengths 400 um. B.13 shows third drying shrinkage microcrack located in
the left-hand side of specimen P1C which approximates 400 um.

B.9. 1st drying shrinkage microcrack located in the central area of specimen P1C
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B.10. 2nd drying shrinkage microcrack located in the central area of specimen P1C

B.11. 1st drying shrinkage microcrack located in the left-hand side of specimen P1C
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B.12. 2nd drying shrinkage microcrack located in the left-hand side of specimen P1C

B.13. 3rd drying shrinkage microcrack located in the left-hand side of specimen P1C
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B.14 and B.15 show fluorescence microscopy images of thin section specimen M1A which was
obtained from MgO concrete cubes cured for 24 hours and both illustrate no microcracks since
the specimen did not have drying shrinkage cracking. B.16 shows drying shrinkage microcrack
located in the right-hand side of specimen M1B that approximates 400 um in length. B.17 shows
drying shrinkage microcrack that is 400 um in length detected in the left-hand side of specimen
M1C.

B.14. Central region of specimen M1A that is free of microcracks
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B.15. Left-hand side of specimen M1A that is free of microcracks

B.16. Drying shrinkage microcrack located in the right-hand side of specimen M1B
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B.17. Drying shrinkage microcrack located in the left-hand side of specimen M1C

B.18 shows drying shrinkage microcrack located in the central region of the specimen P7A
which was prepared from plain concrete cubes cured for 7 days and detected microcrack is 300
um in length. B.19 shows drying shrinkage microcrack located in the left-hand side of the
specimen P7A and the microcrack approximates 300 um in length. B.20 shows second drying
shrinkage microcrack located in the left-hand side of the specimen P7A and the microcrack
lengths 80 um approximately.

118

B.18. Drying shrinkage microcrack located in the central region of the specimen P7A

B.19. 1st drying shrinkage microcrack located in the left-hand side of the specimen P7A
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B.20. 2nd drying shrinkage microcrack located in the left-hand side of the specimen P7A

B.21 shows drying shrinkage microcrack located in the central region of the specimen P7B and
the crack exceeds 1400 um in length. B.22 shows drying shrinkage microcrack located in the
right-hand side of the specimen P7B and the crack is 1000 um in length approximately. B.23
shows drying shrinkage microcrack located in the right-hand side of the specimen P7C and the
crack approximates 700 um in length.
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B.21. Drying shrinkage microcrack located in the central region of the specimen P7B

B.22. Drying shrinkage microcrack located in the right-hand side of the specimen P7B
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B.23. Drying shrinkage microcrack located in the right-hand side of the specimen P7C

B.24 shows drying shrinkage microcrack located in the central region of the specimen M7A
which was prepared from MgO concrete cubes cured for 7 days and the crack detected lengths
1200 um approximately. B.25 shows drying shrinkage microcrack located in the left-hand side
of the specimen M7A and the detected crack exceeds 300 um in length. B.26 shows the central
region of the specimen M7B that is free of drying shrinkage microcracks based on fluorescence
microscopy results. B.27 shows drying shrinkage microcrack located in the central region of
the specimen M7C and the crack measures 400 um in length approximately.
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B.24. Drying shrinkage microcrack located in the central region of the specimen M7A

B.25. Drying shrinkage microcrack located in the left-hand side of the specimen M7A
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B.26. Central region of the specimen M7B that is free of drying shrinkage microcracks

B.27. Drying shrinkage microcrack located in the central region of the specimen M7C
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B.28 shows drying shrinkage microcrack located in the central region of the specimen P28A
which was prepared from plain concrete cubes cured for 28 days and shrinkage crack detected
approximates 600 um in length. B.29 shows drying shrinkage microcrack located in left-hand
side of the specimen P28A and detected microcrack approximates 300 um in length.

B.28. Drying shrinkage microcrack located in the central region of the specimen P28A

B.29. Drying shrinkage microcrack located in left-hand side of the specimen P28A
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B.30 shows drying shrinkage microcrack located in the central region of the specimen P28B
and the length of the detected microcrack exceeds 1400 um. B.31 shows drying shrinkage
microcrack located in the left-hand side of the specimen P28B and the length of the microcrack
approximates 10 um. B.32 shows drying shrinkage microcrack located in the right-hand side of
the specimen P28B and the microcrack lengths 800 um connecting to severe shrinkage cracks.
B.33 shows second drying shrinkage microcrack located in the left-hand side of the specimen
P28B that is 600 um in length.

B.30. Drying shrinkage microcrack located in the central region of the specimen P28B
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B.31. Drying shrinkage microcrack located in the left-hand side of the specimen P28B

B.32. Drying shrinkage microcrack located in the right-hand side of the specimen P28B
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B.33. 2nd drying shrinkage microcrack located in the left-hand side of P28B

B.34, B.35, and B.36 show drying shrinkage microcracks located in the central region of the
specimen P28C that are approximately 400 um in length.

B.34. 1st drying shrinkage microcrack located in the central region of P28C
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B.35. 2nd drying shrinkage microcrack located in the central region of P28C

B.36. 3rd drying shrinkage microcrack located in the central region of P28C
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B.37 shows drying shrinkage microcrack located in the left-hand side of the specimen M28A
and the microcrack approximates 700 um in length. B.38 shows drying shrinkage microcrack
located in the central region of the specimen M28B and the length of the microcrack is 800 um
approximately. B.39 shows drying shrinkage microcrack located in the left-hand side of the
specimen M28B and the detected crack is 800 um in length. B.40 shows drying shrinkage
microcracks of three located in the right-hand side of the specimen M28C and they are between
300 to 700 nm.

B.37. Drying shrinkage microcrack located in the left-hand side of the specimen M28A
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B.38. Drying shrinkage microcrack located in the central region of the specimen M28B

B.39. Drying shrinkage microcrack located in the left-hand side of the specimen M28B
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B.40. Drying shrinkage microcracks located in the right-hand side of the specimen M28C

Fluorescence microscopy results of concrete thin section specimens show that both plain
concrete and MgO concrete exhibit drying shrinkage microcracking. However, plain concrete
images demonstrate relatively longer shrinkage microcracks and they are higher in number
compared to shrinkage microcracks observed in the images of MgO concrete. While three of
MgO concrete specimens namely M1A, M1B, and, M7B did not exhibit shrinkage
microcracking, all of the nine plain concrete specimens studied in fluorescence microscopy
showed severe drying shrinkage microcracking correspondingly. Moreover, plain concrete
specimens such as P1A, P1B, P7B, and P28B showed shrinkage microcracks that exceed 1000
nm in length and connected to deteriorated regions in the cement matrix.
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APPENDIX C
SEM/EDS RESULTS OF PLAIN CONCRETE
C.1 shows another region in the right-hand side of the specimen P7A that is subjected to drying
shrinkage cracking. According to the EDS results of the region, weight percent of Mg species
in the imaged area is 1.02%. The five regions marked with rectangular boxes in C.1 represent
Mg dense regions in a slightly darker tone of gray. Hydration products of Mg species in cement
matrix can be distinguished since they are confined in the Mg region in a stronger tone of grey.
C.2 shows SEM and EDS images of the third drying shrinkage microcrack located in the righthand side of the specimen P7A and weight ratio of Mg species in the imaged area is 0.34%. C.3
shows SEM and EDS images of the fourth drying shrinkage microcrack located in the righthand side of the specimen P7A and weight ratio of Mg species in the imaged area is 0.60%. C.4
shows SEM and EDS images of the fifth drying shrinkage microcrack located in the right-hand
side of the specimen P7A and weight ratio of Mg species in the imaged area is 0.81%. C.5
shows SEM and EDS images of the sixth drying shrinkage microcrack located in the right-hand
side of the specimen P7A and weight ratio of Mg species in the imaged area is 0.75%. C.6
shows SEM and EDS images of a drying shrinkage microcrack located in the left-hand side of
the specimen P7A and weight ratio of Mg species in the imaged area is 0.27%.
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a)

b)

C.1. a) BSEM, b) EDS results of thin section specimen P7A (right center crack 2)
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a)

b)

C.2. a) BSEM, b) EDS results of thin section specimen P7A (right center crack 3)
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a)

a)

b)

C.3. a) BSEM, b) EDS results of thin section specimen P7A (right center crack 4)
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a)

b)

C.4. a) BSEM, b) EDS results of thin section specimen P7A (right center crack 5)
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a)

b)

C.5. a) BSEM, b) EDS results of thin section specimen P7A (right center crack 6)
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a)

b)

C.6. a) BSEM, b) EDS results of thin section specimen P7A (left center crack)
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APPENDIX D
SEM/EDS RESULTS OF MgO CONCRETE
D.1 shows SEM and EDS images of another area of the left-hand side of the specimen M7B in
a relatively smaller scale. The weight ratio of the Mg species in the imaged region is 1.62%
based on the EDS results. While Mg dense regions dispersed in the area are displayed in red
color in D.1b, SEM image shown in D.1a illustrates that the field has no drying shrinkage
microcracks.
D.2 shows SEM and EDS images of the left corner area of the specimen M7B and weight ratio
of Mg species in the region is 1.42% according to EDS results. SEM image in D.2a shows
hydrated Mg species in a relatively darker gray than unhydrated MgO particles corresponding
to Mg-rich areas are shown in D.2b in red color. As shown in D.2a, the cluster of Mg dense
region is displayed being fragmented since hydrated MgO particles break the group of Mg
species apart as a result of expansion.
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a)

b)

D.1. a) BSEM, b) EDS results of thin section specimen M7B (left center region 2)
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a)

Hydrated
MgO
species

b)

D.2. a) BSEM, b) EDS results of thin section specimen M7B (left corner region 1)
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D.3 shows SEM and EDS images of another region that has no drying shrinkage cracks in the
left corner of the specimen M7B. The weight percent of the Mg species in the image is 3.50%
according to EDS results and drying shrinkage cracking is not seen in this imaged area of the
specimen. As shown in D.3a, SEM image of the Mg region marked with arrows displays both
hydrated and unhydrated MgO species in the same clustered area. While hydrated particles of
MgO expansive admixture are seen in a dark gray color in the SEM image, unhydrated MgO
particles are also distinguished in the same confined area in a light gray color.
D.4 shows SEM and EDS images of another region in the left corner area of specimen M7B.
According to EDS results, weight percent of Mg species is 2.66% in the imaged area shown in
D.4 that displays Mg-rich regions in the cement matrix without drying shrinkage cracking. As
shown in D.4a, MgO regions displayed in the rectangular boxes represent hydration products
of MgO particles that break the group of MgO particles apart due to the expansion of Mg(OH)2.
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a)

Unhydrated MgO
Hydration products
of MgO

Unhydrated
MgO
Hydration products
of MgO

b)

D.3. a) BSEM, b) EDS results of thin section specimen M7B (left corner region 2)
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a)

b)

D.4. a) BSEM, b) EDS results of thin section specimen M7B (left corner region 3)
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