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Abstract
The mechanical strength of cement paste is the property of the material that is most obviously
required for structural use. The strength of mortar or concrete depends on the cohesion of the
cement paste and its adhesion to the aggregate particles. Cement paste consists of two parts,
cement and water. When water is added to cement, it reacts with the cement in what is known as
the hydration process. The scope of this study is to determine the mechanical properties of
hydrated cement paste with respect to the degree of hydration for different water-to-cement
ratios, for developing a molecular macroscopic model for numerical simulations at the nano-
scale. Hydration, compression, elastic modulus, flexure and direct tension tests were performed
to complete this study. Vacuum-sealed dry curing was chosen for the specimens in this
experiment. Results showed that with increased degree of hydration, there was an overall
increase in the compressive strength. However, for the tensile strength, there was an overall
decrease in both flexure and direct tensile strength. This may be the result of the phenomenon
called ‘autogenous’ shrinkage from the method of vacuum-sealed dry curing. This curing method
robs the interstitial water in the pores of the cement gel. The loss of pore water results in an
increase of the capillary tension in the pores. This increase in the capillary tension causes
autogenous shrinkage. To accommodate this shrinkage, the gel cracks or existing cracks extend,
resulting in the loss of tensile strength for increasing curing time. Microscopic observations were
made on the failure planes of beam A.3 to identify any cracking. The cracks observed show that
they have an association with some air void present in the failure plane. Future research must be

conducted for better understanding of this mechanical behavior.



CHAPTER 1
Introduction
1.1 Background

The mechanical strength of hardened cement paste is the property of the material that is
perhaps most obviously required for structural use. Therefore, it is not surprising that strength
tests are prescribed by all specifications for cement. The strength of mortar or concrete depends
on the cohesion of the cement paste, on its adhesion to the aggregate particles, and to a certain
extent on the strength of aggregates itself.

Cement paste is a material based on only two parts, which are water and cement. The
properties of cement paste are relatively well known, particularly the compressive strength,
which depends on the water/cement ratio. The water content in the cement paste is equally as
important for the compressive strength. When increasing the amount of water in the cement
paste, it allows increases of the degree of hydration of the cement paste.

Concretes creep, construction behavior, are important material properties of cement paste
for mathematical simulations. Modulus of elasticity and compressive strength are parameters
used for modeling of construction. Other properties used are temperature, humidity, creep and
shrinkage. The strength of cement paste is defined by a maximal resisted stress in compression.
Because cement paste is the basic part of concrete, the knowledge of the paste properties is
important. The cement paste creates the binding material for connection of aggregates. Cement
paste is the product of chemical reactions between the cement and water. When cement reacts
with water, it creates a porous and crystalline structure. For determination of its quality, the
density of the cement paste is one basic parameter. The length of rise time of hardened structures

is usually determined at twenty-eight days after mixing cement with water.



Because of difficulties of molding and testing with the consequent large variability of test
results, strength tests are not normally performed on specimens of neat cement paste. In practice,
a mortar of sand-cement of prescribed proportions is commonly made with specified materials
and under strictly controlled conditions. Specimens of this mortar are used for the purpose of
evaluating the strength properties of cement. There are three main types of strength tests:
compression, direct tension, and flexure. The latter determines in reality the tensile strength in
bending because hydrated cement paste is considerably stronger in compression than in tension.

Generally, materials start to fail at local points and at much lower stresses than those
predicted from considerations on a structural level. Concrete includes imperfections, flaws, and
micro-cracks in the mass; when external loads are applied to the concrete, these features cause
local stress concentrations. It is complicated to apply fracture mechanics to a heterogeneous
material like concrete because there are three phase to concrete; the cement paste, the aggregate
and the paste-aggregate interface. These three phases all have different properties, such as
surface energy. The aggregate is usually stronger than the paste and paste-aggregate interface.
Therefore, one must understand the strengths of these three phases.

The actual strength of hydrated cement paste is much lower than the theoretical strength
estimated on the basis of molecular cohesion, and calculated from the surface energy of a solid
assumed to be perfectly homogeneous and flawless. The discrepancy can be explained by the
presence of flaws. These flaws lead to high stress concentrations in the material under load so
that a very high stress is reached in very small volumes of the specimen with a consequent
microscopic fracture. The average nominal stress in the whole specimen is comparatively low.
The flaws vary in size but it is only the few largest ones that cause failure. Thus, the strength of

hydrated cement paste is known to contain numerous discontinuities, such as voids, pores and



micro-cracks. But the exact mechanism through which these affect the strength is not known.
The voids themselves do not act as flaws, but the flaws may be cracks in individual crystals
associated with the voids or caused by shrinkage or poor bonds.

Whenever a notched cement paste specimen is subjected to an increasing tensile load
whether it is by flexure or direct tension, the overall stress-strain curve will be linear up to a
point when it departs from linearity. Once this happens, it marks the onset of micro- cracking
near the crack tip. The main crack starts to propagate once the surface energy required for the
main crack and the micro-cracks is balanced by the strain energy released. As the main crack
propagates, the size of the micro-cracking area and the energy required for forming it increases.
1.2 Motivation of Present Study

The major reason to undertake the present research project was grounded in the need to
develop results of macroscopic tests to serve as benchmarks for comparison of results of
numerical simulations at molecular and multilevel sizes. The goal of this selection was the need
to reduce the number of parts of the paste that would need to be incorporated in the numerical
simulation. Neat cement paste has two parts, the reacted and the unreacted cement with water
and the free water still present in the gel pores. If sand or aggregate were included would results
in two more parts to be included in the simulation.

1.3 Project Scope and Objective

The scope of this study is to determine the mechanical properties of hydrated cement
paste with respect to the degree of hydration for different water-to-cement ratios. Hydration
periods of three days, seven days, fourteen days, and twenty-eight days were chosen to perform
test. For each hydration period (day), a hydration rate will be determined and for that hydration

rate, the mechanical properties will be associated with that rate.



In this study, Type | Portland cement is used. The chemical composition of the cement
used is presented in Table 1.1. The water/cement ratios that were considered are 0.35 and 0.40. A
number of tests were chosen to determine the mechanical properties of the hydrated cement
paste. These tests include the compression test of nominal two-inch-side cubical specimens;
flexure test of nominal 1.5 in x 1.5 in x 6 in prismatic specimens; direct tension test of nominal 1
in X | in briquette specimens; elastic modulus test of four-inch-diameter eight-inch-long
cylindrical specimens.

ASTM standard test methods will be followed each test except for the degree of
hydration. A total of three replicate specimens will be tested for each test method. These
specimens are to be tested for the specified hydration period (number of days) from the day that
the batch is prepared. The load and displacement will be recorded during all the mechanical tests.

The degree of hydration was to be determined on specimens of ten grams of cement. In
this research, the hydration rate will be determined by measuring evaporable water and non-
evaporable water in the cured cement paste. The evaporable water is lost when the cured paste is
heated to 105°C. The evaporable water is held in both capillary and gel pores, also in some
hydrate water from the calcium sulfo-aluminates. The measured amount of water combined
structurally in the hydration products is the non-evaporable water. The non-evaporable water is
determined by ignition of the ground paste specimen in a furnace at 1000°C.

After the degree of hydration is determined and all specimens have been tested, the
mechanical properties for the same curing period will be related to the degree of hydration for

the same curing days, and, thus, establish to the correlation.



Table 1.1

Cement Composition

' @'é,mcos

Cement Mill Test Report
Month of Issue: February 2012

Plant: Harleyville, South Carolina

Product: Portland Cement Type | and Type /II{MH)
Silo: 9

Manufactured: January 2012

ASTM C150-11 and AASHTO M85-11 Standard Reguirements

CHERICAL ANALYSIS FHYSICAL ANALYSIS

Itern Spec limit Test Result e Spec limit Test Result

Rapid Mathod, X-Ray (CT1s) Air content of mortar (3 (CT85) 12 max T

FiD2 (%) - 207

ATZO3 (%) 6.0 man 5.4 Bialne Finenoss [m2kg) (C204) 260 - 430 A0

Fa20a (%) &.0 max a4

Cal (%) - 64.5 ~325 (W} iCH4In) -— a7.8

Mg (%) 6.0 max 1.0

SO3 (%) 300 mEx im Autpclave expansion (W) ICTST) 0.80 max 002

Leoss an ignitlam (%) 3.0 mag 1.0

Inscksble residus (%) 0.75 max [ 1 Compressive strangth (MPa, [PSE]] {C759)
1 day - 185 [ 2330]
3 days 12,0 [1740] min 25,7 [ 3720}
7 days 19.0 [ZTE0] min 11,1 [ 48007

28 days [Refects provicus menths data) — 44.1 [ 6400]
Time of setting (minutas)

Adjusted Potential Phase Composition/C1506) Vicat Initial [C197) A5 - 3TS BE

E3E (%) - ST

CIE (%) —_ 16 Heat of Hydration (KA, [zalig]) (CT186)

C3A, %) B max 8 7 days {for infoematlon oaly]* - 277 | 660

CAAF W) —_ w0

CASHLTECIA 1) A0 94 Mortar Bar Expansion (%) [G1038;™ .02 max Ra

ASTM C150-11 and AASHTO M35-11 Opifonal Chemical Risquirements:

Matq (%) 0.6 max .49

T May exesed LO0% SO3 maximum based on our CI038 reaults of <0 02% oxpansion st 14 days.
= Current Fraduction run net avatable - most recont provigod. “ma” = not appicables,

Wa cartify that the above described coment, at the tme of shipmont, meets the chemical and physical reguirements

of applicatie SCROT, NCDOT, GDOT, MDOT and VDOT Specilications for Type 1 and Type N{MH) ;

and FDOT 821 Specifications for Type | and Type H{KH);

ASTH C150-11 & AASHTO MES-11 STANDARD SPECIFICATIONS FOR TYFE | AND TYFE Il[MH} CEMENT;

ASTH CT50-11 & AASHTD MES-11 OPTIONAL CHEMICAL REQUIREMENTS FOR TYPES 1 & II[MH) LOW ALKAL! CEMENT.
l Cartilied By:

= Y é} B T

Sean .f. Makens - Frocess & Quality Mgr
Repert ereatod: ZMWZe12

Argos USA - Harleyville Plant
483 Judge Strust, Harleyvills, Scwlh Carclina 25448

Phene: 243 462-TESY

The degree of hydration was to be determined on specimens of ten grams of cement. In
this research, the hydration rate will be determined by measuring evaporable water and non-
evaporable water in the cured cement paste. The evaporable water is lost when the cured paste is

heated to 105° C. The evaporable water is held in both capillary and gel pores, also in some



hydrate water from the calcium sulfo-aluminates. The measured amount of water combined
structurally in the hydration products is the non-evaporable water. The non-evaporable water is
determined by ignition of the ground paste specimen in a furnace at 1000°C.

After the degree of hydration is determined and all specimens have been tested, the
mechanical properties for the same curing period will be related to the degree of hydration for

the same curing days, and, thus, establish to the correlation.



CHAPTER 2
Literature Review
2.1 Hydration and Development of Strength in Cement Paste

Hydrated cement paste is a very complex material that has many phases at the micro and
nano-scales. These features complicate the development of structure-property relationships for
the hydrated paste. The interactions between nano-scale C-S-H particles have key roles when
determining the mechanical properties of hydrated cement paste "HCP" Calcium silicate hydrate
"C-S-H" particles are non-crystalline hydration products in character with large surface areas that
enhance their bonding to each other and to other particles within their reach through Van der
Waals forces.

The first step in theoretical modeling implemented by Ghebrab and Soroushian (2010) is
the morphology and structural arrangement of C-S-H particles, given the binding significance of
C-S-H particles, in order to determine the bond strength between them. Determination of the
elastic modulus of hydrated cement paste considered the effect of relative movement of
neighboring C-S-H globules based on the bond force between them. The term micro-defective
hydrated cement paste is used for conventional cement paste that incorporates capillary pores
and micro-cracks in its microstructure. These micro defects affect the physical and mechanical
properties, which should be accounted for when determining the strength, modulus of elasticity
and fracture toughness. Capillary pores and micro-cracks affect the modulus of elasticity by
reducing the contact area and generating stress concentrations. The capillary pores shape and size
distribution greatly affect the modulus of elasticity.

The first step in modeling the elastic modulus is determining the relationship between

capillary porosity and pore size. The fracture toughness of hydrated cement paste can be



assumed to be linear with respect to porosity. The prediction of the tensile strength of the
hydrated cement paste using Griffith's theory from linear elastic fracture mechanics where one
has to determine the critical crack length. The hardening of Portland cementing materials
generates micro-cracks before the application of loads. These micro-cracks result from the
restraint of thermal and dry shrinkage at early age. The differential shrinkage that exists between
the relatively stiff calcium hydroxide "CH" crystal and the softer C-S-H gel result in the
formation of micro-cracks in the paste.

The research reported by Li and Yang (2005) observed the microstructure and property
evolution in the hydration of cement paste. They established a time-dependent micro-mechanical
model to investigate the microstructure development and the effective property evolution of the
cement paste, while experimental data was the input parameters of the model.

The research on the hydration model of the cement and the microstructural simulation
can be traced back to the mathematical model and computer modeling for the hydration of tri-
calcium silicate "C3S" (Rondo & Ueda, 1968; Frohnsdorff et al., 1986; Pommersheim & Clifton,
1980). However, these researchers worked only for a medium with a single-mineral component.
The attention has been extended to the hydration of media with a single-mineral component,
such as cements since the 1980s. The hydration process of cement is very complex with physical
and chemical interaction.

During the hydration process, as the cement and water is mixed in certain proportion, the
cement particles are surrounded by the hydrated cement gel. The produced hydrated gel shells on
the surfaces of cement particles grow and swell gradually. As the hydration process progresses

and new hydration cement gel is produced, the adjacent shells contact each other and a
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continuous cement paste forms. This results in the hardened cement paste consisting of cement
gels, cement particles and the pores.

The present model does not consider the physico-chemical process of cement hydration.
The effective properties of the hardened cement paste are determined by the properties, volume
fractions and the distribution of the components. In addition, the fractions change continuously
with the degree of hydration. Thus, the effective properties of the cement paste are time
dependent. It is assumed that the cement particles have a 3D spherical structure with the same
radius and a uniform distribution. All of the particles are hydrated at the same rate and embedded
in the cement gel shells with uniform thickness. The present model is time dependent, at the
anhydrous state of the cement, the cement particles are discrete. The cement gel shells on the
surface of the particles are formed and the material keeps discrete at the early stage of hydration.
As hydration progresses, the volumes of gels are growing and the volumes of the pores become
gradually smaller. The cement paste becomes a continuous body once the adjacent clusters make
contact and overlap each other. The discrete statuses of the paste only exist in the early stage of
the hydration and lasts a very short time, usually less than a day.
2.2 Material Properties of Cement Paste

2.2.1 Cement paste in compression. In the study reported by Cao and Chung (2002),
electrical resistivity was used for measurement for nondestructive monitoring, since the
measurement is fast and known to provide damage monitoring of cement paste. Upon damaging,
the resistivity increases (Wen & Chung, 2000). In their work, Type | Portland cement and natural
sand was used. The sand-to-cement ratio was 1 and the water/cement ratio was 0.35. A water

reducing agent was used in the amount of 1% by weight of cement.



11

Compression testing was performed following ASTM C109, where specimens were
prepared using a two-inch-side cube mold. Strain was measured by using a strain gage attached
to the middle of one of the side surfaces of the cube. The strain gage was centered on the side
surface and placed parallel to the stress axis. Testing was implemented in load control on a
hydraulic mechanical testing system (MTS Model 810). Testing was conducted under static
loading until failure. Three different loading rates were used: 0.144, 0,216 and 0.575
MPa/second. For each loading rate, six specimens were tested.

A direct current electrical resistance measurement was recorded in the stress axis, using
the four probe method, in which silver paint and copper wires served as electrical contacts. Due
to the voltage present during electrical resistance measurement, electric polarization occurs as
the resistance measurement is continuously made. The polarization-induced resistance increase,
as separately measured as a function of the time of resistance measurement in the absence of
stress, was subtracted from the resistance measurement change obtained during cyclic loading in
order to correct the effect of polarization. Due to the short time taken for loading up the failure,
the correction was almost negligible.

Results from Cao and Chung (2002) show that the resistivity increases monotonically
with stress and strain, such that the resistivity increase was most significant when the stress or
strain was low compared to the strain or stress at fracture. The resistivity abruptly increases when
the fracture point is reached. The stress-strain curve is linear up to failure for all of the loading
rates, indicating the brittleness of the failure. The higher the loading rate, the lower was the
fractional change in resistivity at fracture and the higher was the compressive strength. The
modulus and ductility essentially did not vary with the loading rate in the range of loading rate

used. However, the modulus did slightly increase and the ductility slightly decreased with
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increased loading rate. The steady increase in resistivity observed at any of the loading rates as
the stress-strain increased indicates the occurrence of a continuous microstructural change. This
involves the generation of defects that cause the resistivity to increase. During the early part of
loading, this is when the microstructural change is most significant. At any strain, the extent of
microstructural change, as indicted by the fractional change in resistivity, decreased with
increasing loading rate. The amount of damage at failure also indicated by the fractional change
in resistivity at failure, decreases with increasing strain rate. Hence, the loading rate not only
affects the failure conditions, but also the damage evolution, all the way from the early part of
loading. A higher loading rate results in less time for microstructural changes, which results in
less damage build-up.

In this experiment, Cao and Chung (2002) concluded that electrical resistivity of cement
mortar increased monotonically with compressive stress-strain up to failure, such that the
increase was more significant in the early part of the loading. An increase in the strain rate
caused the resistivity at any strain level to decrease also it caused the resistivity at failure to
decrease. What this means is the microstructure changed continuously during loading, such that
the change was most significant in the early part of the loading. Further investigation revealed
that at any strain level, the extent of microstructural change decreased with increasing strain rate,
thereby causing the compressive strength to increase with increasing strain rate.

There are common assumptions that the microscopic properties of the fracture surfaces of
porous materials bear information on macroscopic quantities like compressive strength. So far
there have not been clear concepts quantifying such a relation that have been proposed and
verified. A study was reported by Ficker (2012) to assess the capability of fracture surfaces to

provide information about the actual value of compressive strength. It is well known that
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porosity of hydrated cement pastes is mainly a consequence of the water/cement ratio.
Compressive strength of cement pastes is dependent mainly on capillary porosity and the
porosity is a controlling factor of height irregularities of the fracture surfaces. The graphs in the
research proved the existence of a close correlation between compressive strength and the height
irregularities of fracture surfaces of cement pastes specimens.

Compression tests in Padevet and Zobal (2010) experiment used cylindrical specimens
with a diameter of 10 mm and a length of 35 mm. The specimens were made without any
plasticizer at a w/c ratio of 0.4. After mixing, the cement paste was poured into a plastic mold
with length of 100 mm. Then after hardening process was complete, they were cut at a length of
35 mm.

Compression test in Padevet and Zobal (2010) experiment were conducted on cylindrical
specimens one day after finishing heating, The best strength value was achieved for cement paste
CEM I with water/cement ratio of 0.3 at a temperature of 20°C. The lowest strength value
achieved at for CEM Il with a water/cement ratio of 0.5 at a temperature of 600°C which was
shuttered by the influence of temperature. From the test results, it was a visible trend of decrease
of strength with increasing temperature. Compression strength of specimens embodied the
enhancement value at 200°C, Strength values then rapidly decrease up to 450°C. After 450°C,
there is not a rapid fall in strength.

Another test program reported by Majeed (2009), studied the effects of varying
sand/cement ratio and water/cement ratio used on the compression and flexure tests. It consisted
of using twelve mix proportions having different sand/cement ratios and water/cement ratios.
The water/cement ratios used were 0.35, 0.45 and 0.55 and the sand/cement ratios were 1:1.5,

1:2, 1:2.5 and 1:3. Each batch contained three cubical specimens of two-inch-side cubes for
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compressive strength and three prismatic specimens of 1 in x I in x 6 in for flexural strength
tests. All specimens contained the same graded river sand and the fineness modulus of the sand
was 2.86. Type | Portland cement was used for all specimens. Tap drinking water was used was
used for mixing and curing and the temperature of the water was at 25°C. The specimens were
kept in the mold for twenty-four hours from the time of casting and kept in the curing water until
testing at twenty-eight days.

Compression testing followed ASTM C109 using compression test machine (ELE) with a
loading rate ranging from 900-1800 N/second. The testing for the flexural modulus of rupture
followed ASTM C348 using third-point loading test over a span of 200 mm to obtain a zone of
pure bending along the specimen. All specimens were tested immediately after they were
removed from the curing tank.

The conclusions from Majeed (2009), states that an increase in sand/cement ratio leads to
a decrease in compressive strength from 13% to 66% and modulus of rupture from 10% to 45%
of the mortar. The change of water/cement ratio also affects the mortar strength. A water/cement
ratio of 0.45 gives the highest mortar strengths for all sand/cement ratios.

2.2.2 Cement paste in flexure and direct tension. The direct tension test in the past on
briquettes specimens used to be commonly employed but pure tension is rather difficult to apply
so that the results of such a test show a fairly large scatter. The direct tensile strength of cement
is of lesser interest than its compressive strength since structural design mainly exploits the good
strength of concrete in compression. Similarly, flexure strength is usually of lesser interest than
its compressive strength, although in pavements the knowledge of the strength of concrete in
tension is of importance. Today, it is the compressive strength of cement that is considered to be

crucial, and it is believed that the appropriate test on cement is that on cement-sand mortar.
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Prismatic form specimens were prepared for flexure testing and these were placed in a
water basin the second day after being cast. These specimens contained a 2 mm deep notch for
localization of the crack in the flexure specimen. Beams were prepared with dimensions 20 mm
x 20 mm x 100 mm. The main factor for obtaining good strength results for cement paste is
water/cement ratio. Quantity of water used in cement is selected based on the workability of the
cement paste and the strength of hardened cement paste. For their experiment, Padevet and Zobal
(2010) chose three water/cement ratios of 0.30, 0.40 and 0.50. The cement paste becomes more
workable for higher water/cement ratio.

In Padevet and Zobal (2010) research, all sets of specimens for the bending test were
made using both CEM | and CEM II. The specimens made from CEM Il a 2 mm deep notch on
the side of the tension stress. All specimens were heated before testing in the furnace just like the
compression test. Maximum tensile strength for the CEM 1 sets with water/cement ratio of 0.3
was 4.8 MPa. For the CEM 11 sets with water/cement ratio of 0.3, the maximum tensile strength
was 9.5 MPa. Both of these values were from a temperature of 200°C. These values correspond
to approximately one tenth of the compressive strength. Strength values increase for temperature
to about 200°C, but specimens tested at higher temperatures than 200°C lose their tensile
strength. Specimens were impossible to be tested for both CEM | and CEM |11 for water/cement
ratio of 0.50 because they were damaged by cracks.

The advantage of cement paste is the homogeneity. In smaller testing equipment,
homogeneous fine-grained materials are more suitable for testing. In Padevet and Zobal (2011)
experiment, 20 x 20 x 100 mm beam specimens were selected for preparation. Portland cement
CEM 1 42.5R was used for the specimens. Intentions were to not use plasticizer so water/cement

ratios of 0.35, 0.4 and 0.45 were selected. Grout with a water/cement ratio higher than the
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specified limit has high fluidity, which may cause segregation of cement and water. Grout can
also be too rigid and treated by practically no plasticizer. Consistency of water/cement of 0.40
was chosen as a tougher type of cement paste while thinner type of cement paste was defined by
water/cement ratio of 0.45. Once the specimens were cast, the specimens were stored in a water
basin for about thirty days.

The specimens were cured in water and removed two days prior to testing. They were
dried at 60°C for 48 hours. The saturated samples had a weight loss from 11% to 12%. Each
specimen had a notch cut about 7 mm deep into it before testing. The notch width of each
specimen was about 1 mm.

Specimens that were prepared with fly ash and cement paste had a water/cement ratio of
0.40. This water/cement ratio had a good consistency in which there was no separation of cement
and water. The addition of fly ash, which in principle is the non-wetted surface, does not impair
the mixture. However, the mixture is more liquid, but the individual components do not
segregate.

The degree of fluidity of the mixture depends on the quantity of fly ash in the cement
paste for this study. The cement/ash ratio defines the quantity of fly ash, which expresses the
weight of cement to fly ash. In the first set of specimens, there was a 50/50 cement/ash ratio. In
the second set, there was a 40/60 cement/ash ratio used: that is 40% cement and 60% fly ash.

The experiment (Padevet & Zobal, 2011) was carried out on a MTS Alliance RT 30 kN
testing machine. Using relatively small specimens can achieve the desired results for the test
method. Two important parameters for achieving good results are the size and stiffness of the test
specimens. If the stiffness of the testing machine is too small and the specimen is too large, then

there is a snapback and only the maximum load will be achieved without measuring the softness
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of the material. The three-point bending test was performed to measure the fracture energy. The
loading span of the specimen was 80 mm. The notch was located in the middle of the range
below the point of the applied load. Two parameters were required for the assessment of the test;
strength and vertical deflection of the specimen.

The results of Padevet and Zobal (2011) experiment showed that there was a 95%
decrease in strength relative to the maximum achieved strength. During the loading phase, there
is a linear deformation portion of the loading curve. Once the load reached about 90% of the
maximum strength, the deformation of the specimen accelerated.

Specimens whose properties have been experimentally verified at first view did not show
signs of failure but if the focus were on the area of the notch, Padevet and Zobal (2011) would
have seen a typical crack front on the notch directed into the place where the specimen was
loaded.

Increasing the water/cement ratio causes a decrease in fracture energy. Tensile strength in
bending decreases with increasing water/cement ratio. The strength of water saturated specimens
decreased in value by 1 MPa. Similarly, the tensile strength in bending decreased for dried
specimens by 1 MPa.

In the experiment report, Padevet and Zobal (2011) concluded that fracture energy for
water-saturated specimens decreased by 18%, when the water/cement ratio increased from 0.35
to 0.45. The change in fracture energy for the dried specimens was only 5%. The fracture energy
for water/cement ratio of 0.40 for dried specimens showed the highest value of 25.81 N/mm.

2.2.3 Elastic properties of cement paste. Young's modulus and Poisson’s ratio are
important parameters used in structural design and analysis of cement-based materials. The

chemical and physical changes of the cement paste microstructure results in the evolution of
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mechanical properties. Porosity plays a major role in determining the strength, but elastic
properties depend on the intrinsic elastic values of individual components and their
connectedness.

The Modulus of Elasticity in Padevet and Zobal (2010) experiments was determined
during the cube compression test by using an extensometer. The length of measurement was 25
mm. The value for the modulus was calculated for the stress at one third of the compressive
strength and the corresponding value of strain measured. Evolution of the modulus was similar to
the compression strength but only for CEM 1 at water/cement ratios of 0.30 was the maximum
value at temperature of 200°C. Trends for the modulus of elasticity decreased for water/cement
ratios of 0.30 and 0.40. The moduli of elasticity measured for specimens tested at 20°C are very
similar to typical values of concrete. Properties of cement paste can possibly be characterized by
rapid loss of quality over the temperature of 300°C. Moduli are very low at temperatures of
450°C and 600°C. For the specimens prepared with a water/cement ratio of 0.50 was not possible
to measure the modulus of elasticity because the specimens contained opened cracks.

The model of Qing-Sheng and Chun-Jiang (2006) research describes the microstructural
evolution of the continuous cement paste from the contacting state of the shells till the end of the
hydration. The analysis is carried out only for a representative volume element (RVE) for such a
periodic microstructure. The present model uses three parameters, which are the volume
fractions of anhydrous cement particles, cement gel and pores. These parameters can be easily
measured (Igarashi et al., 2004). The experimental data for volume fractions of components
depending on the degree of hydration of the cement have been reported in the existing literature.

The microstructural parameters are determined for a specific degree of the hydration based on
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the experimental measured relations between the volume fractions of components and degree of
hydration.

Considering the evolution of the microstructure and properties of Portland cement in the
hydration process, the material parameters are as follows (Paulini & Gratl, 1995): for the
anhydrous cement, the Young's modulus Ecn=60 GPa, the Poisson's ratio v¢m=0.27; for cement
gel, the Young's modulus Eg=30 GPa, the Poisson's ratio vge=0.21. The range of the degree of
hydration is from a=0.2 up to 0=0.75. This range corresponds to the stage of hydration from less
than 1 day to 91 days.

The results of effective stiffness show that the stiffness of the cement paste increases with
the progression of the hydration process. Although the fraction of anhydrous cement with larger
stiffness decreases and the fraction of the cement gel with smaller stiffness increases, the
effective stiffness of the cement paste increases with the progression of the degree of hydration,
This is a result from the decrease of the pores in cement paste and shows that the fraction of the
pores is an important factor for the effective properties of the cement paste.

Results also show that the Poisson's ratio decreases as the degree of hydration increases.
For the Young’s modulus, results show that it increases when the degree of hydration increases.
On the other note, both the Young's modulus and Poisson's ratio do not relate linearly to the
degree of hydration. The elastic properties of cement paste are time dependent. The elastic
properties can be obtained through the relation between the time and the degree of hydration.
During the early stages of hydration, the hydration rate is very fast, making both the Poisson' s
ratio and Young ' s modulus of the cement paste change dramatically. While the hydration
progresses, the rate of hydration becomes progressively slower so that the elastic properties tend

to stabilize.
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The present model research develops a systematic method for modeling the
microstructure and the effective elastic properties of the cement paste. This simple model is
established based on measured data experimentally and can reflect the microstructural
development of the cement paste in the hydration process. Comparison of the results by Qing-
Sheng and Chun-Jiang (2006) show’s that the present model and results are in good agreement
with experimental data for concrete.

The conclusions from Qing-Sheng and Chun-Jiang (2006) research state that the
hydration of cement is a complicated physico-chemical process. The medium is discrete in the
first stage of the hydration process, which only last a very short time. The volume fractions
change of the components in the cement paste change continuously with the progression of the
hydration process. The microstructure is completely determined at a certain time. The
microstructure is then homogenized and the effective properties can be obtained. The effective
elastic properties and deformation of the cement paste are time dependent. The properties change
dramatically during the early stages of the hydration process. In the last stages of the hydration
process, the effective properties approach their stable values.

2.2.4 Drying shrinkage and cracking behavior in cement paste. Drying shrinkage is
defined as the volume reduction that concrete suffers as a consequence of the moisture migration
when exposed to a lower relative humidity environment than the initial one in its own pore
system. Drying shrinkage of concrete has been given a great deal of attention during the past
century. One of the main factors affecting shrinkage stains is drying-induced micro-cracking.
The mechanisms involved in the drying process are complex and are often interrelated, which is
mainly due to the wide range of the pore size distribution in standard concrete mixes This

determines the different transport mechanisms during drying. The pore system evolves in time as
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a result of hydration and aging. Moisture transport within porous solid involves liquid water as
well as water vapor (Bear & Bachmat, 1991), and mechanisms such as permeation due to a
pressure head, diffusion due to a concentration gradient, capillary suction due to surface tension
acting in the capillaries, or adsorption-desorption phenomena, involving fixation and liberation
of molecules on the solid surface due to mass forces, may act simultaneously within the drying
material.

Capillary tension is the most documented phenomenon in drying porous media. A
meniscus is formed in the capillaries of the hardened cement paste pores when it is drying. This
causes tensile stresses in the capillary water due to surface tension forces. These tensile stresses
are balanced by compressive stresses in the surrounding solid, bringing about elastic shrinkage
strains. This mechanism is supposed to act in the high relative humidity range until
approximately 50%, but since the well-known Kelvin equation fails to explain shrinkage
deformations at low relative humidity it can be explained that the maximum capillary stresses are
reached at a relative humidity of from 40% to 50%.

Environmental factors play a major role on the external conditions of the cement paste.
These factors include humidity level and ambient temperature. The environmental conditions
will determine the severity of the drying process. It is more detrimental when there is a
combination of dry conditions such as low relative humidity and elevated temperatures. A low
ambient relative humidity will produce strong gradients near the drying surface, thus increasing
the drying rate. The effects of temperature are much smaller than that of relative humidity and its
consideration is more important for determining the early age shrinkage strains.

Another factor affecting drying shrinkage is the water/cement ratio, also the content of

water and content of cement. These three factors are interrelated. The effects of the concentration
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of water and cement can be shown to be that the greater the concentration, the greater the
shrinkage deformations. Increasing the amount of water will lead to an increasing amount of
evaporable water, and thus the potentiality to suffer shrinkage strains. On the other hand,
increasing the cement content will obviously lead to a greater shrinkage.

The water/cement ratio determines how much water there is in the cement paste. The
higher the water/cement ratio, the higher the porosity, thus its durability will be poor and the
strength will be lower. Reducing the water/cement ratio will lead to a considerable decrease in
the shrinkage strains and the porosity of the cement paste.

Drying-induced micro cracking is an important aspect when it comes to the effects of the
mechanical properties of concrete. Experiments have shown that excessive drying may cause a
reduction of the Young's modulus and the Poisson's ratio of up to 15% and 25%, respectively
(Burlion et al., 2005, & Yurtdas et al., 2004). Drying shrinkage affects the mechanical properties
of concrete in two ways. First, there is an increase in the strength due to an increase in the
surface energy and the bonding between C-S-H particles. From a geotechnical aspect, there is an
increase in capillary pressure as saturation decreases, and this pressure acts in the material like an
isotropic pre-stress, leading to a stiffening effect. On the other hand, there should be a decrease
in stiffness and strength due to micro-crack formation. For experimental studies that focus on the
influence of drying on the mechanical properties, this may explain why dissimilar results and
high levels of scatter are shown (Yurtdas et al., 2004). These experimental studies were mostly
based on a uniaxial compression test for evaluating the drying effect. It was documented by
Pihlajavaara (1974), that drying induces an increase in compressive strength of up to two thirds
in mortars with a water/cement ratio of 0.60 and a decrease in the elastic modulus (Burlion et al.,

2005).
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Cement paste undergoes a volumetric contraction called drying shrinkage when it is
placed in a low relative humidity environment. The volume of a hydrated cement paste or
concrete specimen is sensitive to its moisture content, which can be controlled by the relative
humidity of the surrounding environment. A contraction is observed called drying shrinkage in
less than 100% relative humidity. Some of the specimens’ volume is regained if the specimen is
re-immersed in water. This portion of the total drying shrinkage is thus called reversible or
recoverable. Correspondingly, some of the deformation is permanent, called irreversible or
irrecoverable. Drying shrinkage is typically non-uniform throughout a sample. This leads to
cracking and warping, which in turn causes durability problems including mechanical or
aesthetic failure, and pathways for the ingress of corrosive ions. The shrinkage component of
concrete is the cement paste. Several characteristics influence the degree of drying shrinkage.
Two of these characteristics include the water/cement ratio and age. These both affect the
amount of capillary porosity, which is known to strongly affect drying shrinkage. The age of a
specimen is also a reflection of how much of the main hydration product C-S-H is present. C-S-
H will shrink upon drying because it is highly porous. Not only is drying shrinkage affected by
the amount of C-S-H present, but by its microstructure as well. Cement paste composition,
curing temperature and chemical and mineral admixtures are possible ways of changing the
nature of C-S-H formed during hydration.

Varying curing temperature and cement chemistry necessarily changes the rate at which a
paste hydrates. Total dry shrinkage is highly dependent on the age of the specimen before drying
for samples cured at 40°C. It is clear that the younger the paste, the more it shrinks during drying

at 50% relative humidity. Reversibility of shrinkage is similarly affected with sample age. A



24

degree of hydration of 0.55, which is equivalent to the 1-day old sample, was chosen as the
standard for further studies because samples of high shrinkage should be analyzed.

Cement paste surface area as measured by nitrogen is dominated by the porosity of the C-
S-H phase in pore radius range of 1-40 nm. This porosity can be broken down into several pore
size components. Pore size distribution is useful in that it can be used to pinpoint which size
range of C-S-H porosity has the strongest relationship to drying shrinkage.

Curing at higher than normal temperature (40°C) has no effect on the type of drying
shrinkage at a relative humidity of 50% for water/cement ratio of 0.45, a=0.55, but at low
temperature curing (2°C) increases total and irreversible drying shrinkage and has no effect on
reversible shrinkage. Higher shrinkages of all types are caused by calcium chloride. Sodium
hydroxide retards the rate of drying shrinkage, but the total value is the equivalent to the control.
It decreases the irreversible component and increases the reversible component.

Juenger and Jennings (2002) concluded that the nitrogen surface area and pore volume as
well as drying shrinkage of cement paste could be manipulated using curing temperature regimes
and chemical admixtures. They made comparisons at a constant water/cement ratio and degree of
hydration because these are known to strongly influence drying shrinkage and may have masked
the subtler effects of curing temperature and chemical admixtures. Observations show that high
surface areas and pore volumes corresponded with high values of total and irreversible drying
shrinkage. Pore volume and surface area was independent of reversible drying shrinkage as
measured by nitrogen. Experimental results suggest that one mechanism may be dependent on
the morphology of C-S-H, which can be chemically manipulated. The C-S-H can be split into

two types (Tennis & Jennings, 2000), one being a high density "HD™" and the other being a low
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density "LD". The HD is inaccessible to nitrogen and perhaps non-shrinking, and the LD portion
may irreversibly shrink during drying at 50% relative humidity.

A special type of shrinkage that has received a lot of attention recently is the autogenous
shrinkage also known as self-desiccation shrinkage (Lura et al, 2003; Schlangen et al, 2004;
Bentz, 2005; Li et al, 2012). This is caused by the loss of pore water to the reaction with the
cement particles, the emptying of the pores induces capillary pressures and these pressures result
in shrinkage of the pore walls. If the specimens are cured in a water bath, the pore water pressure
is replaced and the capillary pressures are not generated, thus, the autogenous shrinkage is not
taking place. During sealed curing (Lura et al, 2003), there are significant drops in the internal
relative humidity in the pores of the curing concrete, and this can result in significant cracking of

the newly formed pore walls.
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CHAPTER 3
Methodology

3.1 Experimental Program

In order to determine the mechanical properties of the cement paste, three types of test
were chosen. The first test was the compression test, to follow ASTM standard C109 (Standard
Test Method for Compressive Strength of Hydraulic Cement Mortars). The next two are the
flexure test to follow ASTM standard C348 (Standard Test Method for Flexural Strength of
Hydraulic Cement Mortars) and the direct tension test to follow AASHTO standard T- 132
(Standard Method of Test for Tensile Strength of Hydraulic Cement Mortars). The last test used
is the elastic modulus test to follow ASTM standard C469 (Standard Test Method for Static
Modulus of Elasticity and Poisson's Ratio of Concrete in Compression).
3.2 Sample Preparation

The neat cement paste mix was implemented using a Hobart mixer following ASTM
standard C305 (Standard Practice for Mechanical Mixing of Hydraulic Cement Pastes and
Mortars of Plastic Consistency). First the cement was mixed with distilled water for each
corresponding water/cement ratio. For this purpose, the amount of distilled water was poured
into the mixing bowl; then the cement was added into the mixing bowl and allowed to absorb the
water for thirty seconds. The mixer was then started at low speed for thirty seconds. Once it
stopped, any paste that was collected on the sides was scrapped down back into the batch for the
next fifteen seconds. After scrapping, the mixer was then started at medium speed for sixty
seconds.

Once the mixing process was completed, the cement paste was poured into the molds

using a rubber scrapper. The molds were then vibrated on a vibrating table for approximately
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five minutes. Vibration was used for compaction of the paste and to decrease any air bubbles that
were present. After the vibrating was complete, the samples were allowed to sit overnight in the
molds for twenty-four hours. All samples were covered with a plastic sheet to prevent any
drying. The samples were then removed from the molds and vacuum-sealed in plastic bags and
placed in a storage container at 26°C for the specified curing time.
3.3 Material Testing

3.3.1 Determination of the degree of hydration. This determination followed a
methodology proposed by Copeland and Hayes (1953). The procedure was the following: about
10 g of cement paste was placed into a plastic wrap, the plastic wrap was folded and then
contents were flatten to about 1-1.5 mm slab thickness of paste. Once flattened, the plastic wrap
containing the mortar was placed inside the water bath at 26°C until the specified curing time.
Upon reaching the specified curing time, the slab of paste was ground to a particle size of sieve
number 40. Then the samples were placed in a crucible, where the crucible was weighed first,
and then the crucible with the sample was weighed. The crucible was then placed in the oven at
105°C for twenty-four hours. Next the sample was taken out the oven and weighed to measure
the amount of evaporable water. Then the sample was placed in the furnace and heated up to
1000°C for eight hours. After furnace, the sample was then taken out and placed in a desiccator
to allow cooling to room temperature and then placed back in the oven at 105°C to evaporate any
water that may have been absorbed from the air. Then the sample was weighed again to measure
the amount of non-evaporable water. Once this measurement was taken, the hydration rate was
calculated.

3.3.2 Mechanical testing. Mechanical testing was performed on a MTS Model 810

testing machine. Three o