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ABSTRACT

MONITORING THE DEVELOPMENT OF PROPERTIES IN FRESH
CEMENT PASTE AND MORTAR BY ULTRASONIC WAVES

Kasap Keskin, Ozlem
Ph.D., Department of Civil Engineering
Supervisor : Prof. Dr. Mustafa Tokyay

Co-supervisor: Assoc. Prof. Dr. I. Ozgiir Yaman

January 2009, 170 pages

The determination and following up the development of properties during the fresh
state and early ages of concrete are important in order to schedule the work and to
obtain the desired properties in the hardened concrete. As the traditional methods
such as Vicat and Penetrometer mostly depend on the experience of the operator
and do not provide a continuous picture of the development of properties, reliable
and objective non-destructive test methods are needed for the quality control of

fresh concrete.

The purpose of this thesis is to observe the development of properties of fresh
pastes and mortars continuously by longitudinal ultrasonic waves. For this purpose,
cement pastes and mortars with three different w/c ratios were prepared with

ordinary portland cement. The ultrasonic pulse velocities were determined

v



continuously during hydration. The setting times were also determined by standard

test methods.

The flexural and compressive strength were determined at 1, 2, 3, 7 and 28 days by
standard test method and the volume of permeable pores were also obtained at the
same ages. Lastly, the heat of hydration of cement pastes of similar w/c ratios were

determined by isothermal calorimetry.

UPV (Ultrasonic Pulse Velocity) development was compared with the results of
standard tests applied on the samples. The results revealed that the UPV is a useful

method in monitoring the hydration process of cementitious materials.

Keywords: Ultrasonic Wave Propagation, Fresh State Properties, Setting Time,

Heat of Hydration
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TAZE CIMENTO HAMURLARI VE HARCLARINDA OZELLIK
GELISIMININ ULTRASES DALGALARIYLA iIZLENMESI

Kasap Keskin, Ozlem
Doktora, insaat Mithendisligi Boliimii
Tez Yoneticisi : Prof. Dr. Mustafa Tokyay
Ortak Tez Yoneticisi: Dog. Dr. I. Ozgiir Yaman

Ocak 2009, 170 sayfa

Betonun taze haldeki ve erken yaslardaki 6zelliklerinin belirlenmesi ve izlenmesi is
zamanlamasi ve istenilen 6zelliklerde sertlesmis beton elde etmek i¢in dnemlidir.
Vicat ve penetrometre gibi standard deneyler, biiyiikk 6l¢iide uygulayan kisinin
tecriibesine dayandigi ve oOzelliklerin gelisimi ile ilgili olarak siirekli bir bilgi
saglayamadig i¢in, taze betonun kalite kontroliinde giivenilir ve objektif tahribatsiz

deney yontemlerine ihtiya¢ duyulmaktadir.

Bu tezin amaci, taze ¢imento hamuru ve harglarinda 6zelliklerin gelisimini basing
dalgalarinin iletimi yoluyla siirekli olarak gozlemlemektir. Bu amagla normal
portland ¢imentosu kullanilarak ii¢ farkli su/¢imento oraninda ¢imento hamurlar1 ve
har¢lart hazirlanmistir. Hidratasyon sirasinda ultrases dalgalarinin hizlart stirekli

olarak belirlenmistir. Priz siireleri de standard yontemler kullanilarak belirlenmistir.

vi



Standard yontemle 1, 2, 3, 7 ve 28 giinlerde egilme ve basing dayanimlar1 ve yine
ayni gilinlerde gecirgen bosluk hacmi Ol¢iilmiistiir. Son olarak ayni su/¢cimento
oranlara sahip ¢imento hamurlarimin hidratasyon isilari izotermal kalorimetre

yontemi ile Ol¢lilmiistiir.
UPV (Ultrases Hizi1) gelisimi, numunelere uygulanan standard deneylerde elde

edilen sonuglar ile kiyaslanmistir. Sonuglar, UPV’nin ¢imento bazli malzemelerin

hidratasyonunun gézlemlenmesi i¢in faydali bir metod oldugunu gostermistir.

Anahtar kelimeler: Ultrasonik Dalga Iletimi, Taze Haldeki Ozellikler, Priz Siiresi,

Hidratasyon Isis1
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CHAPTER 1

INTRODUCTION

1.1 General

Cement-based materials are generally the most widely-used construction materials
throughout the world. When the cementitious material is mixed with water, at the
beginning it is in a plastic and shapeable state. This plastic state is defined as the
fresh state. After the medium loses its plasticity, it starts to gain strength and
rigidity, and this state is defined as the hardened state.

The properties of fresh concrete is one of the most important topics in concrete
technology as the properties of hardened concrete are in close relation to those of
fresh state and the curing conditions. It is obvious that in order to obtain the desired
properties in the hardened concrete, it should have proper properties in the fresh
state and the necessary operations such as mixing, placing, compacting, finishing
and curing should be done appropriately. Control of the early age properties of
cement based materials will lead to a better quality in the later stages.

Additionally, the determination of the properties of fresh concrete is also important
for scheduling the work in construction sites and precast plants. As the concrete is
workable only for a limited period of time, timing for mixing, placing, compacting



and finishing should be arranged properly. Form removal time should also be
scheduled properly so that the structure can carry the construction loads safely.
Therefore, it is indisputable that the determination and following up the
development of properties during fresh state and early ages of concrete is a crucial

issue from both technical and economical points of view.

The most commonly used test methods for determining the properties of fresh
cement paste, mortar and concrete are setting time determination by Vicat
apparatus or Penetrometer; consistency determination by flow or slump tests.
Although these tests are cheap and easy to apply, they mostly depend on the
experience of the operator, they only determine a single property and most
importantly they do not provide a continuous picture of the development of
properties. Therefore, reliable and objective test methods which provide continuous
information about the condition of the medium are needed for fresh concrete.

Non-destructive test methods can be more appropriate for continuous observation
as the specimen is not damaged and they allow testing the same specimen many

times.

Another advantage of non-destructive testing is the possibility of in-situ
application. If the appropriate experimental set-up can be designed, then it may be
possible to apply the test not only in the laboratory but also at the site. As the
environmental conditions and the specimen geometry can be different in laboratory
and on site, in-situ testing is more reliable in determining the properties. It is
known that the rate of cement hydration is affected by the ambient temperature.
Sometimes the specimen geometry may also be important in testing procedure.
Therefore, new and reliable methods for testing the fresh properties of cement

mortar and concrete non-destructively should be developed and standardized.

The investigations for new methods on fresh concrete properties have increased
over the last decade. These new methods may be listed as nuclear magnetic



resonance, electrical methods, impact-echo, acoustic emission, maturity method,
radon exhalation method and methods based on ultrasonic wave propagation
(Grosse et. al, 2005).

Ultrasonic testing method is one of the most widely used non-destructive testing
methods in hardened concrete. The main idea is to send ultrasonic waves from one
point of the material and receive them at another point. The travel time between
these points is measured. Knowing the distance between the measurement points,
the velocity of the ultrasonic waves throughout the medium can be calculated
easily. According to ASTM C 597, ultrasonic pulse velocity method can be used to
control the uniformity and relative quality of concrete, to determine the presence of

cracks and voids and to estimate the crack depth.

Ultrasonic waves have a frequency range higher than 20 kHz, which is beyond the
limits of the human ear. The wave propagates through the medium by small
vibration of particles. Although, it does not give exact information about the
strength of concrete, it is a useful technique for uniformity and quality inspection
of hardened concrete. The ultrasonic waves travelling through a medium give
information about the elastic properties of the medium as the velocity of waves is
directly related to the elastic properties (Krautkramer, 1983). Ultrasonic pulse
velocity is also related to the density of the medium (Neville, 2003). In a material
with high density, ultrasonic pulse wave can propagate faster, which means the

velocity will be higher.

As mentioned before, just after the cement and water is mixed, initially the medium
is in a state like liquid which contains voids. As time passes, the hydration
reactions proceed leading to the gaining of rigidity and strength. The hydration
products fill the pores within the medium. Ultrasonic pulse waves cannot propagate
through the voids. When the wave comes across a void, it cannot pass across the
void, but it passes around it. As a result of increase in hydration products, the
amount of pores decreases within the body. Therefore, as time passes, the total path



that the ultrasonic pulse wave travels decreases leading to an increase in velocity.
Moreover, as the material stiffens, the elastic properties develop in the fresh
cementitious material. As the ultrasonic pulse velocity is related to the elastic
properties and the density of the material, the increase in density and elastic
properties by time will lead to an increase in ultrasonic pulse velocity (UPV).
Therefore, the stages of the hydration process of cementitious materials can be
monitored by following the changes in ultrasonic pulse velocity in time starting just

after the mixing and placing operations.

1.2 Objective and Scope

The purpose of this dissertation is to monitor the properties of fresh cementitious
materials continuously by longitudinal ultrasonic waves in through transmission.
For this purpose, the properties determined by standard test methods were
compared with the development of ultrasonic pulse wave velocity, and the relation
between the results of standard test methods and UPV development was

investigated.

One of the most challenging parts of monitoring fresh cementititous material
properties by ultrasonic test method is the design of a suitable experimental set-up.
The importance of the mold in testing the fresh material by ultrasonic wave
propagation arises due to the necessity of testing the specimen which is still inside

the mold. Firstly, an experimental set-up for UPV measurements was designed.

After the experimental set-up was prepared, cement pastes and mortars with
different water/cement (w/c) ratios were prepared by using CEM 1 42.5 R cement.
Three different w/c ratios (0.5, 0.6, 0.8) were tested.

In cement paste specimens, UPV measurements were taken for 24 hours
continuously right after the paste is placed in the molds. Besides the UPV

measurements, setting time of cement pastes prepared with different w/c ratios



were determined by Vicat needle according to ASTM C 191. In order to observe
hydration process, rate of heat of hydration of cement pastes were also determined
by isothermal calorimetry. Lastly, the ESEM images of pastes with 0.5 w/c ratio

was taken during setting.

In mortar specimens, UPV measurements were taken continuously with a time
interval of 15 minutes for the first 72 hours. Additional UPV measurements were
taken at 7 and 28 days. The setting time of mortar specimens were determined
according to ASTM C 403 by the penetration resistance method. The flexural and
compressive strength of 4*4*16 cm mortar specimens were determined at 1, 2, 3, 7
and 28 days. Lastly, the volume of permeable pores of specimens having
dimensions similar to strength determination test specimens were obtained
according to ASTM C 642 for the 1, 2, 3, 7 and 28 day-old mortar specimens.

As there is no standard for observation of hydration of cement by ultrasonic wave
propagation method, each researcher used his/her own mold dimensions and
frequency ranges; detailed information about which will be given in Chapter 3. In
order to see the effect of dimension of specimen and the frequency used in testing,
different travel path distances and different narrow-band transducers were used for
mortar mixtures. Travel path lengths of 15, 10, and 5 cm were used for determining
the effect of mold dimension for each w/c ratio. Three different frequencies of 54,
82, and 150 kHz were applied separately to each travel path length for mortars

having w/c ratio of 0.5.

Thus, the early age hydration process of cement was monitored continuously by

ultrasonic wave propagation method in conjunction with various standard methods.



CHAPTER 2

THEORETICAL CONSIDERATIONS

2.1 Hydration of Portland Cement

2.1.1 Reactions and Mechanism of Hydration

Cement gains binding property only when mixed with water. The strength and
rigidity gaining of cement are the results of chemical reactions between cement

particles and water, which is known as hydration (Mehta and Monteiro, 2006).

Two mechanisms have been proposed for hydration of portland cement; through-
solution hydration and solid-state hydration. In through-solution hydration, first the
anhydrous compounds of the cement dissolves into their ionic constituents, then the
hydrates are formed in the solution, and lastly the hydrates are precipitated. In
solid-state or topochemical hydration, the reactions occur directly at the surface of
the anhydrous cement compounds. It is proposed that while at the early stages of
hydration the through-solution mechanism is dominant, at later stages solid-state
mechanism may be effective in the hydration of residual cement particles (Mehta

and Monteiro, 2006).

As portland cement consists of several compounds, its hydration process is rather

complex. The hydration process consists of a series of reactions proceeding



simultaneously and successively with different rates, the participants of which are
alite (impure tricalcium silicate), belite (impure dicalcium silicate), tricalcium
aluminate, calcium alumino ferrite, free calcium oxide, alkali sulfates, calcium
sulfate, and mixing water (Odler, 2005). Among these, tricalcium silicate (CsS),
dicalciumsilicate (C,S), tricalcium aluminate (C3;A), and tetracalcium alumino
ferrite (C4AF) are the major compounds of the portland cement. Although it is not
completely correct, in most cases, from a practical point of view, it is reasonable to
assume that the hydration of each cement component occurs independently

(Mindess and Young, 1981).

The stiffening and setting characteristics of cements are mostly controlled by the
hydration of the aluminates whereas the strength development of cement is largely
dependent on the hydration of silicates (Mehta and Monteiro, 2006). Additionally,

the rate of hydration of aluminates is faster than the rate of hydration of silicates.

The total amount of tricalcium silicate (C;S) and dicalciumsilicate (C,S) makes up
approximately 75% of ordinary portland cement. The completed hydration

reactions of silicates are very similar in nature:

2C,S + 6H — C4S,Hs + 3CH (2.1)

2C,S + 4H — C;S,Hs + CH (2.2)

The chemical formula C;S;Hj is not accurate, as the hydrate is variable over quite a
wide range (Mindess and Young, 1981). The major output of these reactions is, in a
more general sense, calcium-silicate-hydrate gel (C-S-H). C-S-H is the major
constituent of hardened cementitious systems and it is responsible for strength
development as well as many other important properties. If 100 parts by mass are
assumed to react according to both reactions separately, approximately similar
amounts of water will be consumed by both silicates, however, amount of CH

produced will be twice and the amount of C-S-H gel will be less in the case of C3S



hydration compared to C,S hydration (Neville, 2003). As the increase in the CH
amount reduces the resistance of cements against acidic and sulphate solutions,
high-C,S cement will have a higher durability compared to high-C;S cement.
Additionally, high-C,S mixtures will also have a higher ultimate strength due to the
higher amount of C-S-H gel produced (Mehta and Monteiro, 2006).

Although the total amount of aluminates in cement is significantly less than the
total amount of silicates, their behaviour in cementitious systems and effect on
concrete properties, especially from durability point of view, is important. The
hydration reaction of C;A with water progresses very rapidly with evolution of a
high amount of heat (Mehta and Monteiro, 2006). Therefore, to slow down the
reaction and to prevent the “flash set” which is the immediate stiffening of the fresh
concrete, a small amount of gypsum is added into the cement composition during
the production (Neville, 2003). When C;A reacts with gypsum and water, one or

both of the following reactions occur:

CsA + 3CSH, + 26H — C4AS;Ha, (2.3)

CsA + CSH, + 10H — C,ASH,, (2.4)

The mineral group containing three molecules of sulphate as the ettringite produced
in reaction 2.3 is labelled as Aft. Additionally, the mineral group containing one
molecule of sulphate as the product of reaction 2.4 is named as Afm. During
hydration of cements, the Aft phase transforms into Afm phase when the gypsum is
completely consumed due to the reduction of sulphate ions in the medium

(Mindess and Young, 1981).

Lastly, the hydration of C4AF with the presence of gypsum is analogous to that of

C;A. In the hydration product, the iron oxide and alumina occur interchangeably in



the compound. The products of this reaction may be written as C,(A, F)SH;, and

(Cs(A, F)S3H3,) (Mindess and Young, 1981).

The hydration process of portland cement can be divided into several stages such as
pre-induction period, induction period, acceleration period and post-acceleration
period. These stages of cement hydration are described below (Odler, 2005;
Mindess and Young, 1981):

Pre-induction period:

This is the stage of dissolution of ionic species into the liquid phase which starts
immediately after cement particles and water come into contact and lasts for only a
few minutes. Alkali sulfates of cement dissolve completely giving K*, Na’, and
SO,4” ions and calcium sulfate dissolves until saturation giving Ca*" and SO,* ions
into the liquid phase. A very small portion of CsS hydrates in this stage forming C-
S-H gels, which precipitates on the surface of cement grains, and thus Ca®" and
OH’ concentration increases and silicate ions are produced. C;A in the cement
dissolves and produces AFt by reacting with Ca*™ and SO,* ions. This also
precipitates at the surface of the cement grains. C4AF reacts similarly to C;A
producing AFt phase. Only a minor portion of C,S hydrates during this stage
producing C-S-H and Ca®" and OH ions. This fast hydration phase is stopped due
to the deposition of hydration products at the surface of cement particles so that a

barrier is formed between non-hydrated cement grains and the solution.

Induction (dormant) period:

After the fast hydration stage, a period of relative inactivity which lasts for a few
hours is seen. In this stage, the rate of hydration reactions slows down significantly.
In the dormant period, the concentration of SO,* ions remains constant, because
the dissolution of additional calcium sulfate compensates for the consumption of

SO4> ions as the result of AFt phase formation. The end of the induction period



and the start of the main reactions is said to be due to the nucleation of the second-

stage C-S-H from the bulk liquid.

Acceleration period:

In this stage, the hydration reactions which are controlled by the nucleation and
growth of the hydration products accelerate again. This period lasts about 3-12
hours depending on the cement composition and curing temperature. The rate of
hydration of C3S accelerates, the hydration of C,S also progresses, and the second-
stage C-S-H phase starts to be produced. The concentration of Ca*" ions declines
gradually as the result of precipitation of crystalline calcium hydroxide. The
concentration of SO42' ions also declines due to the formation of AFt phase and

adsorption of the ions on the surface of formed C-S-H phase.

Post-acceleration period:

Due to the fact that the amount of non-reacted cement decreases and the rate of
hydration starts to be controlled by diffusion, the rate of hydration slows down. As
the result of on-going hydration of C;S and C,S, C-S-H phase continues to
increase. The concentration of SO,> ions decreases after the calcium sulfate is
exhausted. As a result, the AFt phase starts to react with additional C;A and
C2(A,F) by through-solution mechanism producing monosulfate. If there is
sufficient water in the medium, the hydration reactions continue until there are no
unhydrated cement particles. However, this is not the general case in real
applications. After the hydration process has been stopped, an aging of the
hydration products may take place.

Later on, the material has reached its long-term structure, strength and properties.
The stage after the completion of hydration reactions is classified as a fifth period
of hydration process, namely “steady-stage” by some researchers (Schindler et al.,

2002).
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2.1.2 Setting

Setting is a term used to describe the stiffening of the fresh cement paste (Neville,
2003). Stiffening is described as the loss of consistency of the plastic cement paste
(Mehta and Monteiro, 2006). By setting process, the fresh cementitious material is
converted from a liquid state into a solid state. The solidification of the fresh
cement paste does not occur suddenly; instead it requires some time to become
totally rigid. The beginning of the solidification is called initial set, and it describes
the time when the cement paste is not workable anymore. The end of the
solidification is called final set, and it describes the time for full solidification

(Mehta and Monteiro, 2006).

Sometimes abnormal setting of cement may take place in the form of “flash set” or
“false set”. As mentioned in the previous section, flash set is the result of hydration
of C;A in the absence of gypsum. If the amount of gypsum is not sufficient, flash
set occurs with a high amount of heat liberation. This situation is irreversible and
the paste does not gain much strength (Erdogan, 2002). On the other hand, false set
is different from flash set, because no heat liberation occurs and by remixing
without addition of any water, the paste restores its plasticity again. Then the
material sets and gains strength in a normal manner (Neville, 2003). Possible
causes of false set can be dehydration of gypsum when interground with too hot
clinker and carbonation of alkalis of cement during storage (Erdogan, 2002, and

Neville, 2003).

Setting and strength gain are different phenomena. Hydration of cement particles
continues after setting as long as there exist unhydrated cement particles and water
within the medium. As the hydration reactions proceeds, the voids are filled with
hydration products leading to a decrease in porosity and permeability and increase
in strength (Mehta and Monteiro, 2006). Strength gain of a set cement paste is
called hardening (Neville, 2003).
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As the material is only workable up to setting which means mixing, transporting,
placing, compacting and surface finishing processes should be finished before
setting occurs, time required for setting is important. Too short a setting time will
lead to problems in treatment of fresh concrete while too long a setting will lead to
delays in construction. Therefore, knowledge of setting time is required in order to
schedule and apply the processes for fresh concrete properly. Setting time of
cement paste is determined by Vicat apparatus according to ASTM C 191 and the
setting time of concrete is determined by penetrometer according to ASTM C 403.
Actually, in both of the standards, the initial and final setting time values are
described as arbitrarily chosen stages of the setting, by declaring the amount of

penetration values for initial and final setting times, separately.

In the Vicat test, the depth of penetration of the needle under the own weight of the
apparatus into the cement paste is measured. The initial set is said to be occurred
when a penetration depth of 25 mm from the top of the paste is obtained. Final set
is said to occur when the needle of the apparatus no longer penetrates into the

paste.

Setting time test cannot be applied directly to concrete sample, due to the fact that
the presence of coarse aggregate particles may violate the penetration resistance
readings. Therefore, the test is applied on the mortar part of the concrete sample
which is obtained by sieving through a No 4 sieve to separate the coarse
aggregates. After the mortar is separated from the concrete mix, the material is
placed in a mold for following the increase in the penetration resistance value.
Penetration resistance is determined by measuring the force required to penetrate
the 25 mm-long needle with known cross sectional area into the medium.
Penetration resistance is calculated by dividing the obtained force by the cross
sectional area. According to ASTM C 403, initial setting is reached when a
penetration resistance strength of 3.5 MPa is obtained. For final setting time, the

designated value of penetration resistance strength is 27.6 MPa.
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If the procedures for determination of setting time for cement paste and mortar
according to the relevant standards are examined, it becomes doubtful whether
these methods determine the beginning and the end of setting as described by their
physical meanings, since they only determine two arbitrary points during the

setting stage as initial and final setting time values.

2.1.3 Heat of Hydration

The hydration of cement is an exothermic reaction; i.e. heat is evolved during the
reaction. Cement is produced by burning raw materials at very high temperatures of
about 1450 °C in a rotary kiln. As the compounds of cement are non-equilibrium
products of high-temperature reactions, they are in a high-energy state. When
cement is mixed with water, the cement particles react with water in order to reach
a more stable state, hence lowering their energy levels. Hence hydration reactions

lead to heat liberation (Mindess and Young, 1981; Mehta and Monteiro, 2006).

The total amount of heat released during the hydration reaction is called “heat of
hydration”. It is expressed in terms of calories/gram (cal/g) or joules/gram (j/g). As
cement is composed of different compounds which have different hydration rates
and hydration heats, cement composition is one of the most important factors that
affect the heat of hydration of cement (Neville, 2003). At the early stages of
hydration, the surface area of the cement is effective in the rate of heat evolution.
However, as the hydration proceeds, the total heat of hydration is not affected by
the fineness of cement (Neville, 2003). The temperature during the hydration also
affects the rate of heat evolution (Neville, 2003). In summary, it can be stated that
cement composition, cement fineness and the temperature are the three main

factors that influence the heat of hydration and rate of heat of hydration evolution.
The heat released during the hydration reactions of cement may be beneficial for

some cases whereas it may be destructive for concrete in other cases. For example,

during cold weather, high heat of hydration is needed in order to compensate to
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some degree the adverse effects of low ambient temperature, such as freezing of
water in capillary pores, on the setting and hardening properties of concrete.
However, in a massive structure, high heat of hydration may lead to cracks in the
concrete body. As the structure starts to cool from the outer surface, the inner parts
will cool more slowly. Due to this temperature difference between inner and outer
parts of the concrete mass, thermal stresses occur in the structure. Especially at
early ages, while the tensile strength of concrete is very low, these thermal stresses
cause cracks and strength loss in the structure. Therefore, having the knowledge of
the heat of hydration of cements may provide considerable benefits during the

construction process.
There are three main methods for determining the amount of heat released as the
result of the hydration reactions of cement. These methods can be explained briefly

as follows:

Heat of Solution Method:

Determination of heat of hydration by heat of solution method is described in
ASTM C 186. According to this method, the heats of solution of unhydrated and
hydrated cements are measured by dissolving them in a mixture of nitric acid and
hydrofluoric acid. The heat of hydration is calculated by subtracting the heats of

solution of hydrated and unhydrated cement.

This method suggests testing the heat of hydration of cement pastes at 7 and 28
days. Before dissolving in the acidic solution, the pastes should be ground so that it
passes through No. 200 sieve. This implies that the cement paste should gain
enough rigidity to be ground, which means the method can only be applied on
hardened cement pastes. Although the heat of solution method is a reliable method
for hardened cement paste as long as carbonation and loss of moisture is prevented
during the grinding process, it is not possible to observe the heat of hydration of
cement at early ages, i.e. the method is not appropriate for monitoring the hydration

process.
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Adiabatic or Semi-Adiabatic Calorimetry:

In the adiabatic method, the temperature rise in the specimen during the hydration
process is measured. In order to measure the temperature rise in the specimen due
to the heat of hydration, the specimen should be well insulated so that no heat can
flow from the system. As the sample cannot exchange heat with the surrounding,
the heat of hydration will be completely transformed into the temperature rise of
the specimen. However, in order to convert the temperature rise to the heat of
hydration of the cement, the specific heat of the sample should be known. The heat
capacities of the specimen and the system components must be determined

separately (RILEM TC119-TCE1, 1997).

This method can be applied not only to the cement paste but also to the concrete
specimens. Additionally, using the adiabatic method, the heat of hydration
measurements can start just after mixing and placing, there is no need to wait until
the material hardens as in the case of heat of solution method. However, still the

need of knowledge about the specific heat of the material is a disadvantage.

The semi-adiabatic method is also known as the Langavant Calorimetry. In semi-
adiabatic method, the heat generated during the hydration process of cement is
measured by using a thermally isolated bottle. This method is mentioned in Spanish

and French standards (Sanchez et al., 1993).

Isothermal Conduction Calorimetry:

The isothermal conduction calorimeter method is described in NT Build505. In this
method, the specimen and the environment are kept at an isothermal temperature of
20°C and the heat of hydration of cement is measured directly by monitoring the
heat flow from the specimen by comparing it with the heat flow from the reference
material. In the calorimeter, the heat produced in the sample is measured as it

conducts away from the sample. Therefore, the test should be done at constant
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temperature and during the test the temperature increase in the sample should be a

negligible amount.

A small amount of cement is mixed with water and placed in the calorimeter as
soon as possible. Then the thermal power from the sample is measured, the data is
acquired at sufficiently short time intervals continuously for 3 to 7 days. However,
the method is reported to be not suitable for measurements beyond 7 days. The heat
of hydration is calculated by taking the integral of measured heat flow which is the

rate of heat of hydration with respect to time.

A schematic representation of rate of heat of hydration of cement paste obtained by

isothermal conduction calorimetry is given in Figure 2.1.

Stage 1

Stage 3

Stage 4

Stage 2

Stage 5

v D

Rate of heat of hydration

Time (h)

Figure 2.1. Schematic representation of rate of heat of hydration of portland cement
paste obtained by isothermal conduction calorimetry (Mindess and

Young, 1981)

In the rate of heat of hydration curve, the five stages of hydration described above
are shown. Several peaks are seen in rate of hydration curves. The first initial peak
observed within minutes just after mixing with water indicates the rapid hydration

of C3S and C;A in the pre-induction period. The minimum point occurs in the
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dormant period, in which the hydration is slowed down. Thereafter, a main peak is
observed which is probably due to the hydration of C;S and the formation of C-S-H
phase. This main peak occurs in the acceleration stage of hydration. In most
cements, a second peak is observed. Renewed AFt is probably the reason of this
second peak. A third peak may also be formed as the result of AFt-AFm
conservation during the cement hydration. As time proceeds the rate of hydration
heat slows down and reaches very small values which is described as the post-

acceleration stage of hydration (Odler, 2005; Young et at., 1998).

Heat of hydration (Calfgr)

Time (h)

Figure 2.2. Schematic representation of heat of hydration of portland cement paste

obtained by isothermal conduction calorimetry

The heat of hydration of cement is calculated by integrating the area under the rate
of hydration curve. A typical heat of hydration curve for portland cement paste is
given in Figure 2.2. As seen from Figure 2.2, heat of hydration of cement paste

increases with time and approaches an asymptotic value at later ages.

17



2.2 Ultrasonic Testing Method

2.2.1 Basic Elements of Ultrasonic Waves

A wave is defined as “a periodic disturbance or variation of a physical quantity,
e.g. electric or magnetic intensity or air pressure, by which energy is transferred
progressively from one point to another either through space or through a physical
medium, e.g. water or air, by transient local displacement of the particles of the
medium but without its permanent movement” (Penguin English Dictionary).
Simply, a wave is the oscillation of discrete particles in a material through which it
is propagating like the movements created in still water when a piece of stone is
dropped. As also seen in the definition, in a wave, the propagating part is not the

particles, but the energy.

The waves are represented by some parameters; amplitude, wavelength, and
frequency. In order to describe the mentioned parameters, consider a periodical
sinusoidal waveform as shown in Figure 2.3. The amplitude, A, is the maximum
displacement of the particles. As seen in Figure 2.3-a, the distance between the two
crests of the wave is the period, T, which means that it is the time for a complete
cycle. Number of cycles in one second is the frequency, f, which is the reciprocal
of T. When the wave is considered in space domain as in Figure 2.3-b, the distance
between two crests of the wave gives the wavelength, A. (Malhotra and Carino,

2004; Mehta and Monteiro, 2006):
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Figure 2.3. Basic elements of a wave

For a given homogeneous medium, the velocity of sound or ultrasound is typical
for that medium. The frequency (f) and wavelength (L) are related with velocity (V)
as given in Equation (2.5):

V=A% f (2.5)

As seen in Equation (2.5), higher frequencies will result in shorter wavelengths.
This fact permits to arrange the wavelength by changing the frequency so that the

medium can behave as a homogeneous material.
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2.2.2 Wave Propagation Theory

When the surface of a large solid elastic body is influenced by a dynamic load,
three types of stress waves (or mechanical waves) are created; longitudinal waves
(compressional or primary waves), transverse waves (shear or secondary waves)
and Rayleigh waves (surface waves). These waves propagate through the solid
medium as the sound waves do in air (Malhotra and Carino, 2004). The only
difference between a sound wave and an ultrasound wave is the frequency range.
The ultrasonic waves have higher frequency which is above the limits of the human

ear, i.e. above 20 kHz.

These three types of waves differ in the direction of motion and the velocity of the
wave. In longitudinal waves, the particles move in a direction parallel to the wave
propagation, while in transverse waves, the particles move perpendicular to the
direction of wave propagation. On the other hand, in Rayleigh waves the particles
on the surface move in a counter clockwise direction on an elliptical path. The

particle motion for the different wave types are shown in Figure 2.4.

Transverse waves cannot propagate through liquids, because the shear stresses
cannot be formed in fluids. On the other hand, longitudinal waves can propagate

both in solids and liquids (Krautkrdmer, 1983).

Among these three types of waves, longitudinal waves are the fastest. This is the
reason why they are called the primary waves, because, they are the first type of
waves that arrive at a point within the medium. Transverse waves arrive secondly,
hence called secondary waves. Surface waves are the slowest. As an example, in a
good quality concrete, the longitudinal wave velocity is about 4500 m/s, the
transverse wave velocity is 2700 m/s (about %60 of primary wave velocity) and the
Rayleigh wave velocity is 2500 m/s (about %55 of primary wave velocity)
(Malhotra and Carino, 2004).
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Figure 2.4. Particle motion for different wave types (Voigt et al., 2001)

The velocity of a wave through a medium depends on the elastic properties and
density of the material through which it propagates. The mathematical expressions
for wave velocity according to the wave type are given below in terms of the
material properties for an infinite, elastic, homogeneous and isotropic material

(Malhotra and Carino, 2004, Mehta and Monteiro, 2006):

_E_(1-u)
V= \/p (l + V)(l - 21/) (2.6)

_JE_ 1 _ &
Vr = 30 \/: 2.7)

where;
V1: longitudinal wave velocity (m/s)
Vr: transverse wave velocity (m/s)
p: density (kg/m’)
E: Modulus of Elasticity (N/m?)
G: Modulus of Shear (N/m?)

v: Poisson’s ratio
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When a wave comes to a boundary which can be an inhomogeneity within the
medium or an interface between two different materials, it partially passes to the
other part and partially reflects back. While passing through the boundary, it
changes its direction depending on the acoustic properties of the materials. The part
of the wave that penetrates to the other side with a different angle is termed the
refracted wave. In the reflection and refraction phenomena, the reflection angle is
same as the incident angle as in the reflection of light rays. The refraction angle

depends on the incident angle and the velocity ratios of the two materials (Malhotra

and Carino, 2004).

Although the geometry of reflection of stress waves is analogous to the geometry
of light rays, it differs from that of light rays in the manner that the waves can
change mode during reflection. The mode conversion can also occur during

refraction.

The reflection and refraction of a P-wave at an oblique plane is shown in Figure
2.5. The incident P-wave strikes the interface with an incident angle of 0, which is
the angle between the longitudinal beam and the normal of the surface. Part of the
incident wave can reflect back as P-wave with the same angle of 6, and can
partially reflect back as S-wave with an angle of s, which is smaller than 0 as the
speed of S-wave is always less than the speed of P-wave. The incident wave can
also refract as P-wave with an angle of Bp and as S-wave with an angle of 3s. In

refraction again the Pp will always be greater that Bs due to the same reason

(Malhotra and Carino, 2004).
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Figure 2.5. The reflection and refraction of a P-wave with mode conversion

(adopted from Malhotra and Carino, 2004)

The relation between the wave speed in the materials and the angles obey Snell’s

law which is defined below in Equation (2.8):

Sing _Sing;  Sing,  Sing, (2.8)
VPI V51 VP2 VSZ

where;
0: incident angle
Vpi: longitudinal velocity of Material 1
Os: reflection angle in S-wave mode
Vs shear velocity of Material 1
Bp: refraction angle in P-wave mode
Vp,: longitudinal velocity of Material 2
fBs: refraction angle in S-wave mode

Vs,: shear velocity of Material 2
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The portion of the wave which will reflect at the boundary depends on the specific
acoustic impedances of the two materials. When the incident angle equals to zero,
i.e. the wave beam is normal to the boundary, the amplitude of the reflected angle
will be the maximum (Malhotra and Carino, 2004). The ratio of the amplitude of
the reflected wave to the amplitude of the incident wave is known as the wave
reflection factor (WRF). As the acoustic impedance equals to the density times
velocity of the ultrasonic wave through the medium, the WRF is calculated

according to the following equation:

WRE = Z,-Z, _ V,p, =Vip, (2.9)
Z,+Z, V,p,+V,p

where:
WREF: wave reflection factor
Z,: acoustic impedance of Material 1
Z,: acoustic impedance of Material 2
V: velocity in Material 1
V,: velocity in Material 2
p1: density of Material 1
p2: density of Material 2

As seen in equation (2.9), if the acoustic impedance of Material 1 is greater than
the acoustic impedance of Material 2, the wave reflection factor will be negative.
This negative sign implies a change in the mode of the wave, which means a
longitudinal wave reflects as a transversal wave or vice versa. If the acoustic
impedance of Material 2 is greater than that of Material 1, no change in mode

occurs (Malhotra and Carino, 2004).
During the propagation of the wave through the medium, its energy decreases. This

loss of the energy is known as attenuation. The loss of energy shows itself as a

decrease in the amplitude as shown in Figure 2.6.
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Figure 2.6. Attenuation of a wave while propagating in a medium

The attenuation of the sound pressure consists of two components as geometric
divergence and energy dissipation (Krautkrdmer, 1983). Travelling away from the
source results the divergence of the sound beam. Energy dissipation may be due to
the scattering which is mainly caused by non-homogeneity of the material and
absorption which is mainly caused by the internal friction and is a loss of energy as

heat (Tharmaratnam and Tan, 1990).

The attenuation can be calculated from the decrease of the amplitude by the ratio of
the amplitude or by fitting a logarithmic curve to the peak points as seen in the

Figure 2.6. For the determination of attenuation, the following equation is used:
A=-20%* log& (dB) (2.10)
A
In Equation (2.10), A, is the first pulse amplitude of the medium and A; is the

initial amplitude (Tharmaratnam and Tan, 1990).
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Attenuation can also be determined as following:

A:%*ln& 2.11)

A

In Equation (2.11), L is the length of the material, A,, is the amplitude of the
measured signal and A; is the amplitude of the reference signal. For the
determination of reference signal, a shorter sample of the same material or a low-
attenuating material can be used as a reference material. When a shorter sample of
the same material is used, the length difference between the original sample and the

shorter sample should be taken as L in the equation (Kaczmarek, 2001).
2.2.3 Ultrasonic Testing of Hardened Concrete

Ultrasonic pulse velocity test method was started to be developed for testing
concrete at about the same time in England and Canada and the method has been
applied on hardened concrete at construction sites since 1960s (Malhotra and
Carino, 2004). There are several applications (Malhotra and Carino, 2004) of the
method in concrete technology such as uniformity and quality control, flaw and
crack detection, deterioration estimation. Although there is no physical relation
between strength and ultrasonic pulse velocity, the method can be used to estimate
the strength of concrete from previously establishing graphical correlations for the
specified concrete. The method is suitable for the homogeneity and quality control
of a structure. Measuring the ultrasonic pulse velocity with time, the effect of
environmental factors such as freeze-thaw, sulphate attack, etc. can be established.
The method can also be used to detect the cracks within the structure and the depth
of cracks. As the ultrasonic pulse velocity test is related to the elastic properties, the
dynamic modulus of the material can be estimated from pulse velocity

measurement if the density and Poisson’s ratio are known. One of the recent

26



studies about the ultrasonic pulse velocity is to study the hydration of cement

which will be discussed in detail in the next chapter.

The test method is described in ASTM C 597, “Standard Test Method for Pulse
Velocity Through Concrete”. The principle in ultrasonic testing is to generate stress
wave pulses and measure the travel time of the stress wave through the medium.
The ultrasonic pulse velocity (UPV) is calculated by dividing the travel distance to

the travel time:

(2.12)

-—o-||—

where;
V: ultrasonic pulse velocity (m/s)
L: travel distance (distance between the receiver and the transmitter) (m)

t: time for travel of the ultrasonic pulse (s)

A schematic representation of test equipment is shown in Figure 2.7. As also seen
from the figure, the test apparatus consists of several units such as a pulse
generator, a receiver, a transmitting transducer, a receiving transducer, a time
measuring circuit, a time display unit and connecting cables. The transmitting
transducer sends the pulse wave and the receiving transducer receives the pulse
wave, the time between transmitting and receiving is measured and displayed in the
display unit. The accuracy of the method depends on the accuracy of measuring the
travel path and travel time. For measuring the travel time accurately, a full contact
should be supplied between the transducers and the specimen. Otherwise, the air
pockets between the transducers and the specimen may lead to error in travel time
reading. In order to have a full contact, a coupling agent such as oil, petroleum jelly

or grease is applied between the transducers and the surfaces of the specimen.
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Figure 2.7. Schematic representation of ultrasonic apparatus (ASTM C 597)

While measuring the UPV of a test specimen, the transducers can be placed in three

different arrangements as shown in Figure 2.8.
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Figure 2.8. Arrangements in placing transducers
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When the transducers are placed directly opposite to each other on opposite
surfaces of the specimen, the energy of the pulse transmitted between transmitter
and the receiver is the maximum. Therefore, direct transmission which is shown in
Figure 2.8-a is the most preferred arrangement (Malhotra and Carino, 2004).
However, when the distance between the transducers is too far, due to the
attenuation, the signal may be weakened and might not be detected by the receiver.
The semi-direct transmission is less sensitive and accurate compared to direct
transmission. On the other hand, indirect transmission shall not be used unless only
one face of the structure is available as this type of arrangement is the least
sensitive and accurate and additionally, this method may give information about
only the surface layer (ASTM C 597). When indirect transmission has to be
applied, the transmitter is fixed at a point and the receiver is placed at different
distances. After several measurements are taken, the reciprocal of the slope of the
transit time versus travel path graph gives the velocity. If there is a layer of
different characteristics, it can be detected from the change of slope, because, when
the stress wave passes also through the second layer, then the travel time will be

affected both by the velocity of first and second layers.

There are several factors that affect the ultrasonic pulse velocity measurements in a
concrete specimen. Some of them are related directly to the concrete properties and
the others are test conditions. These factors are listed and discussed briefly below
(ASTM C 597; Neville, 2003; Malhotra and Carino, 2004; and Mehta and
Monteiro, 2006):

Amount and type of aggregate:

Aggregates make up approximately 75 % of the concrete volume. The ultrasonic
pulse velocity of aggregates is generally higher than that of cement paste. As a
result, the amount and type of aggregate in concrete obviously affects the UPV

value of concrete significantly.
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Cement Type:
Actually, cement type does not directly influence the UPV of concrete, but the rate

of hydration, which is affected by cement type, is related to the pulse velocity. As
the degree of hydration increases, the elastic modulus increases which means the

UPYV increases.

Water/Cement (w/c) Ratio:

Water/cement ratio affects the modulus of elasticity. It is also related to the
porosity of the concrete specimen. As the w/c ratio increases, the compressive

strength and the ultrasonic pulse velocity of the concrete decreases.

Age of Concrete:

As the hydration of cement proceeds with time, the porosity of the concrete
decreases and the ultrasonic pulse wave propagates faster through the concrete
body. The behaviour of pulse velocity with age is similar to behaviour of strength
with age. It increases rapidly at the beginning but later reaches an asymptotic value.

However, UPV reaches its asymptotic value much earlier than the strength.

Moisture Condition:

When the concrete is saturated, the ultrasonic pulse velocity will be higher. If the
pores in the concrete specimen are dry, then the wave cannot propagate and have to
travel around the pores which results in increase in path length and the velocity
seems to decreas. However, if the pores are filled with water, the stress wave will

propagate through the water and the velocity will not decrease as in the dry case.

Temperature of Concrete:

The ultrasonic pulse velocity is reported not to be affected from a change in

temperature as long as the temperature stays in the range of 5 and 30 °C.
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Transducer Contact:

The contact between the transducer and the specimen is important in measuring the
pulse velocity correctly. If there exist air pockets between the contact surfaces, the
total wave energy cannot be transmitted and the measurements can be erroneous. In

order to improve the contact, coupling agents are used.

Path Length:
Theoretically, the path length does not affect the pulse velocity. However, in

practice, due to the near-field effect, which will be discussed in the next section,
shorter path lengths give more variable thus less accurate results. Additionally, due
to the attenuation, very long path lengths will also cause inaccuracy as most of the

energy is lost during the propagation.

Size and Shape of the Specimen:

The ultrasonic pulse velocity is known to be independent from the shape and the
size of the specimen. However, Equations (2.6) and (2.7) are only valid for infinite,
homogeneous and elastic materials. The vibrations of the particles caused by wave
propagation are so small that the concrete is in the elastic range. The homogeneity
of the specimen can be achieved by using the proper frequency range. If the
wavelength is larger than the maximum particle dimension, then the material is
accepted as a homogeneous material. For having an infinite specimen, the
minimum lateral dimension of the test specimen should again be greater than the

wavelength of the stress wave.

Micro-cracking:

Microcracks develop in the concrete due to the environmental conditions or the
stress level above the 50% of the ultimate strength. The presence of microcracks
reduces the modulus of elasticity and as a result, reduces the wave velocity of the

concrete.
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Presence of Reinforcing Steel Bars:

The ultrasonic pulse wave velocity is higher in steel than in concrete. Therefore,
the presence of steel bars in the vicinity of the measurement point will lead higher

velocity readings.

2.2.4 Near-Field and Far-Field Concepts

One of the important points about the path length is a phenomenon called near-
field/far-field effect. In the transducer, the pulse is generated at multiple points on
the crystal. As the wave from each piece of crystal travels through the medium,
they eventually merge to form one wave. The region after this unification is called
far-field. However, within the region in front of the far-field, the waves may
interfere with each other at some points. This region is known as near-field, and the
inspection in the near-field cannot be trusted and should be avoided (Houf, 2003).

The near-field/far-field concept is shown schematically in Figure 2.9.

Far field

MNear field

Sound initiation points

Figure 2.9. Near-field/Far-field concept (Houf, 2003)

The length of near-field region depends on frequency and the diameter of the
transducer:

(0*-2)
42

N = (2.13)

where;
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N: near-field length (m)

D: diameter of the transducer (m)

A: wavelength of the stress wave (m)

Therefore, as the velocity changes, length for near-field also changes. The

calculated values of near-field zone for two different frequency transducers of 54

and 150 kHz at different velocity levels are given in Table 2.1.

Table 2.1. Near-field zone for different velocity levels

Frequency: 54 kHz (D=50mm)

Frequency: 150 kHz (D=25mm)

Velocity ~ Wavelength Near-field | Velocity = Wavelength ~ Near-field
(m/s) (m) (mm) (m/s) (m) (mm)
4000 0.074 -10.0 4000 0.027 -0.9
2000 0.037 7.6 2000 0.013 8.8
1000 0.018 30.2 1000 6.667%107 21.8
500 9.259%107 65.2 500 3.333*107 46.0
200 3.704*107 167.8 200 1.333*107 116.9
100 1.852%107 337.0 100 0.667%107 234.1

As seen from Table 2.1, near-field can be very large when the pulse velocity is

small and the diameter of the transducer is large which means the frequency is

small. However, for high velocity values, the near-field/far-field concept does not

seem to cause a problem. As the path length is a part of this concept, the effect of

path length may be an important research topic in ultrasonics.
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CHAPTER 3

LITERATURE SURVEY ON WAVE PROPAGATION
TECHNIQUES FOR FRESH CEMENTITIOUS MATERIALS

3.1 General

The phase change of cement paste from fresh state to hardened state is a continuous
process. The hydration reactions start just after the cement and water come into
contact. The amount of hydration products increases with time and the medium
transforms from a liquid suspension to a porous solid after setting and hardening

processes.

Traditional test methods for fresh cementitious materials like Vicat and
Penetrometer tests, do not take the continuous character of setting and hardening
into consideration, but only a short time period of hydration process can be
controlled by these tests. For the continuous monitoring of the hydration process at

early ages, various non-destructive test methods may be utilized.

The continuous monitoring and quality control of fresh concrete is important
during construction for determining the construction speed, and obtaining the
desired properties in the hardened state. Therefore, the investigations for new and
non-destructive test methods on fresh concrete have increased over the last decade.

RILEM established a Technical Committee on “Advanced testing of cement based

34



materials during setting and hardening” (TC 185 ATC) in 1999. This committee
published a report about several techniques to monitor the setting and hardening
processes of fresh cementitious materials (RILEM Report 31). These methods can
be listed as nuclear magnetic resonance, electrical methods, acoustic emission
method, maturity method, radon exhalation method and methods based on wave
propagation. The methods which are based on wave propagation are impact-echo,
vibroscope, wave reflection and through transmission methods. In impact-echo
method, longitudinal waves are observed, in vibroscope, shear and longitudinal
waves are measured simultaneously, in wave reflection method mostly shear waves
are used and in through-transmission method both the longitudinal and shear waves
can be applied separately. More detailed information about the methods based on

wave propagation will be given in the following sections.

3.2 Impact-Echo Method

Impact-echo method is a non-destructive test method which uses transient stress
waves to detect the internal flaws in concrete or the thickness of the concrete
element. The method is also used to measure the P-wave velocity if the dimensions
of the concrete element are known. On the surface of the concrete specimen, a
stress wave with low-frequency is generated by an impact of a steel ball, and at a
point adjacent to the impact point, the surface displacements are obtained by a
transducer. The stress waves are reflected when they touch a boundary. From the
multiple reflections between the flaw or external surfaces and the surface of
impact, information about the flaws inside the concrete or the dimensions of the

structure is detected from the amplitude-frequency curves (Sansalone, 1997).

Pessiki and Carino (1988) evaluate the applicability of the impact-echo technique
to fresh concrete to determine the setting time and to monitor the strength
development. As it was not possible to apply impact directly on the fresh concrete,

thick plastic plates were placed on the surface for applying impact with sphere balls
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and placing the transducer. By knowing the thickness of the specimen, the velocity

of the stress wave is calculated as follows:

Cp= 2*£,*T 3.1)

where;
C, : P-wave velocity
f, : the peak frequency
T : thickness of the specimen

They applied the tests directly on the concrete and on mortar sieved from the
concrete. The setting time was also determined according to ASTM C 403 from the
mortar sieved from the concrete. Concrete samples of two different w/c ratios were
tested. As the result of the investigation, the initial setting time was defined as the
point where the P-wave velocity begins to increase or where a specified P-wave
velocity is reached. Additionally, a relation between early strength and P-wave

velocity was also reported.

The method was applied to concrete to investigate the early-age strength in several
researches. Pessiki and Johnson (1996) estimated the early-age strength in plate
elements using impact-echo test method applied directly on the slab and on the core
elements taken from the slab. It was concluded that the method could be applied
successfully at very early ages. Pessiki and Rowe (1997) investigated the effect of
reinforcing bars on the velocity of longitudinal waves at early-ages. According to
this study, the presence of reinforcing steel bars only increases the measured
velocity by about 100 m/s which do not hinder the successfulness of the method.
Irwin and Pessiki (2004) applied the impact-echo method to measure the early-age
mechanical properties of precast concrete elements. From the obtained strength-age
curves and strength-velocity curves, it is concluded that the P-wave velocity is

more sensitive to concrete strength at early ages compared to later ages.
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Impact-Echo testing method is also one of the topics in RILEM Report 31. An
experimental set-up was developed for testing fresh cementitious materials. The
set-up is shown in Figure 3.1. Specimens of different thicknesses were tested at 10-
minute time intervals. The results showed that as time passes and the hydration
progresses, the frequency increases. As a conclusion, it is said that the impact-echo
technique can be used to improve the existing techniques of through transmission
or reflection. The advantage of the method is that access to only one side of the
specimen is sufficient. However, the method needs more reliable impact

generation.

Figure 3.1. Experimental set-up for impact-echo developed for testing fresh

concrete (RILEM Report 31)
3.3 Vibroscope
A vibroscope is an apparatus which allows studying the longitudinal and
transversal waves at the same time in the same specimen. By a vibroscope, wave

velocity in transmission is determined. The difference of vibroscope from

ultrasonic measurement is the range of frequency used. A vibroscope is a vibratory
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test which uses low frequencies of order 20 Hz - 1 kHz (RILEM Report 31). The
reason for low frequency is the heterogeneity of the material. Fresh cementitiuos
materials are very attenuative due to the presence of air bubbles. If the wavelength
is smaller than the diameter of the bubbles, the wave scatters at the heterogeneities.

Therefore, low frequencies are preferred to obtain high wavelengths.

The compressional waves show the macroscopic variations in the compressibility
during the phase change from liquid to solid. On the other hand, transversal waves

directly show the shear properties of the material (RILEM Report 31).

In the vibroscope device three dynamic pressure transducers are used so that the
tridimensional behaviour of the material can be investigated (Boutin and Arnaud,
1995). These transducers are embedded in the material. Two transducers are placed
in the direction of wave propagation and the third transducer is placed in the
direction perpendicular to the wave propagation for compressional waves (Boutin
and Arnaud, 1995). Same type of transducers are placed in the material along the
main stress directions, i.e. with an inclination of £I1/4 with respect to the direction
of the wave propagation, for shear waves. The material is tested in an adiabatic
environment not to disturb the kinetics of the hydration reactions (RILEM Report

31). A schematic representation of a vibroscope device is shown in Figure 3.2.
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Figure 3.2. A schematic representation of Vibroscope (RILEM Report 31)

Boutin and Arnaud (1995) used a vibroscope to study the mechanical
characterization of crude cellular concrete during setting. The characteristic of
cellular concrete is the high heterogeneity level due to the air bubbles. The
manufacturing procedure of cellular concrete is composed of three steps. In the first
step, sand mud, cement, quick lime and aluminum powder are mixed and poured in
the container. In the second stage, hydrogen is released, the diameter of air bubbles
increases up to 1 mm and the temperature increases as the result of the
crystallization of quick lime, and at the end of this step the paste transforms from
liquid to solid. As the last stage, the material is placed in an autoclave to obtain the
final product. By vibroscope the velocity, damping coefficient and the ratio of
normal stresses in two orthogonal directions were determined in the research. The
damping coefficients were determined from the pressure levels on the transducers.
In the first stage very low values for velocity were obtained, while in the second
stage velocity increased rapidly. The transition between these two steps which was
considered as the setting could be obtained accurately by this method. Additionally,
it was found out that in the first stage the damping ratios decreased and in the
second stage, they increased. After obtaining good results in cellular concrete, the

theory was applied to mortar and concrete, and it was concluded that the method is
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appropriate in order to monitor the rheological properties of heterogeneous

materials such as concrete.

Arnaud and Thinet (2000) used a vibroscope to test hydraulic concrete during
setting. They prepared concrete mixtures at two different w/c ratios of 0.4 and 0.6
and cured specimens at three different temperatures of 10, 20 and 30 °C. The
velocity and the damping coefficients were determined both for longitudinal and
transversal waves. The change of these parameters was all consistent. From the
velocity and damping ratio change with time, two phases were realized, the
transition thought to be related to the threshold percolation. It was concluded that
with this device it was possible to follow the mechanical evolution of the concrete

qualitatively and to calculate the rheological parameters.

Arnaud (2004) tested cellular concrete, mortar, hydraulic concrete and cold
bituminous mixes with a vibroscope to monitor the rheological properties during
setting and hardening. Although they have very different characteristics, all of
these civil engineering materials are common in their heterogeneity due to being
composed of solid particles, binder, fluids and air bubbles. The wavelengths were
chosen large as compared to the size of heterogeneity for all material, for example
in mortar and concrete, the frequency for P-wave is 800 Hz and for S-wave is 100
Hz. Two different phases were observed from velocity-time curves. In the first
phase the mechanical evolution was slow, whereas in the second velocity increased
strongly. The transition between these phases was linked to the percolation
threshold. Additionally, a characteristic time which describes the start of
mechanical evolution by fitting an exponential function to the velocity-time curve
was determined. When the exponential function was normalized with the initial

velocity, similar curves were obtained for all mortar and concrete types tested.
The disadvantage of the method is the necessity of embedding the transducers in

the material. This means the test should be stopped before the material hardens

completely in order to remove the transducers. This time approximately
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corresponds to a longitudinal velocity of 2000 m/s. However, at that moment the
mechanical setting is not finished (RILEM Report 31). Therefore, after removing
the transducers the test should be continued by another means of testing method
such as ultrasonic wave propagation so that a complete picture of setting and

hardening process can be obtained.

3.4 Wave Reflection Method

The wave reflection method depends on the rule that an ultrasonic wave is partially
reflected back and partially transmitted to the adjacent material when it meets a
boundary while travelling through a material. In order to test fresh cement-based
materials during setting, a buffer material is placed in the fresh concrete, and the
reflection at the interface between the buffer material and the fresh concrete is
observed. The wave reflection factor (WRF) which describes the amount of wave

energy reflected at the boundary is calculated according to Equation (2.9).

The method is applicable to both shear and longitudinal waves. In the case of shear
waves, all the wave energy is reflected back as the shear waves cannot propagate
through liquid. Therefore, the WRF is unity just after the cement-based material is
mixed with water. When the material changes into solid structure as the result of
hydration, the WRF starts to decrease as the transversal wave starts to propagate
through the medium. Later on, the WRF approaches an asymptotic value. On the
other hand, in the case of longitudinal waves, the initial value of WRF is below the
unity as the compressional waves can propagate through liquids as well as through
solids. The WRF will remain constant initially, and then start to decrease until an
asymptotic value as in the case of shear waves. However, it is reported for the wave
reflection method that the shear wave reflection coefficient is more sensitive than

that of longitudinal waves for testing the hydration of cement (RILEM Report 31).
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The first application of this method to cementitious materials was in 1981
(Stepisnik et al. 1981). Quartz bar was used as the buffer material. It was reported

that the method was sensitive to hydration process of cement paste at early ages.

Oztiirk and collaborators (1999) used the method both for longitudinal and shear
waves for observing the setting and hardening characteristics of plain concrete, and
concretes containing admixtures of accelerator, retarder, superplasticizer and silica
fume. They correlated the results with the heat of hydration and the times of initial
and final setting. The bottom of the steel mold was used as the buffer material and
a frequency range of 2-5 MHz were applied. It was concluded that the wave
reflection factor was a good indicator for hydration behaviour of concrete mixtures
containing different admixtures. The end of the induction period which was
determined from temperature measurements was correlated to the time when the

wave reflection coefficient started to decrease.

Using the wave reflection method, Rapoport and his friends (2000) investigated the
wave reflection factor of shear waves for concretes containing admixtures such as
accelerator, retarder, superplasticizer and silica fume. The temperature change in
the concrete specimens, the initial and final setting times and the dynamic modulus
were also determined. Three different parts were observed for each type of concrete
from the WRF-time curves. Initially, the curve was constant at approximately
unity. In the second stage, the WRF started to decrease. Finally, it reached an
asymptotic value. The point where WRF started to decrease and the point where
WREF started to approach the limiting value were determined and correlated with
the critical points of hydration process. In order to determine the critical points of
WREF curve, first derivative was used. However, differentiating at every point
resulted in too much noise so that those points could not be determined accurately.
As a new method, in the investigation, the derivative was taken for each sixth
point. This means, the derivative of seventh point was determined by subtracting
the first point from the thirteenth point. As the result of this study, it was concluded

that WRF was sensitive to hydration and presence of admixtures. The point where
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WREF started to decrease corresponded to the end of dormant period. At early age,
WRF was dominated by setting action while at later ages, it was dominated by

modulus development.

A nondestructive test method for investigating the setting and the hardening
process of cementitious materials was developed at Northwestern University (Voigt
et al. 2001). Steel was used as a buffer material. The steel plate was placed on the
surface of the fresh concrete and the measurements were performed on the surface
of the specimen. A broadband frequency range with a centre frequency of 2.25

MHz was used. The apparatus developed is shown in Figure 3.3.

The method was used not only to monitor the hydration process but also to estimate
the compressive strength. A linear relationship was observed between the

attenuation and early-age strength of concrete.

Transducers Computer

Figure 3.3. Apparatus for wave reflection of shear waves (Voigt et al. 2001)
Using the same apparatus, mortar and concrete specimens cured under different

conditions were tested (Voigt et al. 2002). Constant curing conditions of 4, 22 and

30 °C and variable curing conditions were applied on the specimens. The

43



compressive strength values were determined from 12 hours to 3 days after mixing.
The temperature development was also observed by embedding thermocouples in
the specimens. It was concluded that the reflection between steel and hydrating
mortar and concrete was sensitive to the hydration kinetics. The compressive
strength development at early ages was linearly correlated with the attenuation for
all curing conditions. It was also possible to predict the compressive strength for 3
days if a strength-attenuation relation could be established for the first hours. The
repeatability of the method was also checked and a good repeatability in mortars
was observed, however, in the case of concrete samples the repeatability was not
good. This was explained as the result of non-homogeneity of concrete compared
to mortar. In non-homogeneous materials the attenuation is not consistent due to

local differences in w/c ratio, cement and paste content, and aggregate dispersion.

In another study, the relationship between the WRF and dynamic elastic modulus,
compressive strength and the degree of hydration was investigated (Voigt, et al.
2003a). The dynamic elastic modulus was determined from the fundamental
resonant frequency method and the ultrasonic pulse velocity, separately.
Thermogravimetric analysis which determines the amount of non-evaporable water
in the cement paste was used to obtain the degree of hydration. Mortar specimens
of different w/c ratios were tested. The results revealed that all three parameters
were linearly related to the WRF at early ages. The relation between compressive
strength and reflection loss up to 4 days was composed of two lines, the transition
point being dependent on the w/c ratio. The linear relationship with the degree of
hydration showed that the reflection factor was highly sensitive to the

microstructural changes of cement-based materials due to hydration process.

Voigt et al. (2003b) compared the wave reflection method for the application on
cement mortar and concrete. The linear relationship between the reflection loss and
early compressive strength was also obtained as the result of experiments applied.
It was concluded that tests on mortar specimens were repeatable, almost unique

relationship was obtained for the same mix. However, in the case of concrete
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specimens, different relations were obtained for the same mix. Although the
repeatability tests on concrete gave different final results for the wave reflection

loss curves, the distinct points in the graphs occurred at the same points of time.

The effects of different curing conditions and mixture proportions were also
explored to see the sensitivity of the wave reflection factor to the development of
hydration process (Akkaya et al., 2003). Results similar to those of previous studies
were obtained. Based on the slope of strength-reflection loss curve, a method for
strength prediction was proposed. However, it was concluded that in order to
estimate strength accurately, a calibration should be applied to strength-reflection
loss relationship. Additionally, the inflection point of reflection loss curve which is
the point with maximum slope was found out to be related with the initiation of

compressive strength development.

Voigt and Shah (2004) studied the wave reflection on steel-mortar interface for
mortars with different w/c ratios. Besides the WRF setting time, heat of hydration,
compressive strength, dynamic shear modulus and degree of hydration were also
determined for characterization of the hydration behaviour of the samples.
Compressive strength tests were applied on 5 cm cube specimens. The setting time
was determined according to ASTM C403. The temperature rise in the mortar
specimens were obtained by semi-adiabatic calorimeter. The dynamic shear
modulus was obtained by resonant frequency test, shear wave velocity and wave
reflection methods, separately. Thermogravimetry was used for degree of
hydration. According to the results obtained, it was seen that the adiabatic heat
release and reflection loss were related as both parameters started to increase at the
same time and followed similar trends. The bilinear behaviour of compressive
strength and reflection loss relation was also observed. The transition time
corresponded to the time when the character of compressive strength alters from
power equation to hyperbolic equation. The dynamic shear values calculated by
three different methods exhibited similar behaviour. The slope of degree of

hydration-reflection loss curve was reported to be dependent on w/c ratio. Lastly, it
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was concluded that the gel-space ratio and reflection loss had a unique relation for
all mortars tested which means WRF is related to most of the fundamental

physicochemical parameters of the cement-based materials.

Oztiirk and colleagues (2006) used longitudinal wave reflection factor for
monitoring the setting behaviour of cement pastes. Longitudinal wave reflection
between cement paste and an acrylic glass plate was determined for the first 12
hours after mixing for different cement types. The obtained WRF values were
normalized with the WRF between the acrylic glass and air in order to eliminate the
influence of coupling condition of the transducer. The setting time of cement pastes
were determined by Vicat needle. The heat evolution was also measured
continuously with thermocouples. The effect of frequency range was also tested.
For this purpose, center frequency of 200 kHz, 500 kHz and 1 MHz were applied
for longitudinal wave reflection determination. It was concluded that the initial and
final setting time could be detected accurately for all frequency ranges tested. By
this method, the initial and final setting time of cement paste were reported to be
obtained accurately. The initial setting time corresponded to the minimum of first
numeric derivative of WRF, while the final setting time corresponded to the point

where the first numeric derivative crosses the zero.

Labouret and friends (1998) used a different buffer material with longitudinal
waves for determination of wave reflection coefficient. A right angled plexiglass
prism as seen in Figure 3.4 was used as the buffer material. The reflection occurred
twice within this reference material; therefore, the loss was related to the square of
the reflection coefficient. The method was developed for the industrial processes. It
was concluded that the method allowed following the setting characteristics of the
medium. Although it was tested for cement and concrete, it was reported that the
method can be used for other materials mechanical properties of which changed

with time.
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5cm

Figure 3.4. Apparatus for reflection factor determination of longitudinal waves

(Labouret et al. 1998)

3.5 Wave Transmission Method

The basic principle of the wave transmission method is to measure the velocity of
the stress wave travelling from one side of the specimen to the other side. Actually,
the pulse is generated on one side of the specimen and the travel time of the pulse
to the other side is measured. The ultrasonic pulse wave velocity is calculated by
dividing the travel length to the travel distance. In a hydrating cement-based
medium, initially the velocity is very low and the attenuation is very high due to
the air bubbles. However, as the material starts to stiffen due to the hydration
products, the wave velocity increases rapidly first and slowly later, approaching an
asymptotic value. Typically S-curves are obtained in a hydrating cementitious

material as velocity-time diagrams (RILEM Report 31).
The main difference between the vibroscope and ultrasound is the frequency range

used. In the ultrasonic method, higher frequencies are preferred. As the frequency

increases, the wavelength decreases. Larger wavelengths are required for the

47



heterogeneous materials; because unless the wavelength is greater than the level of
heterogeneity, the wave scatters at the heterogeneities. However, the dimension of
heterogeneity is not the only limitation in stress wave testing of materials. In order
to obtain an infinite medium and to get rid of the effects of reflections at the sides,
the wavelength should be smaller than the least lateral dimension. According to
ASTM C 597, the least dimension must be greater than one wavelength. In the test
method ASTM D 2845 which is about the ultrasonic testing of rocks, it is
recommended to have the minimum lateral dimension at least 5 times the

wavelength of the compressional wave.

The method is valid for both P- and S- waves. Although the early studies of
through transmission technique for cementitious materials in fresh state seem to
prefer the shear waves, the recent studies mainly focus on the use of longitudinal

waves.

Keating and collaborators (1989a) studied the properties of fresh cement pastes
used in oil well cementing. The cement slurries are used to fill the gap between the
casing and rock to support the casing. Cement slurries of four different mixture
compositions were tested in this research. The frequency of longitudinal waves was
200 kHz. Besides the ultrasonic pulse velocity, the shear moduli of cement pastes
were also determined. It was shown that after the initial setting, the pulse velocity
method was an effective method for differentiating the differences in rate of
structural development of different slurries, however, before the initial setting shear

modulus was more sensitive.

In the same year, the same authors compared the ultrasonic pulse velocity,
compressive strength and volume change of the same type of oil cement slurries for
the first 24 hours (Keating et al. 1989b). The pulse velocity increased with the
highest rate between the 4™ and 7™ hours after mixing. While no correlation
between volume change and cube strength could be established, the ultrasonic

pulse velocity and strength was reported to be correlated for the first 24 hours. The
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compressive strength was estimated by ultrasonic pulse velocity measurements in

oil well cements with an error of £25%.

Sayers and Grenfell (1993) studied both the velocity of shear and longitudinal
waves and the temperature change in the oil field drilling cement slurries with
various additives. Broadband transducers with a nominal center frequency of 0.5
MHz were used for stress waves. A PMMA mold with the dimensions of
14*12*1.208 cm was used in the measurements. Fast longitudinal waves were
observed at early times and shear waves at later times. The bulk modulus of cement
slurry was found out to be linearly related to the effective shear modulus after the
slurry became interconnected. At that time the Poisson’s ratio was observed to

decrease from 0.5 to values characteristic of porous solids.

Sayers and Dahlin (1993) performed a study on cement paste of American
Petroleum Institute class G cement. It was concluded that the ultrasonic waves
were sensitive to the point at which the solid phase became interconnected as the
result of the hydration process. Initially, the propagating waves had the
characteristics of motion in fluids, while at later ages the characteristics of motion
in solids were observed. They reported that the longitudinal velocity decreased
slightly due to the increased tortuousity of the pore space during the first few hours

and then started to increase steeply.

D’Angelo et al. (1995) compared the shear and longitudinal waves in oil field
cement slurries after de-aerating together with the temperature which was used as
an indicator of the chemical activity. Three different types of oil field cements were
tested for the first 24 hours after mixing. The inner dimensions of the PMMA mold
were 15.24*12.70*1.27 cm. The wall thickness of the mold was 2.54 cm to buffer
the reflections. The transducers were broadband type with a center frequency of 1
MHz. The setting point of cement was defined as the time that the slurry reached
the percolation threshold. It was concluded that the shear waves were more

sensitive to the connectivity of the cement matrix.
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Boumiz and colleagues (1996) studied thendevelopment of mechanical properties
in relation with the hydration reaction in cement pastes and mortars. For this
purpose, they applied ultrasonic, calorimetric and conductimetric methods on
cement-based materials. The ultrasonic technique was applied to determine the
velocity, frequency and attenuation of longitudinal and shear waves. Additionally,
the Young’s and shear modulus and the Poisson’s ratio were calculated from the
velocity measurements. A perspex mold with a wall thickness of 3 cm was used.
The transducers with center frequency of 0.5 MHz were attached on the walls of
the mold for longitudinal and shear waves. For cement pastes the travel distance of
the waves was 1 cm, while it was 4 cm in cement mortars. The setting time by
Vicat apparatus and compressive strength of mortars were also determined. It was
said that the velocity of ultrasonic waves increased rapidly during setting and
hardening. The Young’s and shear moduli increased rapidly at early ages, and
slowed down as the hydration slowed. The Poisson’s ratio decreased from 0.5
which is a typical value of fluids to 0.2 which is a typical value of a cementitious
material. For the development of mechanical properties, two mechanisms had been
proposed; the first one was the connection of cement particles and the second one

was the filling of capillary pores.

As a part of the round robin test carried out by RILEM, a device for velocity,
frequency spectrum and energy measurement by transmission of longitudinal
waves was developed at Stuttgart University (RILEM Report 31). The studies
about this device were started earlier in 1991 (Grosse et al. 1999). The historical
information about the development of the experimental set-up is explained in detail
by Grosse (2002). The summary of this set of studies is explained in the following
paragraphs:

Reinhardt and Grosse (1996) investigated the effects of w/c ratio, retarder and
cement type by ultrasonic wave propagation. Velocity, transmitted energy and
frequency spectrum of the longitudinal waves were the parameters determined. The

container used for measurements were made up of styrofoam with two aluminum
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plates at the top and bottom. The transducers were in contact with the aluminum
plates. For the frequency analysis the wave was generated by a steel ball, while for
the other tests it was generated by transducers. The wave velocity, energy and
frequency spectra reported to be sensitive to the age and the composition of the
concrete. All the parameters were reported to increase with time. The difference in
w/c ratio was detected from the measured values; however, the effect of blast

furnace slag could not be detected.

In 1996, Reinhardt and his collaborates (1996) studied the influence of w/c ratio,
paste volume, effect of aggregate size and superplasticizer by longitudinal wave
propagation. The stress wave was generated by an impact of a steel ball and the
frequency range of the impact was up to 100 kHz in the early stages of the
development of the experimental set-up. The container was made up of PMMA and
a rubber was placed between the PMMA walls. The distance between the walls that
is the path length of the waves was 70 cm. The initial velocity within the fresh
concrete was about 500 m/s which was below the velocity in water. This initial
velocity remained approximately same for the first 2 hours, and then increased
steeply approaching an asymptotic value. The velocity development with time was
divided into stages by the authors. In the first stage the velocity was low and it was
dependent on the paste volume and w/c ratio. In the second stage the velocity
increased steeply and it was concluded that the w/c ratio was ineffective on the
wave velocity. It was also reported that the retarding effect of superplasticizer on

hydration was clearly seen.

The application of the method on mortars is explained by Grosse et al. (1999). The
same PMMA mold was used for testing the mortars. The frequency range of 20-
300 kHz was generated by transducers. The waveforms of longitudinal waves
propagating through the fresh mortars were taken in 10 minute time intervals by a
data acquisition system and processed automatically for determination of velocity,
energy and frequency spectra. The applicability of the method on mortars was

proved by testing the reproducibility of the data curves. It was reported that the
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method gave a comprehensive picture of the stiffening process and special mixtures

and new admixtures were able to be characterized in a new and promising way.

The apparatus mentioned above was developed as a result of several investigations
at Stuttgart University. The development history was given in Grosse, 2002. A
semi adiabatic temperature measurement system was also added to the
experimental set-up. A computer program was developed which continuously
recorded the waveform, temperature in the specimen, temperature in the
calorimetric device and the air temperature, and which calculated the velocity,
energy and frequency spectrum from the waveforms of the ultrasonic waves. A
wavelet transformation was tried to be applied on the signals. It was concluded that
typical S-shaped curves were obtained for compressional wave development for
cement-based materials. In the beginning the velocity values were small and
increased slowly, later on, the velocity in the cementitious medium increased
steeply. Curve smoothening was applied on the data in order to deal with some
erroneous data points. It was seen that the velocity in concrete specimens was

higher compared to that of mortar specimens.

The container developed for mortars as the result of several studies had only a
volume of 45 cm’. The distance between the transducers was 22 cm. The mold
consisted of two long PMMA walls and a U-shaped rubber foam which was placed
in between. This mold was used for the following researches at Stuttgart University
(Grosse and Reinhardt, 2001; Grosse et al. 2001; Reinhardt et al. 2004; Belie et al.
2005; Voigt et al. 2005). The shape of the mold is shown in Figure 3.5. For testing

concrete similar mold with greater dimensions were used.
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Figure 3.5. The mold developed at Stuttgart University (Grosse, 2002)

The applicability of the ultrasound method for quality control of cement-based
materials was explained by Grosse and Reinhardt (2000). Velocity, energy and
frequency content of the waves were claimed to be related to the hydration of the
mortar as those parameters described the behaviour of the material. The velocity
was calculated from the onset times of the ultrasonic waves as the travel distance
was already known. The energy was the cumulative sum of the wave amplitudes.
The frequency was obtained from the signal data by Fast Fourier Transform (FFT).
The parameters were extracted automatically from the waveform data by an

algorithm developed at Stuttgart University.

Grosse and Reinhardt (2001) explained how the software for analysis was
operating by giving some examples of applications in another paper. The software
analysed the wave signals during the experiment. The software showed on the
screen the ultrasound signal in time and frequency domain, the change in velocity
and energy during time and the wavelet transform of the signal. The wavelet
transformation made it possible to correlate the certain regions in the ultrasonic
signal and the different frequencies of the wave. In the early stages, mainly signals
with low frequency were observed, while in the later stages higher frequencies

were observed.
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Newly developed methods for monitoring fresh state of cement-based materials
were compared (Grosse et al. 2001). The methods compared were ultrasound in
through transmission, calorimetry, Scanning Electron Microscopy (SEM) and
Nuclear Magnetic Resonance (NMR). In ultrasonic testing, mortar specimens with
different w/c ratios and with different types of cements were observed during the
first 24 hours after mixing. From the UPV curves it was seen that for lower w/c
ratio the hydration occurred faster. The effect of cement type was also detected by
ultrasonic measurements and the mortars with CEM 1 52.5 had higher velocity
compared to CEM I 42.5 and CEM III. Temperature change of the similar mortars
was measured by Langavant calorimetry. The results of temperature test showed
similar results with the velocity measurements. In order to take the SEM
micrographs of the cement pastes, the specimens were immersed in the alcohol
which absorbed water of the specimen and then dried in the oven. The SEM
micrographs were taken at 2, 5 and 24 hours after mixing. The SEM results proved
the densification of the structure of the fresh cement paste with time. While in the 2
hour observation the cement particles were separated, in the 8 hour observation the
particles were interconnected and at 24 hour observation the cement particles were
nearly changed into gel form. However, it was reported that comparing ultrasonic
measurements with SEM was not suitable as the drying process of specimens for
SEM application might affect the hydration process in the cementitious material.
NMR method applied on the cement pastes with different w/c ratios showed a close

correlation with ultrasonic measurement technique.

Reinhardt and Grosse (2004) determined the initial and final setting time values
from the ultrasonic pulse velocity curves. They tested mortar specimens with
different cement type and different w/c ratio. The effect of admixtures was also
tested. A method for determination of onset times and for denoising of ultrasonic
signals based on Hinkley criterion and wavelet transformation was explained.
According to Hinkley criterion, if the difference between the energy value and a
predetermined value was greater than a certain value, then it was assumed that the

increase was due to the real signal other than the noise. Wavelet transformation
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allowed observing the frequency and the time domain together, so it was possible
to distinguish the time each frequency was dominant. The test was applied to three
mortars with same composition in order to check the reproducibility, and it was
concluded that the method is reproducible with only a variation of 1% in velocity
measurements. Lastly, the initial setting time was reported as the first maximum in
curvature of the velocity-age curve which could be determined mathematically;
however, the final setting time was determined empirically as the time that the

longitudinal velocity corresponded to 1500 m/s.

This method was applied to shotcrete (Belie et al. 2005). Before applying the
procedure a calibration is applied to the mold by taking ultrasonic measurements of
empty mold and a reference material with known properties. Mortars were prepared
from two types of cements (CEM I 42.5 R and CEM II/A-LL 42.5 R) with two
types of admixtures of alkaline aluminate based solution and alkali-free solution
based on aluminium sulphate at different dosages. The effect of those admixtures
on the compressive strength, tensile strength and density of the specimens were
also tested. When the ultrasonic velocity development of the mortars was
investigated, it was seen that the velocity values started at 100-700 m/s and
increased up to 4000 m/s. The ultrasonic measurements were said to be sensitive to
the cement type, accelerator type and dosage. For non-accelerated mortars a
dormant period of 30 minutes was detected while for the accelerated mortar no
dormant period was observed. Depending on the energy data of the ultrasonic
waves, it was concluded that the rate of energy was dependent on the type and
dosage of admixtures. The first maximum point of energy curve was found to occur
20 minutes after the velocity reached a value of 1500 m/s, which was reported to be
the final setting of concrete in the literature. Therefore, the maximum of energy
curve was related to the end of workability. For the frequency content, it was
observed that the peak frequency changes from 20 kHz to 50 kHz as the age of the
specimen increased. This shifting point was reported to correspond to the point
where the increase in velocity started to decrease. This point was correlated to the

point where the hydration products of cement formed a totally connected solid
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frame. After this point it was suggested that the ultrasonic pulse velocity

measurements followed the evolution of the total solid volume fraction.

The same mold was used for the investigation of high performance concrete in
Korea (Lee et al. 2004). The travel distance for P-wave in concrete was 145 mm
and a broadband transducer with a center frequency of 54 kHz was used. Mortar
and concrete specimens having different w/c ratios made from ordinary portland
cement with and without low-calcium fly ash. Water/cementitious material ratio
changes in the range of 0.27 to 0.50. The initial and final setting times of the
specimens were determined according to ASTM C 403. However, the difficulty of
sieving mortar from the concrete for low w/c ratios was mentioned. Mortar
specimens were prepared separately with the same w/c ratio and fly ash content.
Three steps in hydration process were distinguished in the velocity curves. In step
1, hydrates were reported to begin to form after a dormant period in which the
material could be characterized as a water-like viscous suspension. During this step
velocity decreases slightly due to the tortuosity. In step 2, ultrasonic wave velocity
increased steeply. In this step percolation occurred and the material changed into a
water-saturated porous solid structure as the medium became more connected due
to the increased amount of hydration products. In the last step, the increase in
velocity decreased by approaching an asymptotic value in the solid structure as the
volume of pores decreased due the products of hydration reactions. When the
ultrasonic pulse values of mortar and concrete specimens were compared, it was
seen that at the beginning mortar and concrete specimens having same
water/cementitious material ratio had similar velocity, however, at later ages the
concrete specimens had higher velocities than mortar specimens. This was
explained as in the early ages, the ultrasonic waves propagated through the water-
like viscous phase so that the presence of coarse aggregates was ineffective;
however, in later ages, the waves propagated through solid structure so the
aggregate could affect the pulse velocity. In this research, the initial setting of
mortars made from ordinary Portland cement was reached in a velocity range of

800-980 m/s and for mortars blended with fly ash, it was in between 920-1070 m/s.
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From velocity curves 2 critical points were determined and compared with the
initial and final setting times. The first point was the transition point between steps
1 and 2, and the second point was the point where the increasing rate of velocity
was the maximum which occurred in step 2. It was concluded that these points
reflected the microstructural changes better than the points determined by
penetration resistance method. Lastly, the slope of step 1 observed to increase when
the water/cementitious material ratio decreased. The change in the frequency
content of specimens with time was also investigated. The dominant frequency
content of 5 kHz was measured 10 hours after mixing. At 2 hours, the frequency
was determined as 55 kHz and at 21 hours it was determined as 53 kHz which were
very close to the center frequency of the transducer. This event was explained as
the result of the microstructural changes occurring within the concrete during the

setting and hardening.

Ye and his colleagues used a more practical mold in their research (Ye et al. 2004).
Two holes were opened on opposite walls of a steel mold and covered with plastic
membrane. The holes were a little bit larger than the diameter of the transducers
and the transducers were fixed by PVC rings. The dimensions of the steel mold
were 150*%150*200 mm, and the frequency used in the test was 54 kHz. Effect of
different w/c ratios and curing conditions were investigated in order to develop a
three-dimensional model for the hydration of cement. During the first 5 hours, the
ultrasonic velocity values were very slow for all concrete types. The point where
pulse velocity started to increase was reported to depend on the w/c ratio and
curing temperature. After this point the velocity increased steeply for
approximately 40 hours. Lastly, the velocity reached a plateau after 60 hours. For
higher curing temperatures, this plateau was reached earlier and the ultrasonic pulse
velocity increased faster for the first 24 hours. As the w/c ratio increased, the
ultrasonic pulse velocity decreased due to the higher porosity. A model for
microstructural development of cement hydration based on the three stages of the

ultrasonic measurements was developed.
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Kamada and collaborators (2005) investigated the hydration of cement paste
through ultrasonic measurements. They used a steel mold with holes on the sides in
which brass plates placed for the attachment of the transducers. The distance of the
travel path of ultrasonic waves was chosen as 35 mm so it was greater than the
wavelength. The resonant frequency of the transducers was 140 kHz. Wave
velocity, maximum amplitude and frequency content were determined through the
ultrasonic measurements. The viscosity of the specimen was also determined. The
initial and final setting times were measured according to the penetration test. In
order to observe the chemical properties of the cement pastes, SEM and X-Ray
diffraction analysis were applied after the hydration was stopped by replacing the
water with acetone. According to the ultrasonic pulse velocity curves, the hydration
of cement was also divided into three stages in this research. The frequency content
of the waves was reported to be around resonant frequency of the transducers in
stage 1, around 29 kHz in stage 2 and around 35 kHz in stage 3. The maximum
amplitude ratio which was determined as the ratio of wave amplitude to the
maximum amplitude during the measurement was reported to reflect the changes in
shear stress resistance. From the SEM measurements it was concluded that the
ettringite crystals formed in the stage where the ultrasonic velocity increased
suddenly. This was explained as the result of densification of the cement paste due

to the formation of acicular ettringite crystals.

Lastly, in RILEM Report 31, the initial setting time was reported as the inflection
point of velocity-time curve and the final setting time was reported to correspond to
time when ultrasonic pulse velocity reached to a value of 1500 m/s as defined by

Reinhardt and Grosse (2004).

3.6 Comparison of the Methods

The methods for testing the fresh cementitious materials mainly depend on two

principles: wave reflection and wave refraction. Wave reflection and impact-echo

methods depend on the principle that a wave reflects back when touches a
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boundary. These methods have the advantage of one sided-contact. However, this
one sided measurements give information about only the vicinity of the point of
impact and the surface of the application. Vibroscope and wave transmission
methods observe the propagation of waves generated at one point through another
point so that the measurements are related to the whole path travelled by the stress
wave. The impact-echo and vibroscope methods work in relatively low frequency
and hence high wavelength, on the other hand wave reflection and wave
transmission methods work in higher frequency ranges. Low frequencies result in
less attenuation; however, in standards it is mentioned that the wavelength should
be greater than the least dimension of the test specimen. In the vibroscope method
the test should be stopped before the material completely hardens for removing the
transducers from the specimen. The other three methods can be applied as long as

the material reaches the desired age.

Wave reflection, wave transmission and impact-echo techniques for early age
properties of cement mortar and concrete were compared by Beutel and
collaborators (2005). Temperature rise of the specimens was determined using
embedded thermocouples as an indicator for the hydration process. When the
change in temperature with time was compared with the development of
longitudinal wave velocity, it was seen that the temperature started to increase
when the longitudinal wave velocity reached the maximum rate. Additionally,
when the temperature reached its maximum, the longitudinal wave velocity gained
approximately 90% of its final value. In the case of transversal wave velocity, it
started to increase later compared to longitudinal wave velocity as the transversal
waves could only propagate in the existence of shear strength. The temperature and
the shear wave velocity started to increase at the same time which meant both
parameters were governed by the same mechanism. The wave reflection factor
initially decreased until the acoustic properties were equal to the material of the
mold (acrylic glass), after reaching a minimum point it started to increase again.
The minimum point of the curve corresponded to the point of increase in

temperature curve. The resonant frequency data obtained from impact-echo test
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started to increase just after the mixing and then reached a plateau. As the result of
the study, it was concluded that those three methods were sensitive to the setting

and hardening processes of the cement hydration.

In a more comprehensive study, the wave reflection method and wave transmission
method were compared under the additional information about the penetration
resistance, in-situ temperature rise, adiabatic heat release and chemical shrinkage
for the two concrete and six mortar specimens having different compositions
(Voigt et al. 2005). When the change in penetration resistance with time was
investigated, it was seen that wave reflection factor and penetration resistance
started to increase at the same time which meant that both parameters were
governed by the development of the rigid bonds. On the other hand, longitudinal
wave velocity started to increase earlier which explained as the fact that the
velocity was affected by the formation of ettringite which had no affect on the
penetration resistance. It was observed that the wave reflection factor had a linear
relationship with chemical shrinkage and adiabatic heat release while longitudinal
wave velocity had an exponential relation with those parameters. As a result it was
concluded that although the reflection loss measured with transverse waves is
related to the dynamic shear modulus and the velocity measured with longitudinal
waves is related to the dynamic Young’s modulus, both methods have direct

relationship to the cement hydration.

3.7 Some Remarks on the Wave Transmission Method

When the studies in the literature about testing cement-based materials in fresh
state by through transmission of ultrasonic waves were investigated, it was seen
that there is no standard test method for the application and the procedure is still

under development.
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First of all, in each study, the researchers used their own experimental set-up for
testing the specimen. As during the testing period the material should be in the
mold, the shape, size and the material of the mold may become important.
Although the travel path of the ultrasonic wave was reported as ineffective in the
velocity, fresh mortar and concrete are highly attenuative materials, which means
the energy of the pulse will decrease while travelling within the medium. In this
case, the travel length is important especially at the beginning of the hydration
while the velocities are rather small. Another restrictive point in the travel path is
the near-field/far-field concept which was explained in part 2.2.4. As mentioned, in
order to have reliable data, the travel distance of the pulses should be greater than

the near-field zone.

Secondly, for through-transmission of longitudinal ultrasonic waves, usually
broadband frequency transducers are employed in the literature in order to observe
the frequency spectrum during setting and hardening. However, the case of narrow-
band transducers have not been studied much. The effect of different frequencies
has not been investigated yet. Although theoretically the frequency should not
affect the velocity, it affects the wavelength and hence the attenuation in the
nonhomogeneous materials.

As the method seems appropriate for quality control of cement-based materials in
the fresh state, a standard test method is needed to be developed. Therefore, the
behaviour of the velocity curves for different travel path lengths of the pulses

should also be investigated under different frequency ranges.
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CHAPTER 4

EXPERIMENTAL STUDY

4.1 Experimental Program

The aim of this research is to correlate the ultrasonic pulse velocity (UPV)
development of hydrating cement-based materials with the hydration process. For
monitoring cement hydration non-destructively by ultrasonic pulse velocity
technique the hydration of the cement was investigated in two phases; cement paste
and mortar. Besides the UPV measurements, related standard test methods were
also applied to the paste and mortar specimens in the fresh state. Some later-age
properties of the specimens were also determined in order to check the correlation

between the properties of fresh state and hardened state.

In order to measure the UPV of the fresh material, first of all, a test set-up was

developed, the details of which will be explained in the following sections.

For cement paste specimens, besides the ultrasonic pulse velocity determinations,
the setting time measurements and the rate of heat of hydration measurements were
applied for three different water/cement (w/c) ratios. The ESEM images at different
stages of hydration were obtained for paste with 0.5 w/c ratio. For UPV tests in
cement pastes, the development of UPV during hydration with the single variable

of wi/c ratio was observed.
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For cement mortar specimens, ultrasonic pulse velocity and setting time
determinations were done in the fresh state for the w/c ratio similar to that of paste
specimens. For the hardened state of the same mixes, compressive strength and
volume of permeable pores were determined. The UPV measurements were also
taken for the hardened mortars. While testing the applicability of the UPV test on
hydrating cement-based materials, the variables in UPV test method such as path

length and frequency range were also tested for a selected wi/c ratio.

The curing conditions for all specimens were similar during the experimental
program. They were stored in a room with a relative moisture of 60 % and a
temperature of 27+1 °C during the fresh state tests and until the test age for the
hardened state tests. After the specimens on which compressive strength and
volume of permeable pores would be determined were demolded, they were placed

in water in the same room until the time of test.

The waveforms obtained by ultrasonic tests were analysed by Matlab. In the
analysis part of the research, the results obtained from UPV were compared with
the results obtained from the standard test methods in order to monitor and to

follow the hydration process of the cement.

4.2 Materials

4.2.1 Cements

Ordinary Portland cement of CEM 1 42.5 R type which was obtained from the same
source was used in all experiments. The chemical and physical properties of the
cement were obtained before preparing the test pastes and mortars according to
relevant ASTM standards. The types of tests applied on the cements in order to
determine their physical and chemical properties are listed in Table 4.1. The results
of tests conducted to determine the chemical and physical properties of the cement
are given in Table 4.2 and Table 4.3, respectively.
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Table 4.1. Tests performed on cement

Tests Related Standards
Chemical Analysis ASTM C 114
Density ASTM C 188
Fineness ASTM C 204
Normal Consistency ASTM C 187
Setting Time ASTM C 191
Compressive Strength ASTM C 109

Table 4.2. The chemical composition of CEM 1 42.5 R cement

Component (%)
SiO, 18.90
Al,O3 4,74
Fe,0s 3.03
Cao 67.01
MgO 1.76
SO3 2.88

Table 4.3. The physical and mechanical properties of CEM | 42.5 R cement

Property Value
Density (g/cm®) 3.03
Blaine Fineness (cm?/g) 3045
Normal Consistency (%) 28
Setting Time (min)
Initial Set 185
Final Set 240
Compressive Strength (MPa)
3 days 31.50
7 days 36.15

28 days 41.22




4.2.2 Aggregates

Crushed sand was used as the fine aggregate in preparing the mortar mixtures. The
specific gravity and absorption capacity of sand were determined before designing
the mixture proportions of the mortars. The particle size distribution of the
aggregate sample was also determined by sieve analysis. The tests applied on the
aggregate are listed in Table 4.4. The results of specific gravity and absorption tests

are shown in Table 4.5, and the gradation of the sand is given in Table 4.6.

Table 4.4. Tests performed on aggregate

Tests Related Standards
Specific Gravity and Absorption ASTM C 128
Sieve Analysis ASTM C 136

Table 4.5. Properties of aggregate

Property Value
Apparent Specific Gravity 2.72
SSD Specific Gravity 2.64
Dry Specific Gravity 2.59
Absorption (%) 1.81

Table 4.6. Gradation of the aggregate

Sieve size Passed through (%)

3/8" 100
No 4 99.31
No 8 68.28
No 16 44.24
No 30 30.39
No 50 21.68

No 100 16.39
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4.2.3 Water

Municipal tap water was used for the preparation of paste and mortar mixtures. The

water used was assumed to be free from oil, organic materials and alkalis.

4.3 Mortar Mixtures

In order to have mortar mixtures with different hydration characteristics, mortars
having three different water/cement ratios of 0.5, 0.6 and 0.8 were prepared. While
mixture proportions were calculated cement content was chosen as 500 kg/m? in all
mixtures. However, the assumed air content for mixture proportions and the
measured air content during tests were not the same. So after the exact air content
was determined by pressure method, the total volume was recalculated and the
mixture proportions were corrected. The corrected amounts of contents of mortar
mixtures are given in Table 4.7. The air content measured according to ASTM C
138 and unit weight determined according to ASTM C 231 are also shown in the
same table.

Table 4.7. Mixture proportions of mortar specimens

wi/c ratio

0.5 0.6 0.8
Cement (kg/m®) 494 514 513
Water (kg/m®) 247 308 411
Sand (kg/m°) 1487 1370 1138
Total (kg/m®) 2228 2192 2062
Unit Weight (kg/m®) 2230 2200 2070
Air content (%) 2.9 1.3 0.8

The mortar mixtures were compacted with a rod when placing in the molds. For the

mortars with high w/c ratio, compaction was much more easier. The smaller air
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content results for higher wic ratio are probably due to the ease of compaction. As
the same procedure was applied for each mixture, the degree of compaction

became higher as the w/c ratio increased.

In the initial stage of the experimental program, it was decided to test mortar
mixtures with a w/c ratio of 0.4. However, when the mixture was prepared, it was
observed that the mixing, placing and compacting processes were very difficult.
Although compaction process was applied carefully, when the specimens were
demolded, it was realized that the mixture was not placed well. The results of this
mixture would probably mislead the analysis part; therefore, this group of

experiments was cancelled.

Additionally, beyond the ease of compaction, the increased w/c ratio leads to an
increase in the possibility of segregation and bleeding. For the test mixture with

w/c ratio of 0.8 some bleeding was observed.

4.4 Test Methods

In this investigation, tests were applied on cement paste and mortar specimens. The
main aim of the study was to monitor the hydration process by ultrasonic pulse
velocity measurements non-destructively; therefore, the UPV test was applied to
both pastes and mortars. The setting time was also determined in both specimen
groups. The heat of hydration was determined only on paste specimens whereas the
strength and volume of permeable pores were only determined on mortar
specimens. However, before beginning the experimental program the first step was
to develop the experimental set-up for UPV determination. After the experimental
set-up for ultrasonic test of fresh cementitious materials was established, the
experimental part of the investigation was started. In the following sections, the

details of the aforementioned tests are given:
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4.4.1 Development of the mold

The most challenging part in testing fresh cementitious materials by ultrasonic
waves non-destructively was the design of the experimental set-up as during the
testing procedure the material must stay inside the mold. Only one face of the
specimen is available for testing. However, if the transducers of the UPV apparatus
were placed on the top surface, they would sink into the specimen as the medium
was not rigid enough to carry their weight yet. Additionally, in UPV testing direct
measurement is more reliable than indirect measurement as explained in Chapter 2.
In order to have direct measurement, the sending and receiving transducers should
be placed on the two opposite faces of the specimen. However, the waves would
prefer the path that they could travel in the shortest duration. Therefore, if the
transducers were attached on the sides of the mold, the ultrasonic longitudinal
waves could travel through the sides of the mold instead of the medium itself.

In order to chose the material and the shape of the mold, some preliminary
experiments were done. First of all, when a steel mold was used, it was not possible
to observe the hydration process, because throughout the whole test, the ultrasonic
waves travelled through the sides as it took the shortest time period due to the high
velocity in steel which was about 5900 m/s. The mold needed to be produced from
such a material that the velocity through it should be slower than the mortar.
Therefore, a material of low density should be used for placing the fresh
cementitious material. As a second trial, a plastic mold having the dimensions of
15*15*15 cm® was used. Before placing the mortar mixture in the container, the
UPV of the empty mold was measured. In the empty mold, the waves would prefer
to travel through the walls of the mold. After the material was placed in the mold,
the UPV measurements started. At the beginning, same value as the empty mold
was taken for a while, because as the velocity of ultrasonic pulse in fresh cement
mortar was very low, the waves preferred to pass through the mold walls. However,
as time passed, the travel time between the transmitting and the receiving
transducers started to decrease compared to the initial value, which meant that the
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mortar started to gain rigidity and the velocity of the mortar began to be higher than
the velocity of the mold material. This preliminary experiment was applied for two
different w/c ratios in order to check whether the difference in the UPV
development for different hydrating properties could be detected with the proposed
method. The results were encouraging for monitoring the progress of hydration in
cement by UPV test if an appropriate set-up could be performed.

Although it seemed possible to observe hydration of cement mortar with this
system, the initial stages of hydration could not be captured using this set-up. A
mold with less density needed to be used or the contact between the sides of the
mold and the transducers of the ultrasonic apparatus needed to be prevented.
Unfortunately, it was not possible to give shape to the plastic conventional standard
mold. Therefore, it was decided to produce molds using wooden pieces with
desired shape and dimensions. For this purpose the mold used by Ye et al. (2004)
was adopted. Circular holes with dimensions a little larger than the transducers
were cut on opposite sides. These holes needed to be somewhat covered in order to
prevent the viscous material from flowing outside. However, using plastic sheets
for the holes as done by Ye et al. (2004) was not appropriate as due to the pressure
applied on the transducers, the material deformed. In order to prevent direct touch,
plexiglass sheets were employed inside the mold on the sides with the holes. With
the use of plexiglass sheets not only direct contact was prevented but also the risk
of transmission of the ultrasonic waves through the sides of the mold was
decreased as the result of attenuation between wooden sides and the plexiglass
sheets. Another advantage of this system was the possibility to obtain a mold in the
desired shape and dimension in an economical way. The disadvantage of the wood
was the possible capacity of the material to absorb water which could alter the
water content in the mortar mixture. However, this problem was solved by covering

the inside of the mold with a plastic sheet.

After the mold material and shape was decided, the second problem was the
attachment of the transducers to the mold. As the aim was to take measurements
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continuously for at least 24 hours, the transducers needed to be attached to the
mold so that similar pressure could be applied during the test. The contact and the
pressure level between the transducers and the specimen affect the wave amplitude
measurement. If the contact was good, the wave could be detected precisely,
however, in the case of poor contact, the wave could not be captured precisely and
the wave parameters might not be measured correctly. The contact between the
transducer and plexiglass sheet was achieved by applying vaseline on the surfaces.
In order to hold the transducers attached on the container continuously, the
transducers were tied by rubber bands. The shape of the empty molds of different
dimensions and the attachment of the transducers are shown in Figure 4.1.

Figure 4.1. The wooden molds used in the experiments and attachment of

transducers

Using an appropriate mold is one of the most important parts of this experimental
procedure due to previously mentioned reasons. After the mold for the testing
system was designed, the data acquisition system and UPV measurement of the
experimental set-up needed to be designed in order to visualize the longitudinal
waves travelling through the medium and to calculate the UPV of the specimens.
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4.4.2 UPV determination

The velocity of ultrasonic pulses travelling through the cement pastes and mortars
were determined by using an ultrasonic apparatus together with a data acquisition
system which was attached to a computer. The schematic representation of

experimental system is shown in Figure 4.2.

Personal Computer with
GageScope for Windows
A

Gage CompuScope 1250
ch A
chB
sync in
clock

A 4

A 4

Pulse . o o
Generator Receiver/Conditioner/Amplifier
A
Transmitting Specimen Receiving
transducer transducer
\
/ Wooden
mold
Plexiglass
sheets

Figure 4.2. The schematic representation of data acquisition system
In the experimental set-up the ultrasonic pulses were generated by an ultrasonic

apparatus. A data acquisition card was inserted in the computer and the

oscilloscope software was installed so that the features of the data acquisition card
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could be used. The ultrasonic apparatus was connected to the data acquisition card
with coaxial cables. The signals sent and received by ultrasonic apparatus were
transferred simultaneously to the hardware so the ultrasonic waves could be
observed directly on the computer display as shown in Figure 4.2. The oscilloscope
software had the capability to save the data at desired time intervals. The data

saved by the system was then processed and analysed using Matlab.

Taking multiple records was possible with the set-up. The saved waves were the
average of the 16 readings which was automatically calculated by the oscilloscope
software. Although the system could record data from 2 channels, only one channel
was used as the ultrasonic apparatus was single. When one channel option was
used, the sampling rate could be as high as 50 MS/s. Additionally, the number of
data points could be selected. In order to monitor the total wave and to observe the
attenuation more than 120000 points were chosen for each wave. As in one second
50000000 samples could be collected, 120000 points corresponded to a time period
of 2400 microseconds, which was a very long duration when ultrasonic testing of
concrete was considered. The first arrival time of the ultrasonic wave, the
waveform and the decrease in the amplitude with time until zero amplitude could

be observed with these parameters.

As some vibrations from the environment could also be captured by the system, the
noise needed to be eliminated by smoothening methods. For this purpose, while the
data was being analysed by Matlab, the moving average method of 10 points was
applied. The average of first 10 points was taken and recorded as the first point,
then the points from 2 to 11 were averaged and recorded as second point, then the
points from 3 to 12 were averaged and recorded as the third point, and this process
continued until the end of the data points. After the signals were smoothened with
this method, the first arrival time of the ultrasonic wave was determined. For this
purpose, the first peak of the wave signal was determined by the analysis program
and the whole wave was amplified so that the first peak corresponds to 2 Volts.

Later on, the arrival time was selected as the point where the signal corresponded
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to a threshold of 0.06 V which was 3% of first peak. The onset times of the waves

were calculated in this manner.

Filtering the data clears the electrical noise while amplifying simplifies the

determination of first arrival time of the pulse wave. As an example, the raw and

processed waveforms are shown in Figure 4.3. The example belongs to the mortar

specimens of 0.5 wi/c ratio at an age of 4 hours.
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Figure 4.3. The raw and processed waveforms of ultrasonic pulses
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In Figure 4.3, the units in the y-axes are different; in the raw data the axis is given
in millivolts, while in the processed data it is given in volts. In the processed form,
the wave is filtered, amplified and the baseline corrected. The threshold for the

arrival time determination is also given on the processed waveform.

After the onset times were obtained from the processed waveforms, the velocity
could be calculated as the travel path length was known. However, some
corrections needed to be applied before calculating the velocity.

The first correction was for the zero reading of the transducers. When the sending
and receiving transducers were in touch, the time for arrival of the wave should be
zero as the wave did not travel through any medium. However, due to signals
travelled through long cables, and conversions of the signals between different
phases, some time passed so, the system could not read zero for that case. First of
all, the constant time value for each frequency was determined for zero reading by
taking the average of at least 20 readings obtained at different times for the direct
touch of the transducers. This value was subtracted from the determined time
values before calculating the velocity. The values for zero correction for each

frequency transducers are given in Table 4.8.

Table 4.8. Zero reading correction for each frequency

Frequency (kHz) Correction time (us)
54 2.27
82 1.77
150 2.17

The second correction was applied for the plexiglass sheets. As the wave travels
through plexiglass sheets for a while, the time spent through those sheets should
also be considered. For this purpose with the same set-up 3 different sheets were
tested 10 times and the travel times for each frequency were calculated by Matlab.

By dividing the thickness of each sheet by the travel time calculated after applying
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zero time correction; the ultrasonic pulse velocity was determined by taking the
average of all readings for each frequency range. The UPV of plexiglass sheets are
given in Table 4.9.

Table 4.9. UPV of plexiglass sheet for each frequency

Frequency (kHz) UPV (m/s)
54 2407
82 2452
150 2535

Thus, the data collected by experimental set-up was processed by Matlab and the
travel time through the mold which contained the test specimen was determined.
Later on, the zero time correction and the time spent through plexiglass sheets were
subtracted. The final velocity was determined by dividing the length of the test
specimen to the corrected time. The UPV values were obtained with 15-minute
time intervals for each test specimen. For the first group of experiments, which is
composed of mortars with different w/c ratios, different travel path lengths were
tested for the first 72 hours. Additionally, at 7 and 28 days, the UPV values were
also determined on the specimens which were kept in the same mold until the test
age. However, it was observed that the UPV did not change significantly after 24
hours. Therefore, the remaining experiments which were for the paste specimens
and for the frequency effect were tested only during the first 24 hours. After the
UPV values were determined at the desired time interval and duration, the change
of UPV with time was monitored.

4.4.3 Setting time determination
In order to correlate the values with the UPV development of the medium the initial

and final setting times of the cementitious materials were determined in two

phases; cement paste and mortar. Setting time determination of cement paste and
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cement mortar are explained in different ASTM standards. In each test, the related
standard was used.

In cement pastes, the initial and final setting times were determined according to
ASTM C 191 by Vicat apparatus. Although in the standard the test method was
said to be applied on pastes at normal consistency, in order to correlate the setting
characteristics of pastes with different w/c ratios to the UPV development of the
same pastes, the test was applied on the cement paste specimens having different
wi/c ratios. Cement pastes with wi/c ratios of 0.5, 0.6, and 0.8 were prepared and
placed in the container of the apparatus. The depth of penetration of Vicat needle
into the specimen which were kept in the same conditions with the UPV test
specimens was measured at 15 minutes time intervals until the needle could no
longer sink into the specimen so that the change in the penetration depth with time
could be obtained. According to ASTM C 191, the initial setting time corresponds
to a penetration depth of 25 mm from the top surface of the paste and the final
setting time corresponds to a penetration less than 1 mm. The initial setting time
values were determined from the penetration depth-time curves and the final setting
times were determined during the test as the point when penetration is no longer
observed which corresponded to the end of the test. While obtaining the penetration
depth-time curves for each wi/c ratio, the test was applied on two different
specimens and the average was taken at each time interval before constructing the
curves representing change of penetration depth with time.

In cement mortar, the initial and final setting times were determined according to
ASTM C 403 by penetrometer. In order to determine the initial and final setting
times of the mortar specimens, the mortar specimens were placed in 15*15*15cm
cube molds in two layers by compacting each layer 25 times with the steel rod. The
molds were kept under the same conditions with the specimens of UPV
determination test. The penetration resistance was measured at 15-minute time
intervals and the development of penetration resistance with time was obtained.

From the penetration resistance-time curves the initial and final setting times of
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mortar specimens for each w/c ratio were determined. According to ASTM C 403,
initial setting time is reached when a penetration resistance strength of 3.5 MPa is
obtained and final setting time is reached when a penetration resistance strength of
is 27.6 MPa is reached. The measurements were continued until no reading with
the apparatus could be taken due to high amount of force was needed to penetrate
into the specimen. While determining the penetration resistance-time curves, the
average of the results obtained from two different specimens were used.
Additionally, as the mortar specimens had to be tested at different times for each
travel path length, the penetration test was applied at each time to the specimens
stored together with the UPV test specimen. By this way, it was also checked
whether similar properties were obtained at the mortar batches mixed at different
days. The curves obtained were similar, so the average of the all tests was taken to

draw the penetration resistance-time curves.

By the Vicat and penetration resistance tests the setting characteristics of the
cement pastes and mortars were obtained. These properties were used to correlate

the hydration of cementitious material with the UPV development.

4.4.4 Heat of hydration determination

As the hydration of cement is a chemical reaction, the heat of hydration and rate of
heat of hydration give information about how much the reaction has progressed at
any time. The rate of heat of hydration and the heat of hydration of cement pastes
in this study were monitored in order to observe the hydration process chemically.

The heat of hydration of cement pastes with different w/c ratios were determined
by isothermal conduction calorimetry for the first 72 hours at every minute. The
pastes having w/c ratios of 0.5, 0.6, and 0.8 were prepared by mixing cement and
water so that the total weight of the paste would be 7.5 grams. Immediately after
the paste was mixed it was placed in the special mold of the apparatus and put in

the calorimetry. The temperature of the apparatus and the environment was set
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constant at 20 °C. The heat flow from the medium was measured automatically and
by comparing with a reference material the rate of heat of hydration of the cement
paste was determined. The heat of hydration was calculated by integrating the rate

of heat of hydration curve with respect to time.

By isothermal conduction calorimetry method the rate of heat of hydration and heat
of hydration of cement pastes were determined during the first 72 hours, the peaks
and the stages of the hydration of the cement pastes were observed. The
information obtained from the hydration of cement pastes could be useful while
interpreting the UPV development of cement pastes and cement mortars.

4.4.5 ESEM analysis

In order to observe the microstructural changes due to hydration in cement pastes,
the ESEM (Environmental Scanning Electron Microscopy) analyses were applied
on the paste specimens having 0.5 wi/c ratio at different stages of hydration. The
hydration process was stopped by immersion in liquid nitrogen. After the hydration
was stopped, the ESEM micrographs were obtained in BSE (Back-Scattered
Electron) mode on the polished surfaces of the specimens. This analysis was
applied at different stages of very early hydration so that the structural changes
during setting could be observed. As the initial and final setting times were known
due to the standard test method, the corresponding ESEM images were taken. From
these images, the dormant period, initial and final setting stages could clearly be

observed. The results are given in Chapter 5 in detail.
4.4.6 Strength determination
In order to determine the flexural and compressive strength of mortar mixtures

4*4*16 cm® prismatic specimens were used. The prisms were tested for flexural
strength by mid-point loading as described in ASTM C 348. After the prisms were
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divided into two pieces, the compressive strength was determined from those two
pieces having 4*4 cm? cross-sectional area according to ASTM C 349.

The mortar prisms were mixed at three different w/c ratios of 0.5, 0.6, and 0.8. The
prisms were kept in the same temperature as the ultrasonic test specimens. The
prisms were kept in the molds for 24 hours. After 24 hours, the specimens were
cured in lime-saturated water until the test age. The flexural and compressive
strength values were determined at 1,2, 3, 7 and 28 days. At each time, 3 prisms
were used to measure the flexural strength and 6 pieces obtained from the prisms
tested by flexural load were used to measure the compressive strength.

While determining the UPV development in mortar specimens having different w/c
ratios, the batches were prepared and tested at different days for each travel path
length. The prisms for strength determination were also prepared and tested for
each batch in order to observe whether similar properties were obtained at each
three batch for UPV test of one mixture. It was seen that the results are
approximately same for each batch of same type of mortar mixture. Therefore, the
average of flexural and compressive strength values of mortar mixtures of similar
properties prepared at different days was taken at each test age. Although 3 results
existed at each test age due to the different batches, the results were decreased to

one for each test age and each wi/c ratio by averaging.

4.4.7 Volume of permeable pores and absorption capacity determination

The volume of permeable pores and the water absorption of the mortar specimens
were determined according to ASTM C 642. For measuring the volume of
permeable pores, 4*4*16 cm® prismatic specimens were used as in the case of the
strength determination test. The prisms were prepared at the same time with the
specimens for strength test, UPV test and penetration resistance for setting time
test. They were cured same as the strength test prisms; after 24 hours the specimens
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were demolded and kept in lime-saturated water until the test age together with the
strength test specimens at the same temperature with the UPV test set-up.

At each test age, 3 specimens were tested. At the test age, firstly the specimens
were placed in the oven to obtain the oven-dry mass. After the oven dry mass was
obtained, the specimens were placed in the water for 48 hours, the saturated mass
after immersion was measured by drying the surface with a towel. Later on, the
specimens were boiled for 5 hours, the weight after boiling was determined after
the specimens were cooled to room temperature and surface moisture was removed
by a towel. Lastly, the specimen was weighed in water by placing in a wire basket.
The absorption, bulk density and volume of permeable voids were calculated
according to ASTM C 642.

As in the case of compressive strength determination, the average of three results

obtained from different batches at the same mixture were taken for each test age.
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CHAPTER 5

TEST RESULTS AND DISCUSSIONS

5.1 Progress of Hydration in Cements

This research was aimed to monitor the hydration process of cement-based
materials by the propagation of longitudinal ultrasonic waves. By observing the
development of ultrasonic pulse velocity (UPV) within the body during the
hydration process, the setting behavior in different cementitious materials were
planned to be determined. For this purpose, different stages of hydration process of
cements obtained by standard test methods such as conduction calorimetry and

Vicat needle are compared with UPV development through the material with time.

In order to relate the test results obtained in this research with the development of
hydration, the schematic representation of the hydration process is given in Figure

5.1.

According to the schematic model given in Figure 5.1, right after mixing, the
medium behaves as a suspension which is composed of individual cement particles
suspended in water. However, with time hydration process proceeds and the
solidification occurs. As the hydration products increase, the medium gains

strength and rigidity becoming a solid material.
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Figure 5.1. Schematic representation of setting and hardening process (Young et al.
1998)

The ESEM micrographs of cement paste having 0.5 w/c ratio were also obtained at
different ages during the early hydration. The images were obtained after stopping
hydration by liquid nitrogen. The micrographs are shown in Figure 5.2 for three

different ages so that each represents different stages of the hydration process.
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c)
Figure 5.2. Cement paste structure (a) before setting, (b) at initial setting, (c) at

final setting
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In the cement paste shown in Figure 5.2, it is known that initial setting time occurs
at about 4.5 hours and final setting time occurs at about 7 hours after mixing.
Therefore, the different ages of cement paste in Figure 5.2 correspond to dormant
period, initial setting and final setting. As seen in the figure, during the dormant
period, the cement particles are not connected. However, as the hydration
progresses the hydration products occur on the cement particles by reducing the
distances between the individual particles. At the initial setting the hydration
products obtained on adjacent cement particles seem to touch each other. After
final setting the amount of hydration products increases by filling the voids
between the particles. The stages of hydration process which are shown
schematically in Figure 5.1 are obtained from the ESEM images of the cement

paste during setting.

5.2 Propagation of Ultrasonic Waves in Hydrating Cements

In order to obtain the development of UPV in hydrating cements, an experimental
set-up was established so that the waveforms could be monitored continuously
during the hydration process of cementitious medium. The arrival time of the
ultrasonic longitudinal wave was determined from the waveforms of the
longitudinal waves travelling through the body. Afterwards the ultrasonic pulse

velocity (UPV) was calculated by dividing the travel length by the arrival time.

As soon as the material was placed in the mold, compacted and covered with
plastic sheets in order to prevent moisture loss from the surface, the ultrasonic
apparatus was attached and the set-up was started for acquiring the waveforms. The

measurements were started within 30 minutes after the mixing operation.

Just after the mixing process the medium is like a solid suspension containing
many voids through which the waves cannot propagate fast. However, as time
passes, the material becomes like a solid due to gaining of rigidity and the waves

can propagate faster. In the early hours, the attenuation in the medium is very high.
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Due to the weakness of the waves reaching the receiving transducer, the effect of
noise is also high. As a result, at the beginning of the hydration process, the waves
are not clearly observed. The change of waveforms with time is given for the
mortar specimen having a w/c ratio of 0.5 tested with a frequency of 54 kHz for a
travel path distance of 15 cm in Figure 5.3. The waveforms shown in the figure are
the filtered and the amplified waves. The waves were processed and analyzed by
Matlab and the arrival times were determined for each waveform by considering a
threshold value of 0.06 V. The determined arrival times together with the threshold

line are shown on each graph.

As seen in Figure 5.3, the waveforms change with time. The arrival time for the
ultrasonic waves also changes such that as the hydration progresses the arrival
times decrease. While during the early hours the change in arrival time is more

significant, at later ages it is rather slow.

From the curves of Figure 5.3, it is seen that at very early ages the waveforms are
not very clear. The electrical noise and the attenuation of the waves deteriorate the
waveforms, and the arrival times cannot be accurately calculated. As seen in the
figure, the arrival time for 1 hour-old mortar is 263.30 us while for 2 hour-old
specimen it is 352.66 pus. When the waveforms are examined, the high amount of
electrical noise for the 1% and 2™ hours can be realized. The waves travelled
through the medium and captured by the receiving transducer are very weak during
the early ages due to the attenuation. However, at about beginning of setting as
seen in the 3 hour-old mortar specimen, waveforms start to become clearer. After
the initial set, in the cementitious medium an interconnected system starts to be
formed. As the hydration proceeds, the medium becomes more solid and the UPV
increases. Until final setting time, the maximum amplitude seems to increase. After

the medium sets completely, the change in the waveform becomes less significant.
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Figure 5.3. The change in waveforms during hydration for mortar specimen
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Figure 5.3. (continued)
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5.3 Development of Ultrasonic Pulse Velocity in Cement Pastes

Ultrasonic pulse velocity (UPV) measurements were carried out in cement pastes
having three different w/c ratios for the first 24 hours after mixing with a time
interval of 15 minutes. The change of UPV with time for the three w/c ratios used

is shown in Figure 5.4.
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Figure 5.4. Development of UPV in cement pastes for different w/c ratios

From Figure 5.4, it is seen that UPV increases with time following an S-shaped
curve. The relationship of UPV and age can be separated into four distinct portions
which are almost linear. The portions for each w/c ratio are shown in Figure 5.5,
separately. First of all, the behavior for about the first hour after mixing could not
be observed with the experimental set-up used. This most probably resulted from
the fact that the waves could not be distinguished from the electrical noise during
the very early stages of hydration due to high attenuation. Just after mixing, the
solid particles of the cementitious system are not interconnected, therefore, there is
high attenuation and the wave velocities cannot be measured accurately. The first
meaningful velocity measured in the cement pastes is about 500 m/s. After the first

point the velocity could be determined, the UPV increases at a slow rate which is
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shown as the first linear portion. However, as the behavior before that portion
could not be determined accurately, the lines fitted on the first few measurements
are not reliable. During this portion the dormant period still continues. The slight
increase in UPV might be due to the settlement of the cement paste as a result of its
own weight. However, the number of data from this region is limited, so making
conclusions based on this portion is not reasonable. The following three linear
portions are more important in interpreting the results of the investigation. In the
second stage, the UPV starts to increase with a steep slope as a result of the
formation of hydration products after the dormant period. The rate of change of
UPYV is highest in this part. The following portion has a milder slope as compared
to second portion defined in the UPV development curves. Lastly, the slope of
UPV becomes very mild in the fourth region. However, the increasing of UPV
indicates that the formation of hydration products still continues. On the other
hand, the decreasing slopes in the linear portions of the UPV development with
respect to time could be an indication of reaching an asymptotic value in time. The
value obtained at the end of 24-hour hydration shows that this asymptotic value
will depend on the w/c ratio of the cement paste as the rate of UPV development is

very small in the last stage as compared to previous stages.

At the end of 24 hours, the cement paste with w/c ratio of 0.5 reaches a UPV value
of 2375 m/s, while the cement paste with w/c ratio of 0.6 reaches a UPV of 2350
m/s and cement paste with w/c ratio of 0.8 reaches a UPV of 2200 m/s. This
indicates that the UPV development is dependent on w/c ratio of the paste. High
w/c ratio usually results in low UPV values in the pastes. Additionally, when the
slopes of the portions of the UPV development curves are compared, it is seen that
the slope of the second part is higher for the paste with lower w/c ratio. This

portion is defined as the stage when the hydration products formation is fastest.
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Figure 5.5. The stages of UPV development in cement pastes with different w/c

ratios
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After mixing the cement with water, the cement particles are initially almost evenly
distributed within the liquid phase. In first few minutes some flocculation of the
cement particles because of opposite zeta potentials and Van der Waals forces
occurs. However, these flocculations may easily be destroyed upon ultrasound
applications to the paste (Odler, 2005). Although the viscosity of the water-cement
mixture increases due to flocculation of cement particles, this process is reversible
upon ultrasound application. This can be one of the reasons for the unreasonable

ultrasonic velocity measurements within the first few hours.

With progressive hydration, the precipitation of hydration products on the surfaces
of the cement particles causes some roughening of these surfaces. Continuing
growth of hydration products results in the contact of individual cement particles
covered with these. Eventually, the number of contacts between the cement
particles increases to form a three-dimensional network of solids.  This
phenomenon stops the unlimited deformability of the paste by increasing its
viscosity. Still however, the solid network can be broken down easily because
there is almost no strength of the paste. As the hydration progresses, amount of
hydrated materials increases and the pore space reduces. The bond between solid
particles will further strengthen resulting in hardening and load carrying capacity.
These features can also be observed in the ESEM micrographs of very early age

cement pastes given in Figure 5.2.

The rate of increase in UPV development changes as hydration progresses in
cement pastes. As the UPV increases with progress of hydration, the rate of UPV
could be related to the rate of hydration reactions. In order to observe how the rate
of UPV behaves, the first derivative of UPV curves with respect to time was
calculated numerically. The difference in UPV between two measurements was
divided by the time interval between the two adjacent measurements. Curve
smoothening technique of moving average with two-points was applied to the

results. The results are shown in Figure 5.6 for each w/c ratio.
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Figure 5.6. Rate of UPV change with time in cement pastes for different w/c ratios

In Figure 5.6, it is seen that the rate of increasing of UPV changes interestingly
during the hydration process of cement pastes. After a steep increase, it starts to
decrease with different slopes at different stages. Finally, it reaches to a value
around zero. The peak seems to occur between 3 and 4 hours in all cement pastes.
Although the occurrence time seems to change in a very narrow range, it is seen in
the curves that as the w/c ratio increases, the peak is shifted slightly to the later

ages.

Actually when the curves in Figure 5.6 are examined, 5 different stages can be
distinguished in the rate of UPV curves for each w/c ratio. In the first stage the rate
of UPV increases steeply. After reaching a peak value at about 3 to 4 hours it starts
to decrease with a steep slope. Thirdly, a short constant portion is observed. The
length of constant portion seems to be dependent on w/c ratio of the paste. In the
fourth stage, the rate of UPV development starts to decrease until about 16 hours.
Lastly, the rate of UPV approaches an asymptotic line around zero which means at

that period the UPV does not change significantly.
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5.4 Setting Time Test Results in Cement Pastes

The initial and final setting time values of cement paste specimens were determined
by Vicat apparatus for each w/c ratio. The change of initial and final setting times
determined by Vicat apparatus applied to pastes with different w/c ratios are shown

in Figure 5.7.

As expected, increasing w/c ratio results in longer setting time. For both initial and
final setting times, almost a perfect linear relationship is observed between the w/c
ratio and setting time. The slope for final setting time is greater than the slope of
initial setting time. This means end of setting is delayed more when w/c ratio is
increased as compared to start of setting in cement pastes. For small w/c ratios, the

start and end of setting are closer to each other.
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Figure 5.7. Setting time values for each w/c ratio

The UPV values corresponding to initial and final setting times were determined
from UPV-time curves for each cement paste with different w/c ratios. The setting
time results and the corresponding UPV values are listed in Table 5.1. The

averages of the UPV values for start and end of setting are also shown in the table.
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Table 5.1. Setting time test results and corresponding UPVs

w/c ratio Initial set (h) UPV@initialserl(m/s) ~ Final set (h)  UPV gfinaiser(m/s)
0.5 4.42 1346 7.00 1729
0.6 5.00 1309 8.50 1785
0.8 6.25 1490 11.25 1873
average 1382 1793

As seen in Table 5.1, initial setting time occurs when the medium reaches a UPV in
the range of 1309-1490 m/s. The average of values for three w/c ratios corresponds
to 1382 m/s. On the hand, during the final setting time, the medium has an UPV in
the range of 1729-1873 m/s. The average for final setting time corresponds to 1793
m/s. Therefore, it could be concluded that the initial setting time for cement pastes
occurs when the UPV reaches a velocity about 1380 m/s while final setting time
occurs when the UPV reaches a velocity about 1790 m/s regardless of the w/c ratio

of the paste.

5.4.1 Determination of initial setting time from UPV curves in cement pastes

It was aimed to estimate the initial setting time directly from the UPV
measurements. From the UPV-time curves of cement pastes, it is obvious that the
development of UPV is related to the hydration process of the paste. As shown in
Figure 5.5, UPV development curves can be divided into four linear portions. As
the UPV is related to density and modulus of elasticity of the materials, the points
where the slopes change could correspond to some critical points of hydration.
Therefore, it could be useful to determine those points of intersection of linear
portions. The points were determined from the line equations fitted to portions
which are shown on the graphs of Figure 5.5. The intersection times and the
corresponding UPV values are given in Table 5.2 for each w/c ratio. In the table,

the average of UPV values for each intersection, the maximum difference and the
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percentage of the maximum difference with respect to average values are also

shown.

Table 5.2. The intersection points of linear portions and corresponding UPVs

w/c ratio Int. of 1-2  UPV | Int. of 2-3 UPV | Int. of 3-4 UPV

(hr) (m/s) (hr) (m/s) (hr) (m/s)

0.5 1.87 617 4.71 1407 11.04 2108

0.6 2.32 551 5.19 1348 13.27 2232

0.8 2.02 612 5.77 1439 14.30 2038
Average (m/s) 593 1398 2126
Range (m/s) 66 91 194
Range/az)zr)age*lOO 1.1 6.5 9.1

If the UPV values corresponding to the critical points of UPV development curves
are examined, it is seen that those points occur at similar velocities. As the UPV is
related to the physical properties of the medium, it can be concluded that at the
intersections of linear portions the materials have similar properties regardless of
the w/c ratio. This result is a proof that UPV can be a reliable tool in monitoring

the hydration process of cement pastes.

The average of UPVs corresponding to the intersection of 2" and 3" linear
portions of UPV development curves is 1398 m/s. This value is quite close to the
value given in Table 5.1 for initial setting time. The initial setting time values
determined from Vicat apparatus and the point where the second slope change on
the UPV development curves occurs (i.e. intersection of 2" and 3" linear portions

as seen in Figure 5.5) are compared in Table 5.3.
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Table 5.3. Comparison of Vicat and UPV for initial setting time determination

w/cratio | Initial UPVginitiaiser | Int. 2-3  UPV@in. | Difference Difference
set (h) (m/s) (h) (m/s) (h) %
0.5 4.42 1346 4.71 1407 0.31 7.01
0.6 5.00 1309 5.19 1348 0.19 3.80
0.8 6.25 1490 5.77 1439 -0.48 -7.68
Average
(m/s) 1382 1398

The percent difference was calculated with respect to initial setting time as
determined from the standard Vicat test method. The maximum difference is less
than 8% which is a quite good approximation for non-destructive test methods.
Therefore, it can be stated that the initial set occurs in cement pastes at the point
where the second change in the slope of idealized UPV curves occurs. At that point
the UPV is around 1400 m/s in all cases independent of the w/c ratio of the paste.

Ultrasonic test seems to be a good method for initial setting time determination.

5.4.2 Determination of final setting time from UPV curves in cement pastes

The final setting time of cement paste could not be determined directly from the
characteristic points of UPV development curves. However, the rate of UPV
development curve gives valuable information about the setting behavior. As
explained in Figure 5.6, the rate of UPV development curves can be divided into
five distinct linear stages. Those stages of rate of UPV development curves are

shown in detail in Figure 5.8 for each w/c ratio, separately.
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In the rate of UPV development curves, the peak which is the intersection of 1* and
2" linear portions, the beginning of the plateau which is the intersection of 2™ and
3 linear portions, the end of plateau which is the intersection of 3" and 4™ linear
portions and the intersection point of 4™ and 5™ linear portions were determined.
The results and the corresponding UPV values are given in Table 5.4 for each w/c
ratio. In the table, besides the values of UPV, the averages and the deviations are

also given for each characteristic point.

Table 5.4. The characteristic points of RUPV curves and the corresponding UPVs

w/c ratio 1-2 UPV | 23 UPV | 344 UPV | 45 UPV

(hr)  (m/s) | (hr) (m/s) | (hr) (m/s) | (hr)  (m/s)

0.5 325 1042 | 6.00 1601 | 7.00 1729 | 14.60 2191

0.6 350 899 | 6.50 1543 | 8.60 1796 | 16.50 2339

0.8 3.75 1049 | 7.00 1554 | 11.00 1858 | 17.25 2122

Average (m/s) 997 1566 1794 2217

Range (m/s) 150 58 129 217

Range/average™ 100 15.0 3.7 7.2 9.8

(%0)

As in the case of the characteristic points of UPV development curves, similar
UPYV values were obtained for the characteristic points of rate of UPV development
curves. As UPV depends on the density, elastic modulus and Poisson’s ratio of the
body, it can be concluded that at those points the pastes have similar physical and

elastic properties whatever the w/c ratio of the material is.

For the determination of final setting time of cement pastes, the results listed in
Table 5.1 and 5.4 were compared. The results showed that the final setting time as
determined by Vicat apparatus is close to the point where the horizontal platform in
rate of UPV development curve ends. The comparison of results is given in Table
5.5. The differences between two determinations were also calculated.

Additionally, the difference in percentage in determining the final setting time from
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rate of UPV development curves was also given with respect to the final setting

time as determined by Vicat test method.

Table 5.5. Comparison of Vicat and UPV Methods for final setting time

determination
w/c ratio | Final UPV @finalset End of  UPVg; | Difference Difference
set (h) (m/s) Platform (m/s) (h) %
(h)
0.5 7.00 1729 7.00 1729 0.00 0.00
0.6 8.50 1785 8.60 1796 0.10 1.18
0.8 11.25 1873 11.00 1858 -0.25 -2.22
Average
(m/s) 1793 1794

As seen in Table 5.5, the difference is quite small. Therefore, it can be concluded
that final setting time can be determined from UPV measurements. Additionally, it
is seen that the UPV when the final setting time occurs is around 1800 m/s for any

w/c ratio.

As a result of above discussions, it can be stated that determination of setting times
in cement paste by ultrasonic test method is quite a reliable method. The standard
Vicat test describes two arbitrary rheological changes occurring in the viscosity of
the paste during the course of hydration as the initial and final setting. On the other
hand, estimation of setting through UPV is something that depends on the physical
changes that occur in the paste. As mentioned previously, UPV depends on density
(p), elastic modulus (E) and Poisson’s ratio (v) of the material. As the density of
fresh cement paste does not change significantly within the first 24 hours, it is the
E and v that affect the UPV and its development rate during the hydration process.
As long as the UPV is determined accurately, it seems to be a dependable method.
From the test results it could be claimed that initial setting in cement paste occurs

around a UPV of 1400 m/s and final setting occurs around a UPV of 1800 m/s.
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Additionally, those points could be determined as the characteristic points of UPV
and rate of UPV development curves. The initial setting time corresponds to the
point of second change of the slope of the idealized UPV development curve, while
the final setting time corresponds to the end point of the horizontal platform in the

rate of UPV development curves.

Besides the setting time, other changes in the cement paste structure seem to be
reflected to UPV measurements. For this purpose, both the UPV and rate of UPV
curves will be compared with the rate of heat of hydration curves for cement pastes

in the following section.

5.5 Heat of Hydration and Rate of Heat of Hydration Test Results

The rate of heat of hydration of cement pastes with different w/c ratios were
determined by isothermal conduction calorimetry method for the first 72 hours
after the mixing operation. The results for each w/c ratio are given in Figure 5.9 in

a graphical form.
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Figure 5.9. Rate of heat of hydration of cement for different w/c ratios
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As seen in Figure 5.9, in cement pastes with lower w/c ratios, the hydration
progresses faster due to higher amounts of cement particles. Actually, the
difference in the rate of hydration is very significant for different w/c ratios during
the acceleration stage of hydration of cement particles. During this stage, pastes

with smaller w/c ratio hydrate faster.

In Figure 5.9, the stages of hydration explained in Chapter 2 can be identified in the
rate of heat of hydration curves. The labeling is similar to the labeling of Figure
2.1. Stage 1 corresponds to pre-induction period. In this stage the ionic species in
the cement dissolves. However, as this stage lasts only a few minutes, during the
preparation of the specimen and the installation of the apparatus this stage may not
be able to be monitored exactly. Stage 2 is the dormant period. As explained in
Chapter 2, in this stage hydration slows down. In the acceleration stage, the state of
hydration of CsS increases and some hydration of C,S starts; therefore, the rate of
heat evolution increases. Setting occurs within this stage. The peak as shown as
Point 3 corresponds to hydration of C;S. Sometimes a second peak in rate of
hydration curve is obtained which corresponds to formation of renewed Aft which
is labeled as Point 4 in Figure 5.9. The shoulder in the figure which is designated as

Point 5 describes the time when Aft-Afm transformation occurs.

Rate of heat of hydration results shows how the hydration reactions progress in the
cement paste. On the other hand, UPV also reflects various changes in the cement
paste structure during hydration process. In order to check whether UPV
measurements are sensitive to other changes in the cement paste besides setting
process, UPV development and rate of heat of hydration curves are compared for
different w/c ratios in Figure 5.10. On the figure, UPV and rate of heat of hydration
(RHH) curves are shown on the same graph for the first 24 hours after mixing. The
left vertical axis shows UPV results, while the right vertical axis shows RHH test

results, the horizontal axis is the age of the specimen.
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Figure 5.10. Comparison of UPV and RHH development in cement pastes
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UPYV development curves were divided into four linear portions. The slope of the
last portion is very mild as compared to the other three parts for each w/c ratio.
This indicates that the increase in UPV is small after that time. From Figure 5.10, it
is seen that the start of 4™ portion of the UPV curves corresponds roughly to the
start of post-acceleration stage as shown in Figure 2.1. The deceleration period
starts at approximately 14.5 hours, 15.0 hours and 15.5 hours after mixing in
cement pastes with w/c ratios of 0.5, 0.6 and 0.8, respectively. The corresponding
UPV values for those points are 2185 m/s, 2316 m/s, 2080 m/s, respectively.
Therefore, it could be stated that the deceleration period starts when UPV is around
2100 m/s. However, as after that point the increase in UPV is small, this value
might be dependent on the w/c ratio of the material. Beyond that point the

hydration reactions also start to slow down.

During the acceleration stage of the hydration process, the hydration of C;S
compound is accelerated. Considering that the hydration products formed in this
stage are C-S-H, Aft and CH, acceleration of Cs;S hydration will result in higher
density and higher modulus of elasticity of the paste as hydration continues.
Although it is not possible to give a quantitative explanation for the increasing rate
of UPV within this stage, it can be stated that besides the decreasing porosity, the
increasing amount of C-S-H and CH upon accelerated C;S hydration at expense of
Aft formation will obviously result in higher density and modulus of elasticity of
the fresh paste since the density and modulus of elasticity of (C-S-H + CH) is
approximately 1.3 and 15 times greater than those of Aft, respectively (Odler,
2005; Mindess and Young, 1981).

The rate of heat of hydration curves of cement pastes were also compared with the
rate of UPV development curves for each w/c ratio. The comparison is shown in
Figure 5.11 for each w/c ratio, separately. On the figures the left vertical axis
shows the rate of UPV (RUPV) results, while the right vertical axis shows the rate
of heat of hydration (RHH) results.
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As it was previously stated the rate of UPV development curves can be idealized by
five linear portions. The first two parts intersect making a peak at the initial stages
of the hydration reactions. The occurrence of peak and the corresponding UPV
values were already listed in Table 5.4. The peak occurs at 3.25 hours, 3.50 hours
and 3.75 hours for cement pastes having w/c ratio of 0.5, 0.6 and 0.8, respectively.
As given in Table 5.4, the corresponding UPV values are 1042 m/s, 899 m/s and
1049 m/s, respectively. The comparison of RUPV and RHH reveals that the initial
peak in RUPV curves can be taken as the end of the dormant period as determined
from RHH curves. From the UPV values, it could also be stated that the dormant
period ends and the acceleration period starts when the UPV in the cement pastes

reaches approximately 1000 m/s.

The heat of hydration of cement pastes were obtained by taking the integral of the
rate of heat of hydration curves with respect to time. The heat of hydration results

are given in Figure 5.12 for each w/c ratio.
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Figure 5.12. Heat of hydration of cement pastes for different w/c ratios
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As seen in Figure 5.12, the total heat of hydration in cement pastes increases as the
hydration progresses. The increase in heat evolution is slow at the beginning. After
about 4 hours, the rate of heat evolution increases, and the hydration progresses
more rapidly. As time passes the rate of heat evolution decreases, and the increase
in heat of hydration continues with a milder slope. Additionally, the heat evolution
during hydration process is a little higher in cement pastes with low w/c ratio.
However, the effect of w/c ratio on heat of hydration of cements is not as
significant as the effect on the rate of heat of hydration of cements. Therefore, it
can be stated that rate of heat of hydration results describes the hydration process

better than the heat of hydration results.

5.6 Development of Ultrasonic Pulse Velocity in Cement Mortars

The development of ultrasonic pulse velocity (UPV) in cement mortars was
determined for 28 days after mixing. Mortars having three different w/c ratios of
0.5, 0.6, and 0.8 were tested. The molds used in UPV testing of mortars had the
dimensions of 15*15*15 cm. The development of UPV in cement mortars is given

in Figure 5.13 for each w/c ratio.
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Figure 5.13. Development of UPV in cement mortars for different w/c ratios
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In Figure 5.13, it is seen that UPV is higher for the mortars with low w/c ratios and
lower for the mortars with high w/c ratios. The UPV depends on the density and
dynamic elastic modulus of the medium. As the amount of voids increases when
the w/c ratio increases, it is expected that the ultrasonic waves propagate slower in

the mortars of higher w/c ratios.

As also seen in Figure 5.13, UPV increases with time as the hydration progresses in
cement mortars. However, the increase is faster at early ages and slower at later
ages at each w/c ratio. At the initial stages, the hydration process progresses
rapidly, as time passes the rate of hydration starts to slow down. During the early
stages at which UPV increases rapidly, the formation rate of hydration products is
high. However, as hydration progresses, the production rate decreases. From Figure
5.13, it can be concluded that UPV development is more sensitive to the early-age
changes in the cement mortars rather than later-age changes. Although the
compressive strength development in cement mortars continues, the UPV does not
change significantly after about 24 hours after mixing. Therefore, the UPV
development with time seems to be more responsive to the hydration process rather
than strength development in cement mortars. As a result, it can be concluded that
ultrasonic test method could be a suitable testing method to monitor the hydration

process in cementitious materials.

In order to observe the development of UPV in cement mortars at early ages, a
closer look at the initial stages of hydration is needed. Therefore, the development
of UPV in mortars for the first 24 hours after mixing will be examined. During the
first 72 hours, the measurements were taken with 15-minutes time interval.
Therefore, it could be said the UPV was determined continuously during hydration.
The results for the first 24 hours after mixing of the mortars are shown in Figure

5.14 for the three w/c ratios.
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Figure 5.14. Development of UPV in cement mortars for the first 24 hours

Comparison of Figures 5.4 and 5.14 indicates that the shape of the UPV
development curve in hydrating cement mortars is similar to the shape of UPV
development curves in hydrating cement pastes. However, in cement mortars, most
probably due to the longer travel path and higher attenuative character, the first few
hours of hydration during which the UPV development is very slow, could not be
captured. In cement mortars, the first waveforms that could be distinguished from
the electrical noise were obtained at somewhat later ages. The first readings of
UPV in cement mortars were obtained at about 500 m/s for each w/c ratio.
However, the time for this gets longer as the w/c ratio of the mortar sample
increases. The initial UPV readings of mortars having 0.5 w/c ratio started at 2.25
hours, that of mortars having 0.6 w/c ratio started at 2.50 hours and finally, that of
mortars having 0.8 w/c ratio started at 3.75 hours. The velocity values reached at
24 hours are much higher than the velocity values obtained in cement pastes at the
same age. The UPV is also sensitive to w/c ratio, for higher values of w/c ratio,
UPV is smaller as in the case of cement paste specimens. At the end of 24 hours,
the UPV is about 4000 m/s for the mortars having w/c ratio of 0.5, while it is about
3700 m/s and 3000 m/s for the mortars having w/c ratio of 0.6 and 0.8,

respectively.
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Figure 5.15. The stages of UPV development in mortars for each w/c ratio
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From Figure 5.14, it is seen that the UPV development curves of mortars could be
defined by three distinct lines. Although the UPV curves were divided into four
portions in cement pastes, the first linear part could not be obtained in mortars as at
very early ages the UPV could not be measured precisely. The linear portions are

shown in Figure 5.15 for each w/c ratio together with the equations of the lines.

As seen in Figure 5.15, the slopes of the linear portions in the UPV development
curves decrease step-wisely. The UPV increase is the fastest at the first stage. The
slope of second linear portion is milder as in the case of pastes. The third linear
portion has a very mild slope. As in the case of cement paste hydration, the
increase in UPV is an indication for the formation of hydration products and
development of elastic properties in the body. The slopes of the lines of each

portion for each w/c ratio are listed in Table 5.6.

Table 5.6. Slopes of linear portions in UPV development curves

w/c ratio Part 1 Part 2 Part 3
0.5 509.26 250.93 41.861
0.6 461.02 201.47 29.862
0.8 268.04 176.56 29.560

In Table 5.6, the changes in the slopes of the lines fitted to the three stages of UPV
development curves of the mortar mixtures having different w/c ratios are listed.
As seen in the table, the slope decreases step-wise at each portion. Additionally, as
w/c ratio increases, the rate of UPV development decreases in all stages. This is
reasonable, as for smaller w/c ratios hydration progress faster; therefore, UPV also

increases faster as compared to mortar samples with higher w/c ratios.
The points where the slope of UPV changed were also determined. The intersection

points of linear portions and the corresponding UPV values are listed in Table 5.7

for each w/c ratio.
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Table 5.7. The intersection points of linear portions and corresponding UPVs

w/c ratio Int. of 1-2 UPV Int. of 2-3 UPV

(hr) (m/s) (hr) (m/s)

0.5 4.89 1827 11.58 3465

0.6 5.47 1976 11.74 3260

0.8 7.20 1441 14.38 2609

Average (m/s) 1748 3111
Range (m/s) 535 831
Range/average®100(%) 30.1 27.5

The occurrence of slope change in UPV development curves of mortars is
dependent on the w/c ratio of the specimens. For higher w/c ratio, those points
were obtained at later ages. The corresponding UPV values are also given in Table
5.7. Although the UPVs are similar for mortars having w/c ratios of 0.5 and 0.6; the
values for 0.8 w/c ratio are considerably smaller. The average and the range of
UPVs are also given in the same table. It is seen that the range is quite high for
each characteristic point. The UPV values for mortars of 0.8 w/c ratio are smaller
than the other specimens for all ages due to the larger amount of voids and less
amount of solid particles especially at the early stages. After hardening the amount
of pores is also large due to high w/c ratio. Additionally, for higher w/c ratios as
the cement content was kept constant, the amount of aggregate is decreased. This
smaller amount of aggregate also results in lower UPV values. Therefore, it could
be concluded that the UPV is dependent on w/c ratio and the amount of aggregates

and pores for the each stage of the hydration process.

As in the case of cement pastes, rate of UPV development curves were also
obtained numerically from the UPV data of mortar specimens for the first 24 hours
after mixing. Same technique was used for smoothening of the resultant curves.
The rate of UPV development curves for mortars of different w/c ratios are shown

in Figure 5.16.
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Figure 5.16. Rate of UPV change with time in mortars for different w/c ratios

The rate of UPV development curves with respect to time in mortar samples
resembles generally the rate of UPV in cement paste samples. At the initial stage a
peak is observed in all w/c ratios. After the first peak, the rate starts to decrease.
Unlike the pastes, instead of making a plateau, the RUPV reaches a minimum and
then starts to increase slightly until reaching a second small peak. Later on, RUPV
starts to decrease approaching an asymptotic value around zero. It is seen in Figure
5.16 that for high w/c ratios, the rate of UPV development is smaller especially at
the initial stages. Additionally, for the mortar samples with high w/c ratio, the
characteristic points of rate of UPV development curves are generally shifted to
later ages. This could be accepted as an indication of slower hydration process in

mortars with higher w/c ratios.

The time for the first peak and the minimum points of rate of UPV development
curves were determined for each w/c ratio. In order to designate those points 2™
degree polynomials were fitted to the related portions. The UPVs corresponding to
each point were also calculated from the UPV development curves. The results are

given in Table 5.8.
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Table 5.8. The characteristic points of RUPV development curves and

corresponding UPVs
w/c ratio 1*" maximum UPV 1*' minimum UPV
(hr) (m/s) (hr) (m/s)
0.5 3.40 1144 7.45 2509
0.6 3.54 1223 7.49 2475
0.8 5.84 1023 10.20 1969
Average (m/s) 1130 2227
Range (m/s) 200 540
Range/az;zr)age* 100 17.7 24

As seen from Table 5.8, the time of occurrence for first maximum and minimum
points of RUPV development curves are dependent on the w/c ratio; for higher w/c
ratios those points obtained at later ages. When the UPV values are examined, at
the peak of the RUPV development curves, the UPV values are around 1100 m/s;
while at the minimum point, the range in UPV measurements is larger. While for
0.5 and 0.6 w/c ratios the UPV is approximately 2500 m/s at the minimum point of
RUPYV development curve, it is approximately 2000 m/s for 0.8 w/c ratio.

5.7 Determination of Setting Time in Mortars

The initial and final setting times of mortar specimens were determined by
Penetration Resistance (PR) test according to ASTM C 403. The results for each
mortar type and the corresponding UPV values are summarized in Table 5.9. The
averages of the corresponding UPV values for each w/c ratio are given in the table.

The range of the change in UPV values are also listed.
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Table 5.9. Initial and final setting times of mortars and corresponding UPV's

w/c ratio Initial set (h) UPVy(m/s) | Final set(h) UPVi{m/s)
t; tr

0.5 3.06 953 5.49 2035

0.6 3.52 1212 5.73 2047

0.8 5.75 1001 9.44 1853
Average (m/s) 1055 1978
Range (m/s) 259 194
Range/az;)r)age*lOO 245 938

Although the range in UPV measurements for initial setting time as determined by
penetration resistance test is high, it might be said that UPV should reach a value
around 1000 m/s when the setting starts in cement mortar. Additionally the setting
ends when the mortar reaches a UPV about 2000 m/s. However, this value is
slightly smaller for 0.8 w/c ratio. On the other hand, since such high w/c ratios are
not generally used in concrete industry, it would be appropriate to use 2000 m/s as

the criterion for final setting time in ultrasonic testing method.

For the initial setting time of mortars, examination of Tables 5.8 and 5.9 yields that
the setting in mortars starts when the rate of UPV development curve makes the
first peak. This was also concluded in the previous studies related to this subject as
summarized in Chapter 3. The description of initial setting time as the first peak of
rate of UPV development curves is compared with the initial setting time as
determined from standard test method. The result is given in Table 5.10. In the
table the difference between the two methods is given as the percentage of setting

time determined by the standard penetration resistance test method.
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Table 5.10. Initial setting time as determined by standard method and UPV method

w/c UPV Method Standard Method  Difference Difference
ratio (hr) (hour) (minutes) (%)
0.5 3.40 3.06 20.4 11.1
0.6 3.54 3.52 1.2 0.6
0.8 5.84 5.75 5.4 1.6

From the results of Table 5.10, it is seen that the difference is quite small.
Therefore, it can be concluded that the initial setting time as defined by standard
penetrometer test method can also be estimated by UPV test method as the peak in

rate of UPV development curve.

This peak in rate of UPV is named as the inflection point of UPV curves. The
inflection point is the point at which the curve changes from concave to convex or
vice versa. It is calculated from the second derivative of the curve. When the
second derivative changes its sign, the first derivative makes a maximum or a

minimum. That is the inflection point of the curve.

5.8 Alternative Approach for the Setting Time of Cement Mortars

As discussed previously, it is possible to estimate the setting time of mortars as
determined from the standard penetration resistance test method by UPV
measurements during early stages. However, standard penetrometer test method
defines initial and final setting times as two arbitrary points of setting according to
the penetration resistance shown against the penetration of the apparatus into the
mortar specimen. The initial setting is defined as the time when the medium gains a
penetration resistance strength of 3.5 MPa while final setting is defined as the time
corresponds to 27.6 MPa penetration resistance strength. Those values are given in
ASTM C 403. However, it is not possible to determine exactly when the setting

process starts and ends in the mortar or concrete mixtures. Therefore, the
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penetration resistance values mentioned in the standard test method are arbitrarily

chosen values.

Setting is a phenomenon that occurs in the cement paste portion of mortars and
concretes as the result of hydration reactions that take place between cement
particles and water. Therefore, setting time of mortars should be similar to setting
time of pastes under the same conditions. As it was seen that UPV development
curves are sensitive to the structural changes during the hydration of pastes, the
setting time of mortars should also be defined by UPV measurements as in the case
of pastes. The comparisons of UPV development and rate of UPV development in
pastes and mortars are given in Figures 5.17 and 5.18 for each w/c ratio,

respectively.

As seen from Figure 5.17, although at the initial stages there are some differences;
generally UPV in mortar is greater than the UPV in pastes due to the presence of
aggregates. The behavior of UPV with time seems to be similar in pastes and
mortars for 0.5 and 0.6 w/c ratios. However, at 0.8 w/c ratio, this similarity could
not be obtained at the initial stages. Before final setting, the mortar and paste of 0.8

w/c ratio show different behaviors.

Also similar conclusions could be obtained from the RUPV development curves
shown in Figure 5.18. The curves are similar for 0.5 and 0.6 w/c ratios; however,
the initial peaks in pastes and mortars with w/c ratio of 0.8 do not seem to occur at

the same ages. This was also expected from the UPV curves.
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Figure 5.17. Comparison of UPV development in pastes and mortars for different
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In Section 5.4, determination of initial setting time by UPV test method is
described for cement pastes. The UPV development curves of cement pastes were
idealized by four linear portions. The intersection point of 2" and 3" linear
portions which can also be defined as the point where the slope of the curve
changes second time, is found out to be the initial setting time in cement pastes.
The UPV corresponding to the initial setting time is stated to be approximately

1400 m/s.

On the other hand, in case of mortars, the first linear portion of the UPV
development curves could not be observed. Therefore, unlike pastes, the UPV
curves were idealized by three linear portions. Similar to the pastes, setting in
paste portion of mortar should start around the intersection point of 1 and the 2™
linear portions. This point can also be defined as the point where the slope of the
UPV changes drastically. The results for this point are given in Table 5.7 for each

w/c ratio.

The final setting time in cement pastes was defined by RUPV development curves
in Section 5.4. The RUPV curves were seen to make a plateau after a first peak and
then to start to decrease. The length of constant portion seemed to depend on the
w/c ratio of the specimen. The end of this plateau was defined as the final setting
time of the cement pastes. However, in the mortars, the shape of RUPV
development curves is a little different. Instead of a constant portion, the RUPV
curves make a minimum after the first peak. This point of minimum is used to
define the final setting time in the mortar specimens. The results for this point are

also given in Table 5.8 for each w/c ratio.

The setting time results according to the newly defined approach are listed in Table
5.11 for both initial and final setting times together. The corresponding UPV values
for newly defined initial and final setting times are also shown in the table for each

w/c ratio.
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Table 5.11. Initial and final setting times of mortars according to new approach

wie ratio Initial Setting Final Setting
Time (hr) UPV (m/s) Time (hr) UPV (m/s)
0.5 4.89 1827 7.45 2509
0.6 5.47 1976 7.49 2475
0.8 7.20 1441 10.20 1969

Although the results for setting time given in Table 5.11 are quite different from
those obtained by standard penetration resistance test method in mortars, they can
be accepted to be close to the values obtained by Vicat apparatus in cement pastes
of same w/c ratio. Except for initial setting of the mixture having 0.8 w/c ratio, the
results are similar to those obtained from UPV development curves of cement

pastes.

When the UPV values corresponding to the defined times are examined, it is seen
that the results are similar for 0.5 and 0.6 w/c ratio, while the values are smaller in
0.8 w/c ratio. This could be due to the different amount of aggregates in the
mixtures. However, interestingly there is approximately a 550 m/s difference in

UPV measurements between the proposed initial and final setting times.

5.9 Factors Affecting the Velocity Measurements on Fresh Mortars

As a new method is being developed, the effects of some factors related to the
experimental test set-up should be controlled in order to improve the test method.
For this purpose, the effect of path length travelled by ultrasonic pulse waves and
the effect of frequency of transducers used for wave transmitting and receiving

were tested in fresh mortar specimens.
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5.9.1 Effect of path length

When the attenuation and the near-field effects are considered, travel path distance
of the ultrasonic pulse waves is an important parameter that needs to be considered.
Some of the energy of the ultrasonic wave is lost during the propagation through
the material due to attenuation. If the length traveled by the wave is too long, the
wave could attenuate totally, or could decline so that it could not be able to be
distinguished from the electrical noise. On the other hand, too short path lengths
are also undesirable in ultrasonic testing due to near-field effect which was
explained in Chapter 2. The ultrasonic pulses are generated at several points in the
transducer and during travelling through the material these pulses merge to form a
single wave. This distance is related to the transducer dimension and wavelength. If
the measurements are taken within the limits of near-field, the results are not
reliable. Additionally, ASTM C 597 restricts the least dimension of the test object
to a value greater than the wavelength to eliminate the effect of waves reflected
from the boundaries. Therefore, it is obvious that path length can be an important

parameter in ultrasonic testing.

In this part of the research, it is aimed to investigate the effect of travel path length
on the development of UPV in hydrating cement mortars. For this purpose, the
experiments applied on mortar specimens with different w/c ratios were repeated
for three different path distances. The path distances which correspond to
longitudinal dimension of the mold were chosen as 15, 10 and 5 cm. The effects of
path distance were tested for each w/c ratio, separately. During these experiments
only one dimension of the test mold was changed, i.e. the other two dimensions of
the mold were 15 cm, in order to eliminate the effect of lateral dimensions on the
ultrasonic measurements. 15 cm length for the lateral dimensions of the mold is an
appropriate value as it is recommended that the least dimension should be greater
than one wavelength. This value supplies this condition for each frequency applied

at the measured velocity range.

124



In order to observe the effect of travel path distance on the results of non-

destructive testing of fresh cement mortars, development of ultrasonic pulse

velocity and the rate of ultrasonic pulse velocity development with respect to time

were compared for different path lengths at each w/c ratio, separately. For each w/c

ratio, the UPV and rate of UPV development curves are shown together in Figures

5.19 -5.21.
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Figure 5.19. Effect of path distance on UPV and RUPV of mortars with 0.5 w/c

ratio

125



Figure 5.19 shows the effect of travel path length of ultrasonic waves for 0.5 w/c
ratio during the first 24 hours after mixing. From Figure 5.19-a, the UPV
development curves seems to be similar for all lengths. However, the starting point
of UPV measurements differ according to the travel length; first meaningful
velocity value was obtained for 15 cm at 2.25 hours after mixing, while it was
obtained at 1.75 hours for 10 cm and at 1.25 hours for 5 cm. The effect of
attenuation is seen obviously for longer distances. Additionally, when the UPV
values at 24 hours are compared, there is only a maximum difference of 200 m/s.
This difference only corresponds to about 5% for a velocity level of 4000 m/s.
However, when Figure 5.19-b is investigated, the result of small differences in
UPV development curves can be realized in the RUPV development curves for
different travel lengths. Although the initial part which contains the first peak is
similar for 10 and 15 cm test parameter, it occurs earlier for the test specimen
having 5 cm travel path length. The second peaks also do not occur at the same
time for the three trials. Therefore, it could be concluded that although the UPV
curves seem to be similar for different mold dimensions, the RUPV development

curves show some differences for test specimens having different sizes.

The effect of travel path in ultrasonic testing of fresh mortars is seen for w/c ratio
of 0.6 in Figure 5.20. In UPV development graphs, the curves are similar for 15
and 10 cm except for the initial readings. On the other hand, the behavior for 5 cm
travel path is different; at the initial stages the UPV values are greater, however,
after 5 hours the velocity values are smaller as compared to other two travel path
test results. When the initial reading time is compared, it is seen that first reading
was taken at 2.5 hours after mixing for 15 cm, 1.5 hours for 10 cm and 1.0 hour for
5 cm travel path. The difference between the maximum and minimum UPV values
obtained in this group is about 250 m/s at 24-hours which is about 6 % for a
velocity level of 4000 m/s. In Figure 5.20-b, the RUPV development curves are
again similar as in the case of UPV curves for 15 and 10 cm travel lengths while it

is quite different for 5 cm path. For 5 cm measurements, the initial peak was
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obtained earlier while the second peak was obtained later than the other two travel

path distances.
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Figure 5.21. Effect of path distance on UPV and RUPV of mortars with 0.8 w/c

ratio

The curves in Figure 5.21 also reveal similar results. The results are quite similar
for 10 and 15 cm travel path lengths, however, the curve is quite different for 5 cm
travel length especially after 7 hours. The UPV values are very small as compared
to others for the 5 cm mold. The initial readings could be taken at 3.75 hours after
mixing for 15 c¢cm, at 1.25 hours for 10 cm and at 1 hour for 5 cm. For the RUPV
development curves, again similar conclusions could be made. However, the curves

are less smooth, especially at the initial stages of hydration.
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From Figures 5.19-5.21, similar conclusions regarding travel path distance were
made for each w/c ratio. Moreover, it should be mentioned that the tests were
applied on different batches of cement mortars as it was not possible to test
multiple systems at the same time. Therefore, small differences in the test results
were expected; because it was likely to have some small differences in the

properties of specimens from different batches.

In order to compare the test results, the characteristic points of UPV and RUPV
development curves which were mentioned in the previous section and the
corresponding UPV values are listed for each travel path length in Tables 5.12 and
5.13, respectively. The important points for UPV development curves were the
intersections of the linear portions which were used to idealize the curves. In
RUPYV development curves, the initial peak and the minimum point of the curves

were used to define the hydration process.

Table 5.12. Comparison of intersection points of linear portions in UPV curves

w/c 15cm 10 cm 5cm
ratio Int. 1-2 Int. 2-3 Int. 1-2 Int. 2-3 Int. 1-2 Int. 2-3
0.5 489 h 11.58 h 4.88h 12.37 h 430h 14.05 h
1827 m/s | 3465 m/s | 1781 m/s | 3448 m/s | 1906 m/s 3688 m/s
0.6 5.47h 11.74 h 548 h 12.08 h 456 h 13.43 h
1976 m/s | 3260 m/s | 2017 m/s | 3364 m/s | 1882 m/s 3153 m/s
0.8 7.20 h 14.38 h 7.52 h 1592 h 8.21h 16.15h
1441 m/s | 2609 m/s | 1505 m/s | 2654 m/s | 1507 m/s 2118 m/s

Table 5.13. Comparison of characteristic points of linear portions in RUPV curves

w/c 15cm 10 cm 5cm
ratio | Maximum | Minimum | Maximum | Minimum | Maximum | Minimum
05 340h 7.45h 3.68h 7.73 h 3.08h 7.52h
1144 m/s | 2509 m/s | 1229 m/s | 2517 m/s | 1309 m/s | 2501 m/s
0.6 3.54h 7.49h 373h 7.84 h 296 h 731h
1223 m/s | 2475 m/s | 1338 m/s | 2564 m/s | 1292 m/s | 2289 m/s
0.8 5.84h 10.20h 5.65h 10.76 h 540h 14.09 h
1023 m/s | 1969 m/s | 1105m/s | 2000 m/s | 1029 m/s | 1996 m/s
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As seen from tables and figures, in all mortar specimens the travel path distances of
15 and 10 cm lengths give similar results, while the travel path length of 5 cm gives
different results. Therefore, it could be concluded that using very short lengths is
not recommended for ultrasonic testing of fresh cement mortars. This can be
explained by two reasons; near-field effect and the least dimension restriction. The
near-field regions and the wavelengths for different velocity levels are listed in
Table 2.1. As seen from Table 2.1, the near-field region is greater than 5 cm for
low velocities. However, in the case of higher velocities, wavelength starts to be
greater than 5 cm. On the other hand, longer path distances result in high
attenuation which hinders the observation during very early stages of hydration. It
was seen that 10 or 15 cm travel path distance is appropriate for the test method.
However, attenuation is more effective when travel path is chosen as 15 cm.
Although the time difference for the initial reading is smaller between 5 and 10 cm,
the time difference is greater between 10 and 15 cm travel lengths. The attenuation
is more effective when higher w/c ratios are used. Therefore, the travel path
distance of waves should be chosen carefully for ultrasonic testing of fresh

cementitious materials depending on wavelength, near-field and attenuation.

5.9.2 Effect of frequency range of transducers

As mentioned in Chapter 2, frequency and wavelength are in inverse relation so
that the product of the two parameters equals to wave velocity. This means that for
a given wave velocity, at higher frequencies the wavelength decreases.
Additionally, for a constant frequency application, the wavelength increases as the

ultrasonic pulse velocity increases.

In ultrasonic testing, the wavelength is important in order to assume the medium as
homogeneous as long as the wavelength is greater than the maximum particle size.
For testing concrete, the wavelength of the ultrasonic pulse waves should be greater

than the maximum aggregate size. Unless this requirement is supplied, the
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applicability of the method becomes questionable as the initial assumptions could

not be fulfilled.

In hydrating cementitious materials, the UPV of the medium starts at very low
values increasing up to about 4000-5000 m/s as time passes depending on the
properties of the material. Therefore, the wavelength of the ultrasonic pulse wave
propagating through the medium increases with time if narrow-band transducers
are used. For different velocity levels, the wavelength generated through the

medium is listed in Table 5.14 for different frequency applications.

Table 5.14. The wavelength for different velocity and frequency

UPV (ws) Frequency (kHz)
54 82 150
100 0.18 cm 0.12 cm 0.07 cm
200 0.37 cm 0.24 cm 0.13 cm
500 0.93 cm 0.61 cm 0.33 cm
1000 1.85 cm 1.22 cm 0.67 cm
2000 3.70 cm 2.44 cm 1.33 cm
4000 7.41 cm 4.88 cm 2.67 cm
4500 8.33 cm 549 cm 3.00 cm

In fresh concrete the test frequency is limited by the maximum aggregate size as in
the case of the hardened concrete. However, the limitation is much more severe in
fresh concrete as the initial velocities are very low as compared to hardened case as
seen in Table 5.14. For example, in the case of cement mortars with maximum
aggregate size of 4.75 mm, the wavelength starts to be greater than the maximum
aggregate size after the medium reaches a velocity level of 255 m/s for frequency
of 54 kHz; while 715 m/s for frequency of 150 kHz. As a result, it could be
concluded that the applied level of frequency could be quite important for low

values of UPV in order to supply the assumptions of elastic wave theory. If high
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frequency wave is applied to the fresh cement mortar, the wavelength could be
smaller than the particle size of the medium especially at the initial stages where

the wave velocity is very small.

In this study, narrow-band transducers were used for generating the ultrasonic
pulses through the cementitious medium. For ultrasonic testing of hardened
concrete, a frequency of about 50 kHz is accepted to be suitable due to wavelength,
particle size, and lateral dimension limitation. However, in this research program,
cement pastes and mortars of which particle sizes are much smaller compared to
concrete were tested. Therefore, applications of higher frequency levels are
possible. In the experiments narrow-band transducers having 54, 82 and 150 kHz
frequency were utilized in order to check the effect of frequency in the test results.
In all test specimens the lateral dimensions were 15 cm, therefore, the least lateral
dimension was expected not to create any problem for the applicability of the
ultrasonic test method. The important factor in this application seems to be the

comparison of the particle size dimension and the wavelength.

In order to investigate the effect of frequency on the experimental test set-up and
on the development of UPV of the hydrating materials, a new group of experiments
was planned. For this purpose, mortar specimens with w/c ratio of 0.5 were
prepared. The UPV development in mortars was observed for the first 24 hours
after mixing by utilizing transducers with different frequencies. At the same time
the effect of path length was also investigated by applying each frequency for

travel distances of 15, 10 and 5 cm.

The development of UPV in mortar specimens obtained by different transducers
with different frequencies for different path lengths and the development of RUPV
were investigated. The development of UPV in cement mortar is given in Figure

5.22 for each frequency and travel path distance.
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Figure 5.22. Effect of frequency on UPV development for each travel path
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In Figure 5.22, the shapes of the curves are similar in all hydrating cementitious
materials. For 15 cm travel path length, the curves for each frequency behave quite
similar during hydration of mortar. However, when 150 kHz frequency is applied,
due to high attenuation, the initial reading could not be taken until the medium
gained a UPV of about 2000 m/s. The initial readings in 82 kHz frequency started
also later as compared to 54 kHz, however, the difference was not much. The
similar results are also true for travel path distance of 10 cm. However, in this case,
the curve for 150 kHz frequency seems to be a little different from the other two
frequencies. The high attenuation in high frequency could also be observed in this
set of test results from the starting time of first readings. In the case of 5 cm travel
path length, the curves for each frequency application are not as similar as each
other compared to other travel path distances. Due to smaller travel distance of
ultrasonic pulses the effect of attenuation is not as high as longer lengths. However,
the curves are not very smooth. This could be arisen from the near-field effect and
least dimension restriction. Especially, for lower velocity values, as the wavelength
is small the near-field is larger. In order to take accurate and reliable readings, the
readings must be taken beyond this region. However, in the case of high velocities,
the wavelength is high. As seen in Table 5.14, the wavelength can exceed 5 cm.
However, according to ASTM C 597, in order to eliminate the effect of reflected
waves, the least dimension must be greater than one wavelength. On the other
hand, attenuation is more effective in high frequencies. As wavelength is smaller in
high frequency, during travelling through the medium the wave attenuates and the
wavelength of the wave decreases so it becomes difficult to capture and separate
from the electrical noise. Therefore, for testing the fresh cement mortars, the travel
path and frequency should be appropriately chosen if narrow-band transducers are

used.

As discussed in the previous sections, the RUPV change with respect to time gives
valuable information about the hydration process. The rate of UPV development
curves obtained for different frequency transducers are shown in Figure 5.23 for

each travel path distance.
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In Figure 5.23, the general trend of RUPV development curves is obtained at each
trial. There is an initial peak which occurs approximately 3.5 hours after mixing.
After reaching that initial peak, the rate starts to decrease, and then it tends to make
another peak which is not very clear in all tests. As hydration reactions slow down,
the rate approaches to zero. For 15 cm travel path (5.23-a), the initial peak is most
clear in 54 kHz frequency transducer. On the other hand, meaningful data started to
be obtained far beyond the time for initial peak with 150 kHz frequency testing.
The early readings obtained with 150 kHz are quite dispersed. This is most
probably due to the difficulty of distinguishing the real waveform from the
electrical noise because of the small wavelengths at the beginning stages. At the
beginning, the generated ultrasonic pulse waves are not be able to be transmitted
through the medium from sender to receiver due to attenuation. However, as
hydration proceeds, the attenuative character of the medium decreases while the
wavelength increases due to increasing wave velocity. Therefore, at the beginning
of the test the wave could not be monitored for a while depending on the frequency
and travel path length. As the travel path and frequency increase the time period

needed for the initial monitoring of the waves also increases.

As seen in Figure 5.23, 15 and 10 cm travel path curves are quite similar in 54 and
82 kHz; however, 5 cm travel path test results behave differently in all cases.
Additionally, in 5 cm travel path distance test set-up, the characteristic points of
rate of UPV development curves do not coincide well in all frequency transducers

tested.

For the determination of initial and final setting time of cement mortars by UPV
test, a method has been proposed for mortars in Section 5.8. According to the
proposed method the initial setting occurs when the slope of idealized lines of UPV
development curves changes, while final setting occurs when the RUPV curves
makes a minimum point as described in cement pastes. In order to check the effect
of different frequencies, those values were compared for each frequency and travel

path distance. The results are given in Table 5.15.
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Table 5.15. Comparison of determined setting times with different frequencies

Frequency Proposed initial setting Proposed final setting
(kHz) 15cm 10 cm 5cm 15cm 10 cm 5cm
4,94 h 4.86 h 474 h 7.48 h 7.58 h 7.34h
> 1723 m/s | 1855 m/s | 1878 m/s | 2630 m/s | 2750 m/s | 2511 m/s
5.02h 5.09h 4.50 h 721 h 7.28 h 5.68 h
52 1905 m/s | 1960 m/s | 1752 m/s | 2687 m/s | 2693 m/s | 2040 m/s
150 . 5.07h 448 h . 7.12h 535h
1885 m/s | 1949 m/s 2510 m/s | 2230 m/s

*The value could not be determined as the readings had not started yet
** The value could not be determined as a polynomial could not be fitted to the data

As seen from Table 5.15, if high frequencies are utilized with long travel path
distances, the setting times may not be determined as the initial reading starts very
late due to high attenuation. On the other hand, the setting times determined from
the short path lengths (5 cm) are generally different from the results obtained by
other two path lengths most probably due to near-field effect and least dimension
restriction. The results for initial setting time seem to be a little longer and for final
setting time seem to be a little shorter as frequency increases for 15 and 10 cm
travel path distances; however, the differences are acceptable as the maximum

value is about 16 minutes.

As a result it can be claimed that using high frequency transducers is not suitable
for testing fresh cement mortars due to high attenuation and small wavelength
which makes it difficult to distinguish from electrical noise especially at the initial
stages. Secondly, using short travel distance makes the measured data less reliable
due to near-field effect at low velocities and due to least dimension restriction at
high velocities. However, using very long travel distances especially with high
frequencies is also not desirable for monitoring the hydration stages, because due to

attenuation the observation of the ultrasonic pulses may become impossible
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especially at the very early stages of the hydration. Therefore, for the test set-up a
suitable frequency range and travel distance should be chosen if narrow-band
frequency transducers are used. Depending on the parameters used in this
investigation, frequencies of 54 and 82 kHz can be used reliably for travel path

lengths of 15 and 10 cm.

5.10 Repeatability of the UPV Testing of Fresh Mortars

In order to test the repeatability of UPV measurements in fresh cement mortars, the
tests were repeated for mortars having w/c ratio of 0.5. The mortar mixtures were
prepared from the same materials with the same proportions at different times. The
ultrasonic test was applied with 54 kHz frequency transducers. The tests were
repeated twice for the three travel path lengths. The UPV development with time in

the two repetitions was compared for different travel path lengths, separately.
In order to check the repeatability of the test method, the initial and final setting
time results obtained from UPV measurements as proposed in Part 5.8 are given in

Table 5.16.

Table 5.16. Comparison of determined setting times at different times

Path Proposed initial setting Proposed final setting
length (cm) 1% trial 2" trial 1% trial 2" trial

s 4.89 h 4.94 h 7.45h 7.48 h
1827 m/s 1723 m/s 2509 m/s 2630 m/s

0 4.88 h 4.86 h 7.73 h 7.58 h
1781 m/s 1855 m/s 2517 m/s 2750 m/s

430h 4.74 h 7.52 h 7.34 h
. 1906 m/s 1878 m/s 2501 m/s 2511 m/s
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As seen in Table 5.16, the results are quite similar for different measurements in
the case of 15 and 10 cm travel path lengths. However, the values obtained in the
case of 5 cm travel length differ not only from the measurements of other path
distances but also between the two different measurements of the same length.
Therefore, it can be concluded that the repeatability of the results is not good if
short path lengths are used. This is due to the inaccuracy of the measurements due

to the near-field effect.

It can be calculated from Table 5.16 that the initial setting time differs maximum 3
minutes and final setting time differs maximum 9 minutes between two
measurements when the same path length dimension is considered. As the values
are also similar for different travel path applications of 15 and 10 cm, if the
differences are calculated regardless of the path length, it is obtained that the
maximum difference in initial setting time determination is about 5 minutes and in
final setting time determination it is about 16 minutes. Therefore, it can be said that
the UPV method is repeatable and accurate if the appropriate path length dimension

1s chosen for the test.

5.11 Properties of Hardened Mortars

In the research program beyond the properties of fresh cementitious materials,
some properties in hardened state were also examined in order to correlate with
UPV development and control the similarities between different batches. For this
purpose, compressive strength and total volume of permeable pores were
determined during 28 days for mortars having different w/c ratios. The UPV of the
cement mortars were also determined on the 7™ and 28" days in addition to the first
72 hours. For the UPV determination tests, a 54 kHz frequency was applied. In
order to measure the UPV at later ages, the mortar specimens were left inside the
mold after 72-hours continuous measurements. The upper faces of the specimens
were sealed with stretch film in order to prevent moisture loss. All test specimens

were kept in the same place under similar conditions until the test age. As the UPV
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measurements were applied to the specimens having three different sizes, there are
three UPV measurements for different travel path lengths of 15, 10 and 5 cm
against a single compressive strength and permeable pore volume at each test day.
Although the compressive strength and pore volume tests were repeated for each
batch which had to be prepared for UPV measurements of different path lengths, as
the results are similar the average of the results were taken for each w/c ratio at
each test age. This is an indication for obtaining similar properties for different
batches of same mortars. The results of compressive strength and volume of
permeable pores tests are given in the following sections and their correlation with

UPV results are also examined.

5.11.1 Strength test results

In order to determine the compressive strength of mortar specimens 4*4*16 cm
prismatic specimens having w/c ratios of 0.5, 0.6 and 0.8 were prepared. Before
applying compressive strength test, the prisms were divided into two pieces by
flexural test and the flexural strength values were also determined. The strength
values of mortar specimens were obtained at 1, 2, 3, 7 and 28 days. Until the test
age, the specimens were cured in lime-saturated water in the same temperature
conditions as the UPV test specimens were kept. The average of results of nine
specimens mixed at three different batches was taken at each age for each w/c ratio.

The results of flexural and compressive strength tests are listed in Table 5.17.
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Table 5.17. Flexural and compressive strength test results of mortar specimens

w/c=0.5 w/c=0.6 w/c=0.8
Age | Flex. Str. | Compr. Str. | Flex. Str. | Compr. Str. | Flex. Str. | Compr. Str.
(day) | (kgf/em?) | (kgf/em?) | (kgflem?) | (kgflem?) | (kgflem?) | (kgf/em?)
1 48.79 194.19 41.86 170.96 21.08 57.08
2 64.15 250.56 53.38 246.82 31.40 82.17
3 67.65 294.08 57.91 265.23 34.36 100.59
7 74.96 321.96 66.38 289.84 45.76 142.13
28 81.59 382.98 76.00 317.50 59.34 188.18

In Table 5.17, it is seen that the compressive strengths of specimens are higher than

flexural strength as expected. As hydration proceeds, the compressive and flexural

strength increase naturally. In order to observe how the strength develops with time

in mortar specimens, the changes of compressive and flexural strength with time

are shown graphically in Figures 5.24 and 5.25.
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Figure 5.24. Development of compressive strength in mortar specimens
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Figure 5.25. Development of flexural strength in mortar specimens

Both the flexural and compressive strength are known to be related to the w/c ratio

of the material; the higher the w/c ratio, the lower the strength. As seen in Figures

5.24 and 5.25, both flexural and compressive strength increase logarithmically with

time. Due to the similar behavior of both parameters with respect to time, their

correlation with each other is also investigated and shown graphically in Figure

5.26.
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Figure 5.26. Relation between flexural and compressive strength in mortar

specimens

As seen in Figure 5.26, a linear relationship is obtained between compressive and
flexural strength for each w/c ratio. The lines were drawn such that they passed
through the origin, because unless the strength was started to develop in the mortar,
both the compressive and flexural strength of the specimen were zero. The slopes
of the lines seem to be dependent on the w/c ratio of mortar specimens. The lines
for mortars having w/c ratio of 0.5 and 0.6 are very close to each other. As the
strength values are very small as compared to other mortar specimens, the line for

mortars with 0.8 w/c ratio stays below the other two lines.

The UPV of mortar specimens were also determined at hardened state with the
experimental set-up used to monitor the UPV development during the hydration of
fresh mortars. The UPV measurements of freshly mixed mortar specimens were
carried continuously for the first 72 hours, so the values corresponding to 24, 48
and 72 hours were taken as the 1%, 2" and 3" day readings. The 7™ and 28" day
UPV measurements were taken on the same specimens with the same set-up.
Therefore, UPV readings were measured for three different travel path lengths.

Results of UPV measurements for the 1, 2, 3, 7 and 28 days are shown in Figure
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5.27 for the 15 cm travel path length as an example of UPV development in

hardened cement mortars prepared with different w/c ratios.
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Figure 5.27. Development of UPV in hardened cement mortars

The UPV in cement mortars increases logarithmically with time in hardened
specimens as seen in Figure 5.27. However, compared to development of UPV in
fresh concrete during the first 24 hours after mixing (Figure 5.14), the amount of
increase in UPV is very small between 1 and 28" days. As also observed in the

fresh state, UPV is higher for lower w/c ratios at all ages.

The development of strength and UPV with age of mortar is similar in different w/c
ratios as seen from the above figures. The change of UPV with respect to
compressive strength of mortar specimens with different w/c ratios is given in

Figure 5.28 for the three travel path lengths, separately.
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Figure 5.28. Relation between UPV and compressive strength for different travel

path lengths
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As seen in Figure 5.28, the smaller the compressive strength the lower the UPV
value in all w/c ratios and travel path lengths. In Figures 5.28-a and 5.28-b, the
relation between UPV and compressive strength seems to be independent of the
w/c ratio of the specimen produced from the same aggregate and cement. The
effect of w/c ratio is seen only on the values of the UPV and strength not on the
relation between UPV and strength. However, when Figure 5.28-c is considered,
for the travel path length of 5 cm, the relationship is not such similar for different
w/c ratios. For the same strength value, the possible value of UPV differs in a

wider range as compared to other two travel paths.

The UPV development with respect to strength value could be examined together
for all mortar types according to travel path distances. For this purpose, the UPV-
strength curves were obtained from the results of mortars having three different w/c
ratios. The results for compressive strength of mortar specimens are shown
graphically in Figure 5.29. In this figure, three series of data are given representing
each travel path length. Lines are fitted by least-squares regression to each series of
data. The coefficients of correlation (R?) are determined in order to check how well

the fitted lines define the real data points.
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Figure 5.29. Relationships between UPV and compressive strength
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As seen in Figures 5.29, the UPV and the strength of the mortar specimens seem to
be linearly related to each other. Especially for 10 and 15 cm travel path lengths,
the lines are very close and the coefficients of the lines are similar. However, the
UPV - strength relation for 5 cm travel path length behaves slightly different.
Although there is approximately a linear relation, the correlation coefficient is also
small as compared to other two test types. Therefore, it could also be concluded
that using very small specimens is also not suitable for testing of hardened
specimens as in the case of fresh specimens, most probably due to the effect of the
reflected waves from the boundaries as wavelength becomes greater than the least

dimension.

As a result, it could be claimed that with the prepared experimental set-up the
monitoring of the cementitious specimens could also be continued in the hardened
state after observing the fresh state properties. The development of UPV in the
cementitious materials could be measured as long as desired without interrupting

the testing.

5.11.2 Volume of permeable pore determination test results

As the second property of the hardened cement mortars, the total volume of
permeable voids in the mortar specimens was determined according to ASTM C
642. Beyond the volume of permeable pores, the determination of water
absorption, bulk density and apparent density of the mortar specimens were also
possible according to this standard test method. For this purpose 4*4*16 cm
prismatic specimens were prepared at three different w/c ratios. The specimens
were water-cured at the same conditions as the compressive strength test
specimens. The test was applied to 1, 2, 3, 7 and 28 day-old specimens. At each age
three specimens were used to determine the properties for each batch of one type of
mortar. As three batches were prepared for each w/c ratio, the final results obtained
are the average of the results of nine specimens as the values are quite similar to

each other for different batches of the same w/c ratio. The test results are
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summarized in Table 5.18. In the table volume of permeable pores, absorption,

apparent and bulk density of the mortar specimens at different ages are given.

Table 5.18. Volume of permeable pores, absorption, apparent and bulk density

Vol. of _ Apparent )
e Age Perm. Pores Absorption Density Bulk Der;sny
(day) (%) (%) (@lem?) (g/cm”)
1 18.6 8.6 2.60 2.12
2 17.7 8.3 2.57 2.12
w/c=0.5 3 17.3 8.1 2.57 2.12
7 17.4 8.2 2.57 2.12
28 15.9 7.4 2.54 2.14
1 244 12.2 2.64 1.99
2 244 12.2 2.63 1.99
w/c=0.6 3 24 .4 12.2 2.64 2.00
7 24.1 12.1 2.63 1.99
28 23.9 11.8 2.66 2.02
1 30.6 17.0 2.55 1.77
2 299 16.2 2.59 1.82
w/c=0.8 3 29.5 15.7 2.55 1.80
7 29.6 16.4 2.54 1.78
28 28.6 15.3 2.62 1.87

From Table 5.18, it is seen that the properties are dependent on the w/c ratio of the

mortar specimens. As w/c ratio of the mortar increases, volume of permeable pores

and water absorption also increase while bulk density decreases. On the other hand,

the relation between apparent density and w/c ratio is not clear.
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In Table 5.18, the effect of age on the properties can also be seen between the 1%

and 28" days. However, during this time period the change in properties is quite

small. It could be said that after hardening, the volume of permeable pores,

absorption and density of the mortar specimens do not change much although the

degree of hydration increases. The changes in values are so small that the

difference could not be measured accurately between short time periods. The

change in absorption and volume of permeable pores of mortars during the first 28

days of hardened mortars are shown graphically in Figures 5.30 and 5.31,

respectively.
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Figure 5.30. Absorption of mortar specimens
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Figure 5.31. Volume of permeable pore space of mortar specimens

As seen in Figures 5.30 and 5.31, the main effective factor in determining the
absorption and permeable pore volume is the w/c ratio of the mortar rather than the
age. A power equation is the best suited relation for both parameters in all mortars.
However, the power term is negative and small in all cases. The constants are
related to the w/c ratio of the mortars. It is also obvious from the figures that

absorption and permeable pore space behave similarly with respect to time.

The relation between permeable pore volume and the w/c ratio is shown for each

test age separately in Figure 5.32.
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Figure 5.32. Relation between volume of permeable pores and w/c ratio

In Figure 5.32, volume of permeable pores is linearly related to w/c ratio of the
mortar at all ages with high R? values. The lines corresponding to each test age are
very close to each other, especially the results obtained on the 2", 3™ and 7" days
are nearly same. The coefficients of the line equations are also close to each other,
decreasing slightly with increasing age. It could be claimed that for the
determination of permeable space volume of the mortar specimens, the test age

does not affect the result as long as the material is in the hardened state.

The porosity of materials is one of the parameters that determine the velocity of the
ultrasonic pulses (UPV) in the medium. High amount of porosity means the waves
propagate slower as the waves cannot propagate through voids but travel around
them. The results of experiments applied during this research also proved this
statement. In mortars with higher w/c ratio, it was found out that the volume of
permeable pores was also high. Additionally, in mortars with high w/c ratio, the
UPV measured was also slow at all ages. The change of UPV with respect to
volume of permeable pores of the mortar specimens is given in Figure 5.33 for
different travel path lengths used in UPV measurements of mortars with given w/c

ratio.
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Figure 5.33. Relation between UPV and permeable pore volume in mortars
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According to Figure 5.33, a linear relationship is seen between UPV and volume of
permeable pores for each w/c ratio and travel path length. In this relation travel
path length is only effective on UPV measurements, the path length is not a
parameter for volume of permeable voids determination. The parameters for
permeable pore volume determination are the mortar type and age. In the graphs, it

is seen that volumes of permeable pores change rather in a small range.

As a result, it could be repeated that the volume of permeable pores is directly
related to the w/c ratio of the mortar. UPV is also dependent on the w/c ratio of the
medium. Therefore, it is clear that the UPV of hardened mortar specimens is also

related to the volume of permeable pores.
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CHAPTER 6

CONCLUSIONS

The aim of this study was to monitor the development of properties in fresh
cementitious materials continuously. In order to monitor the hydration process in
cements, first, a non-destructive test method depending on ultrasonic measurements
was developed. After the experimental set-up was established, cement pastes and
mortars with different w/c ratios were tested so that the UPV (Ultrasonic Pulse
Velocity) development curves with time were obtained. The properties of
specimens were also determined by standard test methods to correlate with the
UPV measurements. The rate of heat of hydration and the setting time of cement
pastes were determined. The ESEM images before and after setting of paste sample
were obtained for observing the hydration process. For the mortars, beyond the
setting time, the strength and the volume of permeable pores up to 28 days were
also measured in order to compare with the UPV measurements. The effect of
frequency range of the transducers and the travel path length used in the established

experimental set-up were also checked.
The UPV and rate of UPV (RUPV) development curves were analysed and
correlated with the traditional test results in order to explain the hydration process.

The results yielded valuable information for the monitoring of hydration.

As the result of this investigation, the following conclusions have been derived:
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1. The ESEM micrographs of cement paste having 0.5 wi/c ratio were obtained
at dormant period, initial setting and final setting during the early hydration.
The images showed the stages of the hydration process clearly. During the
dormant period, the particles are not connected so that ultrasonic pulses
cannot properly propagate through the material. At initial setting the
hydration products precipitated on adjacent cement particles seem to touch
each other and an interconnected system is started to be formed. After final
setting the amount of hydration products increases and the voids between
the particles are filled so that ultrasonic pulses can be transmitted faster.

2. The UPV values were obtained from the waveforms. At very early stages
which correspond to the dormant period, the waveforms are not very clear.
The waves travelled through the medium and captured by the receiving
transducer are very weak during the early ages due to the attenuation and
the electrical noise, therefore, the UPV measured at this stage is not very
accurate. However, after the initial set, due to the formation of
interconnected system, the waves start to be clearer with increasing
amplitudes. As the hydration proceeds, the medium becomes more solid
and the UPV increases. After the medium sets completely, the change in the
waveforms becomes less significant.

3. From the UPV development test results in cement pastes and mortars it is
seen that generally the higher w/c ratios yield smaller UPV values not only
at later ages but also at early ages of hydration.

4. The UPV development curves in cement pastes show typical S-curves for
all w/c ratios. The UPV curves can be idealized by four distinct
approximately linear portions. However, the first portion is not very reliable
as the very early ages could not be determined accurately by the set-up. The
2" portions have the highest slopes which reveal that the hydration
products start to form very rapidly. The slopes of 3" portions are milder.
Lastly, the fourth linear parts have very mild slopes which can be an
indication of slowing down of the hydration reactions.
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5.

In the RUPV development curves of cement pastes, which were determined

from UPV values by numerical derivative with respect to time, 5 stages

could be distinguished. Firstly, the rate increases steeply. After making a

peak, it starts to decrease. Later it has a constant portion the length of which

is dependent on the w/c ratio of the specimen. Then, the rate of UPV

development starts to decrease approaching to zero in two steps.

The comparison of UPV and RUPV development curves with setting time

measurements and rate of heat of hydration curves shows that the proposed

test method defines the hydration process in cement pastes quite well. From

this comparison the following results are obtained:

The initial setting time of cement pastes can be defined as the point
at which the slope of UPV development curves changes distinctly a
second time. This point is determined as the intersection of the 2™
and 3" linear portions of UPV development curves. The maximum
difference for the initial setting time as determined from UPV
method and Vicat apparatus is less than 8%. At the initial setting
time the medium gains a UPV value of approximately 1400 m/s
regardless of the wi/c ratio of the sample.

The final setting time occurs when the plateau in RUPV
development curve ends. The maximum difference for the final
setting time as determined from UPV method and Vicat apparatus is
less than 3% in the tested samples. Additionally, at final setting time
it is seen that UPV is approximately 1800 m/s at any wi/c ratio.

The dormant period in cement pastes seems to end when the RUPV
curves reaches its first peak and the UPV of the medium reaches
about 1000 m/s.

The start of deceleration period in cement pastes seems to coincide
with the start of 4™ linear portion of the idealized UPV curves. After
this point, the increase in UPV is very slight as characterized by the

very mild slope.

156



7.

10.

The UPV measurements were applied up to 28 days in mortar specimens.
The increase in UPV is very limited after 24 hours as compared to increase
during the first 24 hours. Therefore, it can be concluded that the UPV
measurements are more sensitive to change in fresh state properties rather
than the hardened state properties.

The UPV development curves in mortars for the first 24 hours are similar to
those in cement pastes. However, the UPVs reach higher values in mortars
as compared to pastes. On the other hand, due to higher attenuation and
longer path distances the initial linear portions could not be observed in
mortar samples. Therefore, the UPV curves are idealized by three distinct
linear portions. The 1% portion in mortars corresponds to 2™ portion of the
pastes. Similar to pastes, the slope is the highest in the first portion and
becomes milder at each stage in all w/c ratios. Additionally, the slopes are
smaller for the higher wic ratios.

The RUPV development curves of mortars are slightly different from those
of pastes. After making an initial peak as in the case of pastes, RUPV starts
to decrease. However, instead of making a plateau, it makes a minimum
point and then increases slightly reaching a second small peak. Afterwards
it decreases approaching zero asymptotically.

The comparison of setting times as determined by Penetration Resistance
Test (PR) with UPV and RUPV results yields the followings:

e The initial setting time seems to occur around the initial peak of
RUPV curves. This approach in determining initial setting time
results in an error of about 12 %.

e For final setting time determination, a UPV of 2000 m/s seems to be
a good approximation for w/c ratios of 0.5 and 0.6. However, in
case of mortars with 0.8 w/c ratio, this value is around 1800 m/s.
Depending on the assumption that such high wi/c ratios are not
generally used in conventional concrete industry, UPV of 2000 m/s
might be accepted as a suitable approximation.
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11. PR test defines setting as the two arbitrary stages of hydration in cement

mortars. However, the setting phenomenon is related only to the paste

portion of the mortars. Therefore, the setting times in mortars should not be

much different than those of pastes. Depending on this assumption, the

setting times of mortars were defined by UPV test method similar to the

definitions in pastes.

The initial setting is defined as the point where the slope of UPV
curve changes drastically as in the case of pastes. This point is
determined as the intersection of 1% and 2" linear portions of the
UPV curves (make attention that the UPV in mortars were idealized
by three linear portions unlike the four linear portions in UPV of
pastes). The UPV values at that point is approximately 1900 m/s for
mortars of 0.5 and 0.6 w/c ratio, while it is about 1450 m/s for
mortar having 0.8 wi/c ratio.

The final setting time is supposed to occur when the RUPV
development curves reaches its minimum point. The UPV is
approximately 2500 m/s for 0.5 and 0.6 w/c ratio; and 2000 m/s for
0.8 w/c ratio.

The initial and final setting time values as obtained by this
alternative method are dependent on w/c ratio of the samples as
expected; the higher the wic ratio, the longer the setting time.

The UPV increases approximately 550 m/s between the beginning
and end of setting.

The initial and final setting times as determined from the UPV
method in mortars are close to the setting times as determined by
Vicat apparatus in cement paste with the same w/c ratios.

The UPVs are higher in mortars due to the presence of aggregate
particles as compared to paste samples. However, the amount of

aggregate is different in different mortar types depending on the w/c
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12.

13.

14.

15.

ratio for constant cement content. Therefore, having different UPVs

at the similar stages of hydration is acceptable.
Although the travel path length is not expected to affect the UPV values,
excessively long distances result in higher attenuation, while excessively
short distances result in inaccurate results due to the near-field effect and
reflected waves from the boundary. In the path distances tested in this
study, 15 cm and 10 cm travel length (i.e. mold dimension) reveals similar
results. On the other hand, in the case of 5 cm travel path length usually, the
results are different. Additionally, in the case of 15 cm travel path distance,
the initial stages of hydration could not be observed especially for high wi/c
ratios due to high attenuation.
Higher frequencies result in smaller wavelengths and hence higher
attenuation due to scattering. Especially for very small UPVs, the
wavelength could be smaller than the particle dimensions in the mortars. As
the frequency applied increased, the initial readings were delayed in
mortars, which means high frequencies are not suitable to monitor the very
early stages. Additionally, the effect of frequency seems to be more severe
for smaller travel path distances. Therefore, it could be stated that a suitable
frequency and travel path length should be chosen.
The UPV measurements obtained at different times for different batches
prepared with the same materials and same proportions seems to be similar
for 15 and 10 cm travel path lengths with a maximum difference of 5
minutes in initial setting time estimation and 16 minutes in final setting
time estimation. This small difference in UPV measurements for two
repetitions in different batches makes the method repeatable and reliable as
long as the appropriate path length dimension is chosen for the test.
Samples with smaller wi/c ratio result in higher strength and higher UPV as
expected when all the ages and w/c ratios are considered. A linear
relationship is obtained between UPV and strength. This relationship is
quite similar in the case of 15 and 10 cm travel path lengths. Therefore, it
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16.

17.

could be concluded that very small specimen dimensions are also not
suitable in the hardened state as in the case of fresh state.

The volume of permeable pores is higher for the specimens of higher w/c
ratio. A linear relationship is also obtained between the UPV and permeable
pore volume at each w/c ratio of the samples. The UPV is directly
dependent on the amount of voids; the higher the amount of voids, the
slower the UPV. However, the effect of hydration degree in total volume of
permeable pores in the mortar specimens is not significant. As the age of
the specimen increases the total volume of permeable pores decreases
slightly. This also explains the reason for only the slight increase in UPV at
hardened state as compared to fresh state.

The UPV can be a suitable and reliable test method in monitoring the
hydration process in cements. It is also superior to traditional test methods
as it is possible to test the specimens as long as desired; not only in the
fresh state but also in the hardened state. The results in hardened state also
give useful information about the properties of the specimens. Therefore, it
can be stated that the method is a compatible test procedure for continuous

monitoring of the properties of cementitious materials.
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CHAPTER 7

RECOMMENDATIONS

Ultrasonic pulse velocity method can be used to describe the hydration process of
cements. In this research program the method was applied to cement pastes and
mortars having different w/c ratios. The results were encouraging to expand the
application to different cementitious materials. Depending on the evaluation of the
results of this study, the following recommendations for the future studies can be

made:

1. Some further software studies may be helpful for improving the analysis
part of the data obtained from data acquisition system. The UPV and RUPV
development curves and the characteristic points related to those curves
could be determined faster and more systematically if a suitable computer
program could be established.

2. The application of the method on different types of cements can be studied.
The effect of several chemical and mineral admixtures on hydration
properties can also be monitored by UPV method.

3. The monitoring of hydration in concrete samples and extending the usage to
the construction site should be the ultimate goal in order to standardize the

UPV method in hydrating materials.
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