CHAPTER 3

CEMENT PASTES

Cement paste primarily comes ' draifghafe between cement and water. It
together. The microstructure o pores and air voids in the
mass of hydration products, of whi ¢ hydrate (CSH). Both the
porosity and the presence of CSH sig afitlsiniluepec the fedtires Of cement paste. Reduction

of pore space embedded in the ial to paste properties.

as low as possible. The difficultyfor § 10 e to RV ater content can be relieved
by the application of a hi-tech superpla: F:;;'.rg,‘&‘ eve , using of a water/cement ratio less
than a certain value prevents paste ~frGiri=con ion, causing retrograde strength.

Augmentation of pozzolani b-v--—-v-m-w—----m-—--—m’w sirength. The appropriate

percentage of their addition de e d

]
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In this chapter, the optmervater/cement rat nd additional percentage of pozzolanic

materials for equxhbﬂnuaﬁjng}% Hnm w %jrﬁ] ﬂu‘ilal point of view.

Superplasticizer is condémed in roviding flowability. The amount of CSH and orosity are,
p (.’.- p y
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desired strengtiffcan be produced.

3.1 Factors Affecting Paste Strength

[t is generally appreciated that behavior of any material is governed by its microstructure.
In cement paste, the porosity accounts for the primary weakness. Because CSH occupies most of
the volume of the hydration products, its presence also dominates paste behavior. As a

fundamental, the influences of porosity and CSH on cement paste properties are here reviewed.
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3.1.1 Porosity

The void space in hardened cement paste can be categorized into three groups, i.c.,
interlayer space in CSH, capillary pores, and air voids. The width of the interlayer space is too
small to have an adverse affect on strength and permeability of paste. Capillary pores represent
the space not filled by cement or hydration products. Its volume and size depend on the original
distance between the anhydrous cement particles in the freshly mixed cement paste as well as the

degree of cement hydration. Whereas capillary d igregular in shape, air voids are generally

spherical. Air may be entrapped or p rpds e mixing operation. Air voids are

' er@ of adversely affecting paste

much bigger than capillary voids. However;both of

strength and impermeability. Theifotz / jop! n\ Q\ pOTOSity.
Several displacement fluidsfTg / \\\ oy mercury, and helium, have
been used in measuring the porosi o \K“ ‘ r absorption is very simple

and inexpensive, but, becauseWategfreydgaies ﬁiﬁT oJe k drosilicates, the apparent

measured porosity is higher thaf"thgfactiial valtic \ edia generally give similar

Vv =)
results for most w/c preparations. Neve eles 3, "eachifethod ha§itS®wn limitation.

It is well known that there is an 1 between paste porosity and strength.

From fracture mechanics, several e S1ons are eithe as of eg, (3.1) or (3.2), i.e.,

R @.1)
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=S,(d-p)

where S and S, are ﬁﬂ%ﬁ%ﬂﬁl%%ﬁﬂ m ﬂﬁrosity, respectively.

And, b is a factor depéhlling on size and shape of pores. Slmllar formulas have been used for the
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3.1.2 Calcmm Silicate Hydrate

(3.2)

%
The hydration of C;S and C,S produces a family of calcium silicate hydrates (CSH),
varied widely in C/S ratio and the content of chemically combined water. Nevertheless,

providing that the structure is similar, the compositional differences among CSH have little effect

*
The abbreviation used here and throughout this dissertation follow the follow the conversations of standard

cement chemistry notation: C=CaO, H=H,O, S=Si0,, F=Fe,0;, A=Al,O; and §=SO3



on their characteristics. On complete hydration, the approximate composition of the material
corresponds to C,S,H;, and the stoichiometric reactions for fully hydrated C;S and C,S may

be expressed as
2C;S+6H — C,S,H, +3CH (3.3)
2C,S+4H —» C,S,H, +CH (3.4)

C,S hydrates much slowly than C,S, because jt is a less reactive compound. Therefore, C,S

contributes to strength at a later time.

Until now, the picture of its amorphous microstructure

with high specific surface area ] can be discriminated. The
outer product of CSH takes plag g cement particles. On the
other hand, the inner produ of" Gfol fsolidSsta ~, rmed within the original

boundaries of hydrating ceme ighaf produch i pact and poorly crystalline.

Densities of the outer and inner Ltheitdpore \\ ity are about 1440 and 1750
kg/m", respectively (Jennings, 2000)F Te satio“sf the lensity 'CSH to the total mass of CSH
(M ) was proposed by Tennis and oA 20003
(3.5)
Where W/C iS Water/ceme t b]ll- ang- s aecrecot-hyaration —:
, I |-1' ‘
The quantity of CSH js very c-':‘ due to the lack of its
W 4

crystallinity and indefinite compgsig)n. Thus, indire&tjechniques, such as thermogravimetric

analysis (TGA) and )ﬂyﬁfﬁi@(ﬂ)ﬁﬂeﬁeﬂxﬂﬂlﬁ ciim hydroxide, were

arisen. However, to sofhe extent, Olson and Jénmngs (2001) developed the estlmatlon of CSH
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Chakpalsan (1996) and Suwankawin (1996) pointed out the linear relations between
strength and amount of CSH of hardened cement pastes containing fly ash and silica fume,

respectively.

3.1.3 Strategies to Improve Strength

Consideration will be given to the above factors in mechanistic arguments pertaining to

high strength. The idca of optimizing such factors is mentioned.
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3.1.3.1 Low Water/Cement Ratio

The reduction of water content decreases the water-filled space during the hydration
process, causing less amount of capillary pores in hardened cement paste. Furthermore, it is a
satisfactory condition for solid-state hydrating, which produces inner product of CSH. However,

the water/cement ratio below a certain value prevents complete hydration.

In this section, the water/cement ratio required for the most effective hydration reaction is

determined stoichiometrically. With that rat S -yed that there are no cement compounds
and water left after complete hydratien reaction, anG#5uéfliag the maximum amount of CSH.

Because of uncertainties in ceme stions in the hydration process,

some assumptions are established. LI ilar to that stated by Taylor

(1997) is listed below.

(1) Estimate four mai emical composition by using

W430F —2.8528 (3.6a)
(3.6b)
(3.6¢)
(3.6d)

(2) Assume that a pa “of C,A reacts with gypsum ( C§H Yrapidly and forms ettringite

;S:fmmmmm
oL aﬁﬁﬁmwmﬁﬁmaa

2C,A+C,AS,H,, +4H - 3C LASH,, (3.8)
C;A+6H —» C,AH, ~ (3.9)

(3) Assume that all the C,AF hydrate with water as
C,AF+13H > C,(A,JF)H,, (3.10)

(4) Assume that all the C;S and C,S hydrate independently in the manner of eq. (3.3)

and (3.4), respectively.
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The calculation of each reaction is based on the mass conservation. The molecular weight

and density of each compound gathered literally are shown in Table 3.1.

The commonly available portland cement type 1 and III are used in the investigation.
Their chemical compositions are shown in Table 3.2. The required water for 100 grams of cement
to hydrate completely is 26.37 grams for type-I portland cement, and 25.21 grams for type-III

portland cement. For each type, CSH occupies 47.14% and 48.62% by weight of the hydration

3.1.3.2 Addition of Pozzglé

In cement chemistry, p me silicious materials, which

by themselves possess little or et with calcium hydroxide,
produced by hydrating portland ce lentitious properties. With the

presence of moisture, the pozzolani re ssed as

(3.11)
There are many kinds of pozz hdte ied in their source, mineralogical
composition, and characteri :;;:_—_—_-;rv-,---v-v--r--,--—»-*--w-"*_-_-__x h material depends on

size, crystallinity, and percen 38 0

L

Fly ash is the most ext&nswely used materlal It is employed in a wide variety of

construction. The dlaﬁ uH{ﬂn?@I W% Wﬁ’}ﬂoﬁm and the specific

surface area is usuallydbetween 250 and 600 m /kg Silica fume is very reactlve pozzolanic
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size and containg much proportion of pure noncrystalline silica.

The performance of cementitious materials containing pozzolanic materials is improved
owing to two mechanisms. In the physical aspect, a smaller size of pozzolanic materials than
cement particles makes the mixture denser. While the secondary CSH is occurred chemically.
With eq. (3.11), the quantity of required pozzolanic materials for the balance pozzolanic reactions
can be approximated. Such amount is 10.46% and 19.48% by weight of cement for the 46.20%- S

fly ash and 86.00%-S silica fume added in the hydration of type-I portland cement, respectively.
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3.2 Optimized Water/Cement Ratio

To determine the optimum water/cement ratio for the most effective hydration reactions
experimentally, the microstructure study of hardened cement paste specimens is performed,
including scanning electron microscope (SEM), thermogravimetric analysis (TGA), and total
porosity measurement. Furthermore, the contribution of the microstructure to the mechanical

properties is also studied.

3.2.1 Sample Preparation

The ordinary portland cemen .

i ﬁvater to produce cement paste.

The cement composition and its \:::r," wPable 3.2. The mix proportion

of cement pastes is presented: ges from 0.12 to 0.40. If

necessary, the polymer-based ee constant flow.

Cement and about 60% atgf 1gfplacqd 3 I\ Nandymixed by mechanical mixer on
e mixture is rested for 30
seconds before adding the rest of @ate 1s pxed & ok r 60 seconds, rested again for

rpm) for 120 seconds.

= =
The mixture is tested for i w-vafue by, us able according to ASTM C230.

,-_—'mn'.-h---—-'n-v

The required flow value cotjfes
q L

'I‘S‘r. 5%. If such a flow can

not be obtained, superplastic i 1S ad Xed T8gain at slow speed for 30
W . ¥

seconds, then, rested for 30 secox&ds and mixed at medlum speed for 60 seconds. The flow test is

performed again. Thlﬁoﬂuﬂ f}eﬁﬂ lﬁtﬂj\wxﬁﬁl ﬂ ﬁ To avoid the initial

setting, the overall mixiflg duration must not exceed 15 mmutes
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remaining 1s p ced in the brass molds. After 24 hours, the hardened cement paste is removed
from the molds. All specimens are stored under tap water at normal atmosphere and room

temperature until the day of testing.

3.2.2 Fresh-State Properties

The unit weight and air content of fresh cement paste are examined gravimetrically in the
same way that concrete is tested following ASTM C138. Due to the lack of aggregate, the

required volume of the sample is reduced. The measured unit weight and air void are tabulated in
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Table 3.4. The unit weight varies from 1943 to 2292 kg/m"‘, depending on the cement content. All
of the mixes yield an air void less than 2.0%. It may be the result of providing constant flow. The
relation between flow of cement paste and air void will be stated further in section 3.3, in which

the effect of superplasticizer is discussed.
3.2.3 Microstructure Characteristics

3.2.3.1 Scanning Electron Microscop

An electron microscope is a teckini spl icrostructure of elements. An SEM
electron beam is generated in
the gun of the SEM apparatus. V oth surface of the specimen
in vacuum condition, it bounces® rface details of the object.
Although it is a useful techne to interpret and can not

determine the quantities of the g

In this study, ordinary 4 28-day age are explored.

Approximately 10x10x10-mm spg 50x50x50-mm samples. One
surface of each specimen is polished byi] _g?j- .5,53 © 0..220, and then coated with a thin
layer of gold. Both sample preparatigi ane performed at the laboratories of

Metallurgy and Materials SgiepéeResearchinstitute. " Chuialon; akorn | Jagersity.
; o
The results obtained l Z 3.1 @13.4 for cement paste with

i¥

water/cement ratio of 0.36, 0.24, ‘Q 16, and 0.12, respectwely With 75x-100x magnification, the

surfaces of all samplﬁ !u)ﬁrln/} w Eﬁ%ﬁ w.ﬂq ﬂp?uon Nevertheless,

these imperfections re¥igal much important mfounatxon In gene1 al, the entrapped air voids with

diameter ar Tﬁww ﬁﬁrﬁ ﬁ:rease at a
watel/cement 1gtio of hile with -water/cement ratio, the voids are enlarged. There are

crystals of calcium hydroxide precipitated in the void space. With higher magnification, the loose
structure of CSH and calcium hydroxide is usually found at the area of high porosity. Such area is
easily found in cement paste with 0.36-water/cement ratio. Most of the volume of cement paste is
full of the clusters of amorphous CSH, which seem very dense at low water/cement ratio.
However, the fibrous morphology of CSH also exists. This kind of CSH appears most at the
boundaries of unhydrated cement grains. Other hydration products, such as ettringite and

monosulfate hydrate are embedded randomly.
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3.2.3.2 Thermogravimetric Analysis

Normally, TGA is an approach for determining the quantity of compounds in materials
that can decompose at a certain range of temperature. In cement paste, all the water dehydrates at
a temperature up to 400 °C. During a temperature of 400-550 °C (Ramachandran, 1979), calcium

hydroxide becomes calcium oxide and water, i.e.,

Ca(OH), — CaO +H,0 (.12)

ch temperature. The amount of the
ervation of molecular weight.

Although there are several techni afe thesameuiat of calcium hydroxide, TGA is

In this study, TGA i gical Research Equipment

Centre, Chulalongkorn Unive e remaining cement paste
from testing by SEM is groun ; A1 ( S minutes. 200 mg of well-
ground samples passing ASTM si ’00%are tea x until the temperature of 1100

°C is reached at normal atmospherigf pressare for 2 1€ data of weight loss is detected

throughout the experiment.

The estimated amaytli 6f calcium hydroxide and CSHISShe @min Fig. 3.5. The quantity

of CSH is calculated stoichi0 -I ; about two times of that

of calcium hydroxide. It is app ximately 20% at water/cement ratio®f 0.12, rises with increasing
water/cement ratio, I ¢ ’ A i .28. Afterwards, it
gradually decreases ﬂvg ﬂfgmeﬂmﬂﬂ;j:ﬂnjﬁh the finding from
the hydratio i 3., it can ‘i fi i emi aﬁ .. the optimum
water/cemen%nt;ﬁ:j\i&pﬁlﬂlimﬂmﬂs fﬂi'gjz/‘;]a ieS in between
0.26 and 0.28.

However, according to two-type CSH model of Tennis and Jennings (2000), the detected
CSH can be categorized as low-density CSH and high-density CSH. With eq. (3.5), the amount of
both type of CSH can be computed, as shown in Table 3.5. The degree of hydration of each
cement paste mix is assumed to be the ratio of the amount of detected CSH from the experiment
and calculated CSH from the hydration model. It can be seen that the amount of low-density

CSH is the proportion to water/cement ratio. All CSH is high-density CSH when water/cement
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ratio is less than 0.20. Regarding the fact that density of high-density CSH is about 1.20 times that
of the low-density one, the equivalent amount of CSH can be figured out. The highest equivalent

amount of CSH is found at water/cement ratio of 0.20.

3.2.3.3 Total Porosity

The method chosen to determine the porosity is total water porosity measurement

conforming to RILEM method CPC 11.3. This method is very simple and inexpensive. It also has

determination (Kolias, 1994.)

Briefly, cement paste spegi goipaitment, before soaking under

water for 24 hours. Then, theya o ] D ,{.n_,_" on and their volume is determined.

abr 1 an 3 '\;ﬁ\ RCH
The measured total p@Fosi 3 \:\. with water/cement ratio, as

a\ \ ement paste with water/cement

at water/cement ratio of 0.20. Then. porosit gase§ afterwards. When cement paste

@ minimum of 14.83% is found

ages, the porosity decreases. The total perosiy : 3.64% and 17.17% at 28 days and
2E )

becomes less in later age/ 18 6 %-12.33% at 91 days.

-
ol

Obviously, the optimum v e 2 y .16.
'II Ir:-
W

3.2.4 Mechanical Propertie .

e AUSININTNYING
e SRR SHITAR TR

compressing 50x50x50-mm cubic specimen according to ASTM C109. The test results are shown
in Fig. 3.7. The 7-day compressive strength of cement paste with water/cement ratio of 0.40 1s
53.37 MPa. It raises up to 79.98 MPa at water/cement ratio of 0.16, followed by a small rebound.
Compressive strength also increases with time. In later age, the similar trend of compressive
strength with water/cement ratio can be revealed. The water/cement ratio of 0.16 still provides the

highest values of compressive strength. In order, they are 103.87, 114.45 and 120.03 MPa, at 28,

56 and 91 days.
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3.2.4.2 Tensile Strength

ASTM C190 is used for measuring the direct tensile strength of hardened cement paste.
In this method, briquette specimens are used. Fig. 3.8 presents the relation between direct tensile
strength and water/cement ratio. The same trend of strength development as that of compressive
strength is observed. Direct tensile strength is about one-twentieth of compressive strength. It

varies from 2.65 to 4.09 MPa at 7 days, from 2.93 to 4.69 MPa at 28 days, from 3.12 to 5.09 MPa

aximum is found at water/cement ratio of

0.20 at 7 days and 0.16 after that.
3.2.4.3 Elastic Modulus

Elastic modulus is mm prism specimen in

longitudinal direction. To me attached in two opposite

faces. They are parallel to load | A siare dépicted in Fig. 3.9. Its relation to

3.2.5 Contribution of Microstructure to Strength

o N NN e

in between 0.26 and 0.38 yields the balance o.g hydration reaction. It gives the highest amount of
s

=
CSH in cenﬁ wqﬁﬁlﬁ ﬁ mﬂtﬂﬂtﬁ ﬂlﬂfﬁrﬁ the most at
water/cement fatio of 0.20. From a physical and mechanical point of view, the optimum
water/cement ratio should lies between 0.16 and 0.20. For all ages, such value of water/cement

ratio provides the minimum total porosity and the most excellent in mechanical properties,

including compressive strength, tensile strength and elastic modulus.

In general, the dependence of compressive strength on the equivalent amount of CSH and
total porosity is shown in Fig. 3.10 and 3.11, respectively. There are tendencies for a rising

strength of cement paste when the equivalent amount of CSH increases or the total porosity is
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reduced. To account the effect of both parameters, the non-linear regression of the experimental
results is performed. For cement used in this study, the relation among cement paste compressive
strength (S,,), the equivalent amount of CSH (CSH,), and the total porosity (p) can be

expressed, with the confidence level of 90%, as
S, = (286.64+232.62*CSH,)(1- p)** (3.13)

For a given type of cement, the equation like eq. (3.13) may be helpful to design a mix

5. viscous and can not flow

& -‘-\-;"\.\ ernal voids. This additional

alér reducing agent (HRWRA) or

When the water/cemen i cme p

superplasticizer is useful to relieve sblet - The¥eompafibility with cement enables it to
facilitate flow of the mixture. To avoid Unexpected $ sffects, the amount of superplasticizer

should not exceed the recommgenda

In this section, the bl izedd to provide flow and its
1

effects on porosity and compg@ssive strengtl vestigated exp entally. Type-I Portland
cement paste specimens with watericement ratio varyifig/from 0.12 to 0.40 are produced with the

| :
addition of superplasﬂeuﬂg/on %’J ent. [Tablg) 3.10 shows the mix
U

proportion. The same mixing procedure and spgcimen prepargiin as in section 3g2sis applied.

3.3.1 Freshﬂcﬂ’:]paieg ﬂ ‘jm u ﬁ r] ’J qn E] r] a EI

3.3.1.1 Flow Value

Flow value is measured by using flow table according to ASTM C230. The test results
are shown in Fig. 3.12. It is obvious that the flow value decreases with reducing water/cement
ratio. With water/cement ratio of 0.12, the flow value of cement paste is 71.6% when no
superplasticizer presents. It becomes 93.2% and 113.2%, providing that superplasticizer is added

by 4% and 8%, respectively.
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3.3.1.2 Unit Weight and Air Voids

Fig. 3.13 presents the measured unit weight as a function of water/cement ratio, while
that of air void is shown in Fig. 3.14. The density of superplasticizer is lower than that of cement;
therefore, the unit weight of cement paste decreases when superplasticizer is added. However, the
difference in unit weight becomes smaller when water/cement ratio is low. There is a high air

content in low-water/cement ratio pastes containing 0% and 4% of superplasticizer. Insufficient

3.3.2 Total Porosity

The total porosity of 3.15. It can be seen that

total porosity reduces due to the m water/cement ratio for
the minimum porosity shifts perplasticizer to 0.20 when
superplasticizer is added by 8% ghejfe J6F when the water/cement ratio is
less than the optimum, may be theffesgltof R meiof air bubbles embedded in fresh

ccment paste. They become air voids Ake-cementpaste more porous, when it hardens.

3.3.3 Compressive Str;éngth

Fig. 3.16 shows t ‘, 5t 28 5 Cop pressive strength rises
i o
with the presence of superplas i izer. W , the liighest compressive strength

i¥
is 91.16 MPa at water/cement rat? of 0.24. It becomes 107.55 MPa at water/cement ratio of 0.20,

v i 4 G H PGP

inverse function of toWl porosity. The line 1s calculated by using eq. (3. 13) and assuming

con- QAR I NTINGA B

Althou%h superplasticizer does not enter into the hydration reaction directly, it is
beneficial for strength development of cement paste. Superplasticizer yields flowability to the
viscous cement paste mixtures containing low water content. It allows cement pastes to fill up
specimens with fully compaction, causing a low value of porosity when they harden. Insufficient
quantity of cement paste makes cement pastes weaker. Like in Fig. 3.12, the amount of
superplasticizer can be determined regarding to its capability for providing flow. However,

overdosage of superplasticizer delay to concrete setting.
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3.4 Effects of Pozzolanic Materials

Inclusion of pozzolanic materials, such as silica fume or fly ash, is beneficial to cement
paste quality. Thank to both filler effect and chemical effect, they make improve the
microstructure of cement paste, raising strength as well as durability. While approximately 10%
and 20% by cement weight of 46.20%-S fly ash and 86.00%-S silica fume, respectively, for

balance, pozzolanic reaction were analyzed stoichiometrically in section 3.1.3.2. The optimum

following in this scction.

Chemical composition, spe of Type-I Portland cement,

fly ash and silica fume are already ratio varies from 0.12 to

0.40. Fly ash is added by 10%, 154208 nt, whereas silica fume is

*a:
i d
consumed by 5%, 10%, 15% by gvcightjof éemer erple er 1s also used to maintain

(Jus

cement paste flow value of 11€ t “in Table 3.13 and 3.14 for
cement paste with fly ash and®siligd flime. #¥spel AN he ing process and specimen

preparation are the same as in secti

3.4.1 Fresh-State Properties

Table 3.15 and 3.16 sho £empent paste incorporating

fly ash and silica fume, res -'v: v 3 ’

B Fi
When sufficient workability fa# placing is provided, the unit weight is up to 2715 kg/m for

cement paste with wat l/cemenF 0 12 Vi r_co ten is about 2.0%. No
significant systematic]d fuu Ejn nt between cement
pastes containing fly ash and silica fume.

342Ca1aﬁ3ﬂ;l§dﬂﬂim uﬁr]qﬂﬂr]a EI

The results from thermogravimetric analysis are shown in Table 3.17 and 3.18 for 28-day

nds on cement content.

cement paste with fly ash and silica fume, respectively. The amount of detected calcium
hydroxide reduces with the addition of fly ash or silica fume. Regarding water/cement ratio, the
highest volume of calcium hydroxide can be found in cement paste with water/cement ratio of
0.24. With the same amount of replacement, it is also observed that silica fume consumes more

calcium hydroxide in pozzolanic reaction than fly ash.
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The stoichiometrically calculated quantity of CSH is approximately in the range of 20%
and 45% by weight of cement paste specimens. CSH decreases with decreasing water/cement
ratio. The maximum CSH is found in cement paste with 20% addition of fly ash and 10% addition
of silica fume. The amount of CSH in cement paste with fly ash is slightly less than that in cement

paste with silica fume.

3.4.3 Total Porosity

fly ash and silica fume is shown in

Table. 3.19 and 3.20, respectively. Only es ‘it osity at 28 days are plotted with

water/cement ratio in Fig. 3.18 and@3™9"Th to%shes between 11% and 15%.
i i ctnent paste withesili

Due to higher packing, the total p o | ‘e‘:\\%\\ fume is mo‘re than that with

fly ash. For both fly ash and siliga*ftni i : \\ ously reduced with water/cement

1

ratio until the optimum water/ceg Ao ot abol .\
rebound. Furthermore, the loWest pgrasitylis ? % t paste specimens with 20%
addition of fly ash and 10% addifion 8f silica 5;_:;:; ‘

-
ached, followed by a small

3.4.4 Compressive Strength ;
I -'.-:'a, /

For cement paste with fly ash, 7 f,—l e tested compressive strength for all

ages, while Fig. 3.20 depiA ,_'_ﬁ__._______._;_._ n ve Strength and water/cement
v'_, 7

- a
less than with the control cemént paste. It decreases with increasi '” amounts of fly ash. Only

cement paste with 20% dﬁ ﬁ ﬁﬁm miﬁj qﬂ;ﬁ ﬁrol after 28 days. It
is up to 124.31 MPa t is an optimum for
the highest compressive strength

AT NN ...

highest compressive strength is 85.17 MPa at 7 days for cement paste with water/cement ratio of

ratio. At 7 days, the compre age addition of fly ash is

s
CE
M

0.16 and 10% addition of silica fume, and becomes 115.66, 126.49 and 137.96 MPa at 28, 56 and
91 days, respectively. A water/cement ratio between 0.16 and 0.20 is also an optimum for the

highest compressive strength of cement paste containing silica fume.

The pozzolanic reaction of fly ash and silica fume is a primary reason for an increase in
compressive strength of cement paste. By regression analysis, the ratio of compressive strength

containing pozzolanic material ( f /: wiii o8 T ,; w5 ) to compressive strength of cement paste
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without any pozzolanic material ( f, ,: /o) is a function of the ratio between CSH in cement paste
containing pozzolanic material (CSH,,,;, or CSH, . ) and cement paste without pozzolanic

material (CSH

w0 )» as following

fowiia] Frowio =1:2501(CSH,, . /CSH,,, ) —0.2082 (3.14)

1 isi | Foowro =1.8381(CSH,, . /CSH,, ) —0.8333 (3.15)

AULINENINYINS
RINININUNINYAE



Table 3.1 Molecular weight and density of compounds involving in hydration calculation

48
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Cement Chemistry Notation Molecular Weight Density *
(kg/mol) (kg/m?)
GC,S 0.228 3150
C,S 0.172 3280
GA 0.270 3030
C.AF 0.486 3730
CSH, 0.172 2320
H & 1000
C,S,H 1590
CH 2240
C,ASH 1750
C,ASH 1990
C,AH 2050
CJ(AE 2670

features of materials

Properties _y Ash | Silica Fume
Chemical Composition (%) ' £
- Ca0 J 65 65.20 [413.60 0.40
- SiO, 20 90 1 .36 46.20 86.00
- ALO, ~ 1.30
o0, ﬂ ‘UEI Wﬁﬂlﬁ?ﬂiﬁl 108 | 2
- MgO 2.06 2.10 1.60
- Na,O "f 0.02
o QRN aﬂn‘smum NEA QB oo
- SO3 2.71 2.63 1.30 2.10
- LOI 0.96 1.42 0.40 0.20
Specific Gravity 3.14 3.12 2:36 2.29
Blaine Fineness (m*/kg) 328 420 540 2100




Table 3.3 Mix proportion of cement pastes
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Designation W/C Ratio Cement Water Superplasticizer
(kg/m’) (kg/m’) (kg/m’)
P40 0.40 1394 : 558 0
P36 0.36 1476 531 0
P32 0.32 1569 502 0
P28 0.28 1674 469 0
P24 0.24 Y 431 9
P20 0.20 033 / 387 39
P16 0.16 105
P12 0.12 206
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Table 3.6 Total porosity of cement pastes
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Designation Total Porosity (%)
7 days 28 days 56 days 91 days
P40 18.21 17.17 16.78 16.52
P36 17.34 16.01 15.52 15.17
P32 16.65 15.20 14.49 14.26
P28 15.63 14.38 13.86 13.42
P24 15.22 ‘ 13.21 12.98
P20 14.83 12.91 12.51
P16 14.94 12.33
P12 16.23 12.75
Designation —OIIpressIive Strenoti
91 days
P40 76.14
P36 P - 84.26
P32 y/ 2 95.02
e (ARG INBNINEINT s
P24 4 73.66 93.92 105.50 113.16
P20 7.8 29 0 o 21119 & 118.96
i WAN NP RN U VA B
P12 qw ~ 65.26 90.12 101.39 ' 108.51




Table 3.8 Tensile strength of cement pastes
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Designation Tensile Strength (MPa)
7 days 28 days 56 days 91 days
P40 2.65 2.93 3.12 3.42
P36 3.13 3.51 3.73 4.07
P32 3.51 3.83 4.18 4.51
P28 3.70 4.09 4.46 4.83
P24 3.94 4.81 5.12
P20 4.09 497 5.20
P16 4.05 5.09 5.32
P12 4.42
Table 3.9 E :#E‘;%_TZ' ient pastes
Designation | |Sea———————tulastic Moy
91 days
P40 23.42
P36 26.19
P32 30.17
P28 32.45
P24 4 20. ; 35.62
P20 L. . 43 o A B 38 & 3829
n @ WA N FOUHRN IR A B
P12 qw - 17.66 33.48 3451
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Table 3.10 Mix proportion of cement pastes containing superplasticizer

Designation W/C Ratio Cement Water Superplasticizer
(kg/m’) (kg/m’) (kg/m’)
P40-SP00 0.40 1394 558 0
P36-SP00 0.36 1476 531 0
P32-SP00 0.32 1569 502 0
P28-SP00 0.28 469 0
P24-SP00 0.24 431 0
P20-SP00 0.20 0
P16-SP00 0.16 0
P12-SP00 0.12 0
P40-SP04 0.40 56
P36-SP04 0.36 59
P32-SP04 0.32 63
P28-SP04 0. 67
P24-SP04 0.24 72
P20-SP04 0.26 77
P16-SP04 0.16 84
P12-SP04 0.1 ) 91
P40-SP08 0.40 "a94 1 112
P36-SP08 0.36 ZZALTG 3 118
P32-SP08 L 032 3:2—% 125
P28-SP08 0.28 134
P24-SP08 ! ;._ 1794 | 144
P20-SP08 0120 155
P16-SP0S 0.15° 350 168
P12-SP08 0.1% 2286 278 183
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Table 3.11 Fresh-state properties of cement pastes containing superplasticizer

Designation Flow Value Unit Weight Air Void

(o) (kg/m’) (o)
P40-SP00 150.0 1944 0.39
P36-SP00 147.5 1993 0.74
P32-SP00 139.8 2048 1.09
P28-SP00 124.6 2108 1.61
P24-SP00 113.2 _oud 1.80
P20-SP00 | 2.39
P16-SP00 5.57
P12-SP00 9.71
P40-SP04 0.37
P36-SP04 0.71
P32-SP04 0.77
P28-SP04 1.06
P24-SP04 1.37
P20-SP04 1.15
P16-SP04 1.94
P12-SP04 4.26
P40-SP08 0.46
P36-SP08 0.63
P32-SP08 0.52
P28-SP08 0.94
P24-SP08 e 0.81
P20-SP08 1.02
P16-SP08 1.17
P12-SP08 113.2 2292 1.19

AUEINENTNYINS

ARIANTAUNNIING A Y

54



Table 3.12 Hardened-state properties of cement pastes containing superplasticizer

Designation Total Porosity | Compressive

(%) Strength (MPa)
P40-SP00 1717 64.37
P36-SP00 16.01 72.68
P32-SP00 15.10 82.27
P28-SP00 14.38 90.31
P24-SP00 91.16

P20-SP00
P16-SP00
P12-SPOG:
P40-SP
P36-SPg
- P32-SP04
p28-8P04
P24-SPé
P20-SP04
P16-Sp#”
P12-SP04
P40-SP08
P36-SP08 |
P32-SP08
P28-SP08

87.44
85.51

Pl6-8
P12-8 08
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wn
w



Table 3.13 Mix proportion of cement pastes containing fly ash

Designation

Cement

(kg/m’)

Water
(kg/m’)

Fly Ash
(kg/m’)

Superplasticizer
(kg/m’)

P40-FA10
P36-FA10
P32-FA10
P28-FA10
P24-FA10
P20-FA10
P16-FA10
P12-FA10

1316
1389
1471
1563
1667
1786
1924

P40-FALS
P36-FAILS
P32-FA1S
P28-FA1S
P24-FAI1S
P20-FA1S
P16-FAI1S
P12-FAI1S

P40-FA20
P36-FA20
P32-FA20
P28-FA20
P24-FA20
P20-FA20
P16-FA20
P12-FA20

P40-FA25
P36-FA25
P32-FA25
P28-FA25
P24-FA25
P20-FA25
P16-FA25
PIBEALA
|

q

2084

525
500
471
438

132
139
147
156
167
179

56



Table 3.14 Mix proportion of cement pastes containing silica fume

Designation Cement Water Silica Fume |Superplasticizer
(kg/m’) (kg/m’) (kg/m’) (kg/m’)
P40-SF05 1353 541 68 0
P36-SF05 1430 515 72 0
P32-SF05 1517 485 76 0
P28-SF05 1615 452 81 8
P24-SF05 1726 86 17
P20-SFO05 1854 56
P16-SF05 2003 120
P12-SF05 2177 196
P40-SF10 1314 0
P36-SF10 0
P32-SF10 0
P28-SF10 16
P24-SF10 42
P20-SF10 71
P16-SF10 144
P12-SF10 218
P40-SF15 0
P36-SF15 0
P32-SF15 14
P28-SF15 30
P24-SF15 64
P20-SF15 111
P16-SF15 193
P12-SF15 258
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Table 3.15 Fresh-state properties of cement pastes containing fly ash

Designation Unit Weight Air Void

(kg/m’) (%)
P40-FA10 1951 1.10
P36-FA10 2010 0.88
P32-FA10 2063 1.25
P28-FA10 2129 1.31
P24-FA10 0.88
P20-FA10

P16-FA10
P12-FAIQ
P40-F Avieé
P36-Féd
P32-FA
P28-FA
P24
P20-FA
P16 1
P12-FA
P40-pA20
P36-FA.
P32-FAD0 |
P28-FA20,
. P24-FA20

P20-FA20
WBEA0
DETY.
P36:EA25
P32-FA2S 2019 L L83
 SESNENTNENS
A P20-FA25 2306 1.20
P16-FA25 8418 &l 34 o/
N WO EEE G 1) 2809 N e
Y i a an= | L



Table 3.16 Fresh-state properties of cement pastes containing silica fume

Designation Unit Weight Air Void

(kg/m’) (%)
P40-SF05 1947 0.75
P36-SF05 1998 0.92
P32-SF05 2051 1.29
P28-SF05 2135 0.97
P24-SF05 0.60
P20-SF05 1.28
P16-SF05

P12-SF0
P40-SPM
P36-Si

P28-SF15
. P24-SF15
P20-SF
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Table 3.17 Amount of CSH in cement pastes containing fly ash

60

Designation | Detected CH CH from CSH from CSH from Total CSH

(%) Hydration (%)| Hydration (%)|Pozzolanic (%) (%)
P28-FA10 12.91 18.06 31.17 7.94 39.11
P24-FA10 13.46 18.50 31.93 7.717 39.70
P20-FA10 12.69 16.28 28.09 5.53 33.63
P16-FA10 11.22 13.69 23.62 3.80 27.43
P12-FA10 7.15 9.62 16.60 3.81 20.41
P28-FA15 9.58 17. 4 11.52 40.96
P24-FA1S 10.30 1 11.05 41.21
P20-FA15 9.87 8.48 35.02
P16-FAIS 8.86 2 - 6.27 28.58
P12-FA1S 5.62 - _— 534 21.02
P28-FA20 5.28 16.60 4431
P24-FA20 6.35 5.56 43.94
P20-FA20 6.43 A r'; .39 37.36
P16-FA20 6.00 ; ,J' 9.50 30.50
P12-FA20 4.37 8 = ) 44 21.20
P28-FA25 3.56 / 17.70 43.68
P24-FA25 4.84 Y A 16.30 4291
P20-FA25 4.81 ﬁ’" “ 13.49 36.90
P16-FA2S 495 A1 A 8 9.95 29.63
P12-FA25 3.69 ! ¥z 6.67 20.50

AN,
Table 3.18 ica fume

Designation | Detected C CH from CSH from H from Total CSH

L/ flﬂlation %)| Hydr¢lon (%)| Pozzolanic (%) (%)
P28-SFOS 1 vijﬂg ! |ﬂ7ﬂi 43.87
P24-SF05 ?l 1825 93 1333 43.26
P20-SF05 10.44 1628 ¢ 28.09 . 9.00 37.09
P16-SF0 » Q19 , 58" 31.15
e W RN TAU WIRAIN B Y 2
P28-SF1011 7.01 17.06 29.44 15.48 44.92
P24-SF10 8.14 17.48 30.16 14.38 44.54
P20-SF10 7.80 15.38 26.53 11.67 38.21
P16-SF10 6.62 12.93 2231 9.72 32.03
P12-SF10 4.41 9.09 15.68 7.20 22.88
P28-SF15 5.47 16.06 27.71 16.31 44.01
P24-SF15 6.36 16.45 28.38 15.54 43.92
P20-SF15 6.30 14.47 24.97 12.59 37.56
P16-SF15 5.24 12.17 21.00 10.67 31.67
P12-SF15 3.61 8.55 14.76 7.61 22.37




Table 3.19 Total porosity of cement pastes containing fly ash

Designation

Total Porosity (%)

7 days 28 days 56 days 91 days
P40-FA10 16.06 14.93 14.58 14.32
P36-FA10 15.82 14.19 13.92 13.77
P32-FA10 15.33 14.04 13.64 13.51
P28-FA10 14.62 13.38 12.86 12.57
P24-FA10 13.98 3 12.69 12.44
P20-FA10 13.16 12.36 12.15
P16-FA10 13.47 _ 43 12.04
P12-FA10 14.02 95 9 12.65
P40-FA1S 15.7 2w 14.4 ] 13.75
P36-FAIS 1548 3.7 13.36
P32-FAIS 14, 12.97
P28-FAIS 1426 8.2 12.20
P24-FAIS 2. 11.89
P20-FAIS 13.0 11.56
P16-FALS L | 11.63
P12-FAIS 14.5 £ 16 12.39
P40-FA20 1 L 13.61
P36-FA20 15.07 A 13.04
P32-FA20 14.6 3 ) 12.58
P28-FA20 13.87 4 34, .50 11.95
P24-FA20 13.42 2 12.28 11.73
P20-FA20 12.92 ' 73 11.60
P16-FA20 11.52
P12-FA20 12.18
P40-FA2S 13.58
P36-FA25 1497 : 13.46) 13.11
P32-FA2S 1474 13.31 13.05 12.36
P28-FA25 ¢a : -y 12.24
P24-FA25 1 ug] fJ ﬂﬁq 5 w ga ‘i 11.99
P20-FA2S 13.13 12.25 12.21 11.77
P16-FA25 13.04 §2.47 o218 ass3
Pl 2
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Table 3.20 Total porosity of cement pastes containing silica fume

Designation Total Porosity (%)
7 days 28 days 56 days 91 days
P40-SF05 15.20 14.08 13.72 13.56
P36-SF05 14.79 13.65 13.34 13.10
P32-SF05 14.43 13.28 12.93 12.61
P28-SF05 13.86 12.93 12.35 12.19
P24-SF05 13.37 12 11.82 11.63
P20-SF05 12.75 11.48 11.12
P16-SF05 12.63 ' 11.39 10.95
P12-SF05 13.58 .64 15 12.03
P40-SF10 14.65mm 13. 3 13.06
P36-SF10 1 12.39
P32-SF10 14. - 11.94
P28-SF10 (345 a 11.53
P24-SF10 1) 11.09
P20-SF10 12.3 10.74
P16-SF10 A 10.55
P12-SF10 13.0 11.72
P40-SF15 1 13.39
P36-SF15 14.45 12.75
P32-SF15 14, 2005 . 12.26
P28-SF15 13.71 § 7 96 11.70
P24-SF15 |,  13.08 7S 11.42 11.19
P20-SF15 12.57 < 77 10.89
P16-SF15 10.84
P12-SF15 1 11.73
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Table 3.21 Compressive strength of cement pastes containing fly ash

Designation Compressive Strength (MPa)

7 days 28 days 56 days 91 days
P40-FA10 56.35 64.88 70.14 83.33
P36-FA10 59.12 74.13 84.05 90.12
P32-FA10 63.18 83.23 90.47 97.60
P28-FA10 65.49 87.11 97.36 101.54
P24-FA10 68.12 102.66 108.12
P20-FA10 69.88 104.45 109.69
P16-FA10 66.93 : 111.12
P12-FA10 60.60 Wk 99.12
P40-FA15 52.] 3 85.21
P36-FA15 54.59 86.87
P32-FA15 59.62 96.43
P28-FA15 62930 103.11
P24-FA15 66 111.38
P20-FAI15 113.21
P16-FA15 115.62
P12-FA15 97.40
P40-FA20 88.19
P36-FA20 100.43
P32-FA20 103.60
P28-FA20 108.57
P24-FA20 115.72
P20-FA20 120.76
P16-FA20 124.31
P12-FA20 107.47
P40-FA25 81.62
P36-FA25 . 89.14
P32-FA25 . 60 98.78
P28-FA25 60.75 £ 95.49 A 1002 - 105.65
P24-FA25 1 u ’J 1’] ﬂa‘}qu é’ﬁ] r ‘i 113.13
P20-FA25 8! 6.82 .69 116.67
P16-FA25 57.93 1d9:83

A Qs
|
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Table 3.22 Compressive strength of cement pastes containing silica fume

Designation Compressive Strength (MPa)

7 days 28 days 56 days 91 days
P40-SF05 56.08 73.32 87.65 96.27
P36-SF05 62.49 79.89 93.13 101.13
P32-SF05 68.11 91.16 102.28 110.40
P28-SF05 71.20 99.42 109.76 117.63
P24-SF05 75.83 104 114.87 122.57
P20-SF05 79.42 } 120.49 128.16
P16-SF0S 77.65 3.63 131.04
P12-SF05 62.15 = 119.29
P40-SF10 59.24mm— 102.28
P36-SF10 109.31
P32-SF10 118.94
P28-SF10 123.61
P24-SF10 130.36
P20-SF10 135.49
P16-SF10 137.96
P12-SF10 125.05
P40-SF15 99.39
P36-SF15 108.16
P32-SF15 115.54
P28-SF15 122.37
P24-SF15 0726 — 128.83
P20-SF15 0.1 133.63
P16-SF15 134.45
P12-SF15 123.32

AULINENINYINS
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Fig. 3.1 Microstructure of cement paste with water/cement ratio of 0.36
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Fig. 3.2 Microstructure of cement paste with water/cement ratio of 0.24
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Fig. 3.3 Microstructure of cement paste with water/cement ratio of0.16
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Fig. 3.4 Microstructure of cement paste with water/cement ratio of 0.12
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Fig. 3.6 Total porosity against water/cement ratio
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Fig. 3.8 Tensile strength against water/cement ratio
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Fig. 3.10 Compressive strength against equivalent amount of CSH at 28 days
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Fig. 3.12 Flow value against water/cement ratio of pastes containing superplasticizer
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