CHAPTER 4.

CEMENT CONSTITUENTS

Expansive cement is hydraulic cement, which expands during the early hydration
period after hardening. It can be developed and blended with ordinary portland cement,
which induces a compressive prestress of sufficient magnitude to compensate for the

shrinkage effect when expanding under I int. Shrinkage Compensating Cement or

Non-Shrink Cement is expansive gnitude of expansion is so small

si. (0.2-0.7 MPa.)®”. This

yin shnnkage of concrete. And

that the prestress developed.i
maghnitude is enough to offse
Self-Stressing Cement is e agnitude of expansion to

produce prestress levels on

Expansive cem ' ~develope ander Klein by adding
g cement clinker known as
Sulfoaluminate-Type Ce ansive cement is associated with
8C,AS;H,, ). Ettringite also
crystallizes as hexagonal prisms. ' Gt | logy depends on the supply of ion and
the space for crystal growth. In _gm ' tland eement, ettringite consists of long
slender needles typlc@m 10x0.5 micror > expansive cement is

rapidly formed as see e large quanti 3 t_,f,:' ly the crystals are not

the formation of a calcium

: t in concrete that has

deteriorated from sulfate attack Iarge crystal of ettrmglte can be seen.

@uu'm m n SJ o fJg‘i S

shown in table 4. 1
Gommercial non-shrink cement began in the United States in the late 1960s.
ASTM C 845(28) has divided this cement into three types. The expansion characteristic of

this expansive cement is based on the formation of ettringite.
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Table 4.1 Non-shrink cements classified by Lossier.

Non-Shrink Cement Level of Expansion
(mm/meter)
Non-shrink cements in which expansion 2-5

just neutralizes the shrinkage

Slightly expansive cement 5-6

Medium expansive cement

Highly expansive cement

The three types o : %cement type K, expansive

cement type M, and expansiv sive cement is produced by
grinding a mixture of p unds, a '- sulfoaluminate (C,A,S),
calcium sulfate (CaS ' Ca0)s in ‘a' suite proportion. The other two

expansive hydraulic cem - pe M and type S are no
longer commercially produc > d ifferent from type K cement
in the source of alumin e M expansive cement is a

mixture of portland cement am ¢ (CA), and calcium sulfate. Type S
expansive cement is compose a ‘ h-Ge d cement and a large amount of

calcium sulfate. The stoichiome’gm_é 1Sive ions in the three types of cement

ﬂ ﬁﬁﬁ‘?fﬂ 1] Wﬂf A

CoA + 3CS + 32H ----> C,ASgH., (Type 8) (4.3)

ARHINIUARINGTa

eir principal constituents and reactive aluminates for ettringite formation of

each type of cement are shown in table 4.2.

In China, five types of expansive concrete have been produced and used for
either self-stressing or shrinkage compensating purposes. Their application is for high
early strength, later strength, low temperature concrete, joint filling and grouting. Table

4.3 shows the types of expansive cement and their constituents.



Table 4.2 Types of non-shrink cement and their constituents.

Expansive Reactive Aluminates
Cement Principal Constituents Available for
Ettringite formation
Type K | 1. Portland Cement C,A,S
2. Calcium Sulfate (Gypsum)
3.
Type M | 1. CA & C,A,
2.
3.
Type S | 1. Portland-@eMent highvin C ./ = - C,A
| 2. Calciung$

Table 4.3 Types of exps

'lx:‘sﬁ

1. Silicate expansive cement

— s
2 A'unlte expanSIVe '_lnqll_-nullll-inii:;-:m'. ;

m Anhydrite, fly ash m

3. Sulfoaluminate expansive gement Portlandrcement

AU INE RN NG
"ATRTEATIVE A

Gypsum

45
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4.1 CHEMICAL COMPOSITION OF CONSTITUENTS

Shrinkage compensating cement consists of a mixture of portland cement, an
expansive agent in the form of calcium sulphoaluminate and a stabilising agent which is

usually fly ash. The amount of expansion will be controlled by the proper proportioning of

these three constituents.

4.1.1 ORDINARY PORTLAND CEMENT ’ ,/
Portland cement®® s "lhudjaullc ce d ced by pulverizing clinkers
consisting essentially of hy@um fllcatﬁmlly contains one or more of
the forms of calcium ZV interground aWIthough portland cement
nd calg re

consists of various com

/ , the 'ixésults of chemical analyses are reported
\
in terms of oxides of the.element prese it. |

Rudretead OPC partic:en (Soltds 00813
& AR

Fig. 4.1 SEM of unhyd d;1ted OPC particles fi eld width of 320 microns (x350)

fUEIMETNENS

ARIAININURIINYIAY

Thi chemical composition of ordinary portland cement is given in table 4.4.The

quantities of all compenents do not add up to 100% due to impurities. The common
practice for determining and calculating the compound of cement composition from the
oxide analysis by using stoichiometry was originally developed by R.H. Bogue. The simple

Bogue calculations given in ASTM C-150 are suitable for most purposes. They are as

follows:



0.64. Bogue equations
compounds to have pro
MgO and alkalies can bei

are shown in table 4.4 and

Table 4.4 Typical chemical

B

C,S
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= 4.071C - 7.6S - 6.718A - 1.43F - 2.852S (4.4)
= 2.867S - 0.7544 C,S (4.5)
= 2.65A - 1.692F (4.6)

3.043F (4.7)

cement with an A/F ratio 0.64

Mnt with a A/F ratio less than

of formation of clinker
) t n

ice of impurities such as

al- e u‘

; compositions in cement

G

ek
M3

——

Compound | Common |Notation Percent by Mass
Name opc."?
o Max. (%) | Min %) | Max. (%) | Min. (%)
Ca0 Lime C 67.0 60.0
Sio, Silica| 5z, | 60.0848| n22.2 ‘ 9.8 25.0 17.0
wo. | B2 AT BRI e | oo
S0, Sulfur] s 80.0622| 10.0 3.2 3.0 1.0
= o/
AR IANDTUANALING 1R

Fe,O, HL ic 189" 6. 1% ; 0.5
Mgo Magnesial| M 40.3114| 25 0.7 4.0 0.1
Na,O Alkalis N 61.9790 0.2 0.1 1.3 0.2
K,0 Alkalis K 94.2034 0.5 0.3
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Table 4.5 Typical composition of major compound in expansive cement and OPC (%).

Hydration Reaction of Portlas

reactions, through-solution
solution hydration mvolves the dist
hydrates in the solutl t

reaction of topochemicalt

cement compounds with

(&

scha *""" .'nu"

Compound| Molecular | %by Mass EC. %by Mass OPC.
Weight Max. (%) |Max. (%) | Min. (%)

C,S 228.323 13.0 55.0 45.0
C.,S 172.2436 5.7 30.0 20.0
C,A 270.1994 - 8.0
C,AF 485.971

C,A,S 610.2634

C,.A, 1386.6812

Free lime 56.0794

their goir

rﬂ i#

T

- thro@w-solution mechanism is

N
\\

ent consists of two mechanism
2mical mechanism. The through-

us compounds. The formation of

ds react completely. The

ace of the anhydrous

dominant in the early stages of cement hydratlon while at a later stage, hydration of the

”a“""esFTWEf"T‘P'IeEF‘VFTW 8113

Calcium Silicates Phase

ARIAINTUNRITY

IR

The hydration reactions of two calcium silicates are shown in egs. 4.8 and 4.9.

2C,S + 6H ----> C,S,H, + 3CH

2C,S + 4H ----> C,S,H, + CH

(4.8)

(4.9)
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The principal hydration product of cement is a calcium silicate hydrate. The
hydrate C,S is a major compound in cement. Rate of hydration when mixing cement with
water can be divided into 5 stages according to the heat of hydration. The stages of
reaction are periods of rapid evolution of heat, dormant period, acceleration period,

slows down period and steady stage.

The calculations of stoichiometric reactions show that the hydration of C,S would

produce 61 percent of C,S,H, and 3 rcent of calcium hydroxide, whereas the

hydration of C,S would produce +S,H; and 18 percent of calcium

hydroxide.

VO with sulfate ions, which
are supplied by gypsum. T eaction is shoy Bquation 4.10.

(4.10)

The common name of j€alci --C'--r nate hydrate (C,AS;H,,) is ettringite.

AEEE 2
Ettringite is a stable hydration pro IE.‘. nly sre is an ample supply of sulfate. If
the sulfate is consumed before the €./ hydrated, ettringite will transform

to another calcium suifoaluminate contal ___»__;, e. The transformation

%eA." CeAS,H,, + 4H =---> 3C,ASH,, (4.11)

Fl189 ﬁJ INBING
When monosul aq minate comes into contact with the new source of sulfate ions,

e“”“‘W‘i"Mﬁizu UYRIANYIAY

C,ASH,, + 2CSH, + 16H ==--> C,AS,H,, (4.12)

reaction is shown in w‘

Ferrite Phase

Hydration of C,AF in cement is the same sequence of C,A but the reaction is

slower and with less heat. If the iron content is raised, hydration becomes slower.
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Cement with low C,A and high C,AF is resistant to sulfate attack. This means that the

formation of ettringite from monosulfoaluminate does not occur.

C,AF + 3CSH, + 21H ---=> C,(AF)S;H,, + (AF)H, (4.13)

MICROSTRUCTURE OF HYDRATION PRODUCTS

(12)

Hydration products in cement paste ist of various compounds' . Each
compound contributes effectsand. beha , gPastes. Summary properties are
shown in table 4.6.

A. CSH
Calcium silicate 5@ major 1d of hydrate cement paste.

It occupies about 30- vell defined compound. The

formula C,S,H, is an a The €/ ratio varies between 1.5-2.0
and maybe higher. Water ¢ | d Epends’ \ e relative humidities. This is
because the water associated With GSH exis Several different states.

CSH is not a we crysiallized maten it_is very nearly amorphous. It

develops as a -‘4%::;;;:;;;s'.:e;;'::;.'.:.::=:..'-;4:;-::-:-;.::-;::;.:.-_‘)-: \definite morphology. It
\ . . e g

forms a spiny appeara e i0 radiate outward into the

surrounding pore space ‘ d have various pointed, blunt, flat, ” ng and thin branches.

‘a o
o ) A B e e
CSH and the c@hditions of formation within the paste. As hydration proceeds, the

w1 TIMY 410 11310130 e

hydration reaction proceeded.
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Fig. 4.2 SEM of amorphous é}’ edle of ettringite

and fiat plate of calcv

—

B. Calcium Hydroxide /

Calcium hydroxide i

occupies 20-25 percent of t rated demsmt@aste [t forms a large hexagonal prism

morphology. The morpholo vanes frotfl nondescnpt to stacks of large plate. It

depends on available space,

hydroxide may vary in morpholo bemg'elther l equql dimension crystals, large flat,

plate-like crystals or large thin, éioqggted cas__ék Calcium hydroxide will only grow
where free space is available. If~1t-vr§-zmpeged-.bv'mother calcium hydroxide crystal, it
may stop and grow in anﬁther direction. o gj

—
|

Fig. 4.3 Calcium hydroxide crystals.
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C. Ettringite

Calcium sulphoaluminate occupies 10-15 percent of the solid volume in the
hydrated cement paste. Ettringite also crystallizes as hexagonal prisms but is typically

seen as long slender needles, typically 10x0.5 micron. Ettringite loses considerable

amounts of its crystal water on drying.

When first formed, monosulfoaluminate tends to form clusters or “rosettes” of

; } pores between cement grains. Later,
. onal plates and convert to

irregular plates. The needles grow mto(\

these grow into well developed%s\(_'.
\ "4

monosulfatealuminate. —
T —

Fig. 4.4 S&M of monosulfate huate and ettnnglte

ﬂUEJ’J‘V]Em‘ﬁWEJWﬂ'ﬁ
AR1aN El']ail

Fig. 4.5 Needle like of ettringite.
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D. Other Components

The unhydrated clinker grains may be found in the hydrated cement pastes. There
will also be a small amount of magnesium hydroxide. These will not total more than 5

percent of the volume of pastes.

Table 4.6 Properties of the hydration products of portland cement compounds.m)

Compound Specific Crystalli y Typical Crystal
Gravity J_ Dimensions
CSH 2.3-2.6 Ve Spines; morphology 1x0.1 micron
CH 2.24 Ve aterial 0.01-0.1 mm.
Ettringite ~1.75 n ic needles 10x0.5
A 7 \ micron
Monosulfoal 1.95 ai g e egular 1x1x0.1
uminate [‘;‘:‘ micron
il
PO
A
AT
4.1.2 EXPANSIVE AGENT e ——
LRI

The expansiono ion of ettringite during

the hydration reaction m sulphoaluminate, an

expansive agent, provi d sulfate ions to form

ﬂuﬁﬁwﬂﬂ%WHWﬂﬁ

Major Compound mExpansive Cement

RUOAINIR YPIINENRE, ..

(29)

a source of calcium aluminate”
ettringite.

cement, can not be applied to the formation of expansive cement. Mehta and Evans
introduced a modification of the Bogue equation from a number of different expansive
cement tests. The summations of equation are shown in equations 4.14, 4.15, 4.16,

4.17 and 4.18.
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Modified Bogue Equation
C,S = 2.86S (4.14)
OAF = 3.0875F (4.15)
C,AS = 7.625S - 1.2708F (4.16)
& A

(4.17)

12°°7

At the early sta ! ttringitel( forms as very small irregular

particles around C,A,S s change to needle-like

ydratiol
crystals arranged radially o2 Partigles. {ydration is assumed to proceed
: aet"

according to the stoichiomet 1 equatio 5.4.19 and 4.20.
P
0§+ 6C + 96 ‘ (4.19)
T T8
(4.20)
Ettringite is fo on the sive pa : les, acting as coating to

prevent water and sulfate }rom reachmg the surface of the particles. At that stage, it

should not allo nﬂ 9!1 ﬂlﬁ uyulararﬂwe crystals grow in
solutions as | ﬂg hen the crystals
become confined, the growth of expansion will stop.

ARAINTUNRIINGA Y

Kalousek and Benton' ~ divide the ettringite crystals into two categories; iron
ettringite and aluminum ettringite. Iron ettringite is a product of the ferrite phase that
does not grow in size. Expansive force does not develop and the paste does not expand.
The aluminum ettringite is a product of the aluminate phase. The crystals grow in size by

the deposition of the participating irons from the surrounding solution. They are the

source of expansion.
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Both reactions 4.19 and 4.20 are due to the presence of calcium hydroxidew

The first reaction occurs earlier. When calcium ions are abundant in mixture, crystallized
ettringite is formed in fine grains coating the surface of expansive particles. This coating
acts on the adjacent particles to produce expansion. The magnitude of expansion
increases with the increasing amount of calcium hydroxide. In the absence of calcium
hydroxide no expansion is produced even if ettringite is formed. The ettringite crystals

form large crystals in the solution which yield no expansion.

4.1.3 FLY ASH

Fly ash is a fine. of coal. The mineralogical

composition can be divid “the calcium content. Low

calcium fly ash contain . High calcium fly ash
contains 15-35 percent 4.C.618 (Fly ash and raw or

calcined natural pozzolan “calcitm fly \ash is \more reactive because it
contains most of the ca ‘ i ‘réactive crystalline compounds. Most fly ash

contains apgroximately 60; glass 1 3 ¢ rystalline compounds and

up to about 10 percent unb sosition of fly ash is shown in
tables 4.7 and 4.8. The micr@structu occurs as solid spheres of glass
Sometimes there are a small n -1 3 ' ahres called cenospheres, and
numerous small spheres, calfed ™~ %f'er " morghology and surface

strength.

Fly ash is able to reactwith calcium hydrgxide which is called pozzolanic reaction.

mew e (48 BHEIN TN T
awmﬁﬂ’imwﬁﬁwmaa -

2Si02 + 3Ca(0OH)2 ----> 3Ca0.2Si0,.3H,0 (4.22)
(CSH)

A partial réplacement of cement by fly ash is able to increase the strength of
concrete in later ages. The strength gained at the later ages is due to the pozzolanic
reaction. This reaction causes pore refinement and a replacement of the weaker

component that is calcium hydroxide with CSH.
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Fig. 4.6 F@es Bind @mponents.

In fresh concret/ ,s\a!&can probably reduce the

more concrete strength.
. This SO, content is lower
h and Raw or Calcined
ement Concrete), that is

of cement mixture.

m-FA | High Calci Mae Moh Fly Ash
Si0,+Al20,+Fe,0,, 67.12

SO,, max % 3.64

Ca0, % ¢ <10 v >10 22.62
Moisture Cont ) : i : 3.'(-)] 1 0.25

Loss of Ignition,Max % 12.0 6.0

YRIANT ‘iﬂjmﬁfjﬂmﬁ'ﬂ

Table 4.8 Typical chemical compound in Fly Ash.

Compound Range, % Compound Range, %
8i0, 6-45 MgOo 3-12
ALO, 6-23 Na,O 0-11
Fe,0, 1-18 K,0 0-2
Ca0 15-44 SO, 6-30
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4.1.4 OTHER CONSTITUENTS

ADMIXTURE, SUPERPLASTICIZER

Admixture is a material other than water, aggregates, hydraulic cements and fiber
reinforcement, used as an ingredient of concrete or mortar and added to the batch
immediately before or during mixing. ASTM C-494, Standard Specification for Chemical

Admixtures for Concrete, divides the wate ing and set controlling chemicals into

seven types

Type A — Water red

Type B - Retardi/
Type C — Acceler

Type D — Water r

Superplasticizer(s), lec ‘ : rang ater reducing admixtures, is able to

reduce 3-4 times the amount of wate: are! ormal water reducing admixtures. It
consists of long-chain, high molécular weight a actants with a large number of

pOIaI’ groups in the* u’:unwum-ln-um;-n-in_u—-um_mr_u;P;

(i = i
surfactant imparts a strong ower the surface tension of

his behavior disperses cement particl

ement particles, the

the surrounding water. s in water and seems to

accelerate the rate of hy&ann Concrete containing superplasticizers shows higher

e oAV -1
ARIANTUUNIINYIAY
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4.2 DEVELOPMENT OF MIX PROPORTIONS

4.2.1 TEST PROGRAMS

The upper and lower bound of expansive agent can be calculated from the basic
chemical theoretical approach described in chapter 2 and from equation 2.16.
Calculation results show that in ordinary portland cement type | with C,S 45-55% and

C,S 20-30%, the amount of expansive t in the form of calcium sulphoaluminate

will be 8-10% additional into the xture to compensate for the drying

shrinkage effect. It can also be s based on normal conditions of

mixing and w/c = 0.32.

The mix design { ' \) gsearch work of Kittikorn®®.

The amount of expansiv 1 1% to 10% additional

agent is increased up to

15% due to other effe i gsts rinkage cor ating cement pastes are

- Microstriictire by use of a Seanning Electron Microscope

nefL AR Y I VNIIWENT

ARTALAIALIMTNAY

Tests in chemical properties to measure the amount of ettringite and CSH

contents at 1, 3, 7 and 28 days by X-ray diffraction method. The test in mechanical
property is compressive strength at 1, 3, 7, 14, 28, 56 and 91 days. Tests in physical
properties are water adsorption at 28 days and shrinkage at 1, 3, 7, 28, 42 and 56
days. The microstructure of cement pastes at 1, 7 and 28 days is also observed by use

of a scanning electron microscope.
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4.2.2 MIX PROPORTIONS OF CEMENT PASTE

Mix proportions of shrinkage compensating cement paste in this research use an
expansive agent in the form of calcium sulphoaluminate added into the cement mixture
in an amount of 1-15% by weight of cement. And fly ash from Mae-Moh, Lampang
Province, is mixed to improved cément properties. Properties of materials that are used
in this research are as follows ;

according to ASTM C-49

weight of cement.

2. At cementitious (Cement - n'__1 ) const ie_amount of fly ash varies from
15, 20, 25 and j

, 9, 10 and @% the amount of fly ash
varies from 15, 20, 25‘a ASO% replacem@} by weight of cementitious each.

The mlx@ H EJof’Jexl- &Ial] ? own in ;])fliAnd test programs

are shown in table 4.10

ama\mm ll?ﬂ’)ﬂiﬂﬂ&l

3. At cement and expange agent additic



Table 4.9 Mix proportions of cement paste

Mix | Net CE. | Net. EX. | Fly Ash |Total Solid| CE. EX. |FlyAsh | wW/s | Adm.

No. | (kg) | (kg) | (kg) | (k&) | (%) | (%) | (%) (its.)
PO0-00| 1000 0 0 1000 | 100.0 | 0.0 00 | 032 | 28
PO1-00| 1000 10 0 1010 | 99.0 | 1.0 00 | 032 | 28
PO3-00| 1000 | 30 0 1030 | 97.1 2.9 00 | 032 | 28
PO5-00| 1000 | 50 0 1 : 4.8 00 | 032 | 28
P10-00| 1000 | 100 0 o 1 00 | 032 | 28
P15-00| 1000 | 150 0 | 874 00 | 032 | 28
PO0-15| 850 0 15.0 | 0.32 | 2.8
PO0-20| 800 0 80 20.0 | 0.32 | 2.8
PO0-25| 750 0 2 ) 4 0 | 032 | 28
P00-30| 700 0 0 00 00 | 0.32 | 28

- P
PO1-15| 850 9 1 15.0 | 0.32 | 2.8
PO1-30| 700 7 3 80.0 | 0.32 | 28
PO5-15| 850 43 158 40 | 150 | 0.32 | 28
PO5-30| 700 35 0.32 | 2.8
P10-15| 850 85 1 ﬂs.o 032 | 28
P10-20| 800 80 %" 220 | 1100 | 727 | 7.3 0.0 | 0.32 | 28
P10-25| 750 75 | B7en | 110 68 68 | 250/ 032 | 28
P10-30| 700 M 3@ &]ﬂe %J 0 % 0.32 | 2.8
¢ /
B NSA T IR INE | 8B
P15-30 1 4 J 1 .0 LSE] 2.8
1q




Table 4.10 Test program for shrinkage compensating cement paste

TYPES EX. FA. XRD SEM Water Shrinkage and Expansion Compressive Strength

(%) (%) Adsorbtion
1. Shrinkage Compensating 0 - | x1@1,3,7,28 s1@1,7@&\\,// 00 | Poo-00@1,3,7,14,28,42,56 | P00-00@1,3,7,14,28,56,91
Cement 1 - | x2e1,3,7,28 N &a PO1-00@1,3,7,14,28,42,56 | PO1-00@1,3,7,14,28,56,91
3 - - P “ | Po3-00@1,3,7,14,28,42,56 | P03-00@1,3,7,14,28,56,91
5 - X4@7,28 P%» PO5-00@1,3,7,14,28,42,56 | P05-00@1,3,7,14,28,56,91
10 - | xs@1,3,7,28 310~ LP10-00@1,3,7,14,28,42,56 | P10-00@1,3,7,14,28,56,91
15 = " \ P15-00@1,3,7,14,28,42,56 | P15-00@1,3,7,14,28,56,91
2. Shrinkage Compensating - 15 | x7@1,3,7,28 1P00-15@1,3,7,14,28,42,56 | P00-15@1,3,7,14,28,56,91
Cement with Fly Ash . 20 Xg8@7,28 P00-20@1,3,7,14,28,42,56 | PO0-20@1,3,7,14,28,56,91
. 25 X9@7,28 PO0-25@1,3.7.14,28,42,56 | P00-25@1,3,7,14,28,56,91
- 30 |x10@1,3,7,28 P00-30@1,3,7,14,28,42,56 | P00-30@1,3,7,14,28,56,91
1 15 | x11@7,28 , PO1-15@1,3,7,14,28,42,56 | PO1-15@1,3,7,14,28,56,91
1 30 | x12e7,28 - “30p,| po1-30@1,3,7,14,28,42,56 | PO1-300 .3,7,14,28,56,91

i %
5 15 | x13@7,28 |- ’ P05-15@1.3,7,14,28,42,56 | P05-15@1,3,7,14,28,56,91
5 30 | Xx14@7,28 y . | p05-30@1.3,7,14,28,42,56 | P05-30@1,3,7,14,28,56,91
r ¥

10 | 15 |x1 5@1,3ﬂ gj ﬁi}%J‘ﬂﬁwﬂﬁl ﬂd§1 5@1,3,7,14,28,42,56 | P10-15@1,3,7,14,28,56,91
10 | 20 | x16@7,28 - P10-20" | P10 20@1,3,7,14,28,42,56 | P10-20@1,3,7,14,28,56,91
10 | 25 7 o . _p%@1,3,7,14,28,42,56 | P10-25@1,3,7,14,28,56,91
10 | 30 x@?ﬁiﬁa\j ﬂl ﬁm Nﬁﬁgv g%}ﬁﬂ,?,m,zs,wﬁa P10-30@1,3,7,14,28,56,91
15 | 15 | x19@7,28 - P15-15 | P15-15@1,3,7,14,28,42,56 | P15-15@1,3,7,14,28,56,91
15 | 30 | xe0e7,28 - P15-30 | P15-30@1,3,7,14,28,42,56 | P15-30@1,3,7,14,28,56,91

19
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4.2.3 TEST RESULTS

4.2.3.1 CHEMICAL PROPERTIES (XRD OF ETTRIGITE AND CSH)

The X-ray diffraction method is a method to estimate the compound content of
cement. The result pattern obtained from an x-ray photograph or diffractogram of a
substance from cement consists of many varying intensity lines. These results show a
trace of diffracted energy versus angle turned by the specimen. The diffracted energy for

a selected reflection is compared

lard preparation of the substance to

present. If a mixture ¢

coincide due to various ¢

diffraction method more accurateﬁm'}i_r g
cement paste analysis.i.:é

The cement pastegor the s

a mixture shown in table 4. Q‘They were cured mqjter at room temperature. Specimens
were tested at th ement paste was
stopped by mea a Hg q ng nri? Wﬁﬂﬂ?x Ray Diffraction
(XRD).

QW’WMﬂ‘im URIAINYIA Y

XRD OF ETTRINGITE

positiﬂ were prepared by using

In analyzing the XRD results, the peak at 9.1 © was used to estimate the relative
concentration of 'ettringite. Test results are shown in table 4.11 and figs 4.7-4.10.
From test results, the intensities of ettringite varied from 55-110 counts at 28 days.

Maximum intensities of ettringite come from a mixture of 10% expansive agent addition.
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In a mixture with fly ash replacement, ettringite intensities are 24-45 counts at 28

days.

The results show that in the cement paste with an expansive agent, ettringite
was mostly formed in the early ages of hydration. This ettringite content increased within
the first 7 days, and then only slightly increased up to 28 days. The amount of ettringite

increased with a corresponding greater use of the amount of expansive agent.

When the mixture was replaced b unt of fly ash, ettringite decreased
compared with a mixture of .. p t. As the increase of fly ash

ed approximately 10%. This

effect is mostly due to W ‘ i ansive agent by fly ash
replacement. ' Wy

XRD OF CALCIUM SILIC

-"‘--"".- %

are 328-430 counts at 28 dgfs"?qp_ the.r lixture, with fly ash replacement, CSH
intensities are 227-375 counts at 28 days. |

In the mixture with fly oun%f CSH in the paste with

15% fly ash replacement w'gs more than ordlnary portland cement paste, approximately

A 42101131 1110300 T w S
QI ST 1A ) 5 ) o

reaction of fly ash as shown in figure 4.12. It can be clearly seen that the CSH content
increases slightly up to 7 days. In this period, fly ash acts as an inert material in paste
because it does not react with cement. But after 7 days, the glassy sphere of fly ash is

broken allowing water and cement to react with it. Then the pozzolanic reaction of fly ash

is much reacted as the results in CSH increase.



64

4.2.3.2 PHYSICAL PROPERTIES

DRYING SHRINKAGE AND EXPANSION

The specimens for drying shrinkage tests were prepared according to ASTM C
157. The specimens were removed from water at the age of 3 days. The drying
shrinkage readings were carried out at the ages of 1, 3, 7, 14, 21, 28, 42 and 56

days. The specimens were cured in the air oom until the reading time. The average room

reduced from -1,595 to - oy 28 'day the mixtures with fly ash

replacement, shrinkages# ‘10 1, icrostrain at 28 days. Table 4.13
Lo -

and figs. 4.15-4.18 show '?\ri o nsion of the mixture.

then it only slightly increased. Whe e “exp € agent was mixed with portland

cement, the shrinkage reduced du"e?tﬁ‘iﬁﬁ'
from the expansive age s reacti

A reaction of calcium sulfoaluminate
was the source of
expansion. The magnitude of expans
agent was increased. AsBe expans.

cement paste approximately.rose by 80%.
R

s amount of expansive
creased@ 10%, the expansion of

v/

8 FoN [ | ‘ !
TNHNINYINT
In the pa@M %J ash remcgeyt,]sh inkage was reduced due to the effect of

cement replacement with non-expanéﬂe materials “ut_fly ash_als6+'replaced the
mje

cxponsilaght 1| 54 oo 11 ogitde of sie sty Bbodi on e

effects ofq'eduction in cement. Increasing the amount of fly ash in the mixture 10%
reduced shrinkage 15-20%.

WATER ADSORPTION

The test of water adsorption was carried out by mixing cement paste according to

table 4.9. After 1 day the specimens were demolded and immersed in water for 28
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days. The specimens were removed from water. Then the initial weights of the specimens
were taken. After that the specimens were dried in an oven at the temperature of 105°C

for 7 days and then weighed. The results are based on the initial weight after the

removal from water storage at the age of 28 days.

The test results are shown in table 4.14 and figures 4.19-4.20. Water
adsorption of ordinary portland cement paste with expansive agent varied from 16.85 to

18.82%. In a mixture with fly ash replacement, water adsorption of cement pastes was

reduced 13.53 to 14.95%. Minim v’//) obtained from the paste with 30%

J :

fly ash replacement.

due to the pozzolanic reaction. Thﬂa? s reduced. The magnitude of water
loss decreases by 20% while |n<;1:e_g§mg

An electron microscgpe is a technique tvisplay the microstructure of elements.
SEM can view s results of analysis
are difficult to @Rﬂ Eﬂﬂmﬁ}w Ejl flleaof he compound The
specimen for electron microscope needfto be smooth‘dn the surfac

QW’] AN NI NE T Y

spec:mens were cast with the proportion shown in table 4.9 and cured in

water until the testing time which was carried out at the ages of 1, 3, 7 and 28 days.

The specimen surface is made conductible by evaporating on to it a metal film.
The target is then made for a focussed beam of electrons. The area or points selected
optically can be stimulated by the electronprobe. A general picture of the stimulated area

can be displayed on a screen by causing the electron spot to transverse the specimen
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following a raster that is also locked to the display screen. The methods to prepare the

specimen are shown below.

1. Dehydrate the specimen (i.e. all water is removed).
2. Coat with an atom-thin layer of gold.
3. Place in a vacuum so that the electron beam can move without

interference.

The electrons are generate

is passed through the wire a
electrons from the gun strik

the gold coating and bou

Mir in the "gun” of the SEM. Electricity
ets onto the object. When the
w, electrons cannot penetrate

. This forms an image of the

surface details of the obij ed under an SEM.

The test results of

drated. CSH is gradually

formed in pore spaces. O SH Dk ' rmed. There are more CSH

In cement pae&_with an expansive age t, nesdle=like & ngite forms in the early

e ' ' i calcium hydroxide also
forms in the pores due& hydration reaction o alite' ad belite. As the hydration
reaction process reaches .7 lgfys, calcium su{olaluminate in the expansive agent has
been complete r | . ioh. i cate still proceeds.
Ettringite changﬁﬂag:ﬁ ﬂrlildjsnbﬁ :Ztmvjydration reaction of
belite still proceeds. Most of the paJe is CSH and@only a small ameunt of calcium
rvoroad YA deigted it sl b o i (] gves v
appearari¢e of a cbating formation afound the cement particle and gradually fill the void

resulting in very dense paste.

In cement paste with an expansive agent and fly ash at 1 day, the round shape
of fly ash still unreacts in the paste. Calcium sulphoaluminate starts to hydrate and
ettringite is formed. A small amount of calcium hydroxide is formed in the pores as the

hydration reaction proceeds. After 7 days, a large amount of ettringite is formed. The
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sphere of fly ash starts to break and there is a small amount of CSH coating the surface.
At 28 days, a large amount of CSH is formed in the hydrated surface. No round shape of
fly ash was observed due to the pozzolanic reaction proceeding. A small amount of
calcium hydroxide was found, because calcium hydroxide was transformed into CSH due

to the pozzolanic reaction of fly ash.

4.2.3.3 MECHANICAL PROPERTIES

COMPRESSIVE STRENGTH

The specimens of ¢ 5x5x5 cm mold. After 1

day the specimens were ompressive strength was
carried out at the ages of 1 , 1 91 days: The specimens were cured

in the water until the testing ti MOV : ‘ ay before testing time.

The compressive sirén n table 4.15 and figures
4.30-4.33. Maximum comp 4 * | d from a mixture of portland
cement paste with 15% ex i : lacement, that is 867 Ksc.
ry poftiand cement pastes at 28 days is
785 ksc. The replacement of mogp:‘tja_,xze y ash reduces compressive strength
627-689 ksc. at 28 days: £

@expansive agent slightly
increased compared with ordmary portiand cement paste, because the empty void was

filled with hydrﬁ ﬁ ﬂ uﬂm re were a slight
difference betw ﬂﬂe iv E]gme ount of expansive
agent was mcreased

AR AINIUUNIINYIN Y

When cement was replaced with fly ash, the compressive strength gradually

The compressive |

increased because the pozzolanic reaction of fly ash started in a later age. The
compressive strength of 15% fly ash replacement was more than ordinary portland
cement, because CaO in fly ash is highly reactive and produces more CSH in the paste.
Increasing the amount of fly ash replacement tends to reduce compressive strength. The
magnitude of strength reduction was 15-20% with an increase in the amount of fly ash
by 10%. ;
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4.2.3.4 XRD OF CALCIUM HYDROXIDE

Calcium hydroxide in cement pastes can be determined by the XRD technique.
The samples were prepared by using a mixture shown in table 4.9. They were cured in
water at room temperature. Specimens were tested at the age of 1, 3, 7, and 28 days.

And the hydration of cement paste was stopped by means of acetone.

The test results of calcium ﬁ. de A mated by XRD peak at 34.1° 26.
Test results are shown in tab 16 éﬂ The increase of calcium

hydroxide in ordinary po

e increase in the hydration

reaction, that is 231 cou days. A minimum amount of

calcium hydroxide is obtai eplacement, that is 212

counts at 28 days.

& 1111]'» ;
‘I s —1‘ - i

Ettringite in ordinary porthand cer 3 is produced from the hydration
reaction of tricalcium sllicatg,.‘laﬂ%f&; ¢ , an expansive agent in the form
of calcium sulfoalu -- z ounts by a hydration
reaction. So, the amo > .t\ sulfoaluminate will occur
much more than in ordin pn S c. The amom of ettringite in ordinary

portland cement paste isr ed with time, b se ettringite is converted into calcium
= N G

monosulfoalumi % 81‘{1#} WUB ’}ﬂcﬁé’s then it becomes

constant. But in le ure wnth an expansnve agent, ettnnglte increases until 7 days

”’”'“W"mwim URIANYIAY

In he mixture with fly ash replacement, the amount of ettringite is reduced with
increase amount of fly ash. This effect is mostly due to the effects of reduction in the

expansive agent by fly ash replacement.

Formation and the amount of ettringite are related to the dimension of pastes.

Figure 4.38 shows the relation between the amount of ettringite and expansion of
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cement paste. As the amount of ettringite increased, the expansion increased. This

expansion is directly proportion to the amount of ettringite.

4.2.5 DEVELOPMENT OF STRENGTH WITH CSH

The amount of calcium silicate hydrate depends on the hydration reaction of

cement. In ordinary portland cement type I, CSH is produced only from the hydration

reaction of portland cement. But in the mixture with fly ash, its pozzolanic reaction

,! /inary portland cement.

crease er ages, after 14 days. So, the
——

produced more CSH compared to the

CSH in a mixture wi

compressive strength of the cemen increased in later ages. In

the early ages, the amoun tch low in later ages because fly ash
replaces cement in the mi i , » reaction reduced. But in

later ages, pozzolanic s more CSH. Then the

ion between CSH and

compressive strength is dirget. age i i (in increased compressive

compressive strength

AU

‘I"a{'}a'f;:\ ‘PK‘ ' \
In the mixture with an éxpansive agent, the ssive strength and CSH is the

v—

‘ |
4.2.6 EFFECTS OF Ca(og,‘. IN DURABILITY

o QU ANENTHE DD T 1 e

soluble than CSH. Leaching of calciums’ hydroxide camgprovide an entrysof aggressive

s B STV B s o o

to leaching and have greater potential to deteriorate.

From the test results, it is noted that calcium hydroxide increases as the
hydration reaction occurs. The magnitude of the increase of calcium hydroxide is up to 7
days after which the increase rate slows down. In the mixture of portland cement paste

with an expansive agent, there is an increase in calcium hydroxide in the early ages. But
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after 7 days, calcium hydroxide was reduced due to the hydration reaction to form

ettringite consuming calcium hydroxide.

In the paste with fly ash replacement, there was a reduction in calcium hydroxide
in later age. This reduction was caused by the pozzolanic reaction of fly ash which
consumes calcium hydroxide and forms CSH. This reaction increases both the paste

density and compressive strength.

Calcium hydroxide can limit_the'd W of cement paste because it is more

soluble than CSH. Leaching of ca hydros / ovide deterioration of paste by
forming carbonic acid. The préSenee-a ﬁ‘ the paste tends to reduce

the durability of the paste nent-p.
hydroxide compared with th ste wi " Q"‘\\:“}\

te, there is more calcium

g

\; nd fly ash, then this paste
tends to be less durable t afpaste/ withlex| \ > agent.and fly ash.

W

5

N

AULINENTNEINS
RIAATUAMINAE




Table 4.11 XRD test results of ettringite (Peak 9.1)

Mix No. Peak Intensities (Counts)
1 Day 3 Days 7 Days | 28 Days
PO0O-00 67.0 64.0 54.0 55.0
PO1-00 67.0 81.0 97.0 98.0
PO5-00 70.0 87.0 109.0
P10-00 69.0
PO0O-15 40.0
PO0O-20 NA
PO0O-30 30.0
PO1-15 44.0
PO1-30 NA
PO5-15 NA
PO5-20 NA
PO5-30 | NA
P10-15| NA
P10-20 | NA
P10-30 | NA | LA | nA | 800 |

AUL INENTNY
RIAINTUUNIY
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Table 4.12 XRD Test results of Calcium Silicate Hydrate, CSH (Peak 18.1)

Mix No. Peak Intensities (Counts)

1 Day 3 Days 7 Days | 28 Days
P0O0-00 | 228.0 | 292.8 | 3185 | 328.0
PO1-00 | 236.2 | 267.1 | 298.8 | 316.1
PO5-00 | 248.0 | 276.0 | 316.0 0
P10-00 | 286.2 | 288.0 | 3322
P00-15 | 257.0 | 285. 0
PO0-20 | NA N .‘
P00-30 | 200.0 | 21g 2

3

PO1-15 | 288.0 | 323.
PO1-30 | NA :
PO5-15 | NA N {
PO5-20 | NA NA A :
P05-30 | NA NA X
P10-15 | NA NA NE=— 560
P10-20 | NA | A 2
P10-30 | NA

Note : NA = Not Analysi

AUt Inening-
ARIAINTUNAY
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Y1 Y
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Table 4.13 Shrinkage and expansion of shrinkage compensating cement paste

Mix No. Shrinkage (Microstrain)
1 3 7 14 21 28 42 56
PO0-00 | 5 -62 | -740 | -1272 | -1563 | -1626 | -1729 | -1745
PO1-00 | 33 46 -600 | -1279 | -1482 | -1595 | -1701 | -1686
PO3-00 | 40 72 -218 | -725 | -965 | -1184 | -1286 | -1307
P0O5-00 | 45 87 71 -729 | -883 | -890 | -936
P10-00 | 45 84 7 A -200 | -250 | -270
P15-00 49 100 50 4 85 -35 -40
PO0-15 | 57 6 - 11 00.| -1360 | -1446 | -1467
P00-20 | 50 00 6| -1366 | -1416
P00-25 48 4 -G AN T -1307 | -1309
%' L :&
PO0-30 | 44 55 -858 .| ~1059 | - -1167 | -1186
e -
Mo ol
PO1-15 | 30 4 ’..*_‘}‘é‘ -1 1340 | -1400 | -1400
- £ -
PO1-30 | 24 30 -410 |, #8001 +1040 9120 | -1170 | -1180
I SR
PO5-15| 32 70 60 =370 -720 | -795 | -s00
= e WA
Pos-30 | 32 | ag 0" [ =300 | of|, -650 | -660
P10-15 0 - -1 -220 | -240
| m 1
P10-20 | 30 55% | 47 -90 | -130 | -160 | -189 | -210
P10- 3 | -195
25| 35 0%Pa = v/ [ 4804y =8
P10-30 | 35 8 8 1 1441 [ 870 | -183
i ¢ Q.
Yy S D
: | 0 C - ﬁ 130
66 70 60 24 -20 -30

73



Table 4.14 Water adsorbtion in shrinkage compensating cement paste

74

Mix CE. Ex. Ex. | Fly Ash|Fly Ash Total W/S Adm. Water
No. (kg.) | (%) | (k&) | (%) | (xg.) |Solid (kg.) (ts.) |Content (%)
P00-00 | 1000 | o0 0 0 1000 | 0.32 | 80 16.85
PO1-00 | 1000 | 1 10 | o 1010 | 0.32 | 8.0 16.88
PO3-00|1000| 3 | 30 | o 1030 | 0.32 | 80 17.06
P05-00 | 1000 | 5 | 50 | o 1050 | 0.32 | 8.0 17.94
P10-00|1000| 10 | 100 | , 032 | 80 18.53
P15-00| 1000 | 15 | 1 0 / 032 | 80 18.82
PO0-15| 850 | © 032 | 80 14.95
P00-20| 800 | © 0 32 | 80 14.52
P00-25| 750 | 0 | oF 8.0 13.98
P00-30| 700 | o 300°| 2 | 80 13.53
il (i<
PO1-15| 850 1 5204 1 82 8.0 15.32
PO1-30| 700 | 1 7 £ ”1 , 1 .32 | 80 14.00
o s,
PO5-15| 850 | 5 | 43'| 45 t"'s":' 032 | 80 16.69
PO5-30| 700 | 5 | 35 815/ 0.32 | 80 16.07
P10-15| 850 | 10 8.0 17.97
P10-20| 800 | 10 ﬂo 0 8.0 17.54
P10-25| 750 | 10 |"75 | 25 | 275 | 1100 | 032 | 80 17.33
P10-30| 700 |, o Qs.o 17.21
d

P15-15| 850 | U5 | 128 | 15 A73 | 11s0_| 032 | 80, 1803
7 17.54

P15-3

345




Table 4.15A Compressive strength of shrinkage compensating cement paste

75

Mix No. Compressive Strength (ksc.)
1 3 7 14 28 56 91
PO0O-00A | 532 584 628 664 716 800 824
P00-00B | 536 572 600 648 708 780 792
P00-00C | 524 568 596 636 704 776 788
Avg. 531 575 608 649 709 785 801

?
PO1-00A | 512 5601, 736 824 840
PO1-00B | 516 E 0 o8 804 824
PO1-00c | 508 ' r 800 804
Avg. 512 72 7 809 823
78 AR

PO5-00A | 516 56 6= 6 '\ 832 848
PO5-00B | 516 5 82 [\ 664 740 828 828
PO5-00C | 504 8 6124 g5 7 816 828
Avg. 512 55 "53’@ 141885 [\ 741 825 835
P10-00A | 532 580 #fp%‘ i 768 852 872
P10-008 | 512 -3 EaE | 828 840
P10-00C | 512 [f=s 1 sea 856
Avg. 519 _ﬁfh sﬂ 835 856
P15-00A | 544, [ | 0788 <, <804 876
P15-008 | 520 [4 6l | Lredl 1[I @es 868
P15-00c| 5120 | 552 628¢ | 684 764 gagys | 844
Avg. | & 1| 17 ‘ 863
POO-15A | 304 380 504 676 828 908 912
PO0-158 | 304 368 492 664 816 892 904
PO0-15¢c | 292 360 492 668 816 888 900
Avg. 300 369 496 669 820 896 905




Table 4.15B Compressive strength of shrinkage compensating cement paste

Mix No. Compressive Strength (ksc.)
1 3 7 14 28 56 91
P0O0-20A 296 360 476 632 788 860 880
PO0O-20B 284 336 464 600 760 832 864
PO0O-20C 280 352 460 612 768 840 864
Avg. 287 349 46‘7 615 72 844 869
A ‘
PO0O-25A 284 344 7 700 776 816
PO0-25B 280 (Ol | 7 ?4 760 800
POO-25C 272 i3 I g % 684 760 780
Avg. 279 2 45 '\ 689 765 799

PO0-30A | 296 700 740
PO0-30B | 264 3 692 720
PO0-30C | 272 12 688 716

Avg. 277 3 693 725
POT-15A | 288 376 | 4HD ) | 69 840 880 916
PO1-15B | 280 3360 | 472 | &6 : 880 884
PO1-15C | 280 |( 788 ' _ 868 896

Avg. 283 &7\“" 833 | 876 899

]

PO1-30A| 27 | 20 748
PO1-30B| 2 3 1 512 28 ]%o 736
PO1-30C | 268 320 420f msg_‘enlﬂ A 720

Avg. 71 ‘ H | .ds c 1 . 735
PO5-15A | 300 380 496 700 848 900 916
PO5-158 | 284 372 480 688 844 900 896
PO5-15¢C | 284 364 472 676 836 880 884

Avg. 289 372 483 688 843 893 899




Table 4.15C Compressive strength of shrinkage compensating cement paste

44

Mix No. Compressive Strength (ksc.)
1 3 7 14 28 56 91
PO5-30A | 292 320 452 548 648 732 732
PO5-30B | 268 312 432 528 644 720 760
PO5-30C | 272 300 428 516 628 716 744
Avg. 277 311 437, |, 531 640 723 745

[
P10-15A | 284 388 'l E ‘ 868 920 940
P10-158 | 284 4 56 908 916
P10-15C | 280 0 908 908
Avg. 283 912 921
P10-30A | 288 0~ 548 736 768
P10-30B| 276 30 A\ & 0 736 756
P10-30C | 272 2 420" 1 e \ 736 736
Avg. 279 30 43,{{%{;-; 6 9 736 753
P15-15A | 300 380 E} 880 924 944
P15-158 | 202 |- 360 i_ “502 | 912 936
P15-15C 284 " AT 908 924
Avg. 292 ﬁ' 6 915 935
By

P15-30A | 29 p— 64 <}y <756 760
P15-30B | 26 ¢ 0 agl || @as 760
P156-30C | 2760 304 a2ag 544 640 74400 | 752
Avg. ' 4 _J §V1 | 757




Table 4.16 XRD Test Results of Calcium Hydroxide (Peak 34.1)

Mix No. Peak Intensities (Counts)

1 Day 3 Days 7 Days 28 Days
PO0-00 | 2314 | 2340 | 267.8 | 2948
P0O1-00 [ 147.0 | 2500 | 281.0 | 2758
P05-00 | 175.0 | 2400 | 275.0 & 0
P10-00 | 196.9 | 255.0
PO0-15 | 242.0 2570 4
P00-20 NA
P0O0-30 | 210.0
PO1-15 | 131.0 | 23
PO1-30 NA A 5 1=
PO5-15 |  NA VA “2180.0
P05-20 NA NA ,‘
PO5-30 |  NA NA :J
P10-15 NA NA A '_;
P10-20 NA _.NA
P10-30 | NA '

Note : NA = Not Analysi

AUt InenIney-
ARIAINTUNRIY
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Ettringite (XRD Intensities)
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Fig. 4.8 Ettringite from XRD Test by Time
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Ettringite (XRD Intensities)
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Fig. 4.10 Ettringite from XRD test by Fly Ash replacement
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400
350 = %
300 -
—4—P00-00
250 -
—&—P01-00
200
—4— P05-00
150
——p10-
108 P10-00
50
¢ ‘ o 4
: Age (Days
0 5 0 5 0 30 "¢ B28)
Frra '
Fig. 4.11 Caleium sif ]“ 0 test by time
e
CSH (XRD Intensities) =
AN,
e
400 -
350 -
300
r ——P00-00
250 - - "
d—=p00-15
200 - L
p .y —4—,P00-20
150 =~ T ~ O o1+
iW AN AW TIVIE
100 ‘ ‘
50
O 1 | I I T
0 5 10 15 20 25 30 Age (Days)

Fig. 4.12 Calcium silicate hydrate from XRD test by time
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CSH (XRD Intensities)
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Fig. 4.14 CSH from XRD test by fly ash replacement
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Fig. 4.15 Shrinkeg finkage Compensating cement paste
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Fig. 4.16 Effects of fly ash in cement paste
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Expansion (Microstrain)
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Water Adsorbtion (%)
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Fig. 4.20 Water adsorbtion of cement paste by percent of fly ash
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(c)

Fig. 4.22 SEM of ordinary portland cement paste at 7 day
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(c)

Fig. 4.23 SEM of ordinary portland cement paste at 28 day
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Fig. 4.24 SEM of portland cement paste with expansive agent at 1 day
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Fig. 4.25 SEM of portland cement paste with expansive agent at 7 day
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Fig. 4.26 SEM of portland cement paste with expansive agent at 28 day
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Fig 4.27 SEM of portland cement paste with expansive agent and fly ash at 1 day
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(c)

Fig 4.28 SEM of portland cement paste with expansive agent and fly ash at 7 day
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Fig 4.29 SEM of portland cement paste with expansive agent and fly ash at 28 day
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Fig. 4.31 Compressive strength of cement paste by fly ash
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Fig. 4.33 Compressive strength of cement paste by fly ash at 28 day
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Calcium Hydroxide (XRD Intensities)
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Fig. 4.35 Calcium hydroxide from XRD test by time
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Fig. 4.37 Calcium hydroxide from XRD test by fly ash replacement
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Fig. 4.39 The amount of CSH with compressive strength of cement paste
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Fig. 4.41 Specimen for measuring drying shrinkage
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Fig. 4.43 Measuring of drying shrinkage
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Fig. 4.45 Compressive strength test
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Fig. 4.47 Test of water adsorbtion
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