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Interesting Statistics about
Concrete in Thailand



World Cement Consumption
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Cement Consumption in Asia
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Cement Production in Asia
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Per capita consumption in
Thailand in 2004

Cement + Fly ash : about
450 - 500 kg

Concrete : about 1 m3

Growth : about 10-15% or more from 2003



Some World Records
in Thailand

Klong Tha Dan Dam
- Highest amount of RCC utilization -
5.5 million m3

- Highest amount of RCC placing in 1 day >
15,000 m3

Fly Ash

- Highest effective utilization in concrete >
80% of total fly ash production
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However, those are just in term of quantity.

Still many problems regarding quality.
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7-year Surveys on Situation of
Concrete Structures in Thailand

* Location : central and eastern parts of
Thailand (different environment)

» Age of structures : from during
construction until very aged ones

* Finding : Many problems on low quality
structures



Problems

» Construction of new structures
» Already existing structures

Problems occurs in all
Steps of Practice

» Analysis and Design
+ Materials

» Construction

- Protection and Maintenance



Analysis and Design Problem
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Cracks
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Strength design with no durability consideration






Material Problems



Self-restraint thermal crack
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Drying Shrinkage



Alkali- Aggregate Reaction







Problems on Poor Construction
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Early steel corrosion due to Carbonation

(not enough concrete cover)
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Steel Co'r'r'osion ' ‘\‘ 4 /
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Maintenance Problems



Chloriade Lnaucea Corrosion
(Early Mam’renance Program is Requured)

e




Chloride induced Steel Corrosion
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Incdmpaﬁbletr‘epaif material



Incipient Anode Problem

7

Picture from SIKA (Thailand)



Improper' active crack repair using epoxy mor"rar‘
with low defor'mab|||‘ry




Failure of Coating

Pictures from SIKA (Thailand)

» Swelling and debonding of the coating
material due to moisture behind the coat



Solution

To obtain durable structures

* For New Construction
- Good Analysis and Design (new PWCP design acts)
- Good Materials (new TCA material spec.)
- Good Construction (?)
- Good Protection and Maintenance
* For Already Existing Structures™

- Monitoring, Protection, Maintenance, Repair,
Strengthening

* Not Today's topic



Analysis and Design

) 7

Design considering long term properties
(durability, creep, fatigues, ductility),
easiness of construction and maintenance

1

A new building acts enforcing both short
term and long term properties of

structures by Department of Public
Works & Urban Planning

(Effective in 2005)



Materials

Low energy Wastes & recycling
“onsumption materials

Proper material for certain types of construction

and environment —
I Supported by|a new

Specification estfablishe:
by DPW&UP

Performance based analysis and design for
concrete mix proportion




elation between value of deterioration and age of colum

Value of deterioration

(Steel Corrosion Problem)
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corrosion

Chloride I1nauced
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Carbonation induced steel corrosion






Various types of Special Concrete
launched by Ready-mixed companies

- Low heat concrete
- Marine concrete (Cl- and sulfate resistance)
- Sulfate resisting concrete
- Frost resistance concrete
- Self-compacting concrete

¢- etc.

Extend Service Life

v

How long ?



Performance Based Analysis and
Design of Concrete Mix Proportion
(Computer Software for Mix Design)

At SITT, Thammasat University

E;-a Thammasat University



rerrormance rredicrion models Tor Andalysis and
Design of Concrete Mix Proportion

Overall Concrete Properties

Fresh Plastic
Norkability
-Bleeding
-Settlement

Early Age

-Temperature

-Auto shrink

-Plastic shrink -Strength

-Setting

Previous design practice

Hardened

Long term

Durability

- Drying shrink
- C1 Corrosion
- Carbonation

- AAR

- Sulfate attack
-Acid attack
-Freeze-Thaw

- Erosion

Others



Examples of Computer Software

for Performance Based Analysis
and Design



Edit ‘windows Help

| &(®[3| 20| O

2001

Mix proportion of fly ash concrete versim T1 .0

EGAT and SIIT

For workability and strength design



A Workability Prediction Model for
Fly Ash Concrete

Overall Concrete Properties

Fresh Plastic Early Age Hardened Long term
Workability Durability
-Bleeding -Temperature - Drying shrink
-Settlement -Auto shrink - C1 Corrosion
-Plastic shrink -Strength - Carbonation
Setting - AAR
- Sulfate attack
-Acid attack
Previous design practice -Freeze-Thaw
- Erosion
Others

- Creep

fria %



Factors affecting consistency and workability

Analytical factor
Practical factor

Wi

r

S

a

sand to aggregate ratio

Maximum size and gradation of aggregate

Gradation of powders and aggregate

Size and fineness of powder

Shape and porosity of powder

Unit water content

Powder content

Concrete temperature

Chemical admixtures




Model Formulation ‘

g:ﬂ+ 2 +y=12
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-20 - Free water content (kg / m3)

Xy=14

Free water

SL = ag (W;.-Wo)

Minimum free water content

v

required for initiating slump

Slope of slump-free water content curve




The slope of slump-free water content curve

- Concrete with more paste will have higher slump
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Free Water Content in Mixture ( Wﬁz_

SL = Osp (Wfr' WO)

Concept : water which has effect on workability is the water not
restricted by all solid particles

Wf/@‘

Total water

Water restricted by powders

S

Water re trlcted by aggregates



Water Retainability of Powders

Powder will retain more water in and at the surface
of the particles when 1t has larger surface area, porosity
and wrregularity (shape). For ash-type powders, higher
LOI also results in higher water retainability. Higher
temperature will increase water retainability of
cementitious powders like cement, fly ash, rice husk
ash, etc. but affects very little on non-reactive powder
like limestone powder.



Water Retainability of Fly Ash
LOTI (3), surface area (S,), porosity, shape factor
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Water Retainability of Aggregates

/Bp = f ( porssity, surface area)

B’ = [ (surface area)
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Additional ﬁee water due to ﬁlling effect ( Waa)

- Fine particles of fly ash can fill in the voids among cement
par"rlcles drlvmg out some additional fr‘ee wa‘rer

W, = W, - W, WO

- Water
W,) | |
S X
Vﬁll F Vc
Spherical particles -+ More amount of cement
(lubricating) results in more amount of
Fillable particles void for fillable powder

(Filling) to fill



Filling Ability

 Filling ability depends on
— Size : smaller fills easier
— Shape : spherical fills easier

— Content : more filler content (in this case fly
ash 1s considered as filler) results in more
possibility to fill (but not beyond the capacity
of voids among cement).



Filling coefficient (F)

0.40 i A T Limestone Powder

030 ———Fly Ash

Smaller size

_ _ T R-1
F=0.25- 5 R = 1+3( 3.3]
exp(R')"




Minimum Free Water Content Required for Initiating
slump ( WQZ

As (Wfr'
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Effective surface area

80
.
Coarse m/é\ 60 > —
aggregates & 40 o*
Fine =
20
aggregates = /
0 | | | | |
Powder
particles Fee miseredie o mie re o
Seff(x 10’ cm’/m’)
Sl piG a Wy = 8x 105 (S,,) 078
eff a ~agg p ~pow 0 eff

,(Spow) « Mp F(Suge) #> Powder particles contact on
aggregate surface

\(Sagg) el e (R YRy > Aggregate contacts can b.e
disturbed by powder particles




Lubrication Effect

Air bubbles and spherical or semi-spherical properties
of fly ash particles can introduce lubrication to other
solid particles 1n the concrete mixture. This effect
reduces friction among the solid particles and then
reduces W,



Lubrication of interparticle friction

Spher'lcal particles - fly ash
- Air bubbles

WO’ T Wu | Lu_brica'ribn coe_fficien"r of air bubbl'es
L

| Lubrication Coefficient, L= L; xL_

Lubrication coefficient of powder



Lubrication coefficient of air bubbles

-/AII" bubble

Volume of air
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Lubrication coefficient of cement replacing powder
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Verifications
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A A~ .

0 : i l 0 * =y \ \ _
0 3, 10 15 20 29 0 5 10 15 20 25
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Comparison between the predicted
and tested slump of concrete
containing various type of powder

Comparison between the predicted
and tested slump of concrete
containing various type of fly ash
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Use of Water-reducing
Efficiency and Setting Time
for Time-Dependent Slump
Prediction
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Water Reducing Efficiency (¢') of WRA

5
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quantity of water required to produce a flow
diameter of 180 mm with 0.5% dosage of WRA

quantity of water required to produce a
flow diameter of 180 mm without WRA



Water Reducing Efficiency (¢') of WRA

Water-reducing

Designation ASTM Type Base Trade Name efficiency (WRE)
Lignosulfonate (I) D Lignosulfonate Pozzolith 400R 0.20
Lignosulfonate (II) D Lignosulfonate Plastiment R 0.13

Lignosulfonate (I1I) D Lignosulfonate AS 247R 0.16
Naphthalene (I)) F Naphthalene Rheobuild 1000 0.34
Naphthalene (II) F Naphthalene Rheobuild 1000 0.32
Naphthalene (II1) F Naphthalene Mighty MX 0.33
Polycarboxylic (1) F Polycarboxylic | Glenium™ SP27 0.50

Polycarboxylic (IT) F Polycarboxylic Viscocrete 0.44

Polycarboxylic (I1I) F Polycarboxylic | Glenium™ SP27 0.38

Melamine F Melamine Sikament FF 0.27




Initial Setting time of cement with WRA

e The normal consistency and the initial setting time were
determined in accordance with ASTM C 187-98 and C 191-99.

o The dosage of WRA was selected at 0.5% by weight of cement,
which is the same dosage as the test for water-reducing

efficiency

Materials ASTM type of WRA | Imitial Setting Time

Cement only i 1 hr 34 min

Cement with Lignosulfonate (II) D 3 hr 35 min
Cement with Lignosulfonate (III) D 4 hr 13 min
Cement with Naphthalene (IT) K 2 hr 06 min
Cement with Naphthalene (III) F 2 hr 09 min
Cement with Polycarboxylic (II) F 3 hr 17 min
Cement with Polycarboxylic (III) F 2 hr 36 min




Verifications for Naphthalene

Test (WRE=0.5%) WRA ASTM type WRE Setting time
— Model (WRE=0.5%) Lignosulfonate D 0.15 - 0.20 3.5—4.0hrs
. Test (WRE = 0.8%) Naphthalene F 0.30-0.35 about 2.0 hrs
éEL Model (WRE=0.8%) Polycarboxylic F 0.40 —0.50 2.5-3.0hrs
g Test (WRE=1.0%) '
2 — Model (WER=1.0%)

Time (min)

0 50 100 150

25 &  Test (wb=0.4) 25 &  Test (wb=0.4)
20 X —— Model (w/b=0.4) 20 —— Model (w/b=0.4)
583, 15 Test (w/b=0.5) g 15 Test (w/b=0.5)
o _ o _
Model (w/b=0.5 Model (w/b=0.5
2 10 (Wb=0.5) B 1 (Wb=0.5)
7] 7!
5 - 5
0 | | | Time (min) . 0 Time (min)
0 50 100 150

I WRA = 0.5% (No fly ash) - I WRA = 0.5% (20% fly ash)



Verifications of Lignosulfonate

25 4 ¢  Test (Lignoll)
20 Model (Lognoll)
Bl X  Test (Lognolll
£ 15I(N0ﬂyash) (PO
g ------- Model (LognollI)
2 10 -
7)
5
0 | Time (min)
150
25 4 ¢  Test (Lignoll)
20 - Model (Lognoll)
= I 0
\CE_L /5 (20/,ﬂy ash) X  Test (Lognolll)
g ------- Model (LognollI)
3 10 -
92
Time (min)
150

WRA Setting time WRE
Lignosulfonate 1T 3.6 hrs 0.13
Lignosulfonate I1I 4.2 hrs 0.16

Mixture:

y=12, W/h=0.5
WRA = 0.5%




Verifications of Polycarboxylic

25

20

I (No fly ash)

*

Test (PolylIl)
Model (PolyIII)

\QE_)/ 15 Test (Poly IT)
g* Model (PolyII)
3 10
7!
5
0 Time (min)
0 50 100 150
25 &  Test (Polylll)
0
- I (20% fly ash) Model (PolyTIT)
\% 15 X  Test (Poly II)
g* R Model (PolylII)
S 10 - o
175 M. §
5
’\
0 | * B Time (min)
0 50 100 150

WRA Setting time WRE
Polycarboxylic II 3.3 hrs 0.44
Polycarboxylic ITI 2.6 hrs 0.38

Mixture:

y=12, W/h=04
WRA = 0.5%




Predicted Slump (cm

Verification of Initial and Time dependent Slump

[\
S

p—
()]

—
S

(9]

of Fresh Concrete

(No admixtures, Normal temperature)

Fly Ash 1

X 1nitial

B 30 min
A 60 min
® 90 min
¢ 120 min

Test Slump (cm)

15

20 -

20

p—
()]
|

()]
|

Predicted Slump (cm’
S

Fly Ash 1I - X
/‘//
P m_e
m e x® -
e X initial

] ® 30 min

A 60 min

® 90 min
¢ 120 min
0 5 10 15 20

Test Slump (cm)



Veriﬁcation_ of Slump Loss of Fresh Concre_te

(No admixtures, High temperature)

20
VRS X
5
= 15
=
E p
»nn 10
8 X 0 min
S B 30 min
S 3 A 60 min
L ® 90 min
A ¢ 120 min
0 w '
0 5 10 15 20

Test Slump (cm)



A Compressive Strength
Prediction Model

for Fly Ash Concrete



MODEL FORMULATION

Compressive strength at 28 days

IfC '(28 days) .
&

Strength ratio for obtaining compressive strength at
other ages o(1) £ '(t)
. t — C
f_ '(28 days)
Compressive strength at any ages

f '(t)=d(t)-f, (28 days)




Relationships among w/b, CaO ., and {_’(28 days)

7f6'(_28 FAys), Ve ~ for Conventional Concrete

A wb=0.30
60 - O w/b=0.40
O wb=0.50
50 7
40 4
30 -
20 -
10 -
0 _ T _ ; _ ,
1.9 2l s 55

log (CaOett)

I £.’(28 days) = a,,log(CaO_¢) + o, |




Effective Calcium Oxide Content in Binders

Ca0 5 = (%Ca0, x W, )49 )(%Ca0¢ x Wy )

100

Effectiveness of calcium oxide in fly ash

1— e—K(%CaO £)
P o —<(%Ca0y)
S 3.07
K= 0.0048( L ) +0.0245
- 3000 .
Ca0. effective unit calcium oxide content in concrete (kg/m?)
%Ca0Q, =  calcium oxide content in cement (%o by weight)
%Ca0, =  calcium oxide content in fly ash(% by weight)
%Y = cement content in concrete (kg/m?)

W; = fly ash content in concrete (kg/m?)



Effectiveness of Fly Ash

Effectiveness of fly ash, ¢

Lo 9 2600 cn’e
——— 4100 cm?/g
—— 4600 szz/
10 - —— 7800 cm~/g i

0.5 1

0.0



Filling Effect of Fly Ash on {."(28 days)

Filling coefficient, F

0.25 7 — — air-classified, r = 0.10
e 5 air-clagsiﬁed(j Ii()z 0.20
0.20 | — — ground, r = L.
|| — ground, r = 0.20
0.15 -
0.10 -
0.05 -
0.00 -
0.0 1.0 2.0 3.0 4.0
Specific surface area ratio, R
R -1 S
in which R'=1+ 3(33] R :—p d 2061‘025
| (VL SN |
F = Filling Coefficient S. = Specific surface area of filling powder
R = Specific surface area r =replacement ratio of fly ash

S. = Specific surface area of cement - ‘¥ = Shape factor

/T”""*n""‘ ﬂ‘:"‘:’r'l’ n‘ "’ ’,nn 1 \



Filling Effect of Fly Ash on £,’(28 days)

f.'( 28 days), MPa
70 : : : _ :
o5 Denser particle

S - packing of
i binders
30 -
5 A fineness = 7800 /g | i F = 0.13
R0 O fineness =2600 ;o | nummmlp F = 0.00
0 ‘ | |

92 2.1 2.3 2.5

log (CaOuy)

| I £.’(28 days) = a,,log(CaO ) + SKFZ o, \

Filling Effect of fly ash on f.’(28 days) <—|



Filling Effect of Fly Ash on {.’(28 days)

Filling Effect of fly ash on y-intercept of the curve
1 4log(CaOeff) -£°(28 days), 1/, '

O
| e : : s B
Y =1.20
1.0
0.8 -
0.6 -
0.4 -
@ air-classified fly ash
DD A ground fly ash
0.0 I I I I 1
0.00  0.05 0.10  0.15 0.20 0.25
Filling Coefficient, F
1

A =
" 14+(0.259 ) tan T (357K




Effect of ratio of paste to void volume

x> Effect of y on f'(28 days)

2
1.0
- 0.8

0.6
- 04

0.2
- 0.0

Hig?est £.’ (28 days) Smaller
Y / reduction
| G Higher strength paste
Lower strength paste

0 w/b=0.40
X w/b=0.60

0.8

v
GO 0 T 6 1R 20k oy = B2

Y Vyoid

Iyopt = 0.59174W/D) 4 055

(1-[10.64(W /b)** +2.38] (v, =) Y <70

1 [11.97(w/b)"*T-(y—Vop)
7.57 +exp[1.83(y —7,,,)]

> y > YOpt




Effect of LOI of Fly Ash

LOI in fly ash non-reactive part in concrete
A op Effect of LOI of fly ash on f (28 days)
1474
This effect is not serious for high-CaO fly ash
1.0 Er—r—/A S
0.9 -
© Ca0,=1.58%
0.8 1 | o .Ca0£=14.01% | n= Viol
A CaO;=23.64% V. aste
0.7 . . | £
0.000 . 0.005 10.010 0.015
n
(%LOIX We /pye)  (%LOIx Wy /pg)
Vior = ~
100 100

Yo =1—155.75 [exp(—0.15-CaOy)] n1-66



Effect of Entrained Air

alr-content

A 4

paste

aggregates

alr content




Effect of Entrained Air

xair, Effect entrained air on fc’(28 days)

25

0.6 -
0.4
0.2 1

1.0 b ¢
0.8 -

0.0

0.00

0.10 0.20 0.30
Vair/Vpaste

Yo =1-2.35 €7




28-DAY COMPRESSIVE STRENGTH MODEL

for Conventional Concrete

f_'(28days) = IOg(CaOeff) @ @ @ @AmA@
1

A =
" 14(0.259 ) tan ' (357F*)
(1-[10.64(W /b)** +2.38] (v, =) s Y < Vo0

%=1, [11.97(w/b)"*T-(v—Vop)
| 7.57 +exp[1.83(y —v,,)]

> y > YOpt

Yior =1—155.75 [exp(-0.15-CaOy)] n1-66

Yoe = 1+(3.52Q2-0.27)-(0.005(w /b)) - tan "' (3.90v)




/erifications for Conventional Concretes Model

Concrete containing original fly ash

Predicted Strength (MPa) SEegret et ) Predicted Strength (MPa)
60 60 60
- ° : 5 +15% °
50 | +15% 7 o 50 - +15% o o 50 | Vs o
40 § 40 o% %
| 0”7 _150 | &2 o/ 20 L2
- ) -15 -159
& O U
6><>
20 20 - ol
10 - 10 e
0 T T T T T 0 T g T T T 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60 | ‘ ‘ ‘ ‘
Tested Strength (MPa) Tested Strength (MPa) Y IOTest%g Strzl(l)gth ?1(\)4Pa)50 %

Fineness = 2600 cm?/g ‘ ‘ Fineness = 4100 cm?/g ‘ ‘ Fineness = 4600 cm?/g




Verifications for Conventional Concretes Model

Concrete with classified fly ash (¥ = 1.05)
Concrete with ground fly ash (¥ = 1.20)

Predicted Strength (MPa)
60 .
0
50 l +1 5 A) . *
40 1
30 -
20 1 ok |
{04 > * with classified fly ash
= with ground fly ash
0 ¥ ‘ : ‘ ‘

0 10 20 30 40 50 60
Tested Strength (MPa)



Verifications for Conventional Concretes Model

Ai1r Entrained Concrete

Predicted Strength (MPa)

60

0.4
40
30
20
10 -

0

+15%

= C15%

£ *air=1%
B air =4%
A air = 8%

0

10 20 30 40 50 60

Tested Strength (MPa)

High LOI Fly Ash Concrete

Predicted Strength (MPa)
60

50
40 -

30 1

20 - ALOI=0.17%
¢ LOI=4.50%

0 LOI =5.48%

10 1

0

0 10 =520+ 2 30:; 40 — 50~ - 60
Tested Strength (MPa)



Compressive Strength Development Model

fe'(t)
f.'(28days)

Strength Ratio | P(t) =

Factor Effecting Strength Development of Concrete
Si0,/Ca0
w/b
Filling Effect of fly ash

Effect of water-reducing admixture




Verifications for the Strength Development Model

Predicted Strength (MPa) . Predicted Strength. (MPa)
40 50
15 3 Days 7 Days 5 @
+15% 40 E15% =
30 - : y ; ; o @
57 <>
S AN A 8% 30 S5 159
| . = /5.0 < . Lo .
20 < N
15 g <> X ) 20 - | 2
10 - 25 & with original fly ash | 1o with original fly ash
' » with groglund ﬂﬂ}}llash 5 ~ with ground fly ash-
3 7 7 © with air -classified fly ash © with air -classified fly ash
O I I I I
0 I I I I I I I
: : sceEly 10 20 30 40 . 50
0 Su pm OF S D) 2 370 s 30 W 35 NS 4() Tested Strength (MPa)

Tested Strength (MPa)



Verifications for the Strength Development Model

Predicted Strength (MPa) Predicted Strength(MPa)
80 100
0+ 91 Days S 0 180 Days
S +15%, % - 80 - 7 F 5%
60 &
X 70 - &
50 - e 60 - X
0 0
R e PLy s en | 15%
30 - 40 -
20 A < with original fly ash L < with original fly ash
10 - ' i Wl;[t% ounld ﬂ%a%h h Gt X with ground fly ash
© with arr -classified fly as 10 - > with air -classified fly ash
0 I I I I I I I 0 F’ T T T I
0O 10 20 30 40 50 60 70 80 - 0 20 - 40 60 80 100

Tested Strength (MPa) Tested Strength (MPa)



Verifications for the Strength Development Model

Predicted Strength (MPa)

100
1150

o 305 Days +15%
60 - &5 15%
40 - .

] < with original fly ash
2l > with ground fly ash

© with alr -classified fly ash|
0 : I T T T
0 20 40 60 80 100

Tested Strength (MPa)



PERFORMANCE BASED
PREDICTION MODEL

:Temperature of Concrete

;-‘ Sirindhorn International Institute of Technology
E;- Thammasat University



Total Heat Generation of Concrete

Specific Heat 0 = j Hdt = spAT

s : Specific Heat

p : Specific Gravity

H : Heat Generation rate per unit
volume

T : Temperature of concrete

Temperature of Concrete

Heat Conductivity Sp(de k|7, 0°T T,
dt ox*> oy> 0z°
Heat Transfer Coefficient (— kV T + H )n =m(T -T,,)

K : Heat conductivity

H : Heat generation rate per unit volume

n : Outward unit vector normal to the
surface

m : Heat transfer coefficient

Temperature Gradient of Concrete




Temperature Gradient of Concrete

Coefficient of expansion

Differential Expansion

Modulus of Elasticity

Restrained Tensile Strain

Cracking Strain

Cracking




Total Heat Generation of Concrete

‘h %9
Q(t) — QQS (t) + chs (t) + QQA (t) + QC4AF(t) + QQAET(t) + QC4AFE'I(t) + QFA(t)

* Cumulative Heat Generation of Ettringite and Monosulphate
» Cumulative Heat Generation of Cement Compounds
* Cumulative Heat Generation of Fly Ash



Heat Generation ot Ettringite and Monosultate
Formation Reactions

100

80 -
60 -
—6— QC3AET,End

—&— QC4AFET ,End

20 E/Q/E'/E/E,

O 1 1 1
0 2 4 6 8
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Q; (kcal/kg of

Heat Generation of Cement

/ Degree of Hydration

o (t
1( ) Qi,max .Wi

Qi(t) —

100

QC;A =190 kcal/kg

QC;S = 105 kcal/kg
QC,AF = 85 kcal/kg
QC,S =50 kcal/kg

0 20 40 60 80 100
Degree of Hydration, ¢, (%)

For C;8 and C,S W= W,

1 10

For C;4 and C AF W.= W

1

= Wi — Wonny



- Heat Generation of Fly Ash

/ Degree of Pozzolanic Reaction

a,,(t) Fly Ash Content
i QFA,max ’ Wfa
| 100

At max degree of pozzolanic reaction

- Qpamax =30+ 0.63!- %CaO fH:.'> Calcium Oxide in Fly Ash

100

QFA (t) —

90
80 -
70

60

50

Q ra,max (kcal/kg of fly ash)

0 10 20 30
Calcium Oxide Content in Fly Ash
(0/ hyw woicht nf flv ach)



Thermal Properties



SPCCII1C catl IModcCl

C(t) — Wgcg +WsCs +wa(t)cw +Wuc(t)cc +Wufa(t)cfa +Whp(t)chp(t)

ct) : specific heat of concrete at any time.
c. :specific heat of i-th component of concrete

1

w. : weight of i-th component of concrete

W (1) = (l—ahy<t>)wco| e
W (1) = (l_apoz (t))wfaOI Py

Coarse Fine
Thermal aggregate aggregate Water Cement Fly Ash Air Hydrated
Coefficients (Lime (Sand) Product *
Stone)
Specific Heat
(kcal/kg/ -C) 0.20 0.19 1.0 0.18 0.17 0.24 0.13

* Back analysis
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Apparatus for testing specific heat

Data logger
Insulating
material > .
* Thermocouples
< ' ' ;
Specimen
HOt .P [ :
water [ Container

- Data Logger Insulated Container



Verification of Specific Heat Model

Time (Days)

<
~
D

¢ w/b=0.25r=0.3 (Test)

w/b=0.40; r = 0.3 (Test)
—w/b=0.25;r=0.3 (Model)
w/b=0.40; r = 0.3 (Model)

¢ w/hb=0.251r=0.5 (Test)

w/b=0.40; r=0.5 (Test)
— w/b=0.25;r=0.5 (Model)
w/b=0.40; r =0.5 (Model)

S
w &
W

o
S v °
O O W

S
=
— W

—~
=
en
=
S
o
-
s
Q
e
=
=
Q
Q
Q
N

Specific Heat (Kcal/kg/C)

15 20 25
Time (Days)




1nermal conductivity iModcel

At)=nz +nz +n (t)z, +n (Dz +0,(0)7, +0, (07

Z() : conductivity of concrete at any time.
Z. - conductivity of 1-th component of concrete

1

n; :volume metric ratio of 1-th component of concrete

uc( ) ( hy( ))th h
h
Coarse Fine
Thermal aggregate aggregate Water Cement Fly Ash Air Hydrated
Coefficients (Lime (Sand) Product *
Stone)
Heat 20.50 7.50 12.44 0.62 1.16 0.54 23.5
Conductivities
(Kcal/m.day.C)

* Back analysis
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Thermal Conductivity Test

PAHIlton Lid. ©




Verification of Thermal Conductivity Model

[\®]
wn

—
wn

—_—
(e

Thermal Conductivity (kcal/m/day/°C)

S

20 -

(9]
L

Time (days)

Thermal conductivity of w25r0.

o
o Test
—— Model
0 5 10 15 20 25 30

Thermal Conductivity (kcal/m/day/°C)

—— Model

5 10 15 20 25
Time (days)

Thermal conductivity of w40r0.

3(



Total Heat Generation of Concrete

Specific Heat 0 = j Hdt = spAT

s : Specific Heat

p : Specific Gravity

H : Heat Generation rate per unit
volume

T : Temperature of concrete

Temperature of Concrete

Heat Conductivity Sp(de k|7, 0°T T,
dt ox*> oy> 0z°
Heat Transfer Coefficient (— kV*T + H )n =m(T -T,,)

K : Heat conductivity

H : Heat generation rate per unit volume

n : Outward unit vector normal to the
surface

m : Heat transfer coefficient

*Temperature Gradient of Concrete*




. Relative Water Content o [m|

J.ﬂpl-ll WilSy JACES J UI
temperature calculation

Iniial 100 24 Hrs. 100 4 Days 100
i, Input and Results
Degies 2 Hrs. fioo 1Dayp B Hrs. Lt 4 Diays B Hrs. oo
— Reguirement 100 s
4His 100 1Day12Hrs, |00 4Days 12His. 100

wib |D.4
’ BHis 100 1Dap18Hs, |10 4Days 18 His. 100
‘weight of Cement  [217 RUM
kadm3 00 i o
—_— B Hrs 2 Days b Days

Wwieight of Fly Ash (190

;
.
;

kgdm3
i 10 Hrs. 100 2 Days B Hrs. 100 B Days 100
"Weight of Fine Ig-m - CANCEL
Aggegrate _— 12 Hrs. 100 2 Days 12 Hrs. 100 7 Days 100
“Weight of Coarse |-||:|1|:| kg/m3 ﬁ
Aggegrate _ 14Hs |00 2 Daps 18 Hrs. [100 14 Days 100
e
L]
Age of Concrete I? ..,I Daps ¥ 1E His. 100 3 Days 100 1 Days 100
Initial Temperatural 33 C / Evcel 18 Hie 100 IDapsGHis |00 28 Days 100 Con =100 %
[Temp]
20His 10 3Days 12 Hrs. 170 g1Days |10
_ [ Helatree . Propetties of Cementitious Matetials =13 (e Clear
Properties i Water
i Content
LR — Properties of Cement———— — Properties of Fly Azh ok
\ 0 Calcium Dxide, Cal |55_|:| 4 Calciurn Oxide, Cal |-|3.3 4

&

Silicon Oxide, 502 |41 X

_ Ter@e ~ - Siicon Dwide, 5102 [200
\ Alumina Oside, 203 [50
‘ Ferous Oxide, Fe203 (3
s Bl G0E IED_ Lazz of lgnition, % W
Gypsum IF 5 Blaine Fineness, cm2/g IW

i

Alurnina Oxide, A203 (209 4

o

ad

Free Lime, % |1_5|:| oK 28

Blaine Fineness, cma/g |340EI




Output interface for temperature calculation

. Input and Results 10| x|
— Requiremert 100 Degres of Reactions 20 keal/kg Curnulative Heat Generation
wib In_q f
E |
Weight of Cerment |29 kg/m3 RN |(
YWeight of Fly Azh - [190 ka/m3
Weight of Fine  [aq0 CaMCEL
Aggegrate kg#m3
Weight of Coarse |-||:|1|:|
Aggegrate kg/m3 a 365 0 R 28
Excel rea ‘W ater Content
100 200 kg3
&ge of Concrete Iﬁ D
[T Temperatural 7 C Ercel
[Temp]
Relative
Properties W atker
Content

28 0 28
Temperature Specific Heat
100 & 100 0.25 keal/kgdC
F'Mm i.
T B
B - S T Y WWMM =:
i f}o"lyw ]
g f”’"&
;,4
i
# I P
.3" MMW
] marsen




Verification by Adiabatic Test Results

110 90
100 - R B R T T VAL
e : R
0] /o et gLl
N o 10°C(Test) g 501 o 10°C(Test)
it o S 40 0 20°C (Test)
ety e 0 .20°C(Test) 3 A 30°C(Test)
=30 4 A 30°C(Test) g- 30 4 ; :
> 20 4 —— 10°C (M odel) o 20 4 —IOOC (Model)
T3 : ——20°C(Model) =10 : ,—20°C(Mode)
01 Total blnc‘ler =400 kg/‘m3 —30°‘C(Model) 0| Total b19der= 300 kg/m —30°‘C(Mode1)
0 2 4 6 8 0 2 4 6
Age of Paste (days) Age of Paste (days)
80
_70 | Total binder =200 kg/m?
> 60 ra) ra A 1 A
250 1 . prim s miee
o & Va3
et 2 o 10°C(Test)
S 30 4 O 20°C(Test)
= 20 4 A 30°C5Test
=10 " 20ec(Model
e 7 U ode . - )
0 ‘ _ ——30°CMode) _|  Adiabatic temperature rise of
2 4 6 8 Portland cement mixture (Suzuki
Age of Paste (days)

et al 1990)



100

A \/llll)\/l Lo A 8 B G ) f

Verification by Adiabatic Test Results

Total binder = 400 kg/m?3

& 10°C (Test)
O 20°C (Test)
A 30°C (Test)

—— 10°C (M odel)
——20°C (M odel)
——30°C (M odel)
O T T !
0 2 4 6
Age of Paste (days)
| Total binder = 200 kg/m?

o <O
o o 10°C (Test)
o 20°C gT estg
A 30°C(Test
—10°C EModel)
——20°C (Model)
——30°C (Model)

0 2 4 6
Age of Paste (days)

100

o Total binder = 300 kg/m?
O 80
< yaY FaY A
2
560 -
= 10°C (Test)
S
g_ 40 - O 20°C(Test)
£ ; A 30°C (Test)
@ 20 1 —— 10°C (Model)
B j ———20°C (Model)

0 ‘ ‘ — 30°p (Model)

0 2 4 6

Age of Paste (days)

Adiabatic femperature rise of
blend cement mixture with 20 %

fly ash replacement (Suzuki et
al. 1990)



Verification of the Program

Temperature rise in a footing (38.4x8.4x4.75 m)



Autogenous Shrinkage Model



Concrete as a 2-Phase Material

e

conc

e

a

GRORO

00 O
O O
O 00

e

p

conc

Concrete

Paste phase undergoes shrinkage

GRORO

OO0 O
O O
O OO0

Aggregate phase

OEBHES

00 O
G C)
GRS

Paste phase

Ilp

Concrete as
2-phase material

Aggregate phase resists the shrinkage



Equilibrium Condition  Stress-Strain Relation

Strain Compatibility

!

Model for paste of concrete

\ : E . 1 V
8COI1C = - & ( @ - et VCOanC
+ E, LY

§ Model for aggregate restrair

E =1.05x10"x(f )**"*
p C




Model for Paste Shrinkage
(SpO)



+ Principle of Modelling

€as(t) = €45 chem (1) + as,phy (t)— Sexp (t)

4

€4s,chem (1) = (A'mC3A 'OLCSA (t))+(B'mc A 'aC4AF (t)j

+(c.mc3s o (t))+(D.mCzs B (t))
om0

Cement
Capillary Surface Fly Ash -
Tension Stress

2y-Ag(t)
gas,phy(t) = Zave(t) VES




Effect of Types of Cement on
Autogenous Shrinkage of Paste
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Effect of Fineness of Cement on
Autogenous Shrinkage of Paste
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Effect of Water to Binder Ratio on
Autogenous Shrinkage of Paste
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Effect of Curing Temperature on
Autogenous Shrinkage of Paste
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Effect of Type of Fly Ash (SO, content) o1
Autogenous Shrinkage of Paste

=)
o
—
Q
g
D)
80
%
=
N
s}
S
a
D)
80
8
=
<




Etfect of Fly Ash Content on
Autogenous Shrinkage of Paste
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Model for Aggregate Restraint
(€

Concept :

Stress is transferred at the aggregate contacts



' Dénsity Function For Contact Angle

Q(6)

&




Constitutive Relation for Normal Directio

= |E

e

4

C

o

2.5x10° kgf/cm2

.0)6

contact surface before
deformation

fo

Stress in Direction Parallel to Contact Plan

fo

HrOco



Coeftficient of Contact Friction of Aggregate

ﬁ( Regarding Effect of Water Lubrication
For Coarse Aggregate For Fine Aggregate

v 0.24 v 0.24
- —015 . L | ' 0.28 . i
“g Mg,SSD [SS +ng “S HS,SSD {Ss +Sg]

0.36 for dry crushed limestone 0.31 for dry river sand

crushed limestone coarse aggregate

river sand




Effect of Water Content on Aggregate Contact Area

w/b=0.25

w/b=0.30

— — — — W/b=0.40

— - — - = wb=0.60

—--—- wb=0.70




Model for Aggregate Stiffness

(Mixtures of Coarse and Fine Aggregates)



Stress Contributed by Each Materials

Stress Produced by Coarse Aggregate

Og =0g—g G

e o ...../". .. ..
'Qx. ,!--' :
Q®: =&
Yeo.0'® L

Stress Produced by Fine Aggregate

o5 =(1- 1o ).Os s



Total Stress of the Combined Aggregates

/2
Cazy = |0 (Oep(g) €080+ fog) -sin0)- Agg) -0
0

/2
+ j O(6) - (Gapq) €08 O+ Fo(s) 5in 0) - A gy, -dO
0

/2
Caty) = | 0)-(Gcp(g) -sin0—fo(q) - 0s0) - Acp ) 40
0

/2
+ j Q(6) (Gcpg) - 5in 0~ Fo(s) -0 0) - A o) -0
0



IL11ect ol rarticie interierence on Contact Area
of Coarse Aggregate

Acos) = (Aeo(s) +jdACO(s) 9)-a
Acog) = (Peo(g) *) dAc@(g)'d’)'“'(l

ofte — e
O‘QQQ - :::Q

Particle interference caused by fine aggregate reduces the
contact area of coarse aggregate



ng/ng,max =0.3

ng/ng,max =0.7




Test and Analytical Results of Autogenous

Shrinkage of No-Fine Concrete
(Effect of Coarse Aggregate Content)

(micro-strain)

O
&0
é%
=
N
3
o
-
O
&0
=
)
<

10 20 30 40 50 60 70 80 90 100 110
Elapsed Time (days)
O Test G40 + Test G-60 = Test G-80 A Test G-100




Test and Analytical Results of Autogenous

Shrinkage of Mortar
(Effect of Fine Aggregate Content)

(micro-strain)

O
&n
%
=
N
3
Qo
-
B
&0
=
)
<

40 50 60 70 &0
Elapsed Time (days)
O Test S-40 + Test S50 =Test SS60 A Test SS70 X Test S-85




PERFORMANCE BASED
PREDICTION MODEL

:Carbonation of Fly Ash Concrete

Ef‘f_‘..r Thammasat University



(ii) Flow chart of the model

Carbonation simulation model

- t=t+ dt
From¥=1ton
whete f1 is the mumber of element
l ki k
Water migration model Diffusion of CO. Calewlation of alkalinity atd pH
- Initial condition, FH(x,0) = 100% - Init1al condition, C. (0 =0 - CH from hydration reaction
- Boundary condition, RH(0,t) = RH,., - Boundaty condition, C0.40 = Cun - CH utilized by pozzolatuc reaction
- REelatrve hunudity, BH(x.t)
- Relative water content, T2 t) _ 0O, Concentration, C. (1,0 &
Y -
- Diffusion coefficient of C0, _ C'H utilized by carbonation

- Total ©H in comerete, CHix D)

Elements of concrete - pH it concrete, pH(z t)

l

-IfpHixt) < 2.0 = Catbonated element




= = =l=1l
File Edit Hel . .
g Properties of Coment Properties of Fly Ash
M'x Pmpar‘*lan Calcium Oxide, Call Ee0 % Calcium Dxide, Cal 5 x
. Silicon O=ide, Si02 00 % Silicon Oxide, 502 S
Cement 350 kg/m3 Environment
Alumina Oxide, 21203 | 50 % Blurnina Dxide, Al203 o5 E
Fly Ash 0 kg/m3
@ Ferous Owide, Fe203 [ 29 %
Water 175 kg/m3 : Loss af |gnition, % 1.00
PFOPG rties Sulphur Oxide, 503 a0 & :
Gravel 1000 kg/m3 Sodum Oxide, Na20 [ 07 % Blaine Fineness. cm2/g | 3400
Sand IW kgme e Patazsium Oxide, K20 [ g4 %
Compute
Free Lime, % 160 @
Blaine Fineress, crmZda | 2400 OK
Ambient Environmental Condition
Relative COZ Cohe. Temperature Ratio of
Humidity (% (pprnd (celsious) Raining = Cry
Januany =) | ann | an 1] 5 1 Calculation starts
Febuary ED | 300 | a0 1] H 1 in the 1=t day of
Apil B0 [ 300 [ 30 R m‘: | .
by B0 300 30 T S
N | | | — N Fobruary Input interface for
June =) | 300 | a0 o)1 March
» i — — L s carbonation
August B0 [ 300 [ 30 N K ?‘“" i
une
September &0 | 300 | a0 TR Tuly
Dctober =] | 300 | a0 1] 5 1 August -
November B0 | 300 | a0 TR
December =) | 300 | an 1] 5 1 OK




Output interface for carbonation prediction

0

200

Hese r1a e ey Jess Hear s {oee {97 13-

1 2 3 4 ] B 7 g 3 10

Calcium Hydroxide in Each Concrete Element [mg/cm3 of concrete]
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< Water Migration Simulation _I_I- gj x
File Edit Help
100 Relative Water Content in Concrete Element [%] 0.50 Carbon Dioxide in Concrete Element [mole/m3])
_,-Fr—'__'_ﬁe-‘__ﬁa
=] —I .m
50 —— 0.25

1 2 3 4 5

Average degree of hydration reaction [%)

o

Average degree of pozzolanic reaction [&] I i
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200 | July

200
Q
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I 2.5 Verifications \
A Test (riO‘%:))
I (i) Verification of CH | 100 : iiigﬁli(liﬁégi)
Model (r=0%

E 300 — - — . — Model (r=20%)
g ------- Model (r=30%)
5 200 1
. R TP E
CH in mortar specimen (Papadakis's data) | § = 100 |
: w/b = 05 and A/B = 3.0 S’ ——
. . 1 10 100 1000
Ages (day)
400 ; 400
B (@) wb=04 ) (b) w/b =0.5
g 300 & Test é 300 ¢ Test
m; 200 ~ % Model m; 200 —X— Model
< 100 * < 100
= X = X
o o
0 ‘ ‘ x 0 ‘ ‘
0 20 40 60 0 20 40 60
Replcement percentage (%) Replcement percentage (%)

| I CH in mortar specimen (Author's data) at 28 days



(ii) Verification of carbonation depth (real environment)

- Carbonation depth was the distance from concrete surface to center

X  Test (wb=0.4)
o Test (wb=0.5)

25 A Test (wb=0.6)
| (a) 6months | ... .. Model (w/b=0.4)
20 - Model (w/b=0.5)
’ — - — - = Model (w/b=0.6)
15 - I
10
5 |
0 8B | £
0 20 40 =
Replacement of fly ash (%) —%
=
8
s
c
Qo
=
<
@)

(b) 12 months

X Test (w/b=0.4)

o Test (w/b=0.5)

A Test (wb=0.6)
------- Model (w/b=0.4)
Model (w/b=0.5)
— - — - —Model (W/b=0.6)

of the innermost concrete element that has the pH value less than 9

Replacement of fly ash (%)

Average CO, concentration = 650 ppm.
Average relative humidity = 70%
Average temperature = 29 °C

Carbonation depth (mm)

X  Test (Wwb=0.4
o Test (Wwb=0.5
A Test (Wb=0.6

(c) 18 months

------- Model (w/b=0.

Model (w/b=0.

————— Model (w/b=0.

20

40 60

Replacement of fly ash (%)



(i

i) Verification of carbonation depth (accelerated environment)

X Test (wb=0.5)
A Test (Ww/b=0.6)
Model (w/b=0.5)
....... Model (w/b=0.6)

%)
e

[\
W
|

Average CO, concentration = 4%
Average relative humidity = 55%
Average temperature = 40 °C

[\
e

A

Carbonation depth (mm)
O

O T T !

0 10 20 30 40
Replacement of fly ash (%)

N
o

O Sulpapha et al. 2003

w
[e)

X Atis 2002

A Author's

CO, concentration
Sulapha = 6.0 %
Atis =47 %
Author's = 4.0 %

[a—
S

Test carbonation depth (mm)
[\
()

-
o)

0 10 20 30 40

Predicted carbonation depth (mm)




3. Mix Design of Concrete
Subjecting to Carbonation

T-‘ Slﬂﬂﬂhﬂ[&lﬂl&[ﬂﬂhﬂﬂﬂﬁﬂ&lﬁule_aﬂaﬁhnﬂlﬂw

Q.'*;

Thammasat University



Proposed Three Zones based on
Severity of Environment

1000

g 800 -

= Severe

S 600

g

£ %oder'a‘re

Q 400 -

S Low

S 200 |

O
O \ \ \
60 70 80 90 100

Relative humidity (%)



Designh Chart Tor

100
Cement only

80 -
— — — 30 years

60 - ) —— 50 years

e
40 - — 75 years
) //:///// e
20 | // ——— _— 100 years
O 1 1
0.40 0.50 0.60 0.70
water to binder ratio 120
— 30% FA (2a) p
g 100 - -
S
~ 80 - )
5 L
g 60
< 40 —— =
— B
> 20 —r—
3 ——
O 1 1
0.40 0.50 0.60

Severe Environment

— — — 30 years

—— 50 years
,,,,,,,,,, 75 years
77777 100 yeat

water to binder ratio

0.70



PERFORMANCE BASED
PREDICTION MODEL

:Chloride induced steel corrosion

Ef‘f_‘..r Thammasat University



Conceptual Service Life Model of Steel in Concrete

® 1 Limit state -

Q@

S | o, Cl |

= (s R Ry Start qf steel

O e corrosion

Ct) Corrosion

O Steel rate

Depassivation time Time

~ Initiation or maintenance free period Propagation '
< :|< >
3 Service life ;




Models :

o Movement of chloride and water vapbr
(Fick’s second law of diffusion)

Chloride binding capacity

Carbonation

Cyclic wetting and drying

Ion adsorption and surface condensation

Ton exchange

Depassivation criteria



Chloride Binding



Chlorides in Concrete

Chloride binding capacity | - Total chlorides | This ch/or/de attacks
: the steel

““
.
.

Fixed chlorides | .+ Free chlorides

0..
a
“a

— By cementitious materials | _
1. Chlorides chemically bound in the structure of hydration products

3Ca0.Al,)0;.CaCl,.10H,0 (Calcium Chloroaluminate, Friedel’s Salt) Absorbed
3Ca0.Fe,05.CaCl,.10H,0 (Calcium Chloroferrite) chlorides

2. Chlorides physically bound to the surface of hydration and pozzolanic products

C-S-H from hydration of C5S , C,S
C-S-H and CAH from pozzolanic reaction
CAH and CAFH from hydration of C;A , C,AF
3. Chlorides physically bound by other hydration products; monosulfate, ettringite, etc.
— By non - reactive materials

Finer, fine and coarse aggregates _. Adsorbed chlorides on the surface

Adsorbed chlorides on the pore walls




Relationship between fixed chloride ratios of
C,;A and C,AF and their degrees of hydration

0.100 ~_

0.300 \
= 0.26 P e 1.12
- \ — C4AF e e : [AQQ‘AJ
= o
T 0200 | \ / 3.30 + e s
=
£ 0.14 \ / 0.60
=] . . ~
§ \\ \ L — xfiX,C4AF a0 AO‘Q;AF]
[<P]

/ 3.3><[ =
33040
Q\
\

0 20 40 60 80 100
Difference of degree of hydration during
submersion period (%) , Aa

AQLc, aor ¢, AF 1 |:> Paste is denser. |:> Less amount of C;A and
C,AF to catch chlorides.

(Low fixed chloride ratio)

0.000



Fixed chloride content of hydrated product,

Relationship between fixed c
hydrated products and tota

4.00 | |

¢ Data of w/b=0.30
= Data of w/b=0.40
Ao Data of w/b=0.50
3.00 T — Model of w/b=0.30

— Model of w/b=0.40
— Model of w/b=0.50

2.00

o fix (%0)

1.00

0.00 1.00 2.00 3.00 4.00

Total chloride content, C;,;
(% by wt of binder)

hloride content of
chloride content

Ctot 1

e

More amount of
chlorides in pore.

4

More fixed chloride
content

s —0.093 xw/b+0.135 v G : F 0.5
fix = 0.037 + e 0-0002xW/b-1.572)xCey Co +0.01 o

FD(CIEy physical binding ~ (I)fix X Z M products (te)



Program of Chloride Binding Capacity

Y | co7 | 35 | =

atenal caze [MC] = |2

T atal chlonde content [T est] 142

% by wat of binder

SBI mEIEs|

....................................

Run Again
Drata number [M] = If """""""""""""""""""
. : y .
Binder contert = | e Fixed chlonde content [Test] 73 byt of binder -,
. : y . b
Ettringite, mono, CAH, CAFH IT Fixed chlonde content [Model] 74 byt of binder
CSH B4 Timeat - Timeat = Submerzion
: end zhart peniod [day]
Cutf. hydrated C34 /2 o0g
- | 23 [ 1 | 28
Cuff. hpdrated CAAF /2 mz
Binderz  Major  Mazs of b az= faor Remain Fercentage Hydrated masz Fined CL by Fixed CL by
compound  each  ethingite and  Mass af reaction aof each bwdrated mass of bwdrated mass of
compound  monosulfo. [Z] compaund each compound each compound
formation
[g/cm™3)  [gdem™3]  [gdem™3) [9/cm™3) [gfcrm™3) [3 by vt of binder)
Phyzical Chemical Fhypzical Chemical
C34 [ 16 | oa1 [ o5 [ s34 [ ez [ 22 [ me | om? [ oo | 121 | o8
Comerg F 113 [ o5 [ o [senz [60z [ a0 [ o4 | oo [ ooos | ore | oss
35 79 83.7 | ER1 | .0D4z 299
25 244 78 RE [ 0016 113
Fly ash 0 0 | 0 | o 0
Summatiorn Summatiorn Summatiorn Summatiorn
1.286 832 0104 745

A |-'_§u-5tart| = Microsaft PowerPaint | 2] Exploring - Dr. Sl:umnu...| #5 Project! - Microsaft "-.J'” 5 Dutput

WE S W 25



Experimental Setup of Chloride Binding Capacity

Start of submersion at time T, End of submersion at time T
Saltwater,

J; volume V — =

costo ccooo

LSS SIS

Disk specimens

Initial CI- concentration, [C. |, ppM Final Cl- concentration, [C,], ppM

Calculation:

Total CI' = {[C, |- [C;]} * V

Free CI is known from Expressed Pore Solution
So, Fixed CI- = Total CI- - Free CI-
Chloride binding capacity = Fixed CI / Total Cl




Mix Designation

Cement paste Cement - fly ash paste

Cl1: Type I cement, w/c=0.30 Cement+Fly Ash A (Low calcium)

C2: Type I cement, w/c=0.40 FA1: Type I cement + Fly ash A (30%), w/c=0.40
C3: Type I cement, w/c=0.50 FA2: Type I cement + Fly ash A (50%), w/c=0.40
C4: Type III cement, w/c=0.40 FA3: Type I cement + Fly ash A (70%),w/c=0.40
C5: Type V cement, w/c=0.40 Cement+Fly Ash B (High calcium)

FBI1: Type I cement + Fly ash B (30%), w/c=0.40
FB2: Type I cement + Fly ash B (50%), w/c=0.40
FB3: Type I cement + Fly ash B (70%), w/c=0.40

Curing and submersion period

End of submersion,

Date of casting Start of submersion Date of expression
l l l > Time (days)
i«— Curing —»ie«— Submersion —i
period Ts period T

Curing period. 1, 7 and 28 day
Submersion period.: 28, 56 and 91 day



- Experiment Details
(External Chlorides)

Measurement of [OH-] Measurement of [Cl-] by potentiometric
titration with AgNo, solution and
chloride ion selective electrode

by pH meter-



Model of Chloride Binding Capacity

of Fine Aggregate and Finer Aggregate

Fix chloride ratio, ¢six, (Dy weight)

0.010

0.008

0.006

0.004

0.002

0.000

LS1

LS3
e M

—T_

(I)ﬁx

— 6 X 10—5(8)0.5474

0 1,000 2,000

Specific surface area, S (sz/g)

3,000

4,000

From Plangngeon and Tangtermsiriul

5,000



Verification of CBC Model (External Chlorides)

Sumranwanich et.al.

Cement paste

Cement-fly ash paste

Csix (% by wt of cement) from model

2.00
A
7 JAN <E
1.00 10 &2 oW B A
& VAR @)
o C3
? A X C4
2SS
0.00
0.00 1.00 2.00

Csy (% by wt of cement) from experiment

Ciix (% by wt of binder) from model
2.00

1.00 X & CFLI1 —
ONETRE A CFL2
O CFL3
ok X CFHI
& + CFH2
S X CFH3
0.00
0.00 1.00 2.00

Ciix (% by wt of binder) from experiment

Age at start of submersion:

Submersion period:

t.=1,7, 28 days
t.-t, = 28, 56, 91 days



Verification of CBC Model (External Chlorides)

Arya et. al.

Cement paste

Maruya et. al.
Mortar and concrete

Csii (% by wt of cement) from model

2.00

¢ -cement paste

oY

1.00 o &

0.00
0.00 1.00 2.00

Ciix (% by wt of cement) from experiment

Ciix (% by wt of binder) from model
3.00 w

¢ cement mortar
A fly-ash mortar
O concrete

2.00 | 02

1.00 | ok
*®

0.00

0.00 ~ 1.00 200 3.0

Cgi (% by wt of binder) from experiment

@AA

Age at start of submersion:
t, =2, 28, 84 days

Submersion period:
t.-t, = 28, 56, 84 days

Age at start of submersion:

t, = 28 days
Submersion period:
t.-t. =28, 91, 182, 365 days



Chloride Diffusion Coefficient



Viodel of Time-Dependent Chloride Diffusion Coefficien

------- model: fly ash mortar (sur)
0.0080 +— - model: fly ash mortar (inn)

D, (1),(cm’/day)
0.0160 %
B mortar (sur) Maruya and Tangtermsiriku
B mortar (inn) ot
A fly ash mortar (sur) ] L I I
SRS h mortar (inn)
0.0120 rﬂri;ilisel:m(c))rtar((sur) ipow @4_ P
————— model: mortar (inn) S A

hNE J
Y

Inner elements

0.0040 -
Surface element
""""" || 2.1 (t)\3.5
0.0000 w w 200xd2% (1) % (469)
0 200 400 600
For surface element;
Dy (1,1)= DN, x(R + 0.375){0.25 x(ﬁ}r 1) X(Mj
S —0.0197><[200><d;'v50(t)><(n(t))ls] b 100
0.00043 +¢ o
For inner element;
D, (x,t)= AL (R} +0.375)x(0.25x[£j+1j {Mj
_0.0184>{200><d!,'\;1(t)x(%j ] b 100

0.00039 +¢



Pore Structures
(Average pore diameter and Total porosity



Average Pore Diameter of Paste

Effect of water d_,.(t),nm

1 100

tO Cement ratlo O data: w/c=0.30

80 A data: w/c=0.40

—— model: w/c=0.30
60 —— model: w/c=0.40
40 - A
O A
20 ;"""‘Dﬂju——————_____________
0 T I I I aave(t), cyo

50 60 70 8 - 90 100
Effect of type = d,.(t).nm

of cement 50 ]

O data: type |

20 - A data: type 111
O data: type V
TNy —— model: type |
—— model: type III
il . 0
0 ‘ model.tyl‘)eV | | aave(t)’ A

50 60 70 &80 90 100



Average Pore Diameter of Paste (continued)

Effect of fly ash 4 (t),nm

50
40 -
30 7 O data: fb=0
A data: b=0.30
20 O data: b=0.50
+ data: b=0.70
—— model: b=0
10 —— model: b=0.30
—— model: %20.50
—— model: 7b=0.70
0 H\IO 3 T T T OCa\/e(t)a %

0 20 40 60 80 100

Model of average pore diameter, d_, .(t)

C A —0.065
((8.2><(w/b—0.19)0'78+2.45)#(—6.5><(w/b—0.19)0'56+0.92)><aave(t)j x[1F6322+0.57j X((lgoj -0:21

100

x(l —(ij(—0.68x(£j +1.45D % (— 15y Fae® 2)
b b 100

d,..(t)=¢




Total Porosity of Paste

Effect of water
to cement ratio

Effect of type
of cement

n(t), %
50

40
30
20
10

0

n(t), %

50 1
40

30

20

10

O data: w/c=0.30
A data: w/c=0.40
—— model: w/c=0.30
—— model: w/c=0.40

O data: type |

A data: type 11T

O data:type V
—— model: type |
—— model: type III

—— model: type V
‘ ‘ Qave(t), %

AN

L N oN 1NN



Total Porosity of Paste (continued)

Effect of fly ash n(t), %

50 -
40 -
| O 4
30 A data: b=0.30
O data: /b=0.50
20 1 + data: 5=0.70
—— model: b=0
10 - —— model: /b=0.30
—— model: b=0.50
0 —— model: b=0.70
40 60 80 100
Model of total porosity, n(t)
27.6 1602
n(t)= 23.9x1n(ﬁ)+77.4j X © XLFl.oz +0.57
b (0.86x(w/b)*"43+1.2)x% c
26.5+e 100

—0.065 0.5
% (C3Aj _021] X(—OQ,SX(%J +1j
100



Chloride condensation in
submerged zone



Chloride Condensation in Surface Layer

Environment Surface layer Internal layers

/

Cl- concentration distribution

V4 7
Environment CI- => Surface CI-

concentration

concentration

Environment  Surface layer Internal layers

crie
Cadsomion) creg

————y = — - =

/

Cl- concentration distribution

7 7
Environment CI- <Surface CI-

concentration

concentration




Model of Time-Dependent lon Adsorption

F.,(1,t)=(0.0000034 x B*** Jx R x (—0.35x C%3 (1, 1) +1)x % x g Cro ()

where, F (1,t) = lon adsorption flux of surface element, mol/(cm#/day)

C; 5(1,t) = Free chloride content of surface element, % by wt of binde

B = Binder content (kg/m3) R, = Paste ratio

n(t) = Porosity, %

F(1,1)
+g+ D g
@ I:> @ Lﬁid plge
e e S e
@ @ ;
Cip(Lt)

@ freechloride @ fixed chloride



Chloride Penetration Test Results

Y

Sealed

-Total chloride content

WA

---------------------------------------

0 100 200 300 400
Submergence period (days)

Chloride content at the surface layer
(wt % of cement content)

[

1®

\

I

I

1

|

|

l‘\

|

|

\ B

| @

I T

¢ =
]
o §
L
]
3
-
=1
2




Chloride condensation due to
Carbonation



Effect of Carbonation

Cl- concentration distribution

\ |

Air
(CO,) ™

- Environment Cl- concentration

/

\ ]\ i

Y

Y

Carbonation Non-carbonation

20Nn¢€ 201ne




0.5

1.4

' Tp‘ral chloride reduces ~8

0.2

.1

= | T 1 T _i e
Time = 0 day
Total Chloride
L . — e . 2 ik
L Free Chloride
T ————— T E————— ————————— e —— -
= | — i

L

il

Distance from concrete surface (em)

Cl concentration (% concrete weight)

—_—

Carbonation 1
- [~|depth=8mm

T —

s

Free chloride increases——

11}

Time = 98 days -

=={
|
|
-i

Total Chloride




Chloride condensation due to
effect of wetting & drying



Effect of Cyclic Wetting and Drying

Pore
Drying period, T,,, AD N
\ Pore solution
Pore
Wetting period, T, ~
Environment  Surface layer Internal layers

Water <:|
Capillary suction — i b e e o e o = o = = =

Saltwater I:>
\ \ Cl- concentration distribution

Environment Cl- concentration



 Wetting & Drying Test Results |

i Concrete (w/c =50%)

Sealed

Drying 7 days + Wetting 7 days

/Tntal chloride content

Free chloride content

.
-—— . -
?'..-"" Chloride concentration

- R e e e

of the wetting solution

! ! $ i
0 100 200 300 400
Wetting & drying period (days)

hloride content at the surface layer
(wt % of cement content)
I

= |
—



Ton Equilibrium



Hydroxyl exchange rate,

Mechanism of Ion Exchange

=

O

e
|

_ lcr Jom [

e
-------------------------------------

.* "y

o 3

0.00
0.00

[CI']/[OH]




Depassivation Criteria



Depassivation Criteria

1. Chloride corrosion threshold

® Depend on the hydroxyl concentration in pore solution
* [CI], =0.1716 [OH]*"™"

where,

[CI']Cr = critical chloride concentration, mol/l
Chloride Threshold for Corrosion

[OH'] = hydroxyl concentration, mol/l
:_ED/ 0.08 -
g 0.04
2. Adequate water supplied
0.00 0.20 0.40 0.60 Q50
® Optimum relative humidity is 70-80% [OLLL (mai)

3. Oxygen provided



File- Matenal Data  Ervaronmental Bata Bun  Output Help

pecimen Details
ength of investigation | cm

lepth of covering | cm

dix Praportion [per Tm”3 of concrete)

ement
lw azh
vand
Hock

M ater

[ ka/m3
[ ka/m3
[ ka/m3
[ ka/m3
[ ka/m3

Ok ‘ Clear &l ‘

Properties of Cement
Silicon Oxide, 5102
Calciumn Oxide. Cal
Alurning Oxide, AI20°3
Femous O=ide, Fe20 3
Sulphur Dxide; 503

Fineness

Properties of Fly Seh

Silicon Oxide, 5102
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Fineness
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| o’ 24
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Input interface for calculation of chloride distribution (T)
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File- Matenal Data  Ervaronmental Brata Bun  Oukput

Help

- tvironmental Case

* FC=1 Mo chionde inside and outside of concrete

£ B 8 & 8 8 @

“hlonde and Hydrozide |ons
Initial chlonide content in concrete

Chlarde concentration af zalbwater

Iritial hpdroside concentration in concrete

[ime-and Temperaturne
Wetting period
Diving perniod

Conditioty at start of cuclicwetting and divibg
[Fleaze bppe et or 'drpt']

Time at start of zubmersion

Temperature

Srire amm e e T |

EC=3.1 Chlondes move inko concrete submerged in zalbwater

—
—

EC=21 Chlondes move out from concrete submerged inpure water
EC=22 Chlorides move out from concrete submerged i zalbwater

EC=23 Chlorides rove out from concrete in-atmozphenc 2ohe

EC=3.2 Chlorides move into concrete under bidal 2one [E qually wetting and drying)
EC=3.3 Chlorides move into concrete under zplazh zone [Longer diving than wething)

EC=3.4 Chlorides move into concrete under atmozphenc 2ome

Z by wt of concrete

Clear Al

ril |
ril |
Input interface for calculation of
chloride distribution (II)
day
day
day

dearee celcius

|| T
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File- Matenal Data  Ervaronmental Brata Bun  Oukput

Help

Elapzed time 53 day

Run ar Buh Again

E uit ‘
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Flus of CL; Diff+lan [red) and Diff [Blae), moldcm ™2/ day

o T80

Gl\ P
(e
e e _
RHcA100 [blue) and CW [red). ratio Fluz of FHe, cm”™3/cm”2/day
a; 5 ot LR R
-----I--
G
/@ = = =
[OH-] [blue] and [CL-free] [red]. moldl
6]
i
s
"\_‘.
N
-._-:LH_R
4 = \E?H_—_h_h"ﬂ— = =

i BEEEE 7w ey



Simulation of Chloride Profile of Cement-Fly Ash Mortal
(Internal chloride)

Chloride content
(% by wt of cement)

Chloride content

2.00

(=) — —
N () W
(=) =) (=)

<
)
S

2.00

—_
N
S

(% by wt of cement)
() —
3 =
S S

0.00

—a— total (model)
—— free (model)
—&=— total (test)
—— free (test)

00 1.0 20 3.0 40 50 6.0

Distance from surface (cm)

—=— total (model)
—— free (model)
—=— total (test)
—— free (test)

A A A
r 'y L 3 A
A A A
r=y =~ =~ gAY

00 1.0 20 3.0 40 50 6.0

Distance from surface (cm)

2.00
= —a— total (model)

o=l —a— free (model)
8 g1.50 —&— total (test) m
g % —a— free (test)
8 Qal 00
R R e
ASE
S 2050

0.00 \ \ \ T ‘

00 1.0 20 3.0 40 50 6.0

Distance from surface (cm)

[Cl] = 0.94 % by wt of binder

I

Maruya and Tangtermsirikul:
(Dissolving Test)

cement-fly ash mortar,

w/b = 0.50, f/b = 0.20

t. = 28 days




AALIVI LUV ULILviaIL
(% by wt of cement)

Cnioriac content

(% by wt of cement)

Simulation of Chloride Penetration in Concrete
(External chloride)

Submersion period = 28 days

5.00
—— total (model)
4.00 —a— free (model)
: —H—total (test)
—A— free (test)
3.00
2.00 R
1.00
0.00 -

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Distance from surface (cm)

Submersion period = 365 days

5.00

—B—total (model)
4.00 —a— free (model)

—B—total (test)
3.00 \
2.00

—A— free (test)
0.00

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Distance from surface (cm)

Chloride content

(% by wt of cement)

Submersion period = 91 days

Submersion period = 182 days

5.00

MY

1.00 -

——total (model)
—a— free (model)
—B—total (test)
—A— free (test)

=
=3
S

(98]
(=
(=]

Chloride content
(% by wt of cement)

0.00 ‘ T T B—5

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Distance from surface (cm)

[Cl]=1.82 % of CI

5.00

o
=3
S

o
=3
S

=
o
S

—
S
(=]

0.00

1\

——total (model)

—a— free (model)
—B—total (test)
—A— free (test)

=l

=

1.0

3.0 4.0

5.0

Distance from surface (cm)

@—05555

Maruya and Tanqgtermsirikul:

concrete,
w/c = 0.50
t. = 28 days

6.




Depassivation time (day)

Effect of water to cement ratio on depassivation time

1,000 Cement paste:
Ts =28 day
Twet =7 day, Tdry = 7 day
800 - [Cl-] of saltwater = 0.085 mol/l
600 -
400 o
200 -
O \ \ \ \
0.20 0.30 0.40 0.50 0.60 0.70

Water cement ratio



Depassivation time (day)

Effect of saltwater concentration on depassivation time

1,000

800

Cement paste:
Ts =28 day
Twet = 7 day, Tdry = 7 day

600 -

400 -

200 -

St

2 4
Chloride concentration of saltwater (x10,000 ppM)




Depassivation time (day)

Effect of depth of concrete cover on
depassivation time

1,000

800

600

400 -

200

3 4 5 6 7

Depth of concrete cover (cm)




Depassivation time (day)

Depassivation time of different environment

1000

800 -

600 -

Subemerged in saltwater

400

200 -

[CI-] of saltwater =0.845 mol/I
w/c =0.40
Ts =28 day

Subemerged in saltwater &
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Durability of Fly Ash Concrete under
Sulfate Attack



Sulfate Attack

1. Mechanisms of NS Attack

CH+NS+2H <= s Colry NE ()
C,AH,3+3CSH, +14H P C,AS;H;, + CH (2)
C4ASH,+ 2CSH,+16H e CeASsHz,  (3)
C;A+3CSH,+26H R e R By - ST [ (4)

V;C1-25F2-0.45 in Na,SO,
392 DAYS




Sulfate Attack

~ 2. Mechanisms of MS Attack

CHMS+2H ~  —— CSHpMH - .(B)
C,S,H,+ xMS+(3x+0.5y-2z)H

- XCSH, + xMH+05yS,H  (6)
4MH+SH11 RN M4SH8.5+(n-4.5)H (7)

|
1
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392 DAYS




Percent replacement of fly ash, %
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Conclusion

To obtain durable structures

- For New Construction

- Good Analysis and Design (new PWCP design
acts)

- Good Materials (new TCA material spec.)
- Good Construction (?)
- Good Protection and Maintenance

* For Already Existing Structures™

- Monitoring, Protection, Maintenance,
Repair, Strengthening



- The CHE™—

Thank you for your attention



