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Concrete Mixture Design for RC Structures under Carbonation
- Application of Genetic Algorithm Technique to Mixture Conditions

Sung-Chil Lee,” Maria, Q. Feng,” and Sung-Jun Kwon"*
"Dept. of Civil and Environmental Engineering, University of California Irvine, CA 92697, USA

ABSTRACT Steel corrosion in reinforced concrete (RC) structures is a critical problem to structural safety and many researches
are being actively conducted on developing methods to maintain the required performance of the RC structures during their
intended service lives. In this study, concrete mixture proportioning technique through genetic algorithm (GA) for RC structures
under carbonation, which is considered to be serious in underground site and big cities, is investigated. For this, mixture proportions
and diffusion coefficients of CO, from the previous researches were analyzed and fitness function for CO, diffusion coefficient
was derived through regression analysis. This function based on the 12 experimental results consisted of 5 variables including water
-cement ratio (W/C), cement content, sand percentage, coarse aggregate content per unit volume of concrete in unit, and relative
humidity. Through genetic algorithm (GA) technique, simulated mixture proportions were proposed for 3 cases of verification and
they showed reasonable results with less than relative error of 10%. Finally, assuming intended service life, different exposure con-
ditions, design parameters, intended CO, diffusion coefficients, and cement contents were determined and related mixture pro-
portions were simulated. This proposed technique is capable of suggesting reasonable mix proportions and can be modified based
on experimental data which consider various mixing components like mineral admixtures.

Keywords : carbonation, genetic algorithm, service life, mixing design, relative humidity
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Table 1 Influencing parameter on carbonation behavior

Low W/C hol@ing pH in alkali through pro-
and larce ducing large amount of hydration
i Cemge " | of CSH and Ca(OH),
‘low CO, diffusion through dense
amount
pore structure
Aggregate ~CO.2 intrusion through artificial light
weight aggregate
Internal Mineral | -small amount of Ca(OH), due to
parfameter admixture | pozzolanic reaction and latent hydraulic
(mixture) | (slag and | reaction
fly ash) | ‘low diffusion coefficient of CO,
Mi . . . .
IX?d -rapid carbonic reaction due to high
chloride . . e
pH from ion dissociation
content
-rapid carbonic reaction due to high
Alkali alkali cement
‘residual metallic oxide (K,O, Na,O)
CO, -Rapid carbonation through higher
concentration| concentration of CO,
Temp. -in.creasing activity energy‘ due to
high temperature (Arrhenius law)
External -decreasing carbonation in low R.H.
parameter RH due to insufficient H,O
o -decreasing carbonation in high R.H.
due to low CO, diffusion
Induced | ‘rapid carbonation due to dissociated
chloride ion | chloride ion (cation)

Table 2 Semi-empirical equations for carbonation process

Researcher Equations

SOOOC
t=a-B-y-o-¢ (x 38)2

Syrayama | C : carbonation depth, x : W/C ratio

a, B, y, o, &:factors for admixtures, cement type, expo-
sure condition etc.

03(LI5+3W/C) 2
R (W/C-0.25)

t= (W/C > 60%)

Analysis of mixture proportions and diffusion
coefficient of CO2 (12 sef)

fesessassnsanansnssstastsaranennan 1 ............................. L
: Pl
. Poe
:

Derivation of fitness function with mixture conditions among 12 set

- output : diffusion coefficient of COz (m” Isec),
- input : WIC ratio (%), cement content (kg/m®),
sand percentage (%), coarse aggregate content (kg/m®),
relative humidity (%)

Application of Genetic Algorithm

- limitation of input boundary (minimum and maximum)
I

Comparison with results from GA and the adopted test| "~
results (3 set)

gthrough MATLAB programing

Suggestion of mixture design for carbonation

) Determination of intended senvice life for RC structures

) Cover depth in design stage

) Evaluation of exterior conditions (RH., CO,, Temperature)
) Determination of durability limit state

) Govemning equation

) intended diffusion coefficient and cement contents

) Cotaining optimum mixture design through GA technique

Fig. 2 Flowchart for this study

15,26)

Table 3 Summary of test setup

Steps

a) Installation of test equipment in room (20°C)

b) Measurement of concrete sample thickness and diameter

¢) Installation of sample (concrete disk) in cell

d) Applying N, gas and CO, gas in different cell with same
pressure

e) Measurement of CO, concentration when CO, concen-
tration in N, gas keeps constant (steady state)

o Yool
0 T T feo)A

where D, : diffusion coefficient of CO,, O : flow rate of gas
I co, :mol fractlon in N, +CO, L : thickness of disk, 4 : area of disk

- 7.2 2 o
Kishitani ! R*(4.6W/C— 1.76)2C (WIC=60%) Table 4 Mix proportions for CO, diffusion measurement'®*®
C: carbonation depth, x : W/C ratio Case W/C | Cement | Water Sand |Coarse aggregate
R : factor for cement type, aggregate type, and sur- (%) | (kg/m’) | (kg/m’) | (kg/m’) (kg/m”)
face treatment 1| 4 425 179 714 895
1=K k= 03(1.15+30/x—025)° 2 | 50 | 315 158 748 1076
R , s8 | 277 | 161 | 726 117
Hamada | C: carbonation depth, x : W/C ratio -
R : factor for cement type, aggregate type, and surface Aggregate properties
treatment Type Specific gravity | Absorption FM.
K > Fine 2.56 2.18 2.85
T e coarse 2.60 0.94 6.51

C : carbonation depth, x : W/C ratio

K : factor for exposure and cement type

a, B, y :quality, retardation, and environmental
condition
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Fig. 3 CO, diffusion coefficients with W/C ratios and R.H.

Table 5 Variables for fitness function
w/C C S/a G R.H. |a and| Constant
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Table 6 Variables and constants in regression analysis

where

WIC : water-cement ratio (%), C : cement content (kg/m’)
S/a : sand percentage (%)

Agg : coarse aggregate content (kg/m®), RH : relative humidity (%)
I : intersection (constant)

| A B C D E

Eq. (1)| 1003.744 | 15.104 | —1.382| 2.976 | 0.594 |-9.864

T

PN %) |(kg/m)| (%) |(kg/m?)|kg/m?)| b )

Max | 100 0 10 10 =30 200,000
Min (=100 =100 | =10 | —10 =30 -1 0

16307.931| 50.830 [-29.566| 5.552 | —4.361| 9.897
a : —0.006489, b: 0.7434

Eq. )
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Table 7 Comparison with results from test and simulation from GA

w/C Diffusion coefficient w/C Cement S/a Coarse aggregate R.H.
(%) (10""'m*/sec) (%) (kg/m’) (%) (kg/m’) (%)
1576.3 42 425 44.4 895 10
42 range GA - 40~45 400~450 39~45 800~895 10~10
error (%) 1574.9 40.99 424.96 40.49 877.43 10
0.10 240 0.00 8.80 1.96 -
1360.2 50 315 41.0 1076 75
50 range GA - 47.5~52.5 290~330 39~45 950~1100 75~75
error (%) 1503.0 48.71 329.65 42.64 1086.45 75
10.5 2.58 —4.65 -4.00 -0.97 -
1179.1 58 277 394 1117 90
58 range GA - 55~60 260~330 39~45 950~1300 90~90
error (%) 1172.4 59.99 255.00 42.99 1100.11 90
0.6 -3.43 7.94 -9.11 1.51 -
4000 445 '
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Fig. 6 Simulated results through GA
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Table 8 Design parameters for carbonation design

Type Structure A | Structure B

Intended service life (year) 75 100

Design cover depth (mm) 50 30
Exterior condition RH:65% | RH.:75%
Temp.: 12.7°C| Temp.: 22°C

CO, concentration (ppm) 2,700 980

carbonation depth

Durability limit state — cover depth

Assumed cement weight (kg/m*) 300 | 330 | 335 | 370

Intended diffusion coefficient

< 10" (m?sec) 1,742 | 1,916 | 1,248 | 1,378

AA ek o] Aol WA B9 ANEFE Table
73 el AP ol WE BEFMAFE MR

a7 skt

422 XXHSO| ==

HAuge] &S 9ste] GAZS o] &3k H3Z o uig
EE FASEE 3t} Table 8914 YERNS]
A el 9] AR EF Afolo s F4e 2Fto] W
Aste g, ATZEd their e & AME=ZF] 300 kg/m’
7 330kg/m’el AL-ES, B FXRE teiAs @9 A9
E ko] 335kg/m’H 370 kgm’e A= spgste], zhzt
94 HH@-% E%s}-]}_i zs}r,]. ]Z—]UL/*7]_ Al (2)9]_ 7Lo]
TE29 deolng, Adsee &9 AWERS A5
o] 2] (2)¢ A5 H2FATE HH?L% 231}, Table
9ol M= ztzhe] 79 ﬂ%é‘}&l
Rom, HAs4e)l i g

o), B3

Hj &
74]-1‘9]'-/] i @ 2k= Fig.
70l =AEH3A
Table 9
+] Al

pd

zOJ
*n-YL

g 7914 & 4 Umol B A0}
% ]27(4 o= E%g—}_ﬂd 19 -H
9 9/1‘:]' F1g 7J4' Fo] njjgto]

=i
=
ER

,d
i

o rﬂ
=5
et

=2

&
o o Ly 4

2 N

%MW 7} HHELLTL i@ﬂow &b,
Qo] #AAE Rl
M= 719 olitsteta AT E &
sto] o] iksteka kA g gk 3] A 2
|- &3t HA g 9k
= HH%L @_7%171%*% ArstAct. e A
HE IEWE AHEES A}%%J 73 g0l %
A E 2L 277425 kg/m®, =-
= 42-58% W Slfell M ut @%Ol 7}%6 D}l & 9l
235t

{
=

o

rﬂmm m{mﬁ-{oﬁéo
o 2 o

Loop 41 &

o
oL o
flo QL *8,
lo
a2
Q)
>
N
E
(o]
o

r2 e wlo
oY

4
)
i,
=
vy
do

data setl] A|jE 7] wiFolth ¥ B wigEAS 9]
g3, olof] W& HMY IR FFE

’\“*0}“4 o] d7= s A Mg es uAS

Zolth A o] AFdAM = EAFEES U

=2 HiEMEAIO ChE oI 7- REA L12|E HEY "It 341



Table 9 Mixture design through proposed GA technique

Case Intended ditfllJSign coefficient W/C Ceme131t S/a Coarse ag%regate R.H.

(10" 'm*/sec) (%) (kg/m’) (%) (kg/m”) (%)

A Structure A 1742 42.5 300 37.1 1191.2 65
range 42~58 300~300 37~43 800~1200 65~65

B Structure A 1916 53.1 330 37.0 953.6 65
range 42~58 330~330 37~43 800~1200 65~65

C Structure C 1248 50.0 335 42.5 1165.3 75
range 42~58 335~335 37~43 900~1200 75~75

D Structure B 1378 514 370 38.6 823.4 75
range 42~58 370~370 37~43 800~1200 75~75
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