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Development of Performance Based Mix Design Method
Using Single Parameter Bayesian Method

Jang-Ho Jay Kim,"* Hung-Duc Phan,” 11-Sun Oh,” and Keun-Sung Lee"

YDept. of Civil and Environmental System Engineering, Yonsei University, Seoul 120-749, Korea

ABSTRACT This paper presents a systematic approach for estimating material performance and designing mix proportion of
concrete based on an application of Bayesian method in the form of satisfaction curves. The one-parameter satisfaction curve rep-
resents a satisfaction probability of a concrete performance criterion as a function of concrete material parameter. An analysis
method to combine multiple satisfaction curves to form one unique satisfaction curve that can relate the performance of concrete
to a single evaluating value called Goodness value is proposed. A proposed PBMD procedure and examples of application of the
PBMD method for concrete mix proportion design are carried out to verify the validity of the proposed method. Finally, the com-
parison between the expected performance results of a concrete mix proportion designed using PBMD to the ACI estimation equa-
tion calculated results are performed to check the applicability of the method to actual construction.

Keywords : performance based design, Bayesian method, satisfaction curve, concrete mix proportion design

o] Ao HEide TYHT Bayesian WHS 53l Ao
7 S 348 F8EiA e 7R Sa2E wigd
7 "(performance based mixture design, ©]3} PBMD)Z 3}
£ Zo|t}. Bayesian WHe ZARSES o] &3 5

EAlo] 20|, Shinozuka,"” Singhal and Kiremidjian®l <]
) F2ASEA 249 vl Atk PBMDANE £

E AEA AL grsted 99 728 whHol Ae-Eoh

A4 FIYE WA= AabEF AR olu
2 AAss7e oH ol Ak A EEFAIA &
9} el dAsrteke] FEAAZY ST wel PBMD
o} 7o AAAHo|HEA FAd A Wl thE B
Zolx|aL Ak @Al AMEE = AAVIEoIY 73
2 °]Z 3t PBMD AAIAG S AAgst7|ol FEA &
StER o] =AM A 54 AF Wl it A
T EEgE AEE iES =93 PBMD AAIHA S
A Alstazal gty SUd WS Bayesian 'S ©]-&3) 7N
U UEE 24 FAE AFESFY] T2 874
S/NEE UEY FES AYFgoN ZIE HF)
£ AAst Frteted 7HA ARg-o] diE Aot

*Corresponding author E-mail : jjhkim@yonsei.ac.kr
Received, January 25, 2010, Revised May 17, 2010,
Accepted, June 4, 2010

(©2010 by Korea Concrete Institute

PBMDe] AAFFL 3709 Faad =t 7eHA o AR
J/].xqoi -_T’—HE]O] ol:q TZE _4 Ly gIA=S
7|22 ot @AFOR FAE Tt T3 FAYE
o] o 7HA] s AHAAE YEl= W (Fig. 2),
2735 E] EREE 5ol e 5, ¥, 1Y,
), 7F AERHgEe] 71 rXe FE 4
slo] Aol WM4=9] importance factor(F = A=, ©]35)
I 2 7H49 2L 5L 2 Aotk A=
0E FIYE AEHTFES ¥5E it BMEE 5%
3171 98l goodness value(JE= A, I8t GV)Eh= 7
S Este] o8 e wEE FA4E A¢ste HH
T

Rk AA = A

W

=]

= Bkt

=5 e WHoE 73 Ao} ].u-o}oﬂ R
[e]

= H

2. PBMD2| #H 2+
2.1 PBMDS| 2 #A| 2t

PBMD A7A 34L& wHeIAY de &8sl I
Aol FARE MYE Hoke FAelth PBMDE A

499



s
=

Iv)
fLHu o rlo o N

A 3Mel FPer pAHANT A WA A
Aol Q5 V2R ¢ 27144 A4, F UA
Z714AE Brrsta HAstsk= A4, Al WA
ZVAAE FASH FE2AAARE S5 FA o)
O Afder B A HA AL oA B 1, 2

UH L, oA e 9 3, 42, Al A JJr =

Al 5, 6, 72 Wtk RN E AAAT Bl 2
FAVGS A olsstolok stk 2EAME A
o] QFANES vlEro 2 A8 EA, BEXAAIE, X
B 4SERS 245y 2] 2ade gENEe 9.
3R E ElolEE £ T BEEINE Aukste
=y Zﬂ“ﬁﬂ«l S Hrketa, 4dAl = 1IFeF GV
MEE ARgste] of2] 7]¢] viEe 34dE shte] =
 miow A SAdAL A Bk s
Agol AYHAR 571FS vty olg ngos
oAM= iR A AU ZAYENTS
53t v ge g TdAM = HS FAYEMT
o] WiAe] QPAYES VEFEA PEUC PBMD
3ol 2 WA v ws& dme 224%F 244

AT}

:uﬁ"
o

o

P

A qumrzgg AH ks H]Oﬂ SRS T SUTh F
< WEE H41E o83 PBMDO| Fo34 e ek

T N

N A
4w
M-

-

BN

i

lo

ofN m

im i

kl

o

mE

?E

o

o

(3

-

T

m.ln o,

g

o,
>
>
o i
N

N
>

= i rir it

2L fo i mg ob
4

e o
N
kl

RN
>

o

ox U fo
o M 4
o i
9 g
RO
o >

N

ol :’
Ly
e
)
> o

o
rir oX,

i)

= tllo
m |

— B N

ot
B
N
i, ofN

817] Mol WA QPG
A &%A}q}% pi= 2
a7l olsslober g,

offt
_>‘i
N
ofy
Y
]
u
AC)
I
X
Jo
e
ol
il
w o
a-ln—hﬁilm TN N2 e

2
2
rg
0 of

w2
5

¥

tlo

2

JX&‘

22228 - XJ| 2T TZHISHAH|
AAARE 2710 ARE ZAYES] F/HE 7=

ol
-

o Al EHo] W 7 ZAE EXNEAUE, ZA, &
Al ] TH 52 AQsY. 84 HAsE WEAT] 4

A 5E3 EANFLESYT vEY, Zeto]d|
QoAE vo«)ﬂ e sE 73%5 dtt. o5 Eo] 1
= —‘—ﬂﬁ]Eé A7] f]oﬂx = 1 Ko

A

e o

Client’s requests
1. Structure type
2. Total cost
3. Service life
4. Special concrete: self-compacting concrete, high
strength concrete, crack controlling concrete, etc

v

Design engineer’s selection
1. Target design strength, slump, water penetration
depth, shrinkage, etc
2. Substrate material properties: cement type, aggregate
type, max coarse aggregate size, admixture type

v

Design engineer’s decision

1. Performance class: Excellent/
Good/Moderate/Minimal

2. Percentage of satisfaction P%

v

Select
standard mix proportion
P Modify mix
v proportion

Data collection
Use existing results or obtain
new results when necessary

v

Develop
satisfaction curves for mix proportions

v

Combine satisfaction curves
Offer trends of satisfaction for next levels

\4

Range
limit of satisfaction

Unsatisfy

Satisfy

Evaluate
mix proportion’s
feasibility

Unsatisfy

Satisfy

Verify
Client's
requirements

Unsatisfy
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‘ Final Concrete Mixture Design ‘

Fig. 1 Main procedures of PBMD using satisfaction curve
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Table 2 Compression strength test results

Mix proportion
Symbol | W/C | S/a W C S G
(%) | (%) |(kg/m’)|(kg/m’)|(kg/m’)|(kg/m’)
MSD 50 42 | 1756 | 351.1 | 737.2 | 985.8
MWC80W | 80 42 | 2809 | 351.1 | 737.2 | 985.8
MWC80C | 80 42 | 1756 | 219.5 | 737.2 | 985.8
MSA35S | 50 35 | 175.6 | 351.1 | 540 | 985.8
MSA50S | 50 50 | 175.6 | 351.1 | 1000 | 985.8
MSA35G | 50 35 | 1756 | 351.1 | 7372 | 730
MSA50G | 50 50 | 175.6 | 351.1 | 737.2 | 1350
MWC35W | 35 42 1229 | 351.1 | 737.2 | 985.8
MWC65W | 65 42 | 2282 | 351.1 | 737.2 | 985.8
MWC35C | 35 42 | 1756 | 501.6 | 737.2 | 985.8
MWC65C | 65 42 | 1756 | 270.1 | 737.2 | 985.8
MWC45W | 45 42 158 | 351.1 | 737.2 | 985.8

Compressive strength (MPa)

Symbol Specimen Standard
Mean .

1 2 3 deviation
MSD 23.6 28.7 34.4 28.9 5.4
MWC80W 8.2 10.0 11.2 9.8 1.5
MWC80C 8.0 9.6 11.5 9.7 1.8

MSA35S 17.5 23.8 29.2 235 59
MSAS50S 253 31.8 374 31.5 6.1
MSA35G 24.6 31.7 37.6 313 6.5
MSAS50G 22.7 273 31.6 272 4.5
MWC35W | 41.1 50.6 57.4 49.7 8.2
MWC65W | 124 14.9 17.4 14.9 2.5
MWC35C 454 56.3 63.9 552 9.3
MWC65C 13.4 15.7 19.2 16.1 29
MWC45W | 315 353 44.7 37.2 6.8

MWCS55W | 55 42 193.1 | 351.1 | 737.2 | 985.8

MWC55W | 204 24.0 30.0 24.8 4.8

MWC45C | 45 42 175.6 | 390.1 | 737.2 | 985.8

MWC45C 30.0 38.1 43.9 37.3 7.0

MWCS5C | 55 42 175.6 | 319.2 | 737.2 | 985.8

MWC55C | 20.0 23.6 29.6 24.4 49

MSA39S 50 39 175.6 | 351.1 | 640 | 985.8

MSA39S 224 26.6 32.7 272 52

MSA45S 50 45 175.6 | 351.1 | 840 | 985.8

MSA45S 24.7 29.8 36.1 30.2 5.7

MSA39G 50 39 175.6 | 351.1 | 737.2 | 870

MSA39G 24.0 30.1 35.6 29.9 5.8

MSA45G 50 45 175.6 | 351.1 | 737.2 | 1100

MSA45G 23.6 274 33.1 28.0 4.8
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Table 3 Elastic modulus test results 3.3.1 Importance factor(@S T H%, IFE OFA))

OO L 4 10

Elastic modulus (MPa) oA Ao sol, IFe zF MgEo] Fa Ewgol
Symbol Specimen M SO A Al B0 G Al A e e 2
1 2 3 deviation AHch 2] )9l AHed ZF E3E ujg HEEY] IF
MSD 23350 | 25635 | 27994 | 25660 | 2322 + Table 441H 7H = U th. Table 4] importance factor
MWCSOW | 8450 | 12017 | 14084 | 11517 | 2850 HES HAe AENA AAF FE R 7P pE
MWCS0C | 17558 | 19744 | 21450 | 19584 | 1951 o]™ importance factorgt®] A HA ol thsir= F71H4
MSA35S | 22025 | 23580 | 26011 | 23872 | 2009 A7k Zasith B3, shte] wige] RE IF #E
MSA30S | 25685 | 27958 | 30452 | 28032 | 2384 o T2 105 95 T jlrh oA 7 dEe R A

MSA35S | 24542 | 26392 | 29142 | 26692 | 2315 FAAY FEHe Ae A S Sloln.

MSAS50G | 20574 | 24366 | 26292 | 23744 | 2909
MWC35W | 29420 | 30919 | 33068 | 31136 1834

3.3.2 Goodness value(R 2 &, GVE &4F)

2=0 =T ZNES A%ts OlFI A =
MWC65W | 16483 | 19270 | 21895 | 19216 | 2706 Aol s Eﬁqﬁ %OEE E‘i‘iﬂ ]H H’?:ﬁaﬂﬂ
= = FS T ES o]= Qlu}lrlo] 7
MWC35C | 29359 | 30558 | 33457 | 31125 | 2107 LT; | =8 . HEE S E:;':O“Aff
= ok & =7 E ZH A
MWC65C | 19080 | 21428 | 22849 | 21119 | 1903 wIofoF Sk Table 58] =222 AIZWTE A
@ Auigke A (02 olgdtel ARUFE 0-19] ¥

MWC45W | 25279 | 28866 | 29345 | 27830 | 2222
MWCS5W | 20397 | 23589 | 25578 | 23188 | 2614
MWCA45C | 24437 | 26750 | 28469 | 26552 | 2023
MWCS5C | 21286 | 24445 | 25027 | 23586 | 2013
MSA39S | 22140 | 24108 | 26286 | 24178 | 2074 ot
MSA45S | 24448 | 25447 | 28579 | 26158 | 2155

Adlel J= GVE HMBET & So, "y E-AFA
H] ¢ GVE (B-AWEH]-0.35)/(0.8-0.35)% AlAtEH of
1M B AR E 035~0.8 M99 #S zheth

dEn FA ARRYS o e WS T A

MSA39G | 24213 | 24818 | 28422 | 25818 2276 HAES AA7ZS 7Mooz 3lo] EF nEr ZMoZ
MSA45G | 21919 | 23994 | 27380 | 24431 2757 e 7] 93 etk oA Ao F=o], gt

= 1 e 1.0
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Fig. 5 Compressive strength satisfaction curve
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Probability of elastic modulus
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Probabilty of elastic modulus
satisfaction

Probability of elastic modulus

satisfaction

0.8

05

0.4 4

02 4

——E=25GPa

0.35

0.8

05

0.4 4

0.2

05 0.85 0.8
WIC ratio
(a) WIC ratio

——E=25GPa

220

290 360 430 500

Cement content (ka/m?)
(c) Cement content

——E=25GPa

710

870 1030 1180 1350

Probability of elastic modulus

Probability of elastic modulus

Coarse aggregate content (kg/m?)

(e) Coarse aggregate content

Fig. 6 Elastic modulus satisfaction curve

Table 4 The importance factors of concrete parameters

Parameter Importance factor
Compressive strength Elastic modulus

w/C 0.50 03s
w 0.10 0.25

C 0.30 030

S 0.05 0.05

G 0.05 005
0.00 .00

Total 1.00 1.00

Table 5 The divided and shifted compatible value of concrete
material parameters

Concrete Divided Shifted
material parameter compatible value compatible value

Ww/C 0.8-0.35=0.45 0.1667

W (kg/m’) 280.9—122.9 =158 0.1667

C (kg/m’) 501.6-219.5=282.1 0.0335

S (kg/m’) 1000-540 = 460 0.0713

G (kg/m’) 1350-730 = 620 0.0874
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of (a) w/c ratio; (b) water content; (c) cement content;
(d) fine aggregate content; (e) coarse aggregate
content

TS FAo] A 4 (2)9F Table 6914 7Hg st
AbE-3te] o] Fol Xt} Safety 1, Safety 2,
Al IFEs AT o AT IFe 7
3 IFe 713t IFe9 2¢S

=

(]
2
@ 5 08
s ©

©
EE 06 -
5 @
>= 04
= o
25
© = 1A= ‘
S % 02 fc=25MPa
o

0

0 0.2 0.4 0.6 0.8 1

Goodness value of mixture proportion

(a)

Probability of elastic

Table 6 The importance factors for safety satisfaction curve

Importance factor
Parameter
Safety 1 Safety 2 Safety 3

Compressive strength 0.2 0.5 0.8

Elastic modulus 0.8 0.5 0.2

0.0 0.0 0.0

Total 1.0 1.0 1.0
£YZ, 222, A25E 52 Asiop o v
= FHL AFsHe vl B IF 7o) Aol olgE +
At} A Folzl WAGIM BE BUASF BEE 4
So AHM, 2 49 WANHE Folxl wjgule) of
A oz Wl ojd BEw Zao] AAA VIR 7

F2 32 A o] HPL wrEIY

3.4.1 §sDIzgE Wt
A7l e AEUSSES Hrtskr] 918 A
289 ol QTUEHIE PuE VEdorw ). o
A= EFM el e ZE WHFe GVE 052
FdoA Adgeslal olg P o2 Azl Fig

5= O 2~ =
e = 3 4=t
=315 =

b |
L QFEE 65%ET A3, BAAS vk
| 2, HEEEL] Aol=

0|83},
13.8%%} 6.1%°]T}.

modulus satisfaction

0 0.2

0.4 0.6

Goodness value of mixture proportion

(b)

Fig. 9 Combined (a) compressive strength and (b) elastic modulus satisfaction curve of concrete mix proportion
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Table 7 Modified mix proportion

Standard mix | Modified mix Parameter’s
Parameter . .
proportion proportion goodness value

W/C 0.5 0.49 0.52
W (kg/m’) 175.57 175.57 0.5
C (kg/m’) 351.13 358.3 0.53
S (kg/m’) 737.21 737.21 0.5
G (kg/m’) 985.79 985.79 0.5

Table 8 Goodness value and satisfaction probability of the modified mix proportion

Goodness value Probability of
Parameter Parameter’s Importance factor of modified mix satisfaction (%)
goodness value
7 E fe E fe L
w/C 0.52 0.50 0.35
w 0.5 0.10 0.25
C 0.53 0.30 0.30 0.519 0.516 77 66
S 0.5 0.05 0.05
G 0.5 0.05 0.05
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Table 9 The extra tests for MSDM

3) RSx4 A4 FAYE widd

Compressive Elastic modulus

MSDM strenggl (MPa) (MPa)

1 22.1 22445

2 29.3 26865

3 31.2 28694

4 23.1 23398

5 28.9 27757

6 30.5 29035

Mean 27.5 26349
Standard deviation 3.91 2773
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