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< SUMMARY >

O Purpose

For proactive structural management, it is essential to make an objective and reli—
able prognosis. In most engineering applications, plausible prediction models are
available and this results in model uncertainty. Model uncertainty significantly af—
fects the prediction in prognosis so that it should be carefully considered. For
time—dependent deformations of concrete, there are numerous prediction models.
Unfortunately, different predictions can be made depending on the selected pre—
diction model. This research proposes a new novel method to address this diffi—
culty and make an objective and reliable prognosis for time—dependent deforma-
tions of concrete. The developed method can minimize the subjective judgement
for model selection and improve the prediction based on a statistical method. The
outcomes of this research will be used to propose a further research for practical
use

Purpose & |0 Expected Contribution
Contents |* Prediction improvement method for time—dependent deformations of concrete
using multi-model averaging method
— Choice of target concrete composition under compounding ratio and material properties
— Design of time—dependent deformation tests based on target concrete composition
— Analysis of plausible prediction models for time—dependent deformation
— Bayesian inference method for parameter estimation of prediction models using experimental
data of time—dependent deformation tests
— Multi-model averaging method
— Performance evaluation and validation of development method through time—dependent de—
formation tests
¢ Development of integrated GUI program for time—dependent deformation prog—
nosis based on multi-model averaging method
— Development of individual GUI module
— Development of user—friendly GUI-based platform using individual GUI module
— User manual of the developed GUI system
— Construction of example of the developed GUI system using experiment database
¢ Prediction improvement method for time—dependent deformations of concrete
using multi-model averaging method
— Patent application/registration 1EA, SCI Journal paper 2EA
Results , , .
¢ Integrated GUI program for time—dependent deformation prognosis based on
multi-model averaging method
— Software registration 1EA, Database of experiments, User manual 1EA
O Application plan
* Improvement of competitiveness in oversea construction markets (mass
concrete structures or high-rise buildings)
e Utilization for a following—up study as a joint research with potential industries
in demand
Expected Acquisition of Intellectual property right on the original technology

Contribution

O Expected Contribution

¢ Contribution to making bridgeheads for proactive maintenance paradigm

¢ Enhancement of national competitiveness by taking a leading role in prognosis

e Contribution to changing industrial structure from labor—intensive to a higher
value—added business

¢ High Applicability to the problem of decision—-making with similar conditions

Keywords

Time—dependent

. Model uncertainty Model averaging Prognosis
deformation
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« ACI code (USA) = KCI code (Korea) +  GL 2000 model
* ASSHOTO code (USA) * B3and B4 model (RILEM) * andsoon..
= fib 2010 code(Europe) = JSCE code (Japan)
Empirical models were developed using mathematical equations
to represent the time-dependent deformation with various expressions
(power, logarithmic, exponential, hyperbolic and their combination)
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1 N
1) = ——— +—@(t tg)° 8 v
St = g+ oo lite) (3.21)
. el (t,ty) = [1 — exp{—0.108(z — £,)*5}]e (3.81)0e
WM, E(ty SEMEtY ool M EATFLEEAS, B, ME 28 @ 27FHBEAS
@(t,t)s IEZA0IC o AZLET2 4(3.82)8 0S50 A M == Qlct.
2EEA S ot t)E 2(3.28)8 0123 AMY = A o
“ £l = —50 +78[1 — exp(RH/100)] + 38log, W — S[log,(V/5/10)]*¢ (3.82)e0
(. ty) = GpuB(Fr)B(t0)B, (£, 1) ¢ (3.28)4 ¢ “
. 62IM, RHE HUEE, WE U3, vE 21, st 37(2 I&sts ESAE A2 UEM
HIIM, dpts AHESEO BE B, (LIS BIBYE ZEO UE BN, p(e)E 3 =4
Sastelo] e BIA2, f(t)E AIDEROIT . .
EEA S ot AE 0| B5ho] A £ olCh 6) GL 2000 22
. 6L 2000 AZ 4% 2Y [37, 42, 4312 4 (3.69)2 o| AZ2EY £, ST O 8
= 1 D, (3.29)0° A% pr), DB D AlZES -t ) PHEof Yr
.10V
et — )= e BB — ) (3.83)0 ¢
= = X | HR
AlZhol & =29 & FejE UYE
= ===} AN A = =13 =
* 01|—| 28 &H MATLAB ==& 3E 7H = 2|_I'-l-l-
end wir content (1)
Curing condition 8 0 is nesiture curing, except 0 is stean curing.
Relative hunidity (3)
Loading age (1)
Exposure tine fo air (day)
Aoput,fek  © Speeific conpressve strengin (1Pa)
% Input. 128 Gomprossivestrengthaf standard oyl inders (a1 28 days) |
3] 4 Input SPEC : Concrete Specinens (0: Cylinder #/ 1: Square Cross-Section)
fosteta B Hloput,c.dia © Gylinder dianster {an) .
#lnput,o_height: Tyl inder height ()
2] Finput,r_vidth : Rectangie(suare) width  (un)
for =1 length(1) , KInput,r_lemath: Rectangie(sauare) length (o)
bete, 2=t ()~{s) /U1y 2+ (1(~t5))) powers Rioput, ¢ heishi: Restengle(sauere) height  (m)
SH_ALL(1)=8_shosbeta_s (i) :
end, #1nput, sh_width : Rectangle(square) width  (nir
Rnput sh_Lenaih: Rectangle(saunre) lenath  (m)
KInput, sh_height - Rectangls(sausre) heignt  (m)
£
plot (LA global Input
hotd on
plot(f, exp_data) . 43 ASSIGH VAR ALEE |NPUTS.
. [method, t,exp_data,c_type,c,U,a09,5ard, 3,8, cure, BH, 10, ts, fok, 128, SPEG,c_dia,c_height, r_wid
end, th, r_length,r_teicht,sh_width, sh_length, sh_height] .
deal{Input nethod, Input 1, Input v, Inpit, c_type, Input oo, Input wster, Input. ogg, Input. serd, |
& 5, JSCE 2% nRut,s, Input.a, (nput cure, | mput,RH, Input .20, .\ .
Uhgeed Input . ts, Input, fek, | rput, 128, Input, SPEC, Input . c_dia, Input,c_height, Input r_width, Input, r_|
function J = JSCE_Gresp.mpin() ength, Input.r_teicht, Input, sh_width, Irgut, sh_lergth, reut Sh_heiaht)
4 - VARIABLE INPUT
% 1nput,ethod © BASIE or DRYING CREEP T,
¥ Input, t tine (3) M ECEFE
% Iout,¥ Experinental data [Matrix = (Hpoint) % (nrepet)], First eolian is the et
time. #
¥Input,c.type : Cenent classification(1, 2, 3, 5)
Hinput ce Cenent content (ka/n3)
Blnput water : Uater content (ka/n3)
slmiian  + AdrEaRte Eitent ()  CONPUPTE Yolume~ta-Sur face ratio (m)
¥¥Alnput,send ¢ Sand content (kg/n3) o .
Sirput 5 Stunp (m) ) case 0 8 Cylinderical Cross-Section,
= pdl &8 A =
A|?_I-01| = d H AA AE
= E H{ &4 = ol B H{Z AKX =
o ZAEE AZHHE o5 2E E Wy MY 2R
(& 8 = [1 - exp(-0.108 (¢ — )] 0.108 +a
i €, = =50 + 781 — exp(RH/100)] + 38100, 0,56 = b,
—Slieg,(v/S/10)F B o,
(8) BL 2000 2
6L 2000 32T
E10. kel AX4x B0 W I NUE=E FEnH AL AMPS JBIAL, =W P2 WHMHY 02 JE:
CFER o B, AW BE PEIATE A2 LEDD, LN, B3 M98 HSE 5 03 200 95
g o T Jz3zEs @ N0 2, BB WHSZES BFAE A=Y 0,31 14,
£ ) S Al 2.5, 2233 B S8 FEFE0.120 0500
R+ (e=2,) BEETEEED
K = BE UE4s DUE HIATLSTY NVHE FHOK UL, AZT 2 253
£10, = [160 4+ 108,.(9 ~ £,/10)18,, x 107 1680 = ¢ EEE T
ssniiaid IEE N 0929 0500, HEASFETE 222 9w 0l S, Z3E UE,
NUE SRH D2 BZE0. U2, J255T0 0 8 B3E HEE s
(5) JSCE R B TS B 49 20,
z3pz2s A0 JE3mE
o H4E ASHLL DN, B2 HHE Has ]
A0l 0,009 0.8, 2305w @ EXEY
A= 4s000CH -
2 NESY HTLRTOE PHHD, NVURIN AT = i
S8 BEIE ASE 0000 0E0D, E8, ATFETE JREAT0 6F, BAST, ¥ s i
SEBIOL G HEE A BEC HEH, JESEE 50 S Was 4 ol :u‘j”ﬁq;) ([
2 HAHD F 120 20 o e
|
(1= R#H/100)" %53 x 10* 4500 = &
= ol H H{Z AMA
AlZho| & 2" & W MY
= Ol B H{Z MX st M2t = =
« OfF 2E A W Mol tE M2 AE IR




- =SeEd oEm D
LN Y 8
HEY $HE AOE NBE .

- ®3 ANEN00E wE e
o IYH0ID BaANY A

EES MY HEW HYUN

T Fet FHQ)

RS sEEHS M

I8 OIEZQ 2% A0 O
2 Bo(ex, 2 ZTH2 3

asis 24012, /R, o=,

o

o Mol SRl

i

oo
woE
o= oo
G o
i [
= to
x

®

o 22
_ o
EIPRES

o« HO|X|oF 22 Z 2[St 28X MCMC &X112|E &4: DRAM, AHMC, DREAM
- Delayed rejection adaptive Metropolis (DRAM) algorithm: Adaptive random walk
— Adaptive Hamiltonian Monte Carlo (AHMC) Algorithm: Hamiltonian dynamics
- Differential evolution adaptive Metropolis (DREAM) algorithm: Evolutionary strategy

!
<t
e T
PN 20T
sdo 700 800
o, e 2.
i o f
AM t
540 700 800
uﬂ 71 14 = 1" adaptation 5 sty
=] Siwin et = ' 3 adaptation
t
b .
Proposal 5 [ >
Covariance 114 i
i e

N ;‘)3

[

(a) First stage (6, — z') with

() Evaluate the (c) Second stage (#, — 2%} with
1 proposal di 220} il

proposal distribution 2(:/,)

Fr) N paa)

-

= (d) Evaluste the
HAUE ianet ot

NG, 55

Repeat n-stage
until the acceptance of
the proposed sample (z")

= Posterior density ® Proposed sample 8 Refocted sample

DRAM ZIZ|IE IR

Hamiltonian dynamics

Trajectory of
simulating Hamiltonian dynamics

'
¥

&
F

AHMC €12|& 7R
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{a) DE operator by cunmt

(k) Small random {¢} Proposed sample {#)

SEPD(;]0,1,8,¢) =

20

samples (0], 0 li ) perturbation by
. . 1 ("
Differential RE S
L1}
Evolution :
0 L |
A s
alAlmiDg)
R PO o] (U ) W " % P 0Ny B o)+ O A B (00— 0] )+
{a) Current samples (8)) (b) Proposed samples (Z]) (¢} Randomized (d) Final proposed
by DE operatar subspace-sampling samples (z7)
Randomized . " - %
~
subspace » = »
. n
sampling o . .
»
[0 (D) on>mz
x x x
DREAM Z1Z2[E IR
o ESXQ MEY Ln2|F M™g 9ISt AT £ DREAM ¢112[E MHE
DRAM AHMC DREAM
™ e 213 M T
& Tig 1 o —— e
any T = = w12
anf il ad
i — =39 ! #8332
L s k. 1y “ri My L1} 1 (K H e s v (1] H
T TE I o #sz " 'EY ez "
T s i id & id
y L] ' N ¥ L | L] ¥ L1 Y L
‘h - -I-l — .M - *“ — ’h = -OI -
b T e T T N N IR S T S A T R A R T RN B R
A7| 371X g2|Foll cist HlmHAT Ant
o =AY MIE ST AF o F Zx M 4 ME: Forward sampling method
i Posterior density of model parameters Posterior densityof |
[Parametric uncertainty) prediction error
m(8,|D) m(0,|D wie|D)
[Hlo[X[ 2t F=E]
o CIQFSH ZHx} EME vHAE = A= PTET 7HL 2b=: Skew exponential power density (SEPD)

s |E’5i97‘(A)Sign(A) |2/(1+ﬁ)}ﬂ
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SEPD(0,1.5.8)
~o— Uniform distribution (=-0,99, £=1)

0.9 ——Laplace distribution (=0.99, 1=1)
—&— Gaussian distribution (=0, 1=1)
0.8 v Negatively Skewed (p=0, £=0.75)

5 Positively Skewed distribution {j)=0, £=1.5)
o Al |

0.6

0.3
0.2

0.1

e

Generalized & &8 98t SEPD &=

4

ok

. MysiE 2atadel SAN SEN ek W HA
8

0.

5 = 15

* Observed residual density i
el —-lniefred residual density s 4o r _______________
H xX s = i i
= - ' !
3 | =AF 7 me— SRS Y. e_—__
G 8 | ! .
= Z D--Hﬂ-f-rfrhﬁf' =
< _t_._-i _____ d: __________
: . ; ; ! i - ! ' !
0 3.!(! 40 50 60 70 80 g [1] 5 10 15 20
Residuals Simulated value Lag
23 BE Qe By A 2Ry A
e Generalized & &4 85 #Z 248
TL GL

Train: 95.43% ( Valid: 58.74%

90}

80

Calibration set #1 7%
(591 points) = 60

- 95% Uncertainty bands|

“i- ‘ Measurement
40 + Outlier
1} 20 A0 60 &0 20 40 60 B0
t-, (days) 1, (days)
Train: 95.10% N Valid: 99.67% Train: 98.91% /f Valid: 100.00%

”"| : 20
80 : 80
}
Calibration set #2 = 70 i =70
oot Ze S R
501 |~ 85% Uncertainty bands | 50
Measurement
40 Outlier i 40 |
a 20 40 G0 B0 20 40 L] BO

-t (days) 1, (days)

TL3#} GLY 45 H% AF

o CIEZY "ast 7 WA ME: X J|density-based) 2 &35t 7™
Posterior predictive distribution Composite predictive distribution
(Parameter + Prediction error uncertainty) (Parameter + Prediction error
+ Model Uncertainty)

‘_:Model #1 Model #2 P

E h / Model ) | Observed  Predicied > '

€ ¥

; _ «— Maodei #3 f( !)
CtE2d dost g Y, ¢

A= = - Weighting
predictive
densities of

different models
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4. WATLAB SOURCE- GODE-

4.1 [INFORHATION] 2 5 BUI Source code’

[0 7ssLiraanssen
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N NEREERE

1AHA T Hl0lE{ 2

voltage reulator),

sES =] 95

5101 AVR(average

<AVR> <A SS X EH]- <SHHHHEH]>

(b) Aol (n2<EdD)

(c) AR Ho]El(Z kol of4)
32z 48 L Y oofE

BS

— B e FABT PRS- FAT-1 ——FAT-2

(b) 2wl (ZEEH D)

Az4s MY % 48 Hol

(o) d@dolE(Eel i)

ctsz2d gAznl 7|8 MA: Mallows model averaging

- gl MEEo nYel BFEE SAlo| 12

- Z| &35l siA: Globalized Nelder-Mead method

<D HIr,

)

Fani-1B T =

J
m

|'n 2'| f m 1
Cal@) = ) (y(c) = wf?;;;zptc)) +2) wikis?
t=1 i=1

i=1

1 v e 2
5% = — km;(ym = 0)

V=Ywm
@ = arg m_i:}}fn(w) = 0.0Tmy +0.72ma+0.2"mg
wWE

=
1. EXMOoleE ol 85t 7HE ofF ol Chsh Hlo|X|eh 28 TR EICt
2. Ho|X|et B2 Sl HEFIE AIFE2EOIM FO AZEHE
estimates, MAP)E M&3iCt,




3. oF 2 EH MEE MAPE olF 7|MZ ALEstod EH™Oo|Eof| Cisi generalized Mallow
criterion 0| &2 &tE|= 75X =82 T8t (globalized Nelder-mead method E&).

4. A3 Ldn2|FEE Soll MEE JIEXE Z JHE ZE SS9 o S0 JtEME AFtsto 2A
o &g MEsict
c Y 7Y HE o 2R
e 7Y HE M2
HdE7F 28 HAMZ7F OF
ey Z3alE AlZHHE B HIA ZIaE AZHHE B NS
Hj & - s
uﬂ% 471X HlEHe(EEZE, DZE, ja 232 E)ol s =3
=
) o YIINZHHE Mels Solfl AlIESE dloleE £F F2ZHCalibration period)2t &7t 724
Al (Evaluation period) 22 &
HIOIE | o & 08 oo 2 Tzie Medole{E M35t s ColEE &8st Bt 7
Hol thst ol F52 ™
ol = [7|F YH-ALSAE F2Y T|gt] [Het 7|H-ctEs2H ey Ast 7]
A o2l Al ol 2 KAlS Eoz & | o CERY BRsY U gERY HE
SE | AzHE o5 2 c0l2 EHZ FT| AIZHHE o5 2
s o & HEN EA MEJF OFT HHEI 382 olF ZE HESH S (coefficient
=4 of variance) 2 &H™3slo| ofF HSH ME
e e ofE MET EM: ofF Z1 411 425 AM AMEOOIE 2t st WM SZHAL
(RMSE)
WIB = 0.5/ f28 = 36.8 MPa
120 T T

e
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RMSE ZH(2& 721

Calibration Period

Normal 1 2 3 4 5 6
20 0.87 0.30 0.27 0.25 0.29 1.42
40 0.79 0.35 0.39 0.27 0.38 0.78
60 0.89 0.51 0.51 0.25 0.52 0.75

Calibration Period

Normal 1 2 3 4 5 6
20 0.25 0.25 0.25 0.25 0.25 0.25
40 0.31 0.31 0.31 0.31 0.31 0.31
60 0.29 0.29 0.30 0.30 0.30 0.30

RMSE # ("7t77h)

Normal 1 2 3 4 5 6
20 5.27 1.02 4.97 25.16 2.63 2.92
40 5.32 1.09 2.73 4.67 1.86 1.31
60 4.56 0.63 0.36 4.70 0.28 0.61

Normal 1 2 3 4 5 6
20 3.14 3.08 3.11 2.93 0.33 0.35
40 0.56 0.61 0.56 0.42 0.49 0.43
60 2.13 2.28 1.77 1.80 1.90 1.94

. RMSE from Experts s RMSE from Experts
1.2 20
! 15
08
10
0.6
0.4 5
Calil in period #1 Calil in period #2 Calil in period #3 ion period #1 ion period #2 ion period #3
14 RMSE from Proposed method 25 RMSE from Proposed method
1.2 20
1 15
0.8 1
0.6
5
04
Calibratoin period #1  Calibratoin period #2  Calibratoin period #3 ion period #1 ion period #2 ion period #3

(a) 2™ 72t (b) "@7t72t

RMSE #f H[w

HE7t 7|232|Z RMSE 24tAI: 2™ 72t

05 03 FA BS
Cal20 0.852 0.809 0.237 0.232
Cal40 0.467 0.985 0.197 0.223
Cal60 0.390 0.905 0.130 0.185

M| J|2 A2l Z RMSE oA EE T2t

05 03 FA BS
Cal20 0.000972 0.000322 0.200 0.000567
Cal40 0.00648 0.00402 0.0337 0.000334
Cal60 0.0110 0.0103 0.00312 0.00503
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HE7t 7|232 = RMSE 24&HAIs= "It

05 03 FA BS
Cal20 1.29 1.08 0.557 1.48
Cal40 0.630 0.873 0.870 1.79
Cal60 1.16 1.06 0.477 1.62
Heob|¥ J|23e|Z RMSE 24tAI=:got72H
05 03 FA BS
Cal20 0.0500 0.207 0.619 0.302
Cal40 0.148 0.0794 0.118 0.208
Cal60 0.102 0.0531 0.0514 0.463
H=7t 71232 = RMSE A x4t, "da, sz 2372
05 03 FA BS
Min 0.25 0.15 0.13 0.14
Cal20 Average 0.57 0.36 0.20 0.16
Max 1.42 0.82 0.28 0.23
Min 0.27 0.17 0.14 0.14
Cal40 Average 0.49 0.49 0.19 0.16
Max 0.79 1.46 0.26 0.23
Min 0.25 0.17 0.15 0.14
Cal60 Average 0.57 0.57 0.19 0.16
Max 0.89 1.59 0.23 0.21
Motz 7|232|= RMSE =l Xgt, "ok, Ui Ed T
05 03 FA BS
Min 0.25 0.14 0.18 0.14
Cal20 Average 0.25 0.14 0.22 0.14
Max 0.25 0.14 0.28 0.14
Min 0.31 0.19 0.18 0.14
Cal40 Average 0.31 0.19 0.19 0.14
Max 0.31 0.20 0.20 0.14
Min 0.29 0.17 0.18 0.14
Cal60 Average 0.30 0.17 0.18 0.14
Max 0.30 0.18 0.18 0.14
HEJt 7| 238 = RMSE 2| xgt, gdat, =gh-go72t
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