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Response Calibration for Bridges based on Statistical Quality
Control Chart

ABSTRACT : This paper presents the response calibration method based on quality control range, which is established from the
concept and method of statistical quality control for natural frequency ratio and response ratio. To this end, statistical analysis
including descriptive statistics analysis, normality test, ANOVA were performed for response characteristics obtained from
loading tests and structural analysis for more than hundred and thirty well-conditioned bridges. Suggested method is based on
real structural integrity evaluation case studies and statistical quality control approach, in this respect it is expected to provide
scientific criteria and systematic procedure for response calibration and load carrying capacity assessment.
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Table 1. a part of bridge response statistics
span . impact factor natural frequency
No structural lenath safety rating | response (— - safety
: type gt factor factor ratio Yealeulated Ymeasured (1+a)/ f calculated f measured a/b grade
(m) @ ® | ) | @ (b)
1 PCB 50 1.616 2.890 0.990 0.167 0.239 0.942 2.593 2.637 0.983 B
2 PCB 90 1.130 1.440 2.300 0.115 0.140 0.978 0.869 1.016 0.855 A
PCB 50 1.512 3.590 0.960 0.167 0.150 1.015 2.720 2.734 0.995 B
38 PCI 30 1.324 2.425 1.583 0.250 0.133 1.103 3.709 4.785 0.775 C
39 PCI 30 1.472 2.210 1.031 0.214 0.212 1.002 4.430 4.980 0.890 C
40 PCI 30 1.321 1.580 1.390 0.214 0.156 1.050 7.716 7.810 0.988 C
49 SBG 40 1.359 3.410 0.987 0.188 0.250 0.950 3.140 3.130 1.003 B
50 SBG 40 1.452 2.740 1.390 0.188 0.141 1.041 1.490 1.810 0.823 C
51 SBG 30 2.337 5.880 1.099 0.214 0.300 0.934 3.130 3.320 0.943 C
96 SPG 50 1.158 1.440 0.860 0.167 0.158 1.008 1.955 1.870 1.045 C
97 SPG 50 1.213 2.083 1.130 0.167 0.153 1.012 1.617 1.637 0.988 C
98 SPG 45 0.979 1.120 1.130 0.183 0.177 1.005 2.600 2.540 1.024 B
123 TR 60 1.079 1.100 1.042 0.294 0.041 1.243 4.130 4.150 0.995 B
124 TR 75 1.010 1.020 1.031 0.288 0.050 1.227 3.730 4.100 0.910 B
125 TR 75 1.010 1.120 0.962 0.288 0.160 1.110 3.730 4.100 0.910 B
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Table 2. normality tests for response ratios

case 1 case 2
1 i ol s o o
PCB| 0.653 37 0.000 0.951 35 0.118
PCI | 0.898 11 0.176 0.898 11 0.176
SBG| 0.885 47 0.000 0.961 46 0.131
SPG| 0.983 27 0.929 0.983 27 0.929
TR | 0.953 14 0.615 0.953 14 0.615

Table 3. normality tests for natural frequency ratios

case 1 case 2
T s ety |5 ot | ity
PCB| 0.950 37 0.097 0.950 37 0.097
PCI | 0.853 11 0.047 0.894 10 0.187
SBG| 0.981 47 0.653 0.981 47 0.653
SPG| 0.944 27 0.151 0.967 25 0.578
TR | 0.863 14 0.033 0.928 12 0.357
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Jom, 7 Fex PCL F2o] 71 ZA] Vet Hagke
SPG F2lo] 7P 2}al, SBG F2)o] 714 ZA vERTh
FHogk TR 2o 71 2at, PCl F2o] 718 FA] ekt
o= PCI 320 718 7] veRgon, 7 2k TR 32H
o} 2.4u o A UERdTh Bxe] FeE B == SPG
Palo] o] gho g it isf o] vy mept 9o e
2193 QAL T2 Fale Bxo| vty mel} QEFe R
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Table 4. statistics for response ratios

Table 5. statistics for measured impact factors

PCB PCI SBG SPG TR

PCB PCI SBG SPG TR

n 35 11 46 27 14

n 30 11 42 27 14

mean 1.075 1.147 1.063 1.004 1.003

mean 0.140 0.172 0.144 0.147 0.098

variance 0.014 0.043 0.004 0.013 0.007

variance 0.001 0.002 0.001 0.002 0.003

standard
deviation

minimum | 0.904 0.910 0.947 0.770 0.874
maximum | 1.360 1.583 1.235 1.230 1.152
range 0.456 0.673 0.288 0.460 0.278
skewness | 0.687 1.029 0.664 -0.144 0.016
kurtosis | -0.154 0.465 0.528 -0.461 -0.858

0.118 0.206 0.064 0.116 0.082
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4 AARS sk 7P 2 ol 2
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A VERtTE SBG #2412 FHuligke] 7R 2hal HMS= 7R
ZH vepsttl Bxe] el By 9= PCB 247 TR
P 2] gho = el sl ware] vl mep) 2250
2 2194 glom, tE Ao Bo] vty mep| 9o
2194 s Ao eIt = SPG A8 39] go g
AR vla] Ao R J WEshy, Tl PA1e A
Zof vjg)] Fides o WEs Zlo g vERdTh

oPIAIE AQSt T2 A FAAIGHol gk 7|&E Al
< Table 60 YERIRITE S2A5H = tiyE 25 S84
7} AE ZAA IR 2] 371Ee] 1.0 ode 2 vERtal
1o, TR &2)e] ato] 7V =7 veRstth #Hagks SPG
P2lo] 71 2| veRkem, TR &2o] 71 =] Vet
PCB, PCIL, TR &2} HAgho] 1.0 oPdo = A5 SAA7}
At SAATRY 2] F7EE ek gk SPG 3 2)o]
7V¢ =31, PCB &2jo] 714 A JeRsth W9l SPG
P2le] 71 FA] veRge, 71 22 PCB 32T} 7.44)
o FAl VR #3xe] JEiE BH == TR F2le
o gko= gl dfsl o] v et 1o =2 2194
o, TR P21 Fxo H|thH mept EXO Z X]9-A
Q= Ao = vepdrk s PCl 31 o] gho 2 Ay
of vls) FeiF o= o] Wb, The P2k el vla]

standard |0 00 | 00a2 | 0027 | 0042 | 0053
deviation

minimum | 0.087 0.076 0.075 0.060 0.034

maximum | 0.220 0.213 0.197 0.238 0.218

range 0.133 0.137 0.122 0.178 0.184

skewness | 0.271 -1.172 -0.313 -0.019 0.868

kurtosis 0.026 1.451 0.022 -0.032 0.288

Table 6. statistics for impact factor ratios

PCB PCI SBG | SPG TR

n 25 10 43 27 14
mean | 1.020 | 1031 | 1.024 | 1.078 1.193
variance | 0.000 | 0001 | 0001 | 0012 | 0.002
;:\’;‘:2;‘:1 0015 | 0033 | 0027 | 0108 0.047
minimum | 1.002 | 1.001 | 0974 | 0943 1.110
maximum| 1.049 | 1103 | 1090 | 1294 | 1266
range | 0047 | 0102 | 0116 | 0351 0.156
skewness | 0764 | 1156 | 0408 | 0950 | -0.435
kurtosis | -0.726 | 1378 | 0172 | -0501 | -0.868
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sk AR} = 2 AR ALfEElAlE Bl AR S
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Al%kS Table 791 VFERARATE H-2 PCI P 2)o] 7 =7
veRgoH, 74 2k SBG FAET} 2.308) oPd FA) ekt
ok FHagke PCI 2lo] 71 FA] vepskon, 7Pg 2k
SBG @2Hr} 3.68) o FA] Rk gk SPG 32
o] 7P ZAl vERkon, 71t 2k PCB &2HT} 1.98)
o =7 el W= SPG F2jo] 71 I vektor,
71 2k PCB F2JHT} 44u) o ZA] Jepdr)y: eEw
7} ZErt Fake] Awel Mt 2 vk, PCI F2)e]
ASA = T YR fld JABIAL S & - Uk

23| PejE B == PCB F212 59| gro = Hito]
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Table 7. statistics for measured natural frequencies

Table 9. analysis of variance for response ratios

PCB PCI SBG SPG TR

n 31 8 46 24 14

mean 2.581 5.148 2214 3.026 3.443

variance 0.057 0.197 0.273 2.019 2.061

standard
deviation

minimum | 2.070 4.577 1.269 1.563 1.660
maximum | 3.080 5.938 3.613 6.055 5.770
range 1.010 1.361 2.344 4.492 4.110

0.240 0.444 0.522 1.421 1.436

sum of | degree of | mean F significance
squares | freedom | square probability
bet
CWE 1 0216 4 | 0054 | 4567 | 0.002
groups
thi
wihin - sy 128 | 0012
groups
total 1.733 132

Table 10. analysis of variance for natural frequency ratios

skewness | -0.187 0.683 0.692 1.107 0.190
kurtosis 0.205 -0.099 0.109 0.070 -1.126

Table 8. statistics for natural frequency ratios

PCB PCI SBG SPG TR
n 37 10 47 25 12
mean | 0911 | 0951 | 0938 | 0975 | 0975
variance | 0.004 | 0002 | 0003 | 0002 | 0.002
;;i?:tﬁ 0.060 | 0048 | 0054 | 0047 | 0047

minimum | 0.812 0.853 0.823 0.873 0.910
maximum | 1.023 1.001 1.037 1.068 1.045
range 0.211 0.148 0.214 0.195 0.135
skewness | -0.181 -1.124 -0.024 -0.392 -0.004
kurtosis | -1.028 0.561 -0.769 0.077 -1.385

im0z 2194 glom, the 2
o) Wi Jep} eEZo R AJ9A gl Ao ekt

e O 43 25
AW} AR BT 2 BAHe] 10 ol ek
U gk Haghe PCB @4le] 744 2, TR o] 74
=) btk Fehgke: PCI F4je] 744 211, SPG Fo]
7 =) Viehdek ST SBG B400] 74 =) Uehdon,
7V e TR F4mch 15) o =7 vehdeh 2]
FejE 2w e mE JAo] 2o grow Hite] v
wxel HMJ% mep} 9o 2 A9 Qe Ao ekt
Cl 255} SPG B24}e o] gho s o] us)
AgejEo o WS, T2 Baje A M) 4l
o% W mEF gloz ek

;‘dEL
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sum of | degree of | mean significance
F -
squares | freedom | square probability
between | 176 4 | 0019 | 6710 | 0000
groups
within | o358 | 126 | 0,003
groups
total 0.434 130
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QEAXIkS: Sl Rlo] W] 2 Hok As 5439 584
A2 AES Havt k. £ AFexe SErlel 1fxlE
o) tigh Tl 71x]e] TR BRTe] Yio] Z2AlE
A8 Slete] BAREAS FaEkth 4kt (Analysis
of Variance : ANOVA)2 Al o|xke] 23cho]| tfdle] o]
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Table 11. control ranges for response ratios

mean standard | — —
type | number (standard error) | deviation R=2s | R+2s
PCB 30 (2)8;;) 0.122 0.830 1.319
PCI 7 (2)(1)2(7)) 0.124 0.853 1.347
SBG 38 (égﬂ ) 0.069 0.923 1.199
SPG 20 ((l)gii) 0.111 0.801 1.244
TR 11 (ggzg) 0.088 0.815 | 1.166

Table 12. control ranges for natural frequency ratios

mean standard | — -
type | number (standard error) | deviation AT2s | At2s
PCB 32 (83?3) 0.058 0.792 1.024
PCI 7 (gzg?) 0.025 0918 1.019
SBG 38 (8332) 0.052 0.834 1.042
SPG 18 (gzﬁ) 0.045 0.881 1.063
TR 9 (?)?)ZZ) 0.048 0.880 1.071
TR A E) o] e Al tig
AFy=rt ks Z4E Ve, dejsiide ket uist
B

£o] T8V B FAY] & B d3} Fog Qs A
Ase] o] Ui Zhs onjditt L A8l E s
F, 1988)0lx] A al Aol et 8= Al (ESAVA
A= 122 AABIAL itk o] AL Alkkghe] ASgk Hrt
AL dAle] TS O vk offi=s gl Qlvke 2
ofm| it
FRIETH] ] BERISE oPAlE AlQlslal ik
9 AFEAo] 5 w1005 o= JAs)
] B /8l Table 1291 ViERA 214
A Htol] FEdAE 7RI ghe s At
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;EL o>
nﬁrﬁé
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Table 13. decision criteria for the response calibration

criteria condition response ratio
Ry—=2sp, < R < Ry+2sp, .
. estimated
criteria 1 and

_ _ response ratio
Ap=28,, SN S A 128,

R, ;. > Ry +2sp,
criteria 2 and upper control

_ — limit
Ap=28,, SN, S A +2s,,
R < ?Zk — 255,
criteria 3 and review
A28, SN, = A2y,
A <A 25y,
criteria 4 or review
Xpt2s,, <A,
¢ : bridge j : member of bridge

k : structural type

68  Journal of the Korean Society of Civil Engineers

HRI) A 3ok A9 SehilE AHEsR Aoe
AQKITh o FEIRI SR HAle &3, AT %
st S0 Fa Al AR B A e BAZ
wisle] <J Zlow gebErk mep SR Aske 991
wEhL o) frEasule] wegste] SRS AL

+
oo
b1

z
2
ol
o

Aolo] BRYE o= S SHHS
She 5 -850 280l o 2Hgeh S 24
HEZ} whEA] Ags]ojof i,
AZl| digh 212 gel AP Sichs 7H 3l a2zl
7} B Yol JE AHEA 1, 2)dlE FEsie) ARed
Fretgawdoe] L&) | JHE 2 vhedslal rjal 2
I ek 2k IRREEPE ERES] vl S A&
4)olli= feka iy} A Bl Ago] Jolslng f3ke
Andks TRAsle] TS ARyt T ofEgh I
< B3 T3S AFEIel s Bkl AREH]
7} Sl EER] kS Aol kzIvke] AR E
ARIsI] S FaL 2 PR AFo] EEES B

T WS a7ghth

g

fl

AR
Of

¢

5.2 ARl &g U 24
AIE HES b T2 13670e] Al i gale] A5

AIE Table 149} 159 YERNSIT) Table 149} 15 22+

Table 14. response ratio calibrations (£2s)

type mber : .suitabilit.y - _ review- .
criteria 1 | criteria 2 | criteria 3 | criteria 4
PCB 37 33 4 - -
PCI 11 7 1 - 3
SBG 47 44 2 - 1
SPG 27 22 - 1 4
TR 14 12 - - 2
total 136 118 7 1 10

Table 15. response ratio calibrations (+3s)

type number . .suitabilit.y : _ review. 4
criteria 1 | criteria 2 | criteria 3 | criteria 4
PCB 37 35 2 - -
PCI 11 8 - - 3
SBG 47 46 1 - -
SPG 27 25 - - 2
TR 14 12 - - 2
total 136 126 3 - 7
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Table 16. case reviews for response ratios (+2s)
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response ratio
. response natural (upper/lower control limit) decision respc?nse
bridge type ratio frequency - criteria ratio
ratio natural frequency ratio suitability
(upper/lower control limit)
1.319 / 0.830
Br.1 PCB 1.138 0.903 1 suitability
1.024 / 0.792
1.347 / 0.853
Br.2 PCI 0.805 0.946 3 review
1.019 / 0.918
1.347 / 0.853
Br.3 PCI 1.050 0.915 4 unsuitability
1.019 / 0.918
1.199 / 0.923
Br4 SBG 1.138 0.946 1 suitability
1.042 / 0.834
1.244 / 0.801
Br.5 SPG 1.043 0.932 1 suitability
1.063 / 0.881
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