Contents

| S FE oL PO OO P PP PO U PP PH PP U USSP SRR Xv11
ACKNOWEEAEIMETITS i oot KK
J T 11 Te) x TOTT T OO U TR OT T U R PP SS VST RUYU PP xxili
Chapter 1
[0 Ere 16 L1 LA Le) (DO OOy PP OO OO OY U PP PS PR 1
1.1 YA L oL IV A Te 32 FUUTT RO TP PP PPPP l
1.1.1  Decision Making in Engineering und SCIENCE ..o e 2
1.1.2  Expected Educational QOULCOMES ... e 3
1.2 Knowledge, Informartion, and Opimions.........oov i 4
1.3 Ignorance and UnCertainty . ... e b 6
1.4  Aleatory and Epistemic Uncertainties in Syqtem ABSITACTION e 8
1.5  Characterizing and Modeling UnCertainty ... ...ooccovioiiiiiini e 10
1.6 Simulation for Uncertainly Analysis and Propagation ..., 13
1.6.1  Simuiation by Coin FIUPPINZ........ocooim i et 14
1.6.2  Generation of Random NUmbers ... 14
1.6.3  Computer Generation of Random NUumbers ... 16
1.6.3.1  Midsquare Method ... 17
1.6.3.2  The rand FUNCLHION ..ottt e 17
1.6.4  Transformation of Random Variables............ccoiiininiec e 18
17 SIMUAGON PIOJECTS toiiiiitiieererrs et st et ee e ee e b eta s 20
171 Structural Beam Study ..o 20
172 Stream Erosion SUAY ..o 21
173 Traffic Esttimation Study ..o 23
174 Water Evaporation Study ...o.ooc s e 24
L8 Problems .o ket et et 24
Chapter 2
Duta Description and TIBATMEIE ...oiu i e e et e 27
2 B 113y Ta LI Tet 110 (OO OO ST PSSO U PP UR SO 28
2.2 Classification OF DALA .......ivieeeee e rie e et e saa st n s en et e 28
221 Nominal SCAIE......ociii e e 28
222 OTdingl SCAIR ..ot e et 29
2.2.3 0 IMerval SCALE .....oooiiii e e e 29
224 RaAIO AL e i e e 29
225 Dimenstonality of Do 29
2.3 Graphical Description of Data..........ccoiniinnnens et e 30
231 ATCA CRATTS oo e 30
2237 PIE CRAIS oot et e e 3
233 Bar CRATTS oot e e s 31
234 Column ChartS.. ...t aeat e sre et s 32
2.3.5  Scatter DIGBrams. ..o et e 32
236 LAne Graphis ..o e et 34
2,37 Combination CRATS i e et es s aa e 34
2.3.8  Three-Dimensional Charts ... S U UPON 36



Vi CONTENTS
24 Histograms and Frequency DIAZrams. ... 37
2.8 DESCTIPHIVE MEASUTES . oousirirsosimseiseme s 42
251 Central Tendeney MEASUTES oo e 42
2,52 DSPErsion MEastICs ..o i e 43
D3 POICEIIILES 1ot s e eee s e ettt et e h e 43
2854 Box-and-WHISKET PIOTS Lo et 45
2.6 APPLICATIONS ..ot 47
260 Two RABAOM SAMPIES oo 47
262  Siage and Discharge of & REVET .o 48
2.7 Analysis of SIMUIBTEd DATA. ... 50
2.8 SHDULALON PIOJECTS ovrereiitiiisers et 54
281 Steuctural Beam STUAY ..o 54
282  Sream ErOSION STUAY .o it s e 54
283  Traffic EStmMation STAY ..ot e 55
2.84  Water Evaporation Study ettt D0
285 Pile SIrenglhl SEIAY cooo oo 55
286 Bridge SCOUT SILAY ...ovuriiiemimes it 55
2,87 Highway Accident Study e ettt 3O
IR 8 Academic Grade SIAY ... i 55
280 River DISCRATE STUUY cooviii ittt 56
D0 PEODIBIIIS. ..o eeveer e et eeeeeee et et et ee e ae e bt e 56
Chapter 3
Fundamentals of Probability o oot b 6l
3] TIUEEOOUCTION ¢ 1teeeeeeeeereeeeeeestesraemesmesese et beeemeeseeae e m Ao n e s b sas e b e sSE s b 62
32 Sets, Sample Spaces, and BVENTS oo 62
T T £ YT PO PP PSP P PO T TP TP PSP LR SRR 62
322 Sample Spaces and EVENTS .o 63
323 Venn—Fuler DIAZIaImS ..ot 64
324 Basic EVENT OPETATIONS 1..v..eicicemee o orir i s 67
3205 CArLESIAN PTOMUCT. ottt eeoeeee oottt e s 72
33 Mathematics of Probability ..o 72
330 Definition of Probability ..o 72
3.32  AXIONS OF PrODabililY. oo 76
333 COUNMEIIE oo ooes st ecreciems ettt eSS 78
3.3.4  Conditional Probability ... i 82
335  Partitions, Total Probability, and Bayes’ TheOr@im ..o 87
34  Random Variables and Their Probability DIStributions ... 88
3.4.1  Probability of Discrete Random Variables ... 89
342  Probability for Continuous Random Variables .. 93
38 AIOTIIEIIES + oo vesteeeeee e s eeeeeameaes 1t es e oeas oo ea et s e s e R e e g E ek g 96
T S 1= WU T OO D PSP e T TP R LI 97
352 VALIATICE oovvieveieeseessve e ersesesmmaesmes s r e smns e e 99
3.5.3  Standard Deviation and Coefficient of Variation. ... 101
3.5 KW oo eee et e e et £ R e 102
36 Application: Water Supply and QUality ... 104
37  Simulation and Probability DISEBULIORS .o 104
3R SIMUIAHON PIOJECIS oottt t06
381 Structural Beam SLUOY ..o s 106

3.8.2  Stream Erosion STUAY .o i 106



CONTENTS vii

3.8.3  Tratfic ESHMAtion STAY .o e 107
3.8.4  Water Evaporation StUY ..o 107
30 PEOBIEIIIS 1ot e 107
Chapter 4
Probability Distributions for Discrete Random Variables oo 117
4.1 LR gs s LATerala) s WURURU U OO PO PP PP PSSR PPPP 117
472 Bernoulll DISIEIBULION ...eeveieei e et 118
4.3 Binomial DISITTBULION ..o oot 119
44 GEoMEITIC DISIIIBUTION 1oiiii oottt 123
4.5 Poisson DISTIBUIION ..ot 1235
4.6  Negative Binomial and Pascal Probability Distributlons...........ooooiininnns 128
47  Hypergeometric Probability DIstribution ... 129
A8 APPLICALIONS ©oevereieciieit oottt h b 130
4.8.1  Earthquakes and SErUCIUTES ..ot 130
482 Floods and Cotfer Damis e 131
49  Simulation of Discrete Random VAriabDles ..ot 133
410 A Summary of DESITTBUHOTIS . ooooiiivine o 136
431 SIMUIATON PTOJECLS 1ottt 136
4111 Structural Beam STy oo 136
4.11.2  Stream Erosion SIUAY ..o 137
4113 Traffic ESUmation SUAY .ot 139
4114 Water Evaporation STUGY ... 139
O B ST Te 0] (=] ¢ 1T TUUO U TR PO P T U P PSP PP PSR UP TR IOPRTPPI: 139
Chapter 3
Probability Distributions for Continuous Random Variables i 143
T S D186 C [TTatu Lot s DURTUUOR OO OO PP U ST TS TO RS PPP PP ST 144
3.2 UNITOrm DESITIDUTION. oottt oo b e 144
S.3  NOFMAL DISTIIDULION oo oot et e e e eb e b m et et 146
54 Lognormal DISTEBULICN ciii o 149
5.5 Exponential DIStIBULION oo s 153
5.6 Friangular DIStrDUGION (.o e 154
5.7 Gamma DISIIIDUIIODN ..o ittt ettt s e s e e b st 156
5.8 Rayleigh DISETIULION .ot 157
5.9 Bt DISTIBULION ..ot oieitirtirr e ee ettt e sttty s m e e ar e e n g sy s 138
5.10  Statistical Probability DIstributions ... 158
510,17 St0dent’s 1§ DISTIBUEON oot eeceiecee e 159
3.10.2  Chi-Square DIsStrDULON oo 160
0L F DESETIDUITIOT . .ot e ettt et e e e e m s ar e e 161
5011 Extrenme Value DIstriDutiONs .o oo et s 162
5.11.1  lntroduction to Extreme Value ESUMAation ... 162
5112 Type I Extreme Value (Gumbel) Distributions ... 164
S.11.3  Type 11 Extreme Value (Frechet) DIstributions ..o 166
5114 Type ITI Extreme Value (Weibull) Distributions ... 168
302 APPLICHLIOIS 1viveriireireiee et e e 169
5.12.1 Earthquakes and SIrUCTUIES ..o 169

5.12.2 Foundation of a Structure ................. RO S U USRI 169
5.02.3  Failure of Highway DIGINQEe. ..o e, 170



viii CONTENTS

513 Simulation and Probability Distributions.......c.cooiiiiiei e 171

504 A Summary Of DIStADULIONS oot e e s 171

515 SIMUIATON PrOJECES Lottt e 173

5150 Seructural Beam Study ... O USRS SRURP PPN 173

5152 Stream Erosion STudy e 173

5053 Traffic Estimation Study ..o EROUURUOUITSRRRT 173

5154  Water Evaporation Study ..o ke e e eiureese e et et e e e eeateean et et e 175

S0 PrODIEIMS ot e 175
Chapter 6

Multiple Random Variables ...t 179

0.1 TNITOAUCTION .ottt e e s 180

6.2 Joint Random Variables and Their PI’Obdbll]t) DASEADULIONS v 180

6.2.}  Probability for Discrete Random Vectors ... TR 180

6.2.2  Probability for Continuous Random Vectors. ..., 184

6.2.3  Conditional Moments, Covariance, and Correlation Coefficient.................. s 187

6.2.4  Common Joint Probability Distributions ... ISP RUO PSSP 191

6.3 Functions of Random Variables ... 194

6.3.1  Probability Distributions for Dependent Random Variables ..o 195

6.3.2  Mathemutical EXpectation ... e SSTRIR 198

6.3.3  Approximate Methods e e 200

6.3.3.1  Single Random Variable X ... 200

6.3.32  Random Vector X .ot e 201

6.4  Modeling Aleatory and Epistemic Uncertainty ... 204

0.5 APPHCALIONS c.etiitiie ettt s er e e s 206

6.5.1  Reactions Dueto a Random Load ... 206

6.5.2  Buckling of COIMNS .. it 206

6.5.3 Reactions Due t0 Random Loads ..o s 207

6.54  Open Channel Flow ... S OO PP P AU PP PO PUPUO 208

6.5.5  Warchouse COnSIUCTION ..ot o ece et s bs e s 210

6.6, Multivariable Simulation, ... 21

6.6.1  Simulation of Expected Valtues ..o e ceneeenos 212

6.6.2  Simulation and Correlation ... 216

6.7 SIMULAION PIOJECES 1. eeeeirreieeirsieeetre et sttt eec s seee s it s e e e st arm s s s e st s sba e e anes s nasn e 220

671  Structural Beam Study ..o et 220

6.7.2  Stream Erosion Study . ..o 221

6.7.3  Traffic EStimation StUAY oo e e 221

674  Water Evaporation STUAY ...t U 221

B8  PTODIEITIS ittt ettt et a et ere sttt nr e s e s D21
Chapter 7

SIITIUTALLOTL .ottt ie et e vt e aeeeae e e b ar e e 2o som g 2os e e ee e saeean e e ame s ban e n e e n b b 227

2 T (110 (e (T TCT Ao | WO OO O OO OV ST PO P OP P PTOTOTS P PP PPRNOUPOPIN 228

7.1.1  Engineering Decision Making....... OO U U T USSP OP SR 228

7.1.2  Sampling Variation ..o e s 228

713 Coin-Flipping Simulation ... e e 229

ThA D MIOMS ..ottt et ettt e b e 23]

715 Benefits of SImulation ... oo eetti ettt e e ataes e e e aeaaae s e e e s arareaans 232



CONTENTS ix

72 Monte Carlo SIMUTALION ..ccooeen i et e e ee e 232
73 RANAOM NUIMIDETS oooiiii ittt et e maeem e e nas b s 230
7.3. 1 ATIERIMEUC GENETAIOIS ottieieieeii ettt e 234
7.3.2  Testing of GENeralors ... 235
74 Generation of Random Variables ...t ee e 230
74.1  Inverse Transformation Method....... s 236
742 Composition Method. ... 239
743  Function-Based Generation ......occveeiiviivciieiiiiiii e 240
744  Acceptance—Rejection Method. ... 240
74.5  Generation Based on Special Properties.......oo 241
7.5  Generation of Selected Discrete Randorn Variables........... i, 241
7.5.]  Bernoulli DistriBULION ..ottt eeeeeee e sn et 241
7.5.2  Binomial DIStribution .o e 241
753 Geometric DISIIDULION c.ociiieii e e 243
7.5.4  Poisson DISTBULION .o e 244
76  Generation of Selected Continuous Random Variables 246
7.6.1  UNItorm DISTEIDUTION Lo oo 246
7.6.2  Normal DIStEIBULION ... 246
7.6.3  Lognormal DIStrIBULION o.v. v e e e 248
7.6.4  Exponential DistribUfion . ... 249
T APPLCATIONS Lo et 250
771 Simulation of 2 Queuing SYSIEIM ..o 250
772 Warehouse COnSITCTION v rve et as st en e ene s 255
7.8 SIMUIALON PTOJECES coovivie i it e e 258
7.8.1  Structural Beam STAY ..o 258
782  Stream Erosion Study .o 258
7.8.3  Traffic Estimation Study ... 256
7.8.4  Water Evaporation Study ... PO UUU DU OTPOTPTPON 259
T PIODIBIMIS oot et 259
Chapter 8
Fundamentals of Statistical Analysis......vmon OSSPSR PP 265
70 T §3T s yo T VTSI S To o DO SOV OO OT OO PR PP PP 265
8.1.1  Samples and POPulations ... 266
8.2 Properties of EStimatorns. ..o e 267
e300 R & 3T OO SO OO UUO OIS PP PRSPPI 267
T s CTod T (o] (U OO PP TP PP PPPRRO 268
B.2.3  ACCUIACY tovrvvvvrerremesnesee oo oeeeeseieis o s e seaa e oo oo b st as s s arees s eag s o2 oe e bttt 269
824  Comparison of Bias, Precision, and ACCUTACY ..o 269
8.2.5  Mean SQUATe EITOT . ..ot s 269
8.2.6  Consistency, Sufficiency. and Efficiency ..., 269
8.3  Method of Moments ESHMAtion ... 270
84  Maximum Likelihood EStMation. ...t 273
8.5 Sampling DistriDULONS L.ooooioiviiiiiiiieii oot 276
8.5.1  Sampling Distribution of the Mean ..., 276
852 Sampling Distribution of the VArLance ... 277
8.5.3  Sampling Distributions for Other Parameters ... 280
8.6  Univariate Frequency ANalysis ... 280



X CONTENTS

B.7  APPHCALIDIS (.o e e s 285
871  Tollbooth RAtes of ServICe. oo eia e emne e 285
8.7.2  Frictional Resistance 10 Shear o e 286
8.8 SIMUELION PROJECTS Lottt et et 387
8.9  Preblems...... ST TT TR U OO TP PPPPUPTRN 287

Chapter 9

Hyvpothesis Testing.........ocvnn TSSO OO 291
O] IIETOBUCTION . eoeoe it et e et et et et v e st ea et ettt eesec e st n e en b eaes SO
92 General PrOCEAUTE ..ot e 292
821 Step I: Formulation of Hypotheses. .o 292
0.2.2  Step 2: Test Statistic and Its Sampling Distribusion ... 293
923 Step 3 Level of SIgniflcance ..., 293
924 Step 4 Data ANalysiS ..o e 294
0.2.5  Step 5: Region of ReJeClon. . ouuii e 295
926  Step 0 Select Appropriate Hy polhu.l». .................................................................. 296
0.3 Hypothesis Tests of MEANS......ooii e 297
3.1  Test of Mean with Known Population Variance.............i, 297
0.3.2  Test of Mean with Unknown Population Variance.............cooein PP 299
93.3  Hypothesis Test of Two Means ... SSUORPRT P 300
0,34 SUTIIMIATY e eeteerririe e e sv et ee et et eme b es s emees e anr oo eb st emeemenen e en s DD
9.4 Hypothesis Tests of VATIARCES woovvit v 303
04.1  One-Sample Chi-Square Test ..o, 304
042 Two-Sample F TSt oo 306
B.4.3  SUIMIITIATY ettt oot e e e e semeeneean e e ab s es b 307
9.5 Tests of DISIFIDULIONS Loiviii i oot et eas et 307
5.1  Chi-Square Test for Goodness of Fit ..o . J08
9,5.2  Application of Chi-Square Test: Normal Distribution. ... 311
9.53  Kolmogorov—Smirnov One-Sample Test. ... 313
06 APPLICATIONS 1ri ittt e e 38
9.6.1  Test of Mean Strength of Stui Prestressing Cables o 318
0.6.2  Test of Mean Water Use of HOLCLS woii 319
9.6.3  Test of Two Sample Means for Car Speed........i 319
9.6.4  Variation of Effective Cohesion........ccooo s O O 320
9.6.5  Uniformity of THuminabion ... 32
0.6.6  Variation of Infiltration Capucity...... ..o 321
967  Test of Two Variances for Car Speed............. SUURORN ettt eer e 322
968  Test on Variances of Soil Friction Angle ..., 323
0.6.9  Test on Variances of Nitrogen Levels L 323
97  Simulation of Hypothesis Test ASSUMPLONS ..o 324
08 SIMULAON PIOJECTS teourrsivirirreseeeneeares s reeeemer s s b eesess it nsnsnsesns e F2 0
99 Problems. e e U OO OO URUPPPUURORORPRORROPR I
Chapter 10
FO.L I0TEOAUCTION 1ttt ettt et es st st na s n e D2
10,2 Test of POPulaiion MEAS .....coc vt et et e 332
10.2.1 Steps in ANOVA e s i DO

10.2.2 Rationale of ANOVA Test ..o s 334



CONTENTS Xi

10.4
10.5

10.6

10.7
10.8

10.9
10.10

10.2.3  Linear Separation of Total VArTation ... 338
10.2.4  Computational EQUAtionS. ... 339
Multiple Comparisons in ANOVA Tesl 340
10.3.1  Duncan Multiple Range Test ... 340

10.3.1.1 Multiple Group COmMPAariSONS ..o e 341
1E3.2 SCRETTE TCSE.oiitioiiiiiiis e e e em ettt r et ettt ab e emm e 342
Test of Population VArfanues. ... i 343
Randomized Block Desig.. ..o e 345
10.5.1 Randomized Block Design Model ... 346
Too-Way ANDVA Lo 350
J0.6.8 ANOVAZ MOUEL ..ot seeeeen e eeses s s 0|
10.6.2  Computational EXAMPLES ...o.v. vttt 303
10h0.3  DISCUSSION t1viteteivietsties e eme e ceseeeet e et et naaebe s e b e srs a0 2o e s emeeaseeeanem s msn e e senmeas 339
Experimental DEesiEn. ..o 360
APPUCATIONS oriiit et 362
LB Sl COTTOSOI. oot oottt et s e 362
JO.B. 2 ShEt ErOSION 1riiiiii oottt s 364
SimUIALION PTOJECS o oiiiiieie ettt een s s SO0
Lo uu o) (=11 1 TS OO OO TP U PP PP PSP T PP PTOP P PFPPPPPPPIR: 366

Chapter 11

Confidence [ntervals and Sample Size Delermination ..o 373
TLT TRETOQUCHION .. vt vt mees e e eb b sb s bt e erm e am e b e ea bbb b e me et e e 373
11.2 General PrOCCAUIE ..ot b ekt s 374
11.3 Confidence Intervals on Sample StIStics ..o 374
11.3.1  Confidence Interval for the Mean ... 374
11.3.2  Factors Affecting a Cenfidence Interval and Sampling Variation........eee 376
[1.3.3 Confidence Interval for VAriance. ... 379
114 Sample Size DeterMUNation. ... . eececer ittt e 319
11.5 Relationship between Decision Parameters and Type Vand 1T Errors 381
116 QUAality CONTIOL oo et ob et sk 386
117 APPLICATIONS 11 ttiviietiireee ettt et e et et et et eb e b 388
1170 Accuracy of Principal Stress........ 388
1172 Compression of Steel ... 389
1173 Sample Size of Organic Carbon...... e 389
1174 Resampling for Greater ACCULACY ..o oot 390
T1.8  SEMUIAON PIOJECES .ooieti it ea e b e 390
L1 PIODIBITIS ... oottt ettt e e s 390
Chapter 12
REEIESSION ATAIYSIS oo iiuitei st ensese s ea e e bass b SO
12,2 COrrelalion ARALYSIS.. .o ocoreer oo etk 394
1220 Graphical ANALYSIS.....o.oo.ooiviriereseeeceeee e eeesestesns s 39
12.2.2 Bivariate Correlallon .o v oo ceeieiecie e es e 397
12.2.3  Separation of VArIATION ... 397
12.2.4 Correlarion: Fraction of Explained Variation ... 399

12.2.5 Computational Form for Correlation Coefficient. ... 399



xii CONTENTS

12.2.6 Distribution of Correlation Coefficient........c......... e errast ettt e et st 399

12.2.6,1 Effect of p (n Constant)....... bt em ettt s 400

12.2.6.2  Effect of # (p Constant)........oonii e 400

12.2.7 Hypothesis Testing ... ettt e 400

123 Intreduction 10 Regression ... OO PP PP PSRt e 403

12.3.1  Elements of Statistical Optimization ..., s 403

12.3.2 Zero-Tntercept Model .. 404

12.3.3  Regression Deflnitlons ... 405

12,4 Principle of Least SQUATES ...coooriiriii etk 406

12,41 D INTOMS .. ovivee et siree e iessecasat e et et e eseet et re et st et etem st e e s en s s e 406

12.4.2  Solution Procedure ... icenincceccnncinnnn U PO PRSPPSO 407

12.5 Reliability of Regression EQUation ... e et 409

12.5.1 Correlation Coefficient........o.ccoviiniinii ROV 409

12.5.2  Standard Error of ESHMAE .ot ...409

12.5.3  Analysis of Varianee ... e 410

12,54  Standardized Partial Regression Cnefhuent% ......................... e 412

12.5.5 Assumptions Underlying Regression Model. ... 413

12,6 Reliability of Point Estimates of Regression Coefficients ... v 415

12.6,1  Sampling Distributions of Regression Coefficients ... 415

12.6.2 Hypothesis Test on Slope Coefficient ... 417

12.6.3 Hypothesis Test on Intercept Coetficient ..o, 418

127  Confidence Intervals of Regression EQUAtION ..ot e 418

1271 Confidence Interval for Line a5 a WHole ... 418

1272 Confidence Interval Estimate for a Single Point on Line ... 419

12.7.3 Confidence Interval Estimate for a Future Value ... 419

1274  Summary of Confidence INErvals . .....oooeviicrrioii e 420

12,8 Correlation versus REETESSION .c.oooiiie i criire oo et e 422

2.9 Applications of Bivariate Regression Analysis. ... 423

12.9.1 Estimating Trip Rate...................... PO P OP PRSPPI 423

12.9.2  BIeaKWALET COSloouiinsiiviirecvevreeiesiee s oeretme o ere e e sies e it ee s ba et s e e sns e 424

1293 Stress—Strain Analysis oo et h s 425

1204 Project Cost Versns TITIC .o e s 426

12.9.5 Effect of Extreme Event........... STV R PO UUSTU VRO [T 428

12.9.6  Variable TransformatiOn ..ot 429

12.10 Simulation and Prediction Models . ... e e 430

12,11 SIMUTATION PROJECTS vivi ettt et ettt b e 432

12.11.1 Calibration of a Bivariate Linear Model..........oo e 432

12.11.2 Simulating Distributions of Correlation Coefficient.........cooovvcns 432

1212 PTODIEINIS .. e eee et et e et et e e e s e e e b et s e oL s RS eLeas S bbb i 433
Chapter 13

Multiple and Nonlingar Regression Analysis ... et e b e 439

131 INETOAUCTION c.ei oot eie et e e et et et m e eam e oo b e e e e e oaR e E e e s e e 440

13.2  Correlation Analysis. ...ccoooviiiiciinen e U P RSP 440

13,3 Multiple Regression Analysis.........oo i T 442

13.3.1 Calibration of Multiple Linear Model..............oin. e 442

13.3.2  Standardized Model. . ..ovooo et s s 443

13,33 INtercorTelation. ... .oocovieeesiccei e oo s s 445

13.3.4 Criteria for Evaluating a Multiple Regresslon Model. ..o 446



CONTENTS Xlii

13.3.5  Analysis of Residuals........oooii e 447
13.3.6  Computational Example.......coooiii 448
134 Polynomial Regression Analysis. ..o 430
13.4.1  Structure of Polvnomial Models ..o 450
13.4.2 Calibration of Polvnomial Models .. 451
13.4.3  Analysis of Variance for Polynomial Models. ... 452
13.5  Regression Analysis of Power Models ... 454
13.5.1  Fitting a Power Model ... 454
13.5.2 Goodness OF FIt oot 435
13.5.3  Additional Model FOrmS. ..o RO TU PR 455
13,6 APPUHCALONS ..ot 456
13.6.1 One-Predictor Polynomial of Evaporation versus Temperature ... 456
13.6.2 Single-Predictor Power Model ... 457
13.6.3 Multivariate Power Model ... e e 458
1364 Estimating Breakwater Costs. ... 460
13.6.53 Trip Generation Model........cccooiiiiiii e 4061
13.6.6  Estimation of the Reaeration Coetficient. ..., 463
13.6.7 Estimating SIope Stability ..o 464
137  Simulation in Curvilinear Modeling .. ...t i e 465
13.8 Simulation Projects .ot et 468
13,9 PLODIEINS ..ot e et e 468
Chapter 14
Reliability Analysis of COMPONENTS o.oeoiiiiiriiir et e L ATT
141 IDITOAUCTION ..ottt e b s 47
142 Time t0 Failure. .o e e 478
14,3 Reliability of COMPOMEILS ...oooiiii e s et oo 480
14.4  First-Order Reliability Method ...t 482
14.5  Advanced Second-Moment Method........... e, 486
1451 Uncorrelated, Normally Distributed Random Variables ...l 486
14.5.2  Uncorrelated, Nonnormally Distributed Random Variables ... 491
14.5.3 Correlated Random Vaniables ... w494
14,6 SIMulation MethOdS ..o et st e s 497
14.6.1 Direct Monte Carlo SHNUIALION......coooirriinric e 497
14.6.2  Importunce Sampling Method ... 499
14.6.3 Conditional Expectation Method ..., 500
i4.64 Generalized Conditional Expectation Method ... 501
14.6.5 Antithetic Variates Method...................nnn SUUUTPTTRN 502
147 Reliability-Based DESIZN, oo s eme s s et DD
1471  Direct Reliability-Based Design ... 506
1472 Load and Resistance Factor Design. ... e 506
14.8  Application: Structural Reliability of a Pressure Vessel ... 510
149 SImUulation PLOJECLS .. ociiiiurrrr i ettt es s bt 514
1491 Structural Beam Study ... 514
14.9.2  Stream Erosion Study ..o 514
1493 Traffic ESHmMAation StAY ..o 514
1494 Water Evaporation Study ... 514
LA D PTOBIEITIS ....oveeeeecee et b s et e 514



Xiv CONTENTS
Chapter 13
Reliability and Risk Analysis 0F SYSIRITIS oo e 519
15.2  Reliability oF SYSIEITS oot e VTR 524
1521 SyStems in SEIIES ..o 520
13.2.2 Systems in Parallel..... e D23
152.3 Mixed Systems in Series and Parallel..........nmmee 325
1524 Fault Tree ANalySis oot 526
15.2.5  Event Tree ANRlYSiS oo et messsestes e niaer D00
153 RISK ANALYSIS Lore i et e 532
15.4 Risk-Based Decision ANALYSIS ........cocooieeeeriiieis oot ecreien ot seeene 339
15.4.1 Objectives of Decision Analysis........ STV SUUURR PO 540
1542 DecisSion VArTADIES oo oottt et 540
1543 DeCiSIon OUICOIMES cooostriiii ittt eee e s sts e es e st assanb s 340
15.4.4  Associated Probabilities and ConseqUences. o i 540
15.4.5  DIECISION TTEES. .. iitiiri ettt st e e e oo er et see e e e ambaae bbb e e s an e 340
15.5 Applicavon: System Reliahility of a PostTensioned Truss .o, 544
156 SIMUIATION PROJECTS 1ottt cetiei et n et d et sb e e e enane e e 546
15,7 PrODIEITIS coa e ettt et et et ne e e s 547
Chapter 16
Bavesian MELROMS ..o e e 551
LT B €50 14 et 1o ) F O OO UU PR PR P 551
16.2  Bayesian Probabilities ..o 552
16.3  Bayesian Estimation of PAramerters........o.ccovmicoaiinis s snans 99 1
16.3.1  DHSCTELE PATAIMIEIETS ... ovviveeeeeesirerssseeeeaeserereeeemesee s ee et e scementeanseseemens s DO 1
16.3.2  COnLNUOUS PAFAIIEIETS .ooo.iiivi it oeeeern et s s e e e ses o es s b eme s 560
164 Bayesian STASTICS o.oe ittt e b bbb 564
16.4.1 Mean Value with Known Variance.........c.ovoii e 564
16,42 Mean Value with Unknown Variance.. ... 566
16.5  APPLCALIONS 1veiiiiiiiiciii oot e ses e me st et e et 567
16.5.1 Sampling from an Acsembl\ LLANE i 367
16.5.2  Scour around Bridge PIers . ..o 369
1.6 PLODIEITIS e cviie ettt et et s s e e et et e e om e ee e ek S e e e e e emeeedbabd b rbn s e abb b by e e 570
Appendix A
Probability and Statistics TABIES ..........ooirveiic it ccencieieisesarssmsssesecsaeesne D 1
A.l Cumulative Distribution Function of Standard Normal (P2} .covvvveecemnn e 574
A2 Critical Values for Student’s £ Distributlon (f, ).t 577
A3 Critical Values for Chi-Square Distribution (¢, = 250 .59
A4 Critical Values for £ Distribution (£, = favse) oo 581
A5 Critical Values for Pearson Correlation Coefficient for Null Hypothesis A, p=
and Both One-Tailed Alternative H,: Ipl > 0 and Two-Tailed Alternative H,: p#0........... 580
A6  Uniformly Distributed Random Numbers ... 587
A7 Critical Values for Kolmogorov—Smirnov One-Sample Test..........ccoovne e 389
A8 Values of Gamma Function ... 590
A9 Critical Values for Duncan Multiple Range Test for a 5% Level of Significance

and Selected Degrees of Freedom (df) and p Groups......ccoiien 591



CONTENTS XV

Appendix B

Taylor Series EXpansion. .. e 303
B.2 COMUTION SETIBS. .ottt et e e 396
B.3  Applications: Taylor Series Expansion of Square ROOU...............o.ociiiiii 597
B PO oM e 397
Appendix C

Data for SImulation ProJECtS.. ..ottt e e 599
C.1 Stream Erosion STUAY .. e 599
C.2 Traffic ESmation StuaV.... ..o e oo 600
C.3 Water Evaporation Stady .................. s e 601
Appendix D

Semester SIMULAtON ProJect e ST 603
Dl Project Problem STAtemmenr .o.oooooooii it 603
D.2 Progress Reports and Due Dates ... S OO U UOTTEUPRN 604
D30 A Sample SOIUEOM ...ttt 605



