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The Comprehensive Proportional Hazards Model Incorporating
Time—dependent Covariates for Water Pipes
o oF

Park, Suwan

Abstract

In this paper proportional hazards models for the first through seventh break of 150 mm cast iron
pipes in a case study area are established. During the modeling process the assumption of the
proportional hazards for covariates on the hazards is examined to include the time-dependent covariate
terms in the models. As a result, the pipe material/joint type and the number of customers are
modeled as time-dependent for the first failure, and for the second failure only the number of
customers is modeled as time-dependent. From the analysis on the baseline hazard functions the
failure hazards are found to be generally increasing for the first and second failure, while the hazards
of the third break and beyond showed a form of a bath-tub. Furthermore, the changes in the baseline
hazard rates according to the time and number of break reflect that the general condition of the pipes
is deteriorating. The factors causing pipe break and their effects are analyzed based on the estimated
regression coefficients and their hazard ratios, and the constructed models are verified using the
deviance residuals of the models.

keywords : cast iron pipe, hazard rate, pipe break, proportional hazards model, survival function,
time-dependent covariate
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Table 1. Types and Characteristics of the Covariates

Covariate Definition Type Characteristics
Spun-rigid Joint Used only for Model III ~ Model VI
SR (ljjast Irin Pine binary If a pipe is spun-rigid joint, SF = 1,
P otherwise, SR = 0
Spun-flexible Joint . Usedionly for Model.HI .~.M0del YH,
SF Cast Iron Pi binary If a pipe is spun-—flexible joint, SF' = 1,
ast o be otherwise, SF' = 0
TYPE pipe material continuous Used only for Model I and Model II
DL degree of land binary urban = 1, non-urban = 0
development
I e leneth continuous For MODEL 1 continuous variable,
b g or binary otherwise binary variable.
c customers in GRID contlpuous For MODEL I cpntlnuous. variable,
or binary otherwise binary variable.
PTI1 pressure type 1 binary If a pipe is PT1, PTI = 1, otherwise PTI =
PT2 pressure type 2 binary If a pipe is P72, P12 = 1, otherwise P12 = 0
PT3 pressure type 3 binary If a pipe is PT3, P13 = 1, otherwise PT3 = 0

S 7HAH, Model I|A = #=27F Pit-CIY 4 =

1, SRY w0, 283 SFY W= 279 S 7HA

£ 943 WS (continuous Van'able)o]ﬁ‘r. kA Model H#E Rl A Aelsta e 7P Fag 713
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LLS(t) = 1+exp(—2.613 « Int+14.87)
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Table 2. Estimated Parameters with Time-dependent Covariates

p-value 95% Hazard ratio confidence
Model Covariate Parameter (Pr < Hazard ratio limits
Ch-sqare) Lower limit Upper limit
TYPE 1.34242 <.0001 3.828 3.443 4.257
DL 0.54472 <.0001 1.724 1.543 1.926
L 0.000497 <.0001 1.000 1.000 1.001
C 0.01968 <.0001 1.020 1.019 1.021
! DL -L 0.000259 0.0093 1.000 1.000 1.000
TYPE -C -0.01284 <.0001 0.987 0.987 0.988
TYPE -time -0.02302 <.0001 0.977 0.977 0.978
C -time -0.00003 <.0001 1.000 1.000 1.000
TYPE 0.17846 <.0001 1.195 1.117 1.279
DL 0.34444 0.0183 1411 1.060 1.879
I L 1.70421 <.0001 5.497 4.609 6.556
C 1.25702 <.0001 3.515 2.309 5.351
DL -C -0.531 0.0153 0.588 0.382 0.903
C -time -1.6262 <.0001 0.197 0.177 0.218
SR 0.25651 0.3334 1.292 0.769 2.173
- SF -0.06004 0.8321 0.942 0.541 1.640
L 0.85493 <.0001 2.351 1.934 2.859
C -0.16995 0.0679 0.844 0.703 1.013
v L 0.72912 <.0001 2.073 1.612 2.666
SR -0.87835 0.0606 0.415 0.166 1.040
v SF -1.01847 0.0408 0.361 0.136 0.958
DL 0.64732 0.0572 1.910 0.980 3.723
L 0.32466 0.0457 1.384 1.006 1.902
VI L 0.44147 0.0340 1.555 1.034 2.339
viI L 0.66856 0.0097 1.951 1.176 3.239
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Table 3. Estimated Baseline Survival and Hazard Functions

STG Baseline survival Function, S(t) Baseline Hazard Function, hy(t) R’
I wol T T LOESS model (d=2, ¢=0.25) N/A
I exp(— e~ T18T312722) LOESS model (d=2, q=0.5) N/A
I exp(— e H501000) 3.336 < 10" "2 —6.990 X 10~ °¢ +0.0089 0.665
IV exp(—e *#7) 7.632x 107 " —9.865 % 10 °t+0.0173 0.699
M exp(—e *17) 7.099 < 10" % —9.161 x 10 *t+0.0359 0.941
VI exp(—e *H400T) 5.175 10" %> — 3.546 < 10~ *t+0.0276 0.366
VI exp(—e 274") 8.408 % 10752 —4.972 % 10~ *+0.0428 0.207
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