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Abstract
Because high water velocity can damage 
welded parts and erode conduit walls, 
the maximum velocity in the stormwater 
pipe design criteria in Korea is regulated 
at 3.0 m/s. In this study, the maximum 
velocity in the stormwater pipe design 
criteria was reviewed through field 
measurements of water depth and velocity 
in two cities in Korea, and the probability 
of surpassing the maximum velocity was 
calculated using a reliability model. The 
existing deterministic design is unable to 
consider any uncertainties because it treats 
the variables as constants. Therefore, a 
reliability analysis should be conducted 
by considering each variable as a random 
value. Through probability estimations it 
was found that the velocity can easily reach 
the design criteria limit of 3.0 m/s. In one 
study pipe in Hwaseong, the probability 
of surpassing the maximum velocity in the 
design criteria was found to be 95% with a 
rainfall intensity of 39 mm/h and a water 
depth of 0.46 m. However, the probability 
of surpassing the capacity was 40%. 
Therefore, if a 3.0 m/s maximum velocity 
limit is applied in stormwater system 
design, excessive construction costs may  
be incurred. 
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Introduction
High intensity rainfall events are occurring 
more frequently, due to global warming and 
the resulting climate change. Such rainfall 
events can cause urban inundation when the 
drainage capacity of the stormwater system 
is exceeded. Therefore, countermeasures for 
such rainfall patterns should be suggested, 
not only for existing stormwater networks but 
also for newly designed systems. Although 
many studies on stormwater have considered 
this problem, stormwater pipes themselves 
have not been treated as an important factor. 

Kim et al. (1993) used Advanced First Order 
Second Moment as a reliability analysis tool 
for stormwater pipes. In this study, a Rational 
equation was used for the load function, and 
Manning’s equation and the Darcy-Weisbach 
equation were used for the capacity function 
in the reliability function to analyse the risk. 
Furthermore, Kim et al. (1995) determined 
the relation curve between the safety ratio 
and risk, selecting 58 drainage areas in Seoul, 
Korea. A relationship was suggested for the 
three variables, namely, risk, safety ratio, and 
return period. Lee et al. (2005) estimated the 
construction costs of a stormwater system 
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according to the return period of the rainfall 
intensity. Kwon and Lee (2008a) conducted a 
reliability analysis estimating the probability 
of a system failure with the existence of 
an effective amount of water in a water 
distribution system. In addition, Kwon and 
Lee (2008b) estimated the probability of 
failure of a water distribution system using 
the characteristics of time-dependent pressure 
oscillations obtained through an unsteady 
analysis of a water distribution system. Kwon 
and Lee (2009) calculated the probability of 
failure of a water distribution system using 
an approximate full distribution approach 
(AFDA) and conducted a sensitivity analysis 
for a friction coefficient. 

Many studies have been conducted 
on the design and operation of drainage 
pump stations and detention reservoirs as 
part of stormwater systems. The design of 
stormwater pipes is simpler if one considers 
only the hydraulic conditions of the design 
return period. In this case the design of a 
stormwater pipe system is considered with 
regard to the lowest construction costs 
through the determination of the shortest 
distance for the pipe. However, this design 
technique can induce higher construction 
costs by installing more manholes and a 
greater ground drop (vertical drop) because 
the maximum velocity in the design criteria 
can be exceeded. Therefore, the effective 
maximum velocity in the design criteria 
must be established. The objective of this 
study is to review a real situation to test the 
appropriateness of the current maximum 
design criteria.

Velocity criteria for  
stormwater pipes
Stormwater pipes constructed using the 
existing design technique occasionally fail 
to perform their role because of the frequent 
occurrence of heavy rain and flooding. In 
this study, the probability of surpassing the 

maximum velocity in the Korean design 
criteria and the capacity of real stormwater 
pipes are estimated using a reliability model. 
This will help determine a realistic maximum 
velocity limit in the design criteria and 
minimize the construction costs through an 
analysis of the hydraulic, hydrological, and 
regional characteristics of stormwater pipes. 
Because high velocities can damage welded 
parts and cause erosion of the conduit wall, 
via sand and debris moving along with the 
runoff can erode and damage the inside 
of the pipe wall, the maximum velocity in 
the design criteria for stormwater pipes in 
Korea was regulated at 3.0 m/s (Ministry 
of Environment, 2005). However, if the 
maximum velocity in the design criteria 
is too low, the construction costs may be 
unnecessarily high due to the installation 
of many assisting hydraulic structures, such 
as ground drop. Therefore, the maximum 
velocity in the design criteria must be 
carefully reviewed according to various real 
cases and a safety investigation. According to 
the Korean design standards for stormwater 
pipes, the minimum velocity limit is 0.8 m/s 
and the maximum velocity limit is 3.0 m/s. 

In this study, the maximum velocity in 
the design criteria was analysed and assessed 
through field measurement of the water 
depth and velocity in real city stormwater 
pipes, and the probability of surpassing the 
maximum velocity in the design criteria was 
calculated using a reliability model. 

Reliability analysis
When a stormwater pipe network is designed, 
Manning’s equation or the Darcy-Weisbach 
equation is used to determine the capacity, 
and a Rational equation is typically used to 
estimate the load (Kuo et al., 1991; Samani 
and Jebelifard, 2003; Young et al., 2009). 
These equations have different variables 
that contain uncertainties. It is necessary to 
analyse the effect of such uncertainties for 
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different structures. Existing deterministic 
design techniques cannot be used to analyse 
the uncertainties because they treat the 
variables as constants. A pipe may or may not 
be safe under a rainfall intensity of 10-year 
return period, which is the design standard 
of stormwater pipes in Korea. Therefore, real 
stormwater pipes designed and constructed 
through a deterministic method are 
analysed based on a reliability model. This 
reliability analysis can be used for the design, 
maintenance, and repair of a stormwater 
network because certain pipes that contain 
a high probability of surpassing the capacity 
can be identified. These days, although 
reliability models are frequently used for the 
design of many different types of structures, 
they are not well adopted for the design of 
water and wastewater systems. For the present 
study, a reliability model was developed and 
applied to estimate the performance (safety) 
of stormwater pipes.

Approximate Full Distribution Approach 
(AFDA) Model

First, the load and capacity of a stormwater 
pipe system should be determined to establish 
the reliability function. For a stormwater 
pipe, capacity exceedance can be defined as 
inflow (runoff ) discharge, QL, exceeding the 
capacity, QC, of a stormwater pipe. Therefore, 
the reliability function can be defined as: 

 (1)  

where the Rational equation (Eq. 2) is used 
for the load function QL of a stormwater pipe 
system, and Manning’s equation (Eq. 3) is 
used for the capacity function QC :  

 (2)

 (3)

where C is the runoff coefficient, i is the 
rainfall intensity (mm/h), A is the basin 
area (km2), n is the roughness coefficient,  
R is hydraulic radius of the pipe, and S is  
the slope (m/m). In the reliability function, 
Z < 0 indicates a state of surpassed capacity, 
Z > 0 is a safe state, and Z = 0 is a limit state. 
Therefore, the probability of surpassed or at 
full capacity can be calculated as:

 (4)

In this study, a level II reliability model 
AFDA (Kwon and Lee, 2008a) was used to 
calculate the probability of surpassing the 
capacity of a stormwater pipe. Furthermore, 
the probability of surpassing the maximum 
velocity in the design criteria was calculated 
using the reliability function: 

 (5)

where a is the cross sectional area of the flow, 
and is flow derived by the Rational equation 
(Eq. 2). 

The probability distribution functions 
of the rainfall intensity and other random 
variables were treated as a Gumbel 
distribution and normal distribution, 
respectively. It was assumed that all random 
variables are statistically independent. In 
reliability function (Eq. 5), Z < 0 is a state 
in which the velocity exceeds 3.0 m/s, and 
Z > 0 is a state in which the velocity does 
not. Therefore, Pf = p(Z ≤ 0) means the 
probability of surpassing the maximum 
velocity in the design criteria. As shown in 
Figure 1, (reliability index) is the shortest 
distance from the origin to the design point, 
and should be estimated through repeated 
calculations. A normalization process is 
necessary to estimate because stationarity is 
required.

First, the directional cosine is calculated 
using Equation 6, and is used to calculate 
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the new design point (Ang and Tang, 1984; 
Frankel, 1988; Modarres et al., 1999):

 

 

(6)

where , are random vari-
ables,  and  and are the mean and 
standard deviation of the random variables, 
respectively. Therefore, the design point can 
be calculated using the equations: 

 (7a)

 (7b)

where  and  are the mean and standard 
deviation, respectively, of the equivalent 
normal distribution for the annual maximum 
rainfall intensity and can be estimated using a 
Rosenblatt transform: 

 (8a)

 (8b) 

Here,  and  are the Gumbel 
distribution function of the annual maximum 
rainfall intensity: 

 (9a)

 (9b)

where  and .
A new design point can be obtained by 

inserting β into Equation 7. The calculations 
must be repeated until β is converted into 
the proper value. Although the probability 
distribution of other random variables 
is assumed to be normal, the probability 
distribution of the annual maximum rainfall 
intensity should be statistically analysed 
because it contains various uncertainties 
(Kwon and Lee, 2010). 

Statistical characteristics of maximum  
rainfall intensity
In this study, the probabilities of surpassing 
the capacity and the maximum velocity in the 
design criteria were estimated using statistical 
characteristics of the annual maximum 
rainfall intensity for Hwaseong and Paju. 
Rainfall data for two locations – the Dongtan 
and Tongil areas of Hwaseong and Paju 
cities, respectively, were analysed for annual 
maximum rainfall intensity. The record 
lengths were 41 years for Hwaseong and 
39 years for Paju (Table 1). Analysis of the 
records found that probability distribution of 
the maximum rainfall intensity matches well 
with the Gumbel distribution, as shown in 
Figure 2. 

A chi-square goodness-of-fit test was 
conducted to determine the consistency 
between the data and the Gumbel distribution. 
Table 2 shows that the distribution functions 
of the maximum rainfall intensity of the two 
cities are well matched with the Gumbel 
distribution. 

Figure 1 – Design point of failure surface.
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Figure 2 – Statistical distributions of the maximum rainfall intensity of (columns are the data, the line, 
and are the fitted gumbel distribution (a) Hwaseong and (b) Paju.

(a) (b)

Table 1 – Statistical properties of annual maximum rainfall intensity data for  
Hwaseong and Paju

Sample size
Mean 

(mm/h)
Standard deviation 

(mm/h)
Coefficient of  

variation

Hwaseong 41 45.6 14.59 0.32

Paju 39 53.4 22.01 0.41

Table 2 – Chi-square goodness-of-fit test demonstrate the Gumbel distribution is 
appropriate for the annual maximum rainfall intensity series for two cities in Korea  
(see also Figure 2).

Degrees of 
freedom

Significance 
level

Critical value
Observed chi-square 

value

Hwaseong 6-2-1=3 5% (0.05) 7.82 2.84

Paju 6-2-1=3 5% (0.05) 7.82 5.62

As shown in Table 1, the mean of the 
annual maximum rainfall intensity was 45.6 
and 53.4 mm/h in Hwaseong and Paju, 
respectively. The annual maximum rainfall 
intensity according to return period can be 
determined by: 

 (10)

where IT is annual maximum rainfall inten- 
sity with a return period of T years, μ is 

mean annual maximum rainfall intensity, σ 
is the standard deviation, and KT  is fre quency 
coefficient, which should be determined based 
on the return period and statistical distribu-
tion. Here, KT  can be determined using 
Equation 11 because a Gumbel distribution 
is applied for the annual maximum rainfall 
intensity in this study: 

 (11)
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A frequency analysis of the annual 
maximum rainfall intensity was carried 
out for Hwaseong and Paju, as shown in 
Figure 3, and for a 50-year return period the 
intensities were found to be 78.4 and 110.4 
mm/h, respectively. Although the two cities 
are located in the same province (the distance 
between Hwaseong city hall and Paju city 
hall is 83 km), they have completely different 
rainfall characteristics. 

Hydraulic characteristics of stormwater pipes
The reliability model developed in this study 
was applied to calculate the probability 
of surpassing the maximum velocity in 
the design criteria for stormwater pipes in 
Hwaseong and Paju. Figure 4 shows the 
layouts of the stormwater pipe networks in 
the two cities. The velocity and water depth 
were measured twice in sewers #G70-4 
and #A230-3 of Hwaseong, and once and 
three times in sewers #M2-395 and M2-
402, respectively, of Paju (Table 3). The 
flow was determined using the measured 
velocity and cross-sectional area of the 
flow, based on the measured water depth. 
The velocity exceeded 3.0 m/s once in pipe 
#A230-3 of Hwaseong, as shown in Table 3.  

Table 4 shows the flow cal-
culated using the Rational 
equation for Hwaseong and 
Paju, The rainfall intensity 
in Table 4 was derived from 
10-minute  ra infa l l  data 

measured in the field and extended to a 
1-hour intensity for both cities. The runoff 
coefficient, C, was determined as 0.8 
because both cities have well-paved and 
developed commercial areas and the values 
of λc and λL were both set to 1.0, which 
means the two equations will be used as 
is without any correction. Table 5 shows 
the statistical characteristics of random 
variables used in the reliability function 
to calculate the probabilities of surpassing 
the maximum velocity in the design criteria 
and the capacity of stormwater pipes in 
Hwaseong and Paju. 

The flows in Tables 3 and 4 are compared  
in Figure 5. Overall for each pipe the cal-
culated flows are similar other than for pipe 
A230-3. The measured flow of 1.3 m3/s was 
not well matched with the calculated rate. 
Therefore, it was found that the Rational 
equation can be applied to the reliability 
function for calculating of the probabilities 
of surpassing the pipe capacity and the 
maximum velocity in the design criteria. 

Figure 3 – Annual maximum 
 rainfall intensity according to 
 the return period, at Hwaseong 
 and Paju 
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Figure 4(a) – Layout of stormwater pipe network 
in Hwaseong.

Figure 4(b) – Layout of stormwater pipe 
network in Paju.

Conduit No. D (m) Measurement i (mm/h) A (km2) C λc λL Q (m3/s)

G70-4 0.45
1 39 0.1384 0.8 1.0 1.0 0.0901

2 16.2 0.1207 0.8 1.0 1.0 0.0374

A230-3 1.2
1 39 0.4618 0.8 1.0 1.0 1.1250

2 16.2 0.2674 0.8 1.0 1.0 0.4673

M2-395 0.45 1 7.8 0.0975 0.8 1.0 1.0 0.0152

M2-402 0.7

1 8.6 0.0880 0.8 1.0 1.0 0.0462

2 7.8 0.0795 0.8 1.0 1.0 0.0419

3 18.2 0.1146 0.8 1.0 1.0 0.0978

Table 4 – Flow in stormwater pipes in Hwaseong and Paju calculated using the Rational equation,  
for the flow measurement events shown in Table 3.

Table 3 – Observed velocity (V) and water depth (h) in stormwater pipes in Hwaseong and Paju.

Conduit No. D (m) Measurement V (m/s) h (m) a (m2) Q (m3/s)

G70-4 0.45
1 2.52 0.1384 0.0415 0.1046

2 2.43 0.1207 0.0343 0.0834

A230-3 1.2
1 3.28 0.4618 0.4022 1.3195

2 2.43 0.2674 0.1879 0.4566

M2-395 0.45 1 2.45 0.0975 0.0254 0.0622

M2-402 0.7

1 1.51 0.0880 0.0279 0.0422

2 1.37 0.0795 0.0241 0.0330

3 1.91 0.1146 0.0410 0.0784
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Table 5 – Statistical properties of random variables used for the reliability function

Variable Distribution Mean/COV Hwaseong Paju

C Normal
Mean 0.8 0.8

COV 0.05 0.05

i Gumbel
Mean (mm/h) 45.6 53.4

COV 0.32 0.41

n Normal
Mean 0.016 0.016

COV 0.1 0.1

Figure 5 – Comparison of flows 
 in stormwater pipes in 
 Hwaseong and Paju calculated 
 using the Rational equation 
 and measured based on the 
 water depth and velocity.

Analysis results
Figure 6 shows the probability of surpassing 
the maximum velocity in the design criteria 
(3.0 m/s) when the water depth is 0.46 m 
in stormwater pipe #A230-3 of Hwaseong, 
as well as the probability of surpassing the 
capacity. The probability of surpassing the 
maximum velocity in the design criteria is 
95% (real velocity of 3.28 m/s) when the 
measured rainfall intensity and water depth 
are 39 mm/h and 0.46 m, respectively. As 
expected, no specific damage was observed 
under a velocity of greater than 3.0 m/s. 
Furthermore, the abrasion level (Kim et al., 
2010) was tested under a 4.5 m/s velocity 

of water containing soil, and 
no abrasion damage was 
found. The probability of 
surpassing the capacity, which 
is not related to a certain water 

depth, was only 40%. Thus, the probability 
of surpassing the maximum velocity in the 
design criteria was significantly higher than 
the probability of surpassing the capacity. 
A rainfall intensity of 39 mm/h is less that 
of a 10-year return period in Hwaseong. 
Therefore, the maximum velocity in the 
design criteria (3.0 m/s) is too low for use in 
this stormwater pipe in Hwaseong. 

Figures 7 and 8 show the probability of 
surpassing the maximum velocity in the 
design criteria when the water depth is 0.1 
and 0.15 m in stormwater pipes #G70-
4 and #M2-402 in Hwaseong and Paju, 
respectively. The diameters of #G70-4 and 
#M2-402 are 0.45 and 0.7 m, respectively. 
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Figure 6 – Probability (Pf) 
 of surpassing the maximum 
 velocity in design criteria 
 when the water depth is  
 0.46 m, and probability of 
 surpassing the capacity, which 
 is not related to the water 
 depth (pipe #A230-3 in 
 Hwaseong).

Figure 7 – Probability of 
surpassing the maximum 

velocity in the design criteria 
according to the rainfall 

intensity when the water 
depth is 0.1 m and 0.15 m in 

Hwaseong (G70-4).

The probability of surpassing 
the maximum velocity in the 
design criteria is very high for 
both cities when the water 
depth is 0.1 m. However, it 
is natural for the probability 
of surpassing the maximum 
velocity in the design criteria to increase 
when the water depth is low, because the 
water depth can usually be increased through 
an increase in the rainfall intensity. Figures 
9 and 10 show the probability of surpassing 
the capacity in Hwaseong (G70-4) and Paju 

(M2-402). If 3.0 m/s is established as the 
design criterion for the maximum velocity, 
the construction costs may be unnecessarily 
high because the probability of surpassing 
the maximum velocity is greater than the 
probability of surpassing the capacity. 
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Figure 8 – Probability of 
 surpassing the maximum 
 velocity in the design criteria 
 according to rainfall intensity 
 when the water depth is 0.1 m 
 and 0.15 m in Paju (M2-402).

Figure 9 – Probability of 
surpassing capacity according 

to rainfall intensity in 
Hwaseong (G70-4).

Therefore, the maximum 
velocity in the design criteria 
should be increased, and 
the rainfall intensity in the 
design criteria should also be 
increased because regional 
heavy rains have frequently 
occurred in recent years.   

As shown in Figures 9 and 10, the 
probability of surpassing the capacity in 
Hwaseong (G70-4) is 35% and 28% under 
a rainfall intensity of 20-year (70 mm/h) 
and 10-year (60 mm/h) return period, 
respectively. The probability of surpassing 
the capacity in Paju (M2-402) is 85% and 
80% under a rainfall intensity of 20-year 
(95 mm/h) and 10-year (80 mm/h) return 
period, respectively. Therefore, the capacity 

of #M2-402 in Paju can easily be exceeded 
during relatively low rainfall intensity events. 

Conclusion
In this study, it was observed that the flow 
velocity in stormwater pipes in two cities of 
Korea can easily exceed the design criteria 
maximum of 3.0 m/s, and this observation 
was verified through a reliability analysis. 
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Figure 10 – Probability of 
 surpassing capacity according  
 to rainfall intensity in  
 Paju (M2-402).

The probability of surpassing the maximum 
velocity in the design criteria (3.0 m/s) was 
calculated based on water depth and velocity 
data collected in Hwaseong and Paju. From 
the results, it was found that the probability 
of surpassing the maximum velocity in the 
design criteria was very high during a 10-
year return period rainfall intensity, which is 
normally used in stormwater system design 
in Korea. In one case, the probability of 
surpassing the maximum velocity in the 
design criteria was 95% for a rainfall intensity 
of 39 mm/h (less than a 10-year return period 
event), and a 0.46 m water depth. However, 
the probability of surpassing the capacity was 
40%. Therefore, it can be concluded that 
the probability of surpassing the maximum 
velocity in the design criteria is relatively 
higher than the probability of surpassing the 
capacity. 

If a maximum velocity of 3.0 m/s is 
applied as the design criteria, excessive 
construction costs may be required in the 
future. Therefore, the maximum velocity in 
the design criteria should be increased, along 
with design return period, for stormwater 
system design in Korea. 
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