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ABSTRACT 

 

ROADWAY SHALLOW WATER FLOW MODELING BY  

VELOCITY DISTRIBUTION  

 

Publication No._____ 

 

Chirakarn Sirivitmaitrie, Ph.D. 

The University of Texas at Arlington, 2007 

Supervising Professor: Ernest C. Crosby 

 

Manning’s equation is a widely used method for determining flow discharge in a 

channel with unconfined gravity flow. The roughness value, n-value, is a critical factor 

for Manning’s equation to obtain the accurate amount of flow. A precise estimation of 

Manning “n” is difficult to obtain and varies by investigator justification and experience. 

Flow on a roadway is a type of open channel flow normally determined by Manning’s 

equation. To ensure reliability and highway safety, the hydraulic geometry dimensions 

such as spread, depth and discharge must be accurately estimated.  

A Texas Department of Transportation Manning’s n-value research project 

collected data on surface roughness and estimate n-value of four different types of 
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roadway sections; asphalt, asphalt treatment, smooth (worn) concrete and TxDOT’s 

standard concrete surface. This research used full scale roadway sections with the varied 

flows and longitudinal and transverse slopes. This study focused on estimating n-values 

for the entire roadway flow width.  

A velocity distribution method is used as an alternative method to study the flow 

characteristic and estimate n-values of each roadway cross-section. The velocity 

distribution equations use basic geometry data from the TxDOT research. The data for 

the four types of roadways from TxDOT Manning’s n-value research were used as input 

for the velocity distribution modeling.  

The percent accuracy of model simulation is estimated from a comparison of 

result, discharge and n-value, between the velocity method result and the original TxDOT 

research data. The modeling utilizes theoretical survey, statistical-analysis, numerical-

analysis and flow methods to simulate roadway flow. Statistical analysis such as 

normality, data cleaning, and outlier detection, were used to improve results.  

The results indicate velocity distribution equations are potentially a good method 

for estimating discharge and n-values for a roadway section. It shows comparable 

discharge volumes and average n-values to the original TxDOT laboratory result with an 

acceptable percent of error.  
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CHAPTER 1  

INTRODUCTION

 

1.1 Background 

Manning’s equation has been used for a number of years. It is used in hydraulics 

to estimate channel discharge. Manning’s equation can be used to estimate discharge 

accurately if the correct roughness, n-value, is used. Innumerable researches have 

studied channels with the intention to determine exact n-values. Manning’s n-values are 

obtained from roughly estimating channel bottom surfaces and local channel geometry. 

For natural channels, a bottom surface roughness is estimated through observation of 

the bed material. Bottom surface roughness is difficult to estimate and often inaccurate 

due to the vast variable geometric condition of natural channels. Increasing the number 

of bed material samples can help improve the accuracy of roughness estimation, but 

increases cost.  

A roadway is considered a type of channel flow. It’s designed to remove water 

from the roadway surface. Because of public safety and reliability, a roadway needs to 

be designed to have adequate discharge capacity. The flow capacity of a roadway 

depends on both Manning’s n-value and the cross-section geometry. An incorrect n-

value leads to either under or over estimation of roadway geometry and flow capacity.  
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Changing longitudinal and transverse slopes significantly change the roadway 

discharge capacity. In order to achieve sufficient flow capacity, a roadway should be 

designed with as accurate n-value and factors of safety as possible.  

 

1.2 Flow Simulation with Velocity Distribution Method 

The velocity distribution method is found to be very useful to obtain a stream 

velocity without numerous physical measurements. It is used to calculate average 

discharges of a channel. This method considers many geometry conditions such as 

longitudinal slope, surface roughness, hydraulic depth, and cross-section area of a 

channel. The velocity distribution method is capable of simulating flow distributions in 

any shape of channel such as triangular, rectangular, and trapezoidal, including 

symmetric and non-symmetric cross-section channels. It uses average surface roughness 

height to calculate flow in channels. Since the velocity distribution technique requires 

many conditional parameters such as friction velocity, average roughness height, and 

critical roughness, it can provide accurate discharge estimations.  

This research expands upon the TxDOT roadway roughness project. The 

TxDOT project studied flow over roadway roughness surfaces and evaluated a single 

Manning’s n-value for each roadway surface. The TxDOT project was constructed in a 

hydraulic laboratory at the University of Texas at Arlington. It was composed of two 

standard full-scale roadway lanes with an overall size of 64 feet by 17 feet, as shown in 

Figure 1.1. The roadway slopes varied, and were set and checked by survey methods. 

The slopes were adjustable in the longitudinal and transverse axis. Two 60 horse-power 
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centrifugal pumps provided constant discharge, ranging from 1-11cfs for the roadway. 

Flow geometry data, spread and depth, was collected and used to compute Manning’s n-

values. The TxDOT project studied four types of roadway surfaces: smooth (worn) 

concrete, TxDOT concrete, asphalt, and asphalt treatment surfaces as shown in Figure 

1.2–1.5. The curb and roadway surfaces were built according to TxDOT roadway 

standards.  

 

 
Figure 1.1 TxDOT roadway roughness research study 
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Figure 1.2 Asphalt roadway surface (longitudinal cross-section) 

. 
 

 
Figure 1.3 TxDOT concrete roadway surface (longitudinal cross-section) 
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Figure 1.4 Smooth concrete roadway surface (longitudinal cross-section) 

 
 

 
Figure 1.5 Asphalt treatment roadway surface (longitudinal cross-section) 
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In this research project, roadway and flow geometry data are taken from the 

TxDOT study. The data consists of roadway cross-section geometries such as depth, 

spread, longitudinal slope and transverse slopes, along with flows and determined n-

values. The TxDOT concrete roadway was also tested with a rainfall simulator to 

determine the impact of rainfall on Manning’s n-value. The rainfall simulator provided 

rainfall equivalents of one, three and six inches per hour over the roadway.  

 

1.3 Statement of the Problem 

Manning’s equation is used in roadway design and has been for many years. 

Manning’s n-values have been assigned to past roadway surfaces as a constant value. 

Present methods of roadway construction including material, equipment, technique, and 

environment have improved and changed as the result of new technologies and higher 

standard requirements. These improvements can alter roadway n-values. As roadway 

surfaces age they change n-values. Roadway designs are based on new surface 

standards. 

The velocity distribution method is an alternative method for calculating 

discharges. This method uses the same basic geometry data as the Manning’s equation. 

The roughness estimation is determined differently. Instead of using Manning’s n-value 

for surface roughness value, the velocity distribution method utilizes actual roughness 

height (k) in measurable units. The actual roughness dimension (k) is obtained directly 

from vertical roughness dimension of a roadway longitudinal cross-section. The 
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roughness dimension (k) of the velocity distribution method can be transformed to a 

Manning’s n-value.  

This research proposes to compare total discharges and average n-values from 

the velocity distribution method to the original TxDOT roadway data for difference and 

reliability.  

 

1.4 Objective of the Study 

Prandtl-von Karman velocity distribution method is used to simulate vertical 

velocity profiles of flow in a roadway channel. These velocity profiles can be used to 

estimate an average velocity and a total cross-section flow of a roadway channel.   

A roadway channel is considered to be an irregular channel. It is made up of 

small non-symmetric sub-sections adjacent to each other throughout the entire cross-

section. An entire roadway cross-section profile is established from a theoretical survey 

calculation. This study focuses on using an estimated roughness dimension (k) for 

velocity distribution equations. The roughness value (k) is estimated directly from 

channel bed material. It is converted to Manning’s n-value by theoretical equation 

conversion. The converted n-value can be used to estimate the average cross-section n-

value of a roadway channel. 

Unlike Manning’s n-value, the roughness value (k) is limited to physical 

measuring of the actual bottom roughness dimension on roadway surfaces. The 

roughness value (k) is considered to be uniform and constant for the entire surface and 

highly affects the flow. It’s not a variable due to changing of cross-section geometries 
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or flow environments. On the contrary, Manning’s n-value can be changed by flow 

environments such as states of flow, geometry dimensions, and slopes. Theoretically, 

Manning’s n-value is a constant average index value of an individual roughness surface. 

 This research is designed to find affects of flow environments to Manning’s n-

value. It’s possible that Manning’s n-value can be changed due to variation of flow 

stages from laminar to turbulent flow. For constant discharge and bottom surface 

roughness, velocity and depth of flow are varied by roadway longitudinal and transverse 

slopes. The validation of n-value variation is determined by comparison of roughness 

value (k) to Manning’s n-value and discharge comparison. 

 Another study topic is the Manning’s n-value cross-section averaging method. 

Averaging methods of n-values are significant factors and highly affect the outcome of 

the average cross-section n-value. Weighting parameters such as, area, depth, wetted-

perimeter, hydraulic-radius, discharge, and velocity for each sub-section are key factors 

in determining averaging methods effect. In order to justify the specific methods of 

average, various discharge and n-value comparisons are considered.      

 

1.5 Approach 

 The proposed simulation will be performed in the following steps: 

1. Collect necessary geometry data such as depth, spread, slopes, and discharge 

from the TxDOT roadway study and use as input to a velocity distribution method for 

flow calculations. 
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2. Develop a roadway geometric model to simulate flow calculation. Perform 

discharge and n-value calculations using this model.  

3. Using both sets of discharge and n-value results, perform statistical analysis 

and display the result comparison of the two methods. 
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CHAPTER 2  

LITERATURE REVIEW

 

2.1 Manning’s n-value 

Manning’s n-value represents roughness a value of channel bottom material. 

This value is used with Manning’s equation as shown in equation 2.1. The main purpose 

of Manning’s equation is to estimate channel velocity and thus flow discharge. The 

Manning’s equation consists of n-value, longitudinal slope (S), and hydraulic radius (R) 

in order to find average velocity (V) of a channel. An n-value can be obtained by 

carefully determining the bottom roughness material of a channel. 

3/22/1

n
486.1V RS=  Manning’s equation (Sturm, 2001) eq.2.1 

V = velocity 

n = Manning’s n-value 

S = slope 

R = hydraulic radius 

A number of researchers have written about Manning’s n-values. It has been a 

research topic for many years. Often the purpose was to estimate the most precise n-

value for a particular channel. Much of the literatures is about natural and man made 

channels with various bottom materials. Some are about artificial channels, specially 

constructed for research purposes. The approach of each is very specific depending on 
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its particular geometries and the bottom surface material. Because each location 

presents unique basic geometry and surface conditions, n-values are estimated based on 

the unique conditions to achieve acceptable accuracy. 

Boyer is one of the early n-value researchers. He purposes an equation for 

solving n-value in natural channels by using a velocity ratio as shown in equation 2.2. 

His estimation is based on natural river data. The equation contains no physical 

roughness parameter of the channel’s bottom material. Since Boyer’s equation was 

derived based on a velocity distribution equation, n-values can be similar to the Prandtl-

von Karman estimation. 

)95.0(78.6
)1(n

2/1

+
−

=
x

yx  (Boyer, 1954), Mississippi river eq.2.2 

Where x =u0.2/u0.8; y = depth of water, 

u0.2, u0.8 = velocity at 20% and 80% of the depth from the surface of water. 

 

Many researches suggest an n-value estimated from dimensions of channel 

bottom material, depth or hydraulic radius. These n-value equations are derived from 

experimental natural channel data. Equations 2.2-2.13 show various equations of n-

value estimation based on empirical natural river data.  

6/1
50d034.0n =  (Strickler, 1923): Gravel-bed river in Switzerland eq.2.3 

where d50,75 and 90 = mean grain size of bed material which correspond to  

  50%, 75% and 90% finer respectively. 

1/6
90d0.032n =  Meyer-Peter, (Mueller, 1948): Sand mixtures in flumes eq.2.4 
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1/6
75d0.039n =  (Lane-Carlson, 1953): Canals lined with cobbles eq.2.5 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

−−

R
P

d
RR0.104n

031.

50

2970.
1/6  eq.2.6 

(Griffiths, 1981): Gravel and cobble bed rivers in USA, Canada, New Zealand, and 

England.  

where  P = wetted-perimeter, and  

  R = hydraulic radius. 

0.179
50d0.048n =  (Bray, 1979): Gravel-bed river in Alberta, Canada eq.2.7 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

−

50

2810.
1/6

d
RR0.126n  (Bray, 1979): Gravel-bed river in Alberta, Canada eq.2.8 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=

50
10

1/6

d
Rlog2.360.248

R0.0927n  (Bray, 1979): Gravel-bed rivers in Alberta, Canada  eq.2.9 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=

50
10

1/6

d
Rlog1.980.76

R0.0927n  (Griffiths, 1981) eq.2.10 

Gravel and cobble bed rivers in USA, Canada, New Zealand and England  

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=

50
10

1/6

d
Rlog2.030.035

R0.0927n  (Limerinos, 1970): Gravel-bed river in California  eq.2.11 

  

160.380. RS0.39n −=  (Jarrett, 1983) eq.2.12 

Steep streams in CO with cobble sand small boulders  
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⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

−−

R
T

d
RR0.245n

30.

50

440.
140.  (Froehlich, 1978) eq.2.13 

Gravel and cobble bed rivers in USA.  

where  T = top spread width 

 

In natural channels, channel geometry conditions are difficult to determine. Due 

to various geometry conditions, non-symmetrical shape of natural channels, bottom 

materials, average slopes, and obstructions, an average velocity can be difficult to 

simulate. Water flow distribution within a channel comes from unequal velocity 

distribution as a result of the local bottom material and geometries. An average velocity 

is considered the best representation of flow. It is often used to estimate the total cross-

section discharge.  

A roadway represents a specific type of an artificial channel. It consists of a 

uniform consistent slope and roughness through out the entire cross-section area. 

Roadway slopes are designed as a function of the drainage required, reliability desired 

and safety required. Because of these limiting conditions, roadway Manning’s n-values 

must be estimated more precisely than natural channels. A roadway cross-section is 

unlike other channel types in that they are a shallow non-symmetry triangular channel. 

Flow over a roadway is intentionally shallow to improve the traffic handling and reduce 

drainage safety issue such as hydroplaning.  
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2.2 Velocity Distribution 

Velocity distribution method has been used for a number of years for non 

roadway channel. A number of researches have worked on this methodology. The 

velocity distribution is a very useful method for measuring and determining flow 

velocities in an open channel. This method is an alternative for determining a flow rate 

in channel without using Manning’s n-value. Many roughness equations have been 

proposed in the literatures for natural rivers as shown in equations 2.15, 2.17, 2.20, 2.24 

and 2.26. These equations can be rearranged in to the form of the velocity distribution 

equation as shown in equation 2.14. The transformations of roughness equations such as 

Bathurst (1985), Bray (1979), Griffiths (1981), Hey (1979), Limerinos (1970) and 

Keulegan (1938) into flow resistance equations are shown in equation 2.16, 2.19, 2.21, 

2.23, 2.25 and 2.27 by Bettess (2002). These flow resistance equations are based on 

experimental studies of natural channels. The derivations are based on the logarithm 

function and friction velocity of channel bed material. After the transformation, every 

equation is in the similar velocity distribution equation form, eq.2.14. Most flow 

resistance equations produce similar velocity profiles depends upon the equation 

parameters. Comparisons of discharge with various velocity distribution equations are 

provided in chapter 4.  

The general flow resistance equation form is 

⎟
⎠
⎞

⎜
⎝
⎛=

k
dlogSRgV β

α      or     ⎟
⎠
⎞

⎜
⎝
⎛=

k
RlogSRgV β

α   eq.2.14 

where α and β = estimated parameters, 

 k  = roughness dimension, 
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 V  = flow velocity, 

 g  = gravity, 

 S  = longitudinal slope, and   

 Hydraulic radius (R) = depth (d) for broad wide channel and  

 infinitesimal differential area. 

 

2.2.1 Flow Resistance Equation Transformation 

The following is an example of roughness equation to be transformed into a velocity 

distribution equation. 

 
Limerinos (1970) roughness equation is 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=

84
10

1/6

D
dlog2.001.16

d0.113n . (Limerinos, 1970), Gravel-bed river eq.2.15 

 
Roughness is considered to approximate a function of the diameter of grain size 

used to define the bed roughness as seen in eq.2.15. 

 k ≈ 3D50, 84 or 90 

 D50, 84 or 90 = estimated bed material diameter, and 

 K = average roughness height. 

From Manning’s equation 1/22/3 Sd
n
1V =      (SI-units) 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=

84
10

1/61/22/3

D
dlog2.001.16

d0.113
V
Sd , 
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⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛+=

k
d3log2.001.16

d0.113
SdV 101/6

1/22/3

, 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛+=

k
d3log0.582Sd8.84V 10

1/21/2 , 

( )
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=

k
d3log3.80logSd17.699V 1010

1/21/2 , 

⎟
⎠
⎞

⎜
⎝
⎛=

k
d11.4logSdg31.93V 10  Based on Limerinos’s (1970) equation. eq.2.16 

 
Brays’s (1979) roughness equation is shown below. 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

90
10 D

dlog2.161.261
f

 eq.2.17 

 ƒ = roughness value 

Literature (Sturm, 2002) shows that the friction value ( f ) can be expressed as an 

equation below. 

where   2V
SRg8

=f , (Sturm, 2002) eq.2.18 

 g  = gravity, 

 R = hydraulic radius, 

 V = velocity, and 

 S = slope. 

After transforming Bray’s roughness equation, eq.2.17, the flow resistance equation is 

shown below as, eq.2.19.  
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Bray’s transformed equation is 

)
k

d11.49(logSRg37.32V 10= . eq.2.19 

 

Griffiths’s (1981) roughness equation is 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

90
10 D

Rlog1.980.7601
f

. eq.2.20 

Griffith’s transformed equation is 

)
k

R9.68(logSRg31.36V 10= . eq.2.21 

 
Keulegan’s (1938) velocity equation is 

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛+=

k
dlog5.756.25SdgV 10 .  eq.2.22 

Keulegan’s transformed equation is  

)
k

d12.22(logSdg33.06V 10= . eq.2.23 

 
Hey’s (1979) roughness equation is 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

84
10 D3.5

Ralog2.031
f

. eq.2.24 

Where 12.95 < a < 15.70 depends on shape of channel. 

Hey’s transformed equation is 

)
k
Ra(logSRg32.97V 10= . eq.2.25 
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Bathurst’s (1985) roughness equation is 

4
D

dlog5.628

84
10 +⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

f
. eq.2.26 

 
Bathrust’s transformed equation is 

)
k

d15.44(logSRg31.6V 10= . eq.2.27 

 
Colebrook’s (1939) velocity equation is 

)
k

R14.8(logSRg32V 10= . eq.2.28 

 
In this research, Prandtl-von Karman (1989) velocity distribution equations, 

equation 2.35 and 2.36, were selected based on consistency and accuracy of the 

discharge calculation. The results, discharges and n-values, comparison are discussed in 

chapter 4. 

In one dimensional flow, a velocity profile represents logarithm vertical flow 

velocity distribution in one-dimension parallel to the flow direction. Velocity 

distribution equations or so called flow resisting equations are based on shear forces 

emanating at the bottom surface of channel. These equations can be used with an open 

channel or a gravity flow. With no restriction of geometry conditions, velocity profiles 

can be used for any type of channel with a known bottom roughness value. In a small 

sub-section of a channel, a velocity profile starts from channel bottom and progress 

upward to the water surface. 
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Figure 2.1 shows various stages of gravity flow behavior in a channel. At the 

beginning point, water starts entering a channel assumed to be laminar and uniform 

velocity. At this point, a small laminar layer starts developing a long the channel 

bottom. This laminar layer is shown in region from point A to B. This zone is called 

“laminar boundary layer”. The velocity distribution in this layer (below A to B to C) is 

assumed to be parabolic. The flow distribution above line ABC is constant.  

 

Figure 2.1 Development of the boundary layer (Chow, 1959) 

From the channel entrance, the effect of bottom surface roughness on flow 

distribution is shown under the line ABC. Flow under the line ABC is called the 

“boundary layer” of δ height.  

After the stream reaches a certain velocity, a turbulent zone starts developed 

from point B to C. In this zone, a very thin laminar layer can developed at the channel 

bottom due to a smooth bottom roughness surface. This bottom layer is called “laminar 

sub-layer”, δ* or δo. Velocity in this zone (below B to C) is approximate as logarithmic. 
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If flow in a channel becomes uniform, a fully developed turbulent zone is assumed to 

occurred, after point C. (Chow, 1959) 

The velocity profile (Figure 2.2) shows various states of flow from laminar, 

transition, and turbulent. A laminar layer is a bottom layer of a flow. It represents a very 

thin layer relative to the whole depth of flow. A velocity at this level is highly resisted 

by bottom roughness.   

 

 
Figure 2.2 Velocity profile of flow (Chow, 1959) 
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 where vo  = water surface velocity 

 v1   = velocity at boundary layer (v1 = 0.99vo) 

 δ  = boundary layer 

δ*  = displacement thickness 

 δo  = laminar sub-layer  

 
The next level of velocity is the transition zone or diverting zone. In every 

turbulent flow, the transition zone is a turning point of velocity profile. Flow in 

this transition zone is still under a great influence from bottom roughness. In this zone, 

the laminar zone and turbulent zone can be separated approximately by both top and 

bottom boundaries of this layer.  

The top layer of a fully developed turbulent flow is a turbulent zone. The 

turbulent zone is defined by relationship of both roughness and flow conditions. Slopes 

of a bottom surface also have a great influence on flow in this zone. Turbulent flow 

develops from under a virtual bottom zone same as other layers. The reason that it 

dominates a flow is because of a greater flow layer. In fully turbulent flow, the turbulent 

layer contains more than 90 percent of flow discharge.    

“The effect of boundary layer on the flow is equivalent to a fractious upward 

displacement of the channel bottom to a virtual position by an amount equal to the so 

called “displacement thickness”, δ*, (Chow, 1959) as shown in Figure 2.2. 

Water flows from a higher level to a lower level as a function of gravitation. 

Surface roughness and slopes of a channel affect a flow as a function of the earth’s 

gravity. In open channel flow, surface roughness and slopes of a channel have 
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significant effects on the flow velocity. Roughness dimension and slopes of channel are 

normally constant for a channel. Hydraulic depth is a key identifier of the flow 

conditions. For gravitation flow, velocity is a function of roughness, slope and hydraulic 

depth. Flow velocity increases as depth increases from the bottom of the channel. This 

is possible only at the point that bottom roughness doesn’t disturb the flow anymore, 

after that velocity will be a function of slope and gravity.  

Three parts of the velocity profile, turbulent, transition, and laminar are 

developed in the channel as shown in Figure 2.2. These layers of flow define 

characteristics of fluid flow in three different stages. When water begins entering the 

channel, it also starts to increase velocity. The velocity develops over a period of time 

up to a definite speed. The velocity of flow depends on conditions of channel such as, a 

longitudinal slope and roughness.  

Some literature suggests resistance force between air and the top water surface is 

also present. As water flows in a channel, air is flowing above the water. Friction force 

can be created between these two flowable materials. This phenomenal could create a 

convex velocity curve at the surface of water. Especially for a steady gravitation flow 

layer, where roughness and a slope are constant, air particle resistance could have an 

effect on water flow. Water flow over a roadway is a very shallow water flow type. 

Unless the air has significant velocity, the air would have a minimal effect to this type 

of flow.   
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2.2.2 Friction Velocity 

The friction velocity, Vƒ, is a result of resistance force created between the 

liquid and surface friction at the channel bottom. The geometries of roadway, such as 

longitudinal slope and hydraulic radius, have significant effects on friction velocity. For 

a roadway surface, a cross-section is divided in to small vertical sub-sections beginning 

with the curb to the end of water on the roadway surface. In this situation, the hydraulic 

radius is equal to the water depth at each location.   

Friction velocity varies with basic geometries of channel such as longitudinal 

slope, bottom surface roughness, side surface roughness, and hydraulic depth. 

Transverse slope has an indirect effect to friction velocity. Changing the transverse 

slope changes the hydraulic depth by changing flow spread. Different types of surface 

roughness provide different vertical velocity profiles. Surface roughness is estimated by 

bed material, such as average grain size for natural channels and roughness height for 

streets and artificial channels. The derivation of friction velocity is shown in the next 

topic.  

 

2.2.3 Prandtl-von Karman Velocity Distribution Equation 

The vertical velocity distribution is a result of local geometry conditions such as 

depth, hydraulic radius, slopes and surface roughness. Turbulence in the liquid takes a 

role in justifying distributions of velocity profile. Prandtl-von Karman (1926) derived 

flow resistance equation based on shear stress of bottom surface roughness. Prandtl 

introduced a shear stress for turbulent flow as follow.  
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Shear stress in flow equation 

22 )
dy
dv(lρτ =  (Prandtl-von Karman, 1926) eq.2.29 

 where τ  = Shear stress, 

 p = Mass density = w/g, 

 w = Unit weight of the fluid, 

 g = Gravity, 

 l = Mixing length, and 

 
dy
dv  = Velocity gradient at depth (y) from water surface. 

“Assume the mixing length is proportional to depth and that the shear stress is 

constant, τ = τo” (Prandtl, 1926). Equation 2.29 can be rewritten as follow. 

y
dy

ρ
τ

k
1du o=  eq.2.30 

Where k is a constant that varies with mixing length and depth, then 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

0

0

y
yln

ρ
τ

2.5V , eq.2.31 

By using fVSRg
ρ
τ0 == , (Chow, 1959) eq.2.32 

where  Vƒ = friction velocity, 

 R = hydraulic radius, 
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 d = hydraulic depth, and 

 S = slope. 

 

it can be shown that: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

0
f y

ylnV2.5V . eq.2.33 

For a broad channel, hydraulic radius (R) can be assumed equivalent to depth (d). Then 

equation 2.32 can be shown as; 

fSRg VSdg
ρ
τ0 === . eq.2.32 

The vertical velocity profile equation is divided into two types, roughness 

surface and smooth surfaces. These two types are result of roughness, viscosity and 

turbulent in individual channel. Roughness and channel slopes play a critical role in 

determining the type of vertical velocity profile. Because each individual channel has its 

own unique slope and roughness, vertical velocity profile must be individually 

determined. 

“When surface is smooth, yo is depended on the friction velocity and kinematic 

viscosity” (Chow, 1959). In equation 2.33, yo is a constant defined as follow; 

fV
mvy0 = , eq.2.34 
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where m  = constant value; “equal to 1/9 for smooth surface and  

  1/30 for rough surface”, (Chow, 1959) 

 ν = kinematic viscosity, and 

 Vƒ = friction velocity. 

After inputting 
fV

mvy0 =  , the equation can be shown below. 

Flow velocity in smooth surface,  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

v
f

f

Vy9
logV5.75V . (Prandtl-von Karman, 1926) eq.2.35 

For a rough surface, yo mainly depends on texture height, 

mky0 =  

where  k = average surface roughness. 

Inputting yo, gets the flow velocity in rough surface as shown below. 

⎟
⎠
⎞

⎜
⎝
⎛=

k
y30logV5.75V f , (Prandtl-von Karman, 1926) eq.2.36 

Prandtl introduced velocity distribution equations based on the shear stress 

equation in turbulent flow as shown in equation 2.35 and 2.36. These two equations are 

used to calculate velocity distribution base on geometry conditions and roughness.   
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2.3 Roughness Dimension 

 Roughness dimension is the key to define uniform types of surface. It has a 

direct affect on flow in a channel. There are three types of surface roughness, rough, 

wavy and smooth surface conditions. In the velocity distribution method, the surface 

roughness condition is defined through comparison of an actual roughness (k) to a 

critical roughness (kc). The critical roughness is described as a layer of roughness 

magnitude influence. The actual roughness (k) will have an influence beyond the 

laminar layer if the critical roughness height (kc) is less than the roughness height (k) 

(Chow, 1959). Schlichting (1923) defines the smooth flow condition (eq.2.37) from his 

experiment in pipe flow for smooth flow condition as below. 

5
kV
<

ν
f     or     

fV
5k ν

< , (Schlichting, 1923) eq.2.37 

where Vƒ  = friction velocity 

 ν =  kinematic viscosity, and 

 k = Roughness value. 

Schlichting gives estimation of the critical roughness to be kc = 100 ν/V, 

Inputting Chezy’s equation to transformed equation 2.37, a critical roughness equation 

can be shown as. 

Critical roughness with Chezy’s C. is 

Vf g
C5

SRg
5

V
5k c

ννν
===  (Chow, 1959) eq.2.38 
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where C = Chezy’s C, ( SRCu = ), 

 v = kinematic viscosity, 

 V = average velocity, 

 g = gravity, and 

 kc = critical roughness.  

 

 
Figure 2.3 Projections of roughness value k, kc in different conditions (Chow, 1959) 

 

Three types of roughness are shown in Figure 2.3. The relationships between a 

critical roughness (kc), a roughness height (k) and laminar layer (δ* or δo) explain 

conditions of surface roughness. When the roughness height (k) is in the boundary of a 

critical roughness (kc), a smooth surface is presented. From equation 2.38, a critical 

roughness (kc) is a function of Chezy’s C, kinematic viscosity, average velocity and 
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gravity. With a constant critical roughness, surface roughness height is sufficient to 

identify types of roughness. In smooth surface, flow shows minimal influences due to 

the bottom surface roughness as shown in Figure 2.3a.  

A wavy roughness condition shows almost equivalent height between a 

roughness height and a critical roughness as shown in Figure 2.3b. The surface 

roughness influences the flow but is still under the laminar sub-layer. The last type of 

surface, Figure 2.3c, is a rough surface. It shows a fully disturbed influence of 

roughness through out the bottom layer of a flow. In this type of surface, the roughness 

height is higher than a critical roughness.  

 Longitudinal spacing of roughness, λ, is an important consideration to determine 

types of flow. Chow, V. T. defines spacing of roughness as three types. These types of 

roughness are assumed to have equivalent roughness height (k) with three different 

spacing. The first type, Figure 2.4a, is an iso-lated roughness. In this type, roughness 

spacing is so far from each others. Influence of roughness height is less than an average 

spacing. Therefore, a ratio of k/λ will take place to account the effect as shown. The 

second type of roughness is a wake-interference flow as shown in Figure 2.4b. Spacing 

of roughness is close together. The roughness creates great effect to turbulent flow. 

Quasi-smooth flow is the last type of roughness spacing, Figure 2.4c. The roughness 

spacing is so close together, that it causes minimal effect to the flow. 
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Figure 2.4 Three basic types of rough surface flow (Chow, 1959) 

 

 

2.4 Method of Estimating Average Manning’s n-value 

 A total roadway cross-section average n-value can be estimated by averaging the 

sub-section n-values. Each sub-section n-value represents a local surface roughness of a 

sub-section. A sub-section n-value is the result of the unique physical flow condition of 
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each individual sub-section. In determining an average n-value of the entire cross-

section, the method of evaluation has a significantly impact on the overall n-value.  

 An estimation of the total cross-section roughness can be calculated from a 

weighting n-value with the geometry parameters for example depth, area, wetted-

perimeter, discharge, velocity, or hydraulic radius across the entire roadway cross-

section. Weighting parameters are as significant as methods of estimation. It shows 

significant effects on the outcome of the resulting n-value. The values of weighting 

parameter are varied from the curb to the end of roadway water. The variation of 

weighting parameters is caused by changing the basic geometry inputs such as depth 

and wetted-perimeter along the transverse slope. Hydraulic depth and wetted-perimeter 

are the basic geometry inputs of a channel calculation. Other parameters, hydraulic 

radius and area, are calculated from these basic geometry inputs.  

Several methods of estimation are observed in literature. Most literature 

considered basic parameters such as depth and wetted-perimeter of local sections along 

with their conceptual assumptions. These assumptions are made to improve the 

compatibility of the geometry conditions. There are also equations used to estimate n-

values of composite bottom channels. These equations are based on each individual 

conclusion.  

 

2.4.1 Horton and Einstein’s Equation 

Horton and Einstein (1933) suggested an equation to evaluate cross-section n-

value as shown in equation 2.39. This equation is based on an assumption that velocity 
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of each sub-section is equivalent. This method uses only wetted-perimeter as a 

weighting parameter.  

3
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  eq.2.39 

(Horton and Einstein, 1933)  

 

2.4.2 Pavlovski, Muhlhofer, Einstein and Banks’s Equation 

 Equation 2.40 is based on assumption that the total resisting force is equal to 

sum of the resisting force each sub-section. It was introduced by Pavlovski, Muhlhofer, 

Einstein and Banks (1931). The total resisting force of channel is as follows.  
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⎣
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=
∑

 eq.2.40 

(Pavlovski, Muhlhofer, Einstein and Banks, 1931)  

 

2.4.3 Lotter’s Equation 

 By considering only discharges of a channel, Lotter (1933) suggested equation 

2.41 for equivalent roughness. This equation is based on the assumption that the total 

discharge is equal to sum of the sub-section discharges. This method considers two 

parameter, wetted-perimeter and hydraulic-radius.   
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2.4.4 Krishnamurthy and Christensen’s Equation 

 Krishnamurthy and Christensen (1972) introduced another equation for 

averaging n-value in 1972. An equation is based on the logarithmic velocity distribution 

as shown in equation 2.42. Two significant parameters, wetted perimeter and depth are 

used in a weighting process. As far as velocity distribution equation   

( )
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11

yP
nlnyP....nlnyPnlnyP +++
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(Krishnamurthy and Christensen, 1972)  

 

2.4.5 Other Methods of Averaging n-values  

Area weighted n-value; 
∑

∑
=− N

1
i

N

1
ii

weightArea

A

An
n  eq.2.43 
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Depths weighted n-value; 
∑

∑
=− N

1
i

N

1
ii

weightDepth

d

dn
n  eq.2.44 

Wetted-perimeter weighted n-value; 
∑

∑
= N

1
i

N

1
ii

weightedperimeter-Wetted

P

Pn
n  eq.2.45 

Velocity weighted n-value; 
∑

∑
=− N

1
i

N

1
ii

weightVelocity

u

un
n  eq.2.46 

Discharge weighted n-value; 
∑

∑
=− N

1
i

N

1
ii

weightDischarge

q

qn
n  eq.2.47 

Hydraulic radius weighted n-value; 
∑

∑
=− N

1
i

N

1
ii

weightradius-Hydraulic

R

Rn
n  eq.2.48 

Numerical average n-value; 
N

n
n

N

1
i

verageNumerical

∑
=a  eq.2.49 

 

Manning’s equation average n-value using the actual discharge;  

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

−sectioncrosstotal

measured

2/31/2

dischargemeasuredwithequationManning

A
Q

RS1.486n  eq.2.50 
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Manning’s equation average n-value using velocity estimated discharge;  

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

−sectioncrosstotal

estimated

2/31/2

dischargeestimatedvelocitywithequationManning

A
Q

RS1.486n  eq.2.51 

Most of these equations provide very similar results. The impacts and comparisons of 

averaging methods will be discussed in chapter 4.  

 

2.5 Statistical Analysis 

 Generally, data taken from field or laboratory contains error. The sources of 

error are from factors such as human and equipments. Mostly human error is caused by 

insufficient experience. Error such as incorrect reading and measurement are varies by 

person. 

 Another type of error is from measuring-equipment. The measuring-equipment 

error is caused by variation or limitation of equipment accuracy. The equipment 

accuracy is a result the equipment design. It also caused by the equipment age. 

Therefore, the measuring-equipment should be maintained and calibrated to minimize 

possible error.   

 Some sources of error can be observed shown in a data plot as unrelated points 

or outliers. Typically, the data error can be analyzed and identified by mathematic 

statistical analysis. The statistical analysis such as histogram, normality distribution (Q-

Q plot) and scatter plots are useful to analyze the normal distribution of a data set.   
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2.5.1 Histogram Plot 

The histogram plot is data groups plotted in intervals. The plot shows data 

frequency within the interval ranges. The normal distribution of a data set can be seen 

when the plot appear as a convex and symmetric shape with the maximum at a median 

point as shown in Figure 2.5. (Montgomery, Runger and Hubele, 2004) 

 

2.5.2 Normality Distribution Plot (Q-Q Plot) 

A normality distribution plot (Q-Q plot) is a special plot used to determine the 

statistic normality. The Q-Q plot is composed of pairs of observed data and standard 

quantiles. The normal probability plot indicates normality distribution of a data set. 

Equal probability (P(j)) of every data point in Q-Q plot reveals the data relationship, 

consistency and outliers. A straight line and equal spacing between points are 

indications of a normal distribution. The outliers are normally seen on the ends of the 

Q-Q plot. Normal distribution and standard quantiles are related by equation 2.52.  

(Johnson, 2002)   

n
2
1j

Pdze
2π
1]q[ZP (j)

q(j)
2

(j)

2z −
===≤ ∫

∞−

−

 (Johnson, 2002) eq.2.52 

where  P(j) =  probability level 

 q(j) = standard quantiles 

 j  = 1, 2, 3, ….., n 

 n  = Total numbers of sample 
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2.5.3 Scatter Plots 

Scatter plots represent plots of multiple data series. The plots are related pairs 

from data sets plotted side by side and arranged in a matrix n by n ( n = numbers of data 

set). Outliers of a single data set can be easily identified by examination of the unrelated 

points. In order to construct scatter plots, data sets should have the same sample number 

and data range.  

 

2.5.4 Outlier Detection 

The data error points or outliers are unusual points created by many different 

factors. Most laboratory data sets contain a minimal percent of error. A data set with a 

significantly large percent of error is unusual. Elimination of the outliers is a significant 

process to achieve the normality distribution and accurate statistical analysis. Outliers 

can be recognized by the unusually large or small magnitude of the number, and 

unrelated variance from the majority data in the plots. Several methods can be used to 

identify outliers in addition to the histogram plot, a normal probability plot and scatter 

plots. (discussed in section 2.5.3)  

 

 2.5.5 Correlation Coefficient 

 The straightness of a normal probability plot (Q-Q plot) can be determined by 

the correlation coefficient (rQ). The correlation coefficient of data set can be calculated 

by equation 2.53. The critical point of normality distribution is defined as a critical 
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correlation coefficient as shown in table 2.1. The critical correlation coefficient varies 

by number of samples and significant level (α). Therefore normality can be checked be 

comparison between the correlation coefficient (rQ) and the critical correlation 

coefficient. (Johnson, 2002) 
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)q(q)x(x
r  (Filliben, 1975) eq.2.53 

where  Qr  = correlation coefficient, 

 x  = data point, 

 x  = numerical average of data, 

 )( jq = standard quantiles, 

 q  = numerical average of standard quantiles, 

 j  = 1, 2, 3, ….., n, and 

 n  = total number of samples. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

39 

Table 2.1 Critical points for the Q-Q plot  
correlation coefficient test for normality 

(Johnson, 2002) 

 

 2.5.6 Transformation to Near Normality 

The transformation to near normality is an alternative method of data treatment.  

It is a way to treat non-normal distribution data. Figures 2.5 and 2.6 demonstrate the 

histogram plots of normality and non-normality distribution of n-values. Methods of 

transformation are depended on type of distribution and character of outliers. For non-

normality distribution data, changing a unit of the data set may change the data 

distribution. The data sets can be changed by a power transformation with a parameter 

λ. For example if λ = -1, then xλ = x-1. The power transformation either shrinks the large 
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value or increases the large value of data. The proper weighted parameter (λ) may help 

transform the data distribution. Methods of transformation are shown below.  

1/21/41 X,XlnX,,X......., −   Shrink large values of data 

        .,.X,X 32    Increase large values of data 

After a transformation, data set may show normal distribution and be suitable 

for statistical analysis. Since methods of transformation affect data units, the statistical 

analysis of transformed data can not be compared with data in the original units. 

Therefore the method of transformation is not used in this project. 

 Outliers can be identified and should be removed only from normal distribution 

data sets. For non-normal distribution data sets, numerical average ( x ) are calculated 

with no transformation treated. The numerical average ( x ) from a non-normal 

distribution data set is the only statistic which should be compared. Other statistics of 

non-normal distribution are not valid.  

Histogram Plot of Smooth Concrete n-value Lab result
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Figure 2.5 Histogram plot of smooth concrete n-value (lab result) 
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Histogram Plot of Smooth Concrete n-value by Prandlt Method and Depth-Weight Average 
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Figure 2.6 Histogram plot of smooth concrete n-value (Prandtl-von Karman velocity 

method and depth-weight averaging method) 
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CHAPTER 3  

METHODOLOGY

 

3.1 Data Collection and Preparation 

 This project studies four types of roadway surfaces, TxDOT standard concrete, 

smooth (worn) concrete, asphalt, and asphalt treatment surface experiments. Each 

roadway surface represents one data set for analysis and inputs to this study. All data for 

this research was obtained from a TxDOT roadway roughness simulation project. The 

raw data included roadway basic geometry, discharge values, and flow cross-sections, 

which originally obtained by physical measurement.  

Actual discharge values were obtained from ultrasonic meter readings. The 

ultrasonic meters were adjusted and calibrated by volumetric flow rate measurement. 

The meters provide flow rates measurements with minimum percent of error (<3.0%). 

Flow rate readings were acquired after establishing uniform and steady flow. Uniform 

flows on roadway were observed a short time after flow initiation. Time to achieve 

steady uniform flow varies as a result of slopes of roadway, flow rates, and pump 

stability. This data is used to study and verify the velocity distribution model approach. 

All the data was analyzed for numerical averages and errors. Outlier detection 

and date cleaning were part of the statistical analysis. Inputs, discharges and n-values, 

were processed to achieve the maximum accuracy. Statistical analysis can indicate 
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percentage of normality and data consistency. Resulting analysis showed some 

deviation of data. These irregular points could lead to erroneous future analysis. 

Therefore outliers were processed and removed. The normality of this data set is 

controlled by percent acceptability within a significant level (α) of 0.05. After cleaning 

the data set, results should noticeably improve in terms of accuracy and consistency.  

 Ultimate outputs of the velocity distribution model from this project, such as n-

values and discharge, will be compared to original TxDOT project results for 

verification and analysis.  

 

3.2 Calculation Process and Modeling 

 The simulation of flow on each roadway surface was performed in several steps. 

The process is shown in Figure 3.1. These steps are performed using Microsoft Excel 

spread-sheets.  

In the flow calculation, there are two methods to estimate roadway cross-section 

n-values and discharges. The first method calculates average velocity and area by 

velocity distribution method and laboratory geometries. The n-values and discharges are 

calculated from each average velocity and area. The entire roadway cross-section n-

value is estimated from various averaging methods as shown in chapter 2. The total 

roadway cross-section discharge is sum of sub-section discharges.  

The second method, a total discharge is a constant input. The entire roadway 

cross-section geometries, depths and spreads, are estimated by trial and error according 

to the total discharge. Each average velocity is calculated by velocity distribution 
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method according to estimated sub-section depths. The sub-section n-values are 

calculated from the estimated sub-section geometries. The total cross-section n-value is 

calculated from various averaging methods as shown in chapter 2.…………………….

The first method is the only method used this research due to accurate 

discharges and n-values compared to the original TxDOT project result. 
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Figure 3.1 Velocity distribution calculation process 

3.2.1. Obtain Geometry Data 

3.2.3. Calculate Total Cross-
Section (At) and Sub-Section 

3.2.5. Calculate Critical 
Roughness Height (kc)  

3.2.6. Assign a Roughness 
Condition 

3.2.7. Calculate Sub-Section 
Velocity Profiles 

3.2.2. Estimate Average 
Roughness (k) Over Total Surface 

3.2.8. Calculate Average Sub-
Section Velocities 

3.2.9. Calculate Sub-Section’ 
Manning N-values 

3.2.4. Calculate Friction Velocity 
  (Vf) 

3.2.10. Calculate sub-section 
discharges 

3.2.11. Calculate Total Cross-Section 
Discharge and Average N-value 

Velocity Distribution Calculation Process 
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3.2.1. Obtain Geometry Data 

Basic geometry data in this project is obtained from TxDOT roadway roughness 

study. All TxDOT geometry data is shown in Appendix B. In TxDOT study, geometric 

data is a basic input for calculating area of cross-section, height of roughness, and 

slopes. Original cross-section geometries were surveyed with an accuracy of 0.01 foot.  

A measuring procedure was developed and constantly used to take consistent 

data reading. Since flow is a shallow water flow over a roadway. Water waves were 

developed by the affect of surface roughness across the roadway cross-section. The 

flow geometric readings of depth and spread are affected by these waves. A procedure 

of taking minimum and maximum readings was used to estimate an average flow 

reading. Flow and geometry data was repeatedly taken several times for each single 

setting of flow and roadway slopes to achieve the maximum accuracy.     

Additionally, rainfall data was physically simulated on the TxDOT concrete 

surface. A rainfall simulator was used to simulate rainfall over this roadway. The 

rainfall simulator consists of special sprinklers distributing simulation over the roadway 

area. The rainfall rate and amounts are estimated from roadway area and time period of 

rainfall. Rainfall rate investigated were one, three, and six inches per hour.  

In TxDOT research, results are analyzed from basic data consisting of depth, 

spread, and discharge. Flow cross-section area was obtained from basic geometric data. 

By inputting area, slope, discharge, and hydraulic radius data into Manning’s equation 

(eq.2.1), the average Manning’s n-value for the total cross-section can be obtained as 

follow. 
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ARS
Q

1.486valuenManning 3
2

2
1

=−  Manning’s Equation (Sturm, 2001) eq.3.1 

Q = velocity, 

n = Manning’s n-value, 

S = longitudinal slope, 

R = hydraulic radius, and 

A = area. 

The second method used to approach Manning’s n-value determination is to use 

the Prandtl-von Karman velocity distribution method. This method is based on shear 

force between the liquid and the surface roughness of the roadway cross-section. The 

result from the TxDOT study and this Prandtl method calculation can then be compared 

in term of the total cross-section discharge.  

 

3.2.2. Surface Roughness Estimation 

Surface roughness plays a significant role in open channel flow estimation. It 

dramatically changes in energy dissipation through turbulence. Roughness estimation is 

always a tricky part of open channel design. It’s an important part of many flow 

equations. Each channel requires study of roughness for accurate estimation.  

Roadway flow design is considered to be open channel flow with uniform 

geometric conditions. A good estimate of some roadway surface roughness such as 

asphalt treatment, and smooth concrete surfaces can be difficult. Surface roughness 

value (k) is a direct physical measure of an actual height of surface roughness. The 
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roughness value is often estimated from an average gain size of sand diameter in the 

channel or pipe bottom. The roadway surface roughness were estimated according to 

average uniform distribute of roughness through out the channel bottom. Roughness 

uniformity greatly affects the roughness value. Since the entire roadway surface was 

made at the same time the roughness is considered to be uniform roughness. For 

uniform roadway surfaces, roughness is divided in to two cases, sequence and non-

sequence.  

 A uniform non-sequence roughness surface can be found in asphalt, asphalt 

treatment and TxDOT concrete surfaces. These surface roughness values can be 

calculated from an actual average height of roughness found in the direct measure of a 

surface cross-section image. (Figure 3.2, 3.3 and 3.5)  

The other type of roughness is uniform sequence roughness (Figure3.4). It is 

found in the smooth (worn) concrete surface. This surface may contain one or two types 

of roughness, smooth or rough. For this type of surface, roughness height (k) can be 

estimated by visually observing the overall average height of longitudinal roughness 

from the lowest to the highest point.  

A range of roughness values are pre-selected from visual inspection of 

roughness dimension. The maximum, minimum and average values of dimension are 

determined from vertical distance of roughness dimension as shown in Figure 3.2-3.5. 

These figures are actual longitudinal cross-sections of the roadway profile taken from 

the actual footage photography of roadway cross-sections.  



 

 49 

The longitudinal surface profile presents the surface of roadway. For Figure 3.2, 

3.3, and 3.4, the TxDOT concrete, asphalt, and smooth concrete surface, the surface 

profile represents projection of roughness from the bottom to the top. In these types of a 

roadway surface, roughness heights are projections of difference in vertical distances of 

a surface profile.    

In Figure 3.5, treatment roadway profiles show projections of bottom surface 

profiles and top roughness profiles. Dash lines between the bottom surface and the top 

roughness profile show estimated projections of material in between levels. 
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Figure 3.5 Longitudinal asphalt treatment roadway surface profiles
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3.2.3 Calculate Roadway Cross-Section and Sub-Section Areas 

 For a steady state flow, no increase or decrease in velocity, depth, and discharge, 

occurs. A single cross-section is used to calculate discharge. The total cross-section area 

is a product of hydraulic depth and total spread. Discharge is the product of total 

average cross-section velocity multiple by total cross-section area. 

 The spread can be determined by two methods, depth or spread method, see 

Figure 3.6. Using the depth-method, total spread is estimated from the product of depth 

and measured transverse slope. Using the spread-method the total spread is obtained 

from an actual laboratory measurement as shown in Figure 3.6. The different methods 

can produce results that vary some what. 

Figure 3.6 Methods of cross-section area estimation 

In this research, the total roadway cross-section is divided into small vertical 

slices having an interval of 1 ft width in the roadway cross-section’s transverse 

direction as shown in Figure 3.7. The sub-section area adjacent to the curb is calculated 

by the summation of two parts, the triangular and the trapezoidal areas, which are 

shown in Figure 3.8. 
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Figure 3.7 Total cross-section, sub section areas, heights, widths, and water elevation of the roadway cross-section 
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Figure 3.8 Roadway sub-section area dimensions 

Figure 3.9 shows dimension of the TxDOT standard roadway curb. 

 
Figure 3.9 Roadway curb-section dimensions 

The curb-area calculation is shown below. 

curb-area (Ac)  = A1 + A2 eq.3.2 

where  2
1111 D0.1738)

cm14.61
cm5.08D(D0.5A == , eq.3.3 

B
2

)D(D
A 21

2
+

= , eq.3.4 

B = length of bottom surface, and  

D1, D2 = hydraulic depth on left and right sides of section. 
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 For other vertical sub-sections, areas are the product of average depth on both 

sides of section multiple by bottom length of section. For small transverse angles, the 

horizontal length between depths is similar to the bottom roadway surface length. 

non-curb section area     B
2

)D(D
A 21 +=  eq.3.5 

The geometry data obtained from laboratory use depth (Y) in vertical distances. 

The conversion of vertical depth to hydraulic depth is shown below. 

Hydraulic depth is )(θcosYD = . 

where   ⎥⎦
⎤

⎢⎣
⎡= −

100
Htanθ 1 ,  eq.3.6 

 D = hydraulic depth, 

 Y = vertical depth of water, 

 θ = degree slope angle, and 

 H  = percent longitudinal slope; 
(ft)100

(ft)Hslopepercent = . 

Figure 3.10 shows relationship between a vertical water depth, hydraulic depth and 

roadway longitudinal slope. 

 
Figure 3.10 Roadway longitudinal slope calculation 
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3.2.3.1 Water Surface 

 There are two techniques of calculating surface water level in this project. Both 

techniques use the cross-section depth measurements obtained in the TxDOT roadway 

project. 

For asphalt, asphalt treatment and smooth concrete roadway surface one water 

depth measurement was made. It was located adjacent to the curb at the deepest point of 

the channel. For the TxDOT concrete roadway surface, multiple water depths were 

taken along the transverse slope. 

Additionally, all cross-sectional roadway surfaces were surveyed at several 

locations along the transverse direction from the curb. This survey data allows the 

development of a representative transverse slope for the entire cross-section or a sub-

section.  

The spread was measured for all roadway surfaces. The depth at the curb when 

convoluted with the transverse slope did not always equal to the measured spread. This 

is a result of the minor wave action, surface variation in the transverse slope and the 

shallower flow as distance progressed from the curb. Figure 3.13 shows this 

phenomenon in that the water surface profile does not connect with the roadway. 

3.2.4 Friction Velocity  

The friction velocity is described in a chapter 2. Equation 2.32 presents friction 

velocity. 

fVSdgSRg
ρ
τ0 ===   Friction velocity (Chow, 1959) eq.2.32 
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where hydraulic radius (R) = depth (d) for a broad channel, 

R = hydraulic radius, 

 d = hydraulic depth, 

 S = slope,  

ρ  = mass density = w/g, 

w = unit weight of fluid, and 

g = gravity. 

3.2.5 Critical Roughness Height 

Critical roughness height is a function of roughness value, kinematic viscosity, 

gravity, and average velocity. It represents a unique condition of flow in channel. The 

critical roughness height is described in chapter 2. The critical roughness equation is 

presented in equation 2.38. 

Vg
C5k c
ν

=  (Chow, 1959) eq.2.38 

where  C = Chezy’s C, 

 ν  = kinematic viscosity, 

 V = average velocity, 

 g = gravity, and 

 kc = critical roughness. 
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3.2.6 Surface Roughness Condition 

Surface roughness can be separated in to two types, a rough and smooth 

condition. In the velocity distribution method, the surface roughness condition can be 

defined through comparison of the critical roughness (kc) and the roughness height (k). 

The following equation (eq.2.37) indicates the surface condition, a smooth condition 

and rough condition. 

5
v

kV
<f      or     

fV
5vk <  Smooth flow condition, (Schlichting, 1923) eq.2.37 

where  k = roughness height, 

 ν = kinematic viscosity, and 

 Vf = friction velocity. 

If the value of the term 
v

kV f  is less than 5, the surface is in smooth condition.  

If the value of the term 
v

kV f  is more than 5 a surface is in rough condition.  

Since k is almost constant in a particular channel section and ν minimally changes, 

friction velocity has the greatest effect to define the surface roughness conditions. 

(Chow, 1959) 

 

3.2.7 Vertical Velocity Profile 

Vertical velocity distributions are flow resistance equations, which represent the 

relationship of velocity and roughness. They are the direct result of channel geometry 

conditions. Local sub-section flow and geometry such as depth, kinetic viscosity and 
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surface roughness are used to evaluate the velocity profile. The local geometries of each 

roadway sub-section vary section by section due to the non-symmetric triangular shape 

of the roadway. The vertical velocity profile equation is divided into two types, 

roughness surface and smooth surface. Two types of flow equation used in this project 

are shown in equation 2.35 (smooth surface condition) and 2.36 (rough surface 

condition). These two types are result from different roughness, viscosity and 

turbulence in an individual channel. The velocity profile methodology is explained in 

chapter 2. Figure 3.11 demonstrates vertical velocity profiles of every sub-section 

across the roadway.  
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Figure 3.11 Vertical velocity profiles across the roadway cross-section 

The velocity profile starting approximately at elevation 0 ft is nearest to the 

curb. Elevation represents the height on a profile above the channel lowest point near 

the curb where a velocity can be found. Each additional profile stat at the next elevation 

is located further out along the transverse slope. 
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⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

v
Vy9

logV5.75V f
f  for smooth surface (Prandtl-von Karman, 1926) eq.2.35 

⎟
⎠
⎞

⎜
⎝
⎛=

k
y30logV5.75V f  for rough surface (Prandtl-von Karman, 1926) eq.2.36 

 

3.2.8 Calculate Sub-Section Average Velocity 

 A roadway cross-section is a non-symmetric triangular channel. Each vertical 

velocity profile is individually calculated from the station depth. The USGS 

recommended average velocity method (Wahl, Thomas and Hirsh, 1995) is used in this 

research. The average velocity can be obtained by taking the velocity at 0.6 of the depth 

or an average of the 0.2 and 0.8 of the depth from the surface of water.  

 Another method for averaging velocity is an integration of vertical velocity 

profile. Integration will give the total area of vertical velocity curve, which when 

divided by the total depth estimated the average velocity. An average velocity can be 

obtained from equation 3.7. This method gives a very close estimation to the USGS 

method. 

i

d

0

d

dyV
velocitysectionsubAverage

∫
=−  eq.3.7 

  

 Figure 3.12 shows sub-section average velocities across the roadway cross-

section. The average velocity at the curb-section is dropped due to the increasing 
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wetted-perimeter at the curb-section. The section next to the curb shows the highest 

average velocity. Sub-section average velocities decrease along the transverse slope due 

to the decreasing of water depth. 

 

Figure 3.12 Plan view of average velocity in each station from curb on left hand side to 
the end of water on right hand side of roadway cross-section 

 

3.2.8.1 Total Cross-Section Velocity Distribution 

 A cross-section velocity distribution can be display by plotting local geometries 

of roadway such as elevation, transverse slope and sub-section vertical velocity profiles 

as shown in Figure 3.13. The roadway cross-section velocity distribution demonstrates 

details of isolated-velocity, depth of flow and water surface across the entire cross- 

section. It also shows location of super-critical, critical (Froude number = 1), and sub-

critical state of flow.  
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Froude number = 
( )1/2α/dg

VF =  (Sturm, 2001) eq.3.8 

where  F  = Froude number, 

 V = velocity, 

 g = gravity, 

 d = depth, and 

 α = specific gravity. 

 

In Figure 3.13, the water surface varies with the depth measurement. The fitted 

equation best represents the water surface. It also indicates potential shallow flow area 

that could easily be missed during measurement. Notice that the Froude number in this 

diagram can be representation of super and sub-critical flow location. 

 



 

 65 

 
  

Ve
lo

ci
ty

 D
is

tri
bu

tio
n 

Di
ag

ra
m

y 
= 

-0
.0

01
7x

 +
 0

.3
38

8

y 
= 

0.
02

97
x 

+ 
0.

00
88

0

0.
02

0.
04

0.
06

0.
080.
1

0.
12

0.
14

0.
16

0.
180.
2

0.
22

0.
24

0.
26

0.
280.
3

0.
32

0.
34

0.
36

0.
380.
4

0.
42

0.
44

0.
46

0.
480.
5

-1
0

1
2

3
4

5
6

7
8

9
10

11
12

St
at

io
n 

ft

Depth  ft .

0.
5 

fp
s

1.
0 

fp
s

1.
5 

fp
s

2.
0 

fp
s

2.
5 

fp
s

3.
0 

fp
s

4.
75

 fp
s

5.
0 

fp
s

5.
25

 fp
s

5.
5 

fp
s

5.
75

 fp
s

6.
0 

fp
s

7.
25

 fp
s

7.
5 

fp
s

7.
75

 fp
s

8.
0 

fp
s

8.
25

 fp
s

8.
5 

fp
s

9.
75

 fp
s

10
 fp

s
10

.2
5 

fp
s

10
.5

 fp
s

10
.7

5 
fp

s
11

.0
 fp

s
w

at
er

 s
ur

fa
ce

Fr
od

e 
no

 =
 1

Bo
tto

m
 s

ur
fa

ce
bf

2
Li

ne
ar

 (w
at

er
 s

ur
fa

ce
)

Li
ne

ar
 (B

ot
to

m
 s

ur
fa

ce
)

Fi
gu

re
 3

.1
3 

V
el

oc
ity

 d
is

tri
bu

tio
ns

 a
cr

os
s a

 ro
ad

w
ay

 c
ro

ss
-s

ec
tio

n 

C u r b 
R

oa
dw

ay
 su

rf
ac

e 

W
at

er
 su

rf
ac

e 

F=
1 



 

 66 

3.2.9. Sub-Section Manning’s n-value Calculation 

In every sub-section, n-value is separately calculated based on local geometries 

of sub-section. The local geometries consist of water depth, surface elevation, surface 

area, longitudinal, and transverse slopes. The sub-section n-value is estimated from the 

Prandtl-von Karman velocity equations. The transformations of velocity and Manning’s 

equations are shown below. The equation 3.9 shows the calculation of sub-section n-

value based on Prandtl-von Karman velocity distribution equations.  

Manning’s equation (eq.2.1) can be used to calculate an average sub-section velocity 

(Vi) by inputting sub-section geometries as shown below.   

2/3
i

1/2

i
i RS

n
1.486V =  (Sturm, 2001) eq.3.9 

where Vi = sub-section velocity 

 ni = sub-section Manning’s n-value 

 S = longitudinal slope 

 Ri = sub-section hydraulic radius 

The average sub-section velocity also can be estimated from Prandtl-von Karman 

velocity equation (equation 2.35 and 2.36).  

By assuming an average velocity is located at 0.4 of depth from the bottom surface (y = 

0.4d), equation 2.36 can be rewritten in eq.3.10. 

Average velocity by velocity distribution equation (rough condition) 

k
)d(0.430

logV5.75V i
ii f=  eq.3.10    
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By substitute average velocity (Vi) in Manning’s equation (eq.2.1) by Prandtl-von 

Karman average velocity equation (eq.3.10), the relationship of roughness value (k) and 

n-value can be shown in equation below. 

k
)d(0.430

logV5.75RS
n

1.486 i
i

2/3
i

1/2

i
f=  eq.3.11 

Then solving for n-value 

Manning’s n-value by Prandtl’s rough surface equation is 

)
k

)d(0.430
(logV5.75

RS1.486
n

i
i

2/3
i

1/2

i

f

=  eq.3.12 

The smooth surface condition (eq.2.35) can be similarly derived giving in equation 

3.13, Manning’s n-value by Prandtl’s smooth surface equation is 

)
ν

V)d(0.49
(logV5.75

RS1.486
n

.ii
.i

2/3
i

1/2

i
f

f

=  eq.3.13 

3.2.10. Sub-Section Discharges Calculation 

The vertical velocity profile of sub-sections is estimated by Prandtl-von Karman 

velocity method. The average velocity and area of sub-section is shown in “average 

velocity calculation” and “sub-section area calculation” sections. Each sub-section 

discharge is obtained by multiplied average sub-section velocity by the sub-section area 

for each sub-section across the roadway cross-section.  As shown below. 

iaverageii A*V)(qdischargesectionSub −=−  eq.3.14 
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3.2.11 Total Cross-Section Discharge and Average Manning’s n-value 
Calculation 

 
Total cross-section discharge of a roadway can be obtained by sum of all sub-

section discharge as shown below. 

∑ −=
n

total edischtionSubQedischTotal
1

argsec)(arg  eq.3.15 

A sub-section n-value is multiplied by a local geometry such as depth, wetted-

perimeter, hydraulic-radius, velocity, discharge and area in order to weight effects of 

local geometry in that section. These factors are parts of the local geometry inputs and 

calculation results. There are several methods to obtaining average n-value of the entire 

cross-section. The methods of averaging n-value are associated with local geometries of 

a roadway. Some literatures suggest using a depth or a wetted-perimeter for a weight-

parameter in estimating a cross-section average n-value. Each method gives different 

results of an average n-value. All methods used for averaging cross-section n-value are 

discussed in the chapter 2. 

3.3 Mathematic Statistical Analysis 

Before any analysis, all TxDOT roadway and velocity distribution data sets, n-

values and discharges, have to be analyzed statistically. The processes such as normality 

distribution, detect outliers, scatter plot, cleaning outliers, and normality evaluation 

were used to analyze data. The statistical analysis is a step to minimize errors in the 

results. The statistical analysis process steps are shown in Figure 3.14. 
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Figure 3.14 Process of statistical analysis 

 

3.3.3. Construct a Normality Plot (Q-Q plot) 

Statistical Analysis Process 

3.3.1. Obtain and Rearrange Data Sets 

3.3.4. Construct Scatter Plots 

3.3.6.1 Detect Outliers 

3.3.6.2 Data Cleaning 

3.3.5. Calculate Correlation Coefficient 

3.3.6. Check the Hypothesis of Normality  

 Reject Hypothesis  Accept Hypothesis 

3.3.7 Calculate Statistical Results 

3.3.2. Construct a Histogram Plot  
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3.3.1 Obtain and Rearrange Data Sets 

 All series of average cross-section n-values and discharges from TxDOT 

laboratory and velocity distribution method are rearranged in order from low value to 

high value. Histogram and probability plots are developed from these data sets.  

 

3.3.2 Construct Histogram Plot 

In this research, the total cross-section n-values are used in histogram plots. The 

total range of n-value is based on the overall maximum and minimum n-value. The n-

value interval is roughly estimated to be about 0.001. All the histogram plots of total 

roadway cross-section n-value indicate sign of normal distribution with some outliers. 

The highest column in the histogram plot shows the largest interval of n-value data 

frequency. An example histogram plot is shown in Figure 3.15 and Appendix E. 

A histogram plot can be constructed as follow.  

1. Divide the continuous range of data in to equal intervals. Too many or too 

few data intervals make it difficult to recognize normality distribution.  

2. Group data into the interval ranges. The number of data in each interval range 

represents the data frequency. 

3. Plot a bar graph between numbers of data and the interval ranges in y and x 

coordinates respectively. Montgomery, (Runger and Hubele, 2004) 
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3.3.3 Construct a Normal Probability Plot (Q-Q Plot) 

In this research, normality plots of n-value and discharge are developed for all 

sets of roadway data.  Example plots of normal probability are shown in Figures 3.16 

(before cleaning data) and Figure 3.17 (after cleaning data). The normality plot is 

constructed by the following steps. 

1. Order the original observations to get x(1), x(2), …..x(n) and their corresponding  

 probability values (1-1/2)/n, (2-1/2)/n,…., (n-1/2)/n; 

2. Calculate the standard normal quantiles q(1), q(2), ……, q(n)  

3. Plot the pairs of observations (q(1), x(1)), (q(2), x(2)), ……(q(n), x(n)), and  

 examine the “straightness” of the outcome. (Johnson, 2002)  

Probability level is related to standard quantiles as shown in equation 2.52. 

n
j

Pdze
π2

1]q[ZP 2
1

(j)

q(j)
/2z

(j)
2 −

===≤ ∫
∞−

−  (Johnson, 2002) eq.2.52 

where  P(j) =  probability level, 

 q(j) = standard quantiles, 

 Z = probability, 

 j  = 1, 2, 3, ….., n, and 

 n = total number of samples. 
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Figure 3.16 Normality plot (Q-Q plot) of n-values (before detecting outliers and 

cleaning data) 

 
Figure 3.17 Normality plot (Q-Q plot) of n-values (after detecting outliers and cleaning 

data) 

Normality plot (Q-Q Plot) of n-value (before detecting outliers and cleaning data) 

0.0065 

0.0075 

0.0085 

0.0095 

0.0105 

0.0115 

0.0125 

0.0135 

0.0145 

0.0155 

-3 -2 -1 0 1 2 3
q(j)

n-
va

lu
e 

Normality plot (Q-Q Plot)of n-values (after detecting outliers and cleaning data) 

0.01 

0.0105 

0.011 

0.0115 

0.012 

0.0125 

0.013 

0.0135 

0.014 

0.0145 

0.015 

-3 -2 -1 0 1 2 3
q(j)

n-
va

lu
e 



 

 74 

3.3.4 Construct Scatter Plots 

A scatter plot compares one set of data with a second set of data taken under 

similar conditions. In this study, four similar sets of data existed for the TxDOT 

concrete roadway. The data sets differed only by the amount of rainfall each 

experiment. Each data set experiment only one of the following rainfall rates; 0, 1, 3 

and 6 inches per hour. These four data sets were plotted one on one in scatter plots as 

shown in Figure 3.18.   

X1 is no-rainfall data plotted against no-rainfall data. 

X2 is 1-in/hr rainfall data plotted against 1-in/hr rainfall data. 

X3 is 3-in/hr rainfall data plotted against 3-in/hr rainfall data. 

X4 is 6-in/hr rainfall data plotted against 6-in/hr rainfall data. 

The top row is X1, no-rain vs 1-in/hr, no-rain vs 3-in/hr, no-rain vs 6-in/hr. 

The left column is X1, 1-in/hr vs no-rain, 3-in/hr vs no-rain, 6-in/hr vs no-rain. 
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3.3.5 Calculate Correlation Coefficient 

 The correlation coefficient is used to estimate normality distribution of data set 

before and after removing outliers. Correlation coefficient is a method used to calculate 

after most of outliers were taken out. An equation 2.53 provides a calculation of 

correlation coefficient of data set. Several of methods, such as histogram, normal 

probability plot, and scatter plots were used to identify and remove outliers. The process 

of removing outlier is described in topic 3.3.6.1. Table 3.1 shows correlation coefficient 

calculation samples. 

∑∑

∑

==

=

−−

−−

=
n

1j

2
(j)

n

1j

2
(j)

n

1j
(j)(j)

Q

)q(q)x(x

)q(q)x(x
r  (Filliben, 1975) eq.2.53 

where  Qr  = correlation coefficient, 

x  = data point, 

x  = numerical average of data, 

(j)q  = standard quantiles, 

q  = numerical average of standard quantiles, 

 j = 1, 2, 3… n, and 

 n = total number of samples. 
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Table 3.1 Correlation coefficient calculation table 

no. n-value (j)(j) q)x(x −  2
(j) )x(x −  (j)q  2

(j)q  

1 0.010578 0.003476 0.000004 -1.827880 3.341145 
2 0.010578 0.003178 0.000004 -1.671644 2.794393 
3 0.010654 0.002826 0.000003 -1.548003 2.396313 
4 0.010720 0.002541 0.000003 -1.444321 2.086064 
5 0.010982 0.002028 0.000002 -1.354190 1.833831 
6 0.011028 0.001849 0.000002 -1.273889 1.622794 
7 0.011105 0.001651 0.000002 -1.201055 1.442534 
8 0.011310 0.001327 0.000001 -1.134090 1.286160 
9 0.011478 0.001073 0.000001 -1.071858 1.148880 
10 0.011560 0.000932 0.000001 -1.013522 1.027227 
11 0.011632 0.000812 0.000001 -0.958446 0.918619 
12 0.011750 0.000661 0.000001 -0.906134 0.821079 
 . . . . . 
 . . . . . 
 . . . . . 

73 0.012101 0.000209 0.000000 -0.551806 0.304490 
74 0.012150 0.000169 0.000000 -0.512776 0.262939 
Σ  0.045037 0.000048  43.613574 
      
correlation coefficient (rq)= 0.968   

In table 3.1, at 74 samples and α = 0.05; critical point = 0.983 
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3.3.6 Check Hypothesis of Normality 

Hypothesis of normality is used to separate types of data series distribution. For 

a normal distributed data set, correlation coefficient value will be compared to a critical 

correlation coefficient value at significant level (α) of 0.05 for acceptation level. Table 

3.2 shows critical points for correlation coefficient value with various significance 

levels (α) and sample sizes. For different sample size, the critical correlation coefficient 

is obtained by interpolation. In order to accept a data set, the correlation value has to be 

higher or equal to critical values in the table. Data sets with a lower correlation 

coefficient value than a critical value will need further data cleaning analysis or rejected 

as a non-normal distribution. 

Table 3.2 Critical points for the Q-Q  
plot correlation coefficient test for normality (Johnson 2002) 
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3.3.6.1 Detect Outliers  

Outliers are unusual data points that can be identified by histogram plot, 

probability plot, scatter plot, and chi-square plot. In the probability plot, outliers can be 

found on both ends of data sets as shown in Figure 3.16. Those unusual points greatly 

affect the outcome of analysis. The results are unpredictable with interruption sources. 

The only way to treat these unused points is carefully remove them out from the 

analysis. The unusual points can be found as uneven spacing or further out from a main 

line plot.  

The following steps are for standardized and generalized distances calculation. 

They are used for detecting outliers in data sets with very similar data range. Therefore, 

these steps were used only TxDOT concrete roadway data with no-rain, 1-in/hr, 3-in/hr 

and 6-in/hr. 

1. Make a dot plot for each variable. 

2. Make a scatter plot for each pair of variables. 

3. Calculate the standardized values zjk= (xjk – xk)/sqrt(skk) for j = 1,2..n and 

each column k = 1,2,..p examine these standardized values for large or small   

values. 

4. Calculate the generalized squared distances )x(xS)'x(xd (j)
1

(j)
2
j −−= − . 

Examine these distances for unusually large values. (Johnson, 2002)  

Table 3.3 shows standardized, generalized distances and n-values of TxDOT 

roadway surface with no-rain, 1-in/hr, 3-in/hr, 6-in/hr. 
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Table 3.3 Standardized and generalized distance values for TxDOT concrete roadway 
surface with no-rain, 1-in/hr, 3-in/hr, 6-in/hr 

no-rain 1-in/hr 3-in/hr 6-in/hr no.           
X1 X2 X3 X4  Z1 Z2 Z3 Z4 dj2 

0.01411 0.01466 0.01527 0.0150 1 1.611 1.816 2.403 2.154 5.0424
0.01375 0.01401 0.01401 0.01401 2 1.288 1.235 1.253 1.223 3.2260
0.01178 0.01331 0.0123 0.01331 3 -0.474 0.617 -0.282 0.589 0.4360
0.01192 0.01214 0.01246 0.0133 4 -0.349 -0.428 -0.162 0.588 0.2362
0.01292 0.01271 0.01305 0.01250 5 0.548 0.078 0.382 -0.142 0.5837
0.01348 0.01411 0.01403 0.01359 6 1.046 1.326 1.271 0.848 2.1278
0.01266 0.01282 0.01334 0.01313 7 0.315 0.175 0.644 0.432 0.1928
0.01204 0.01196 0.01234 0.01246 8 -0.234 -0.588 -0.267 -0.176 0.1067
0.01164 0.01239 0.01285 0.01304 9 -0.592 -0.203 0.200 0.350 0.6820
0.01270 0.01224 0.01269 0.01254 10 0.354 -0.337 0.051 -0.105 0.2439
0.01271 0.01283 0.01325 0.01412 11 0.359 0.184 0.566 1.322 0.2501
0.01090 0.01088 0.01102 0.01000 12 -1.256 -1.555 -1.470 -1.504 3.0656
0.01115 0.01160 0.01255 0.01239 13 -1.035 -0.908 -0.075 -0.239 2.0833
0.01377 0.01349 0.01345 0.01304 14 1.311 0.772 0.749 0.344 3.3387
0.01322 0.0136 0.01322 0.01325 15 0.819 0.894 0.535 0.536 1.3024
0.01310 0.01349 0.0155 0.01588 16 0.713 0.772 2.658 2.922 0.9887
0.01368 0.01423 0.01558 0.01407 17 1.226 1.431 2.689 1.279 2.9205
0.01334 0.01366 0.01359 0.01396 18 0.924 0.922 0.870 1.182 1.6593
0.01216 0.01295 0.01314 0.01364 19 -0.132 0.294 0.460 0.895 0.0336
0.01347 0.01453 0.01399 0.01494 20 1.043 1.703 1.240 2.064 2.1133
0.01402 0.01465 0.01469 0.01508 21 1.528 1.808 1.877 2.191 4.5358
0.01223 0.01230 0.01242 0.01265 22 -0.069 -0.283 -0.198 -0.002 0.0093

. . . . . . . . . . 

. . . . . . . . . . 

. . . . . . . . . . 
0.01102 0.01101 0.01098 0.01090 69 -1.151 -1.435 -1.512 -1.591 2.5749
0.01130 0.01069 0.01131 0.01088 70 -0.902 -1.723 -1.213 -1.612 1.5798
0.01213 0.01277 0.01327 0.01343 71 -0.158 0.130 0.582 0.704 0.0487
0.01045 0.01060 0.01057 0.01053 72 -1.658 -1.801 -1.881 -1.926 5.3413
0.01762 0.01644 0.01772 0.01711 73 4.741 3.397 4.645 4.032 43.690
0.01299 0.01199 0.01258 0.01140 74 0.607 -0.560 -0.050 -1.134 0.7167
0.01231 0.01262 0.01263 0.01266 <= average n-value    
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3.3.6.2 Data Cleaning 

 Normally, laboratory or field raw data contains unusual point as shown in detect 

outliers step. The methods to identify outliers such as detecting outliers and scatter plots 

show location of unrelated points. These unrelated points or outliers can be removed out 

of the data sets to improve the normality. Figure 3.16, 3.17, 3.19, 3.20 and 3.21 show 

plots of result, discharge and n-value, before and after data cleaning process.   

 

3.3.7 Calculate Statistical Result 

 The statistical result of analyzed data shows improvement of normality 

distribution and minimal numbers of outliers. The percentage of error is reduced on 

account of the reduction of outliers in data series. Then the analyzed data sets are ready 

for display and numerical average calculation. An average n-value of each data set is 

calculated from numerical average. After an average n-value for each TxDOT study and 

velocity method data set are calculated, data comparison can be done. All data sets of n-

value after removed outliers are plotted in normal scale graph and shown in Appendix 

C. The comparisons of discharge between measured and velocity method four types of 

the roadway surface are shown in Figure 3.19, 3.20 and Appendix D. 
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Figure 3.19 Result of TxDOT concrete discharge comparison before cleaning process 
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Figure 3.20 Result of TxDOT concrete discharge comparison after cleaning process 
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CHAPTER 4  

MODEL VERIFICATION AND RESULT ANALYSIS

 

4.1 Model Calibration and Verification 

 The TxDOT roadway roughness project geometry data for the roadway surfaces, 

new concrete, smooth concrete, asphalt, and asphalt treatment are used in the velocity 

distribution model. Geometry data is used for the Manning’s roughness analysis. Two 

methods are used to estimate cross-section n-values and discharges.  

The first method calculates average sub-section velocity by velocity distribution 

method. Calculate sub-section area by sub-section’s geometry, depth and spread. The 

sub-section n-values and discharges are calculated from each average sub-section 

velocity and sub-section area. The entire roadway cross-section n-value is estimated 

from various averaging methods as shown in chapter 2. The total roadway cross-section 

discharge is sum of sub-section discharges.  

The second method, a total discharge is a constant input. The entire roadway 

cross-section geometries, depths and spreads, are estimated by trial and error according 

to the total discharge. Each average velocity is calculated by velocity distribution 

method according to estimated sub-section depths. The sub-section n-values are 

calculated from the estimated sub-section geometries. The total cross-section n-value is 

calculated from various averaging methods as shown in chapter 2………………….
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The first method is the only method used this research. It provides accurate 

discharges and n-values compared to the original TxDOT project result. 

In the TxDOT project, some geometry conditions such as curb surface 

roughness, actual transverse slope and the actual water surface were not used in the total 

cross-section n-value estimation. As a result, the TxDOT project’s n-value is differ from 

the velocity distribution’s n-value.  

The laboratory result consists of two methods of total area calculation, depth-

analysis and spread-analysis as shown in Figure 3.6. These methods have different 

assumptions to estimate the total cross-section geometries. Depth-analysis is based on a 

curb station depth and transverse slope. Then the total cross-section spread is calculated 

by dividing the curb-depth by the transverse slope. The total cross-sectional area is a 

one half product of the curb-depth and the spread width.  

The second technique, spread-analysis, a total spread is estimated from average 

laboratory readings. The total cross-section area is calculated the same way as previous 

method. Figure 4.1 demonstrates the difference between two area estimation methods, 

depth-analysis and spread-analysis. These two techniques always show similar but 

different total cross-sectional areas. An average value from these methods might be a 

better estimation of the total area.  
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Figure 4.1 Cross-sectiona areas estimated by spread and depth methods 

 

4.2 Theoretical Manning’s n-value 

 Literature suggests several equations to estimate roughness n-value for all types 

of channels. Due to complexities of natural channel geometries, it is almost impossible 

to estimate accurately the actual n-value. Most purposed techniques for finding average 

n-values are based on empirical data as well as theoretical assumptions. The 

experimental field data helps improve accuracy of n-value estimations.   

 There are two types of theoretical equations for estimating n-values, variable 

and constant roughness equations. The constant roughness equation calculates n-value 

from the average grain size of bed material. Estimations of n-values by the constant 

roughness equations are shown in table 4.1. The roughness value (k) was obtained by 

estimating roadway roughness height as shown in chapter 3. The n-values are then 

calculated from equation 2.3, 2.4, 2.5, and 2.7. These equations are based on Strickler 

(1923), Meyer-Peter (1948), Lane (1953), and Bray (1979) assumptions respectively. 

These constant n-values do not vary as a function of channel geometry but vary a 

Curb 

Actual Spread 
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Depth 
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function of the average bed material diameter. Since bed material of roadways rarely 

changes quickly, the estimated n-values from the constant roughness equation remain 

constant.  

 
Table 4.1 Estimated Manning’s n-values 

 

 
Estimated n-value 

 

 Asphalt 
Smooth 
concrete 

TxDOT 
concrete Treatment 

Roughness value, k 0.5mm 1.6mm 2mm 17mm 
Strickler (1923) 0.01168 0.01417 0.01471 0.02102 

Meyer-Peter, Muller (1948) 0.01099 0.01334 0.01385 0.01978 
Lane-Carlson (1953) 0.01339 0.01626 0.01687 0.02411 

Bray (1979) 0.01523 0.01876 0.01952 0.02863 
 

A second type of roughness equation exists, which contains more geometry 

information such as depth, hydraulic radius, and width of channel. Estimated n-values 

from these equations are more representative of the channel cross-section geometries. 

Some of these equations are not compatible with this research, such as the Jarret (1983) 

equation (assuming steep longitudinal slope) and the Forehlich (1975) equation 

(containing a special estimated parameter). Some of these variable n-value equations 

such as equation 2.6, 2.8, 2.9, 2.10 and 2.11 are more practicable to estimate n-values. 

Figure 4.2-4.5 show n-value estimation for four types of roadway surfaces. The Bray 

(1979), Limerinos (1970) and Griffiths (1981) equations show different n-value 

estimation. Limerinos (1970) equation shows higher n-values than Bray (1979) and 

Griffith (1981) equations. All equations show high estimated n-values at low discharge 

and vise versa.   
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Figure 4.2 Estimated Manning’s n-value for asphalt surface 

 

 
Figure 4.3 Estimated Manning’s n-value for asphalt treatment surface 
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Figure 4.4 Estimated Manning’s n-value for TxDOT concrete surface 

 

 
Figure 4.5 Estimated Manning’s n-value for smooth concrete surface 
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4.3 Velocity Distribution Methods Comparison 

All the flow resistance equations, equation 2.16, 2.19, 2.21, 2.23, 2.25, 2.27, 

2.28, 2.35 and 2.36 from the chapter two were analyzed and compared by percent error 

of total estimated discharge. In order to estimate accuracy of velocity equations, flow of 

all four types of roadways, TxDOT concrete, smooth concrete, asphalt, and asphalt 

treatment were used in the comparison of these velocity equations. All the roadway data 

provide variety of roughness and geometry inputs to these velocity equations.  

The flow resistance equations, eq.2.16, 2.19, 2.21, 2.23, 2.25, 2.27, 2.28, 2.35 

and 2.36 are in a logarithmic form with two estimated variables α and β. The equation 

found from literature defined α and β as shown in eq.2.14. These parameters affect the 

outcome in different ways. Some flow equations use hydraulic-radius in stead of 

hydraulic-depth inside the logarithm term of the equation. These variances of α and β 

are a major cause of the velocity variation shown in Figure 4.6.  

These equations simulate different velocity profiles with varied slopes and 

surface roughness with the same input parameters. Figure 4.6 shows plots of theoretical 

velocity profiles for all the methods investigated. In this specific figure, Griffiths’s 

velocity equation produces the minimum velocity for a constant depth. Prandtl-von 

Karman velocity equation shows the maximum velocity profile. The rest of the velocity 

profiles are located between these curves. The velocity profiles shown in Figure 4.6 are 

not constant, since they vary with the geometry of the cross-section. The actual velocity 

distributions change with actual geometry conditions of the channels. Optimization of α 

and β could produce better flow estimations.  
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Velocity Methods Comparison
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Figure 4.6 Comparison of velocity profiles by various flow resistance equations 

 
Figure 4.7 shows the plots of eight velocity method estimated discharges for the 

TxDOT concrete surface. The negative and positive percent errors show over and under 

estimation of discharge respectively. All methods show both over and under estimated 

discharge. The trend lines of estimated error appear to align parallel to each other. This 

variance in flow appears to result from the variation of estimated parameters (α and β) 

in the velocity equations.  

Most methods tend to under estimate at the lower flow rate and over estimated at 

the high flow rate. The calculated discharges by various velocity equations are 

compared to the actual discharge with average percent of error as shown in table 4.2. 

Plots of average percent error of all roadway surfaces are plotted in Figure 4.8. Each 

equation shows comparable results based on it parameters and functions. 
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Table 4.2 Average percent discharge errors from various velocity methods 
 Average Percent Discharge Error 

 
Roadway 

type Colebrook Limerinos Keulegan Griffiths Bray Hey Bathurst Prandtl 

 
Asphalt 14.06% 11.11% 11.08% 15.61% 11.11% 11.07% 11.30% 13.73% 

 
Smooth Concrete 11.08% 10.81% 10.46% 16.15% 10.39% 10.44% 10.64% 13.69% 

 
TxDOT Concrete 8.40% 8.70% 7.62% 14.51% 6.53% 6.53% 7.64% 10.48% 

 
Asphalt Treatment 19.42% 24.00% 19.92% 31.99% 19.46% 16.84% 17.53% 10.43% 

 
Average 
Percent 

Error 

13.24% 13.66% 12.27% 19.56% 11.87% 11.22% 11.78% 12.08% 
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Table 4.2 and Figure 4.8 show average error of all methods ranges from about 

6.5 to 32 percent. Some velocity equations are suitable only for low roughness value 

such as TxDOT concrete, asphalt and smooth concrete surfaces. Consequently, these 

equations show high error for higher roughness such as the asphalt treatment surface. In 

order to select the flow resistance method, justifications are determined not only from 

the overall accuracy but also from the most consistent estimated discharges.   

Bray (1979) and Hey (1979) equations show the best result on the TxDOT 

concrete roadway. Their equations are among the best results shown for asphalt and 

smooth concrete surfaces. Nevertheless, these two equations are not used due to 

inconsistent results on the treatment surface. The same inconsistency scenario applied to 

most others such as Colebrook (1937), Limerinos (1970), Keulegan (1938), Griffiths 

and Bathurst (1985) equations.  

Prandtl-von Karman velocity equation was selected for this research. The 

selection was made since they displayed the most consistency and accuracy of all the 

methods as shown in Figure 4.8. Even though this method produces a moderate overall 

accuracy result, the consistence is better than other methods. This velocity method 

shows average errors of about 10 to 14 percent for all the surfaces. Most errors for all 

surface types are related to over estimated discharge.  

Figure 4.9, 4.10, 4.11, 4.12 and 4.13 are based on Prandtl-von Karman universal 

velocity method. The figures show effects of one variable condition to velocity profile 

with constant environment. Depths of velocity profile were estimated from velocity 

distribution program calculation in order to archive the same discharge. Average 
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velocities are estimated at the depth of 0.6 (0.6d) from the surface of water. The average 

velocity line connects the average velocities of every velocity profile. The average 

velocity line is shown in a linear straight line across the velocity profiles. 

Effect of variable bottom roughness heights to velocity profiles with constant 

discharge, transverse slope and longitudinal slope is shown in Figure 4.9. The velocity 

decreases according to increase of the channel bottom roughness. Water depth is 

increased by increase the channel bottom roughness.   

Figure 4.10 and 4.11 shows affect of longitudinal and transverse slopes 

respectively. The velocity increases according to increase of the longitudinal or 

transverse slopes. In Figure 4.10, water depth is increased by decrease longitudinal 

slope. Depth of water is decreased by decrease transverse slope in Figure 4.11.  

Figure 4.12 shows the effects of various roughness dimensions and longitudinal 

slopes at constant transverse slop and discharge. By increasing longitudinal slope, the 

surface velocity and the water depth remain the same by decreasing bottom roughness 

height. They were calculated from different roughness and longitudinal slopes. These 

velocity curves demonstrate the average velocities and velocity profiles could be 

different at the same depth and water surface velocity. This effect is created from 

roughness values and longitudinal slopes.  
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Figure 4.9 Vertical velocity profiles calculated by different roughness values (k) 
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Figure 4.10 Vertical velocity profiles calculated by different longitudinal slopes 
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Velocity Profile Transverse Slope Comparison SL=4% Q=11cfs k =0.049ft 
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Figure 4.11 Vertical velocity profiles estimated by different transverse slopes 
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Figure 4.12 Vertical velocity profiles calculated by different roughness values (k) and 
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4.4 Manning’s n-values Estimated by Various Averaging Methods 

All methods for estimating the average cross-sectional n-value are shown in 

chapter 2 in equation 2.39 to 2.49. Some methods are suggested by literatures based on 

their empirical data and geometry assumptions. The averaging methods highly affect the 

outcome of average n-value. All averaging methods use the local geometry parameters 

of the sub-sections to calculate the total cross-section n-value. The relationships of local 

geometries and averaging methods are displayed in Figure 4.13. Wetted-perimeter and 

hydraulic depth are the basic geometry inputs. Sub-section geometries, such as velocity, 

discharge, hydraulic radius and area are calculated from the basic geometry. Average 

cross-section n-values are calculated by sub-section n-values and various sub-section 

geometries. 

Results of average cross-section n-values estimated by Prandtl-von Karman 

(1926) velocity method and various averaging methods on the four roadway surface 

types are shown in table 4.3 and Figure 4.14.  

Table 4.3 shows average cross-section n-values after cleaning process. The 

asphalt treatment n-value series shows the maximum variation and percent error from 

the lab result. Most averaging methods estimate n-value consistently higher than the lab 

result except the asphalt surface series. 

Average cross-section n-values by averaging methods before and after cleaning 

data are shown in Figure 4.14. The decrease or increase value of Manning “n” is a result 

of the outlier reduction. Krishnamurthy (1972) averaging method is selected based on 

the accuracy and consistency of estimated discharges. (discussed in section 4.5)
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Figure 4.13 Relationships between local geometries and methods of averaging n-values 
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Table 4.3 Estimated average Manning’s n-values for four types of roadway surfaces by Prandtl-von Karman velocity 
distribution and various averaging methods 

 Asphalt surface TxDOT Concrete surface Smooth Concrete Asphalt Treatment 
surface 

 n-value % error from 
Lab result n-value % error from 

lab result n-value % error from 
lab result n-value %error from 

lab result 
Lab result 0.01103  0.01222  0.01142  0.01687  

Discharge-weight 0.01086 1.52% 0.01359 11.19% 0.01306 14.30% 0.02169 28.60% 
Numerical average 0.01084 1.70% 0.01351 10.59% 0.01338 17.11% 0.02421 43.55% 

Depth-weight 0.01083 1.78% 0.01357 11.08% 0.01307 14.39% 0.02206 30.76% 
Area-weight 0.01088 1.30% 0.01367 11.90% 0.01314 15.03% 0.02232 32.31% 

Velocity-weight 0.01098 0.40% 0.01359 11.20% 0.01331 16.51% 0.02375 40.78% 
Wetted-perimeter weighted 0.01075 2.48% 0.01358 11.13% 0.01296 13.45% 0.02229 32.15% 
Hydraulic-radius weighted 0.01083 1.78% 0.01362 11.45% 0.01294 13.30% 0.02208 30.88% 
Manning’s equation and 

actual discharge 0.00976 11.46% 0.01262 3.26% 0.01245 8.95% 0.01946 15.34% 

Manning’s equation and  
estimated discharge 0.00933 15.38% 0.01210 0.97% 0.01126 1.47% 0.01871 10.95% 

Horton and Einstein 0.01105 0.24% 0.01306 6.86% 0.01334 16.79% 0.02407 42.69% 
Pavlovski, muhlhofer, 
Einstein and Banks 0.01105 0.23% 0.01334 9.12% 0.01335 16.89% 0.02457 45.65% 

Lotter 0.00934 15.31% 0.01026 16.06% 0.01157 1.27% 0.01873 11.04% 
Krishnamurthy 0.01082 1.84% 0.01353 10.68% 0.01300 13.82% 0.02161 28.12% 

Average percent         
Of discharge error 13.73% 10.48% 13.69% 10.43% 
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Figure 4.15 shows the typical patterns of sub-section n-values across the entire 

roadway cross-section estimated by Prandtl-von Karman (1926) velocity distribution 

equation. The n-value at the curb section is significantly dropped because of an 

increasing of local wetted-perimeter in the curb sub-section. In other sections, n-values 

retain the same average. The n-values at the end of water are significantly increased. 

This phenomenon is caused by the logarithm depth term, i.e. the increasing shallow 

depth. As the depth is decreased then flow often changes from super-critical to sub-

critical stage. 

Since a depth of water decreases along the roadway lateral slope, the velocity 

tends to decrease noticeably as a logarithm function. Therefore the n-value increases 

according to decrease of velocity. Figure 4.16 shows example values of parameters 

across the cross-section. These values are used in methods of average n-value 

estimation. The parameter values across the roadway cross-section demonstrate the 

affect of geometry parameters to the average cross-section n-value.   

Because the flow sections are divided in one-foot intervals, wetted-perimeters of 

sub-section are almost constant throughout the cross-section. In this case, results from 

the wetted-perimeter weight method and numerical average method would be close to 

each other. Other parameters vary from the curb to the end of water, because of 

hydraulic depth decrease along the transverse slope. Most parameters decrease as a 

function of depth.  
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Manning n-value across a roadway section at Sx =2, SL = 1- 5
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Figure 4.15 Example of sub-section n-values across the roadway cross-section by 
Prandtl-von Karman velocity distribution method 
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Figure 4.16 Example of averaging parameters across the entire roadway cross-section 



 

 105 

4.5 Discharge Estimated by Velocity Distribution Methods’n-values 

 In the pervious section, various methods of averaging were used to estimating 

the average cross-section Manning’s n-values. The type of estimation method 

considerably impacted the outcome of the average n-value. After the analysis, the 

overall average n-values (design n-values) by each method were determined. These 

overall average n-values were put back in to the Manning’s equation to estimate 

discharges. A new discharge value is determined using the value of design n-values. 

The new discharges indicate the overall outcome of the estimated accuracy for that 

design n-value. The n-value estimated discharges of all roadway types are shown in 

Figure 4.17.  The most accuracy can be obtained by the overall average n-value by 

actual discharge method. This method calculates n-values by directly inputting the 

actual discharge, total area, longitudinal slope and total wetted-perimeter in to 

Manning’s equation. The result is the most accurate discharge possible. This estimation 

is comparable to a traditional design calculation. Where flow rate is calculated by 

average velocity of cross-section. Other methods are comparable with higher percent 

error. 

 According to Figure 4.17, most methods provide exceptional result of discharge. 

However, this research investigated performance of averaging system. Therefore the 

finest method for averaging shallow water flow over roadway was picked according to 

overall accuracy, consistency, and reliability.  The averaging method by Krishnamurthy 

and Christensen was selected to be the finest method. Even though, this method 
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provides moderate average result of all roadway types. It shows the most accuracy and 

consistency available. 

 Krishnamurthy-Christensen (1926) method was derived according to logarithm 

of the velocity distribution method. It shows more compatibility than other methods. 

Methods are limited by their empirical and basic assumptions, so they might not be 

suitable in this type of calculation. Some other methods such as discharge, depth, area, 

velocity and hydraulic-depth weights are consider good alternative for average n-value 

estimation. These methods provide good accuracy and consistency to the discharge 

result. The discharge results for four types of surfaces are shown in Appendix D. 
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  There are two types of average n-values, constant and variable n-values. Figure 

4.18 shows plots of n-values, the average constant n-value and the average variable n-

values estimated by Prandtl-von Karman (1926) velocity method and Manning’s 

equation with the actual discharge.  

 The constant n-value is estimated by numerical average of all n-values from 

each roadway surface. The actual numbers for constant n-value are shown in table 4.3. 

These constant n-values are not adapted to changing of discharge along the trend of n-

value. In fact, it is constant throughout the range of flow. The logarithm trend line 

shows high-value at the low flow and low-value at the high flow compare to the 

constant n-value. Consequently, results should be an over estimated at the low flow and 

under estimated at high flows. This type of n-value is a practical case for most standard 

design purposes. This unchanged n-value provides simplicity and enough reliability to 

normal design method. Accuracy from constant n-value is in acceptable range of error. 

 Another type of n-value is variable value. The n-values in this set are variable by 

estimated logarithm function on average trend line as shown in Figure 4.18. The 

variable functions were determined by an average logarithm plot of n-values. An 

equation of n-values varies with discharge can be obtained from least-square fit of data 

distribution. This method of n-value adapted to the change of discharge from low flow 

to high flow rate.  

 The accuracy of n-values and calculated discharges are noticeable improved 

over the constant method as shown in Figure 4.19. The results of discharge error by 

constant and variable n-value methods for the TxDOT concrete surface are shown in 
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Figure 4.19. Most averaging methods with variable n-values show improvement over 

the constant n-values. The variable n-value method can easily be done by adding an 

estimated variable n-value equation to the Manning’s equation.  
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Figure 4.18 Plots of average variable and constant n-values 

 

  The variable n-value method is not a practical method for traditional design 

calculation. The improvement of discharge accuracy is so small and may not worth the 

complexity in the traditional design calculation.  
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4.6 Affect of Roadway Slopes 

Longitudinal slope and surface roughness of a roadway are main parameters for 

flow equation. Both longitudinal and transverse slopes affect the results of discharge 

calculations. The roadway slopes are indirect area-affects that results in different depth 

of water. In this research, an average velocity is estimated by the velocity distribution 

method. This method tends to generate more errors for low velocity calculation. 

Transverse slope tends to change the depth of water more rapidly than longitudinal 

slope. This is due to the fact that a percent adjust of transverse slope likely changed the 

water depth more than the same percent adjust of longitudinal slope. With increases or 

decreases of the water depth, velocity profiles change as the slope increases or 

decreases.  

Figure 4.20 and 4.21 show effect of changing transverse and longitudinal slopes 

to the flow cross-section. The hydraulic depth and flow velocity change as a result of 

changing cross-section area and longitudinal slope. Flow velocity is increased by 

increase the longitudinal or transverse slope. Water depth is increased by increase the 

transverse slope or decrease the longitudinal slope.  

Calculated discharge plots for the design n-value for TxDOT roadway surface 

are shown in Figure 4.22-4.23 and Appendix A. The percent discharge errors are 

arranged in different transverse or longitudinal slopes. A change in transverse slope 

tends to have more variation in discharge estimations than a change of longitudinal 

slope. Low transverse slope tends to have more error fluctuation than high transverse 

slope.   
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Figure 4.20 Comparison of roadway cross-section areas by different transverse slopes 

 

 

  
Figure 4.21 Comparison of roadway cross-section areas with different longitudinal 

slopes
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CHAPTER 5  

CONCLUSIONS AND RECOMMENDATIONS

 

5.1 Conclusion 

The Prandtl-von Karman velocity distribution method provides acceptable 

results for estimating flows and n-values of roadway cross-section. Although, the 

roadway channel is a non-symmetry triangular channel, irregularly shaped channel, 

compared to typical man-made or natural channels, results still retain high accuracy of 

discharges compared to measured data. Accuracy and consistency of discharge and n-

value calculations for all types of roadway surface are similar. These results imply the 

method is practicable. Thus, the velocity distribution method is appropriate to calculate 

flow discharge of these roadway cross-sections.  

 The discharge calculated from the velocity distribution method is verified with 

the measured discharge. The result shows consistency with minimal error percentage. 

The result also shows accuracy and consistency. Consequently a direct conversion of 

roughness dimension, k, to Manning “n” by theoretical equation transformation can be 

done with a theoretical transformation using equation 3.12 and 3.13.   

 This paper also analyzes various average methods of n-values to obtain a single 

cross-section n-value. The methods of estimating average n-values significantly impact 

the outcome. The percent error increases significantly by altering the averaging method. 
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Some methods provide outstanding accuracy on one surface but lack of consistency on 

the others. As a result, Krishnamurthy and Christensen’s method, equation 2.42, was 

selected based on the most accuracy and consistency of discharge result. Krishnamurthy 

and Christensen’s method n-values show minimum affect due to various flows and 

transverse and longitudinal slopes as shown in Figure C1.1-1.4 in Appendix C.  

Laboratory n-values are shown to vary with increased discharge, and also vary 

at the same discharge value. Consequently, Krishnamurthy and Christensen’s averaging 

method lacked to indicate discharge and slopes affects. The discharges calculated from 

constant n-value of all roadway surfaces, Figure 4.22, 4.23 and Appendix A, show the 

result of increasing percent error along the increasing transverse slope percent and 

decreasing of discharges.   

Since the laboratory n-values show variation due to the discharge and slope. 

Two methods of n-value, constant and variable, are used in calculating discharge. The 

results of these two methods are shown in Figure 4.19. The comparison shows 

improvement of discharge accuracy from variable n-values. The improvement of 

discharge accuracy from variable n-values is small. It still implies practical uses of 

variable n-values for the design purposes. The achievement of variable n-value method 

over the contemporary method, constant n-value, is useful for roadway design. 

However, benefits of variable n-value might not be sufficient to override the use of 

constant n-value. Consequently, justification of use varies by the necessity discharge 

accuracy. It is conclusive that discharge and both slopes have effects on Manning’s n-
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value method and they appears to be the most significant factors for roadway hydraulic 

design calculation. 

 

5.2 Recommendation for Future Research 

The velocity distribution model could be applied to other types of channel or 

surfaces for further verification. This will extend the velocity distribution method to 

other types of channel.  

Because of water waves, the total spread of the roadway section is estimated 

from an average of the maximum and minimum spread. This phenomenal creates the 

overestimated of the total spread. Elimination of water waves is recommended to 

improve the accuracy.  

In this research, the longitudinal slope is based on theoretical survey estimation. 

The actual longitudinal slope variation can be used to improve calculation accuracy.          

In the velocity equations, the estimated parameters, α and β, have the main 

affect to the outcome. These parameters can be optimized for the unique characteristic 

of the roadway surfaces, thus establishing a roughness value (k) for roadways. The 

optimization of α and β values should improve the accuracy and consistency of 

estimated discharges and n-values.    

 The rainfall effects should be evaluated with the velocity distribution method. 

This could provide incite on n-value impact. The amount of affect then should be 

compared to normal n-value and velocity distribution calculation.………………………
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APPENDIX A 

ESTIMATED DISCHARGE PLOTS
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APPENDIX B 

ROADWAY DATA TABLES 
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APPENDIX C 

MANNING’S N-VALUES ESTIMATED BY PRANDTL-VON KARMAN 
VELOCITY METHOD  
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 Old Concrete Roadway (Krishnamurthy and Christensen)
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Figure C1.1 Manning’s n-value and discharge of smooth concrete surface estimated by 

Krishnamurthy and Christensen’s equation 
 

 
Figure C1.2 Manning’s n-value and discharge of asphalt surface estimated by 

Krishnamurthy and Christensen’s equation 

Aphalt Roadway  (Krishnamurtha and Christensen Equation)

Lab Result 
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Treatment Roadway (Krishnamurthy and Christensen)

Lab Result
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Figure C1.3 Manning’s n-value and discharge of asphalt treatment surface estimated by 
Krishnamurthy and Christensen’s equation 

 
Figure C1.4 Manning’s n-value and discharge of TxDOT concrete surface estimated by 

Krishnamurthy and Christensen’s equation 

New Concrete n-value Comparison
  (Krishnamurthy and Christensen equation)

Lab result
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Old Concrete Roadway (Horton and Einstein Equation)

Lab Result
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Figure C2.1 Manning’s n-value and discharge of smooth concrete surface estimated by 
Horton and Einstein’s equation 

 

 
Figure C2.2 Manning’s n-value and discharge of asphalt surface estimated by Horton 

and Einstein’s equation 
 

Aphalt Roadway  (Horton and Einstein Equation)

Lab Result 
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Treatment Roadway (Horton and Einstein Equation)

Lab Result
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Figure C2.3 Manning’s n-value and discharge of asphalt treatment surface estimated by 

Horton and Einstein’s equation 
 

New Concrete n-value Comparison  (Horton and Einstein  )

Lab result
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Figure C2.4 Manning’s n-value and discharge of TxDOT concrete surface estimated by 
Horton and Einstein’s equation 
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Old Concrete Roadway (Pavlovski and Muhlhofer Einstein Equation)

Lab Result
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Figure C3.1 Manning’s n-value and discharge of smooth concrete roadway estimated by 
Pavlovski, Muhlhofer, Einstein and Banks’s equation 

 

 
Figure C3.2 Manning’s n-values and discharges of asphalt Roadway estimated by 

Pavlovski, Muhlhofer, Einstein and Banks’s equation 
 

Aphalt Roadway  (Pavlovski and Muhlhofer Einstein Equation)

Lab Result 
y = -0.0001Ln(x) + 0.0112 
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Treatment Roadway (Pavlovski, Muhlhofer, Einstein and Banks Equation)

Lab Result
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Figure C3.3 Manning’s n-values and discharges of asphalt treatment roadway estimated 

by Pavlovski, Muhlhofer, Einstein and Banks’s equation 
 

 
Figure C3.4 Manning’s n-values and discharges of TxDOT concrete roadway estimated 

by Pavlovski, Muhlhofer, Einstein and Banks’s equation 

New Concrete n-value Comparison  ( Pavlovski, Muhlhofer, Einstein and Banks Equation) 

Lab result
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 Old Concrete Roadway (Lotter Equation)

Lab Result
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Figure C4.1 Manning’s n-values and discharges of smooth concrete roadway estimated 

by Lotter’s equation 
 

 
Figure C4.2 Manning’s n-values and discharges of asphalt roadway estimated by 

Lotter’s equation 

Aphalt Roadway  (Lotter Equation)
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 Treatment Roadway (Lotter Equation)
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Figure C4.3 Manning’s n-values and discharges of asphalt treatment roadway estimated 

by Lotter’s equation 
 

New Concrete n-value Comparison  (Lotter Equation)
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Figure C4.4 Manning’s n-values and discharges of TxDOT concrete roadway estimated  
by Lotter’s equation 
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Old Concrete Roadway (Area Weighted Average)
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Figure C5.1 Manning’s n-values and discharges of smooth concrete surface estimated 

by Area-Weight averaging method 
 
 

 
Figure C5.2 Manning’s n-values and discharges of asphalt surface estimated by area- 

weight averaging method 

Aphalt Roadway  (Area Weighted Average)
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Treatment Roadway (Area Weighted Average)
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Figure C5.3 Manning’s n-values and discharges of asphalt treatment surface estimated 
by area-weight averaging method 

 

 
Figure C5.4 Manning’s n-values and discharges of TxDOT concrete surface estimated 

by area-weight averaging method 

New Concrete n-value Comparison  ( Area Weighted Average)
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Old Concrete Roadway (Depth Weighted Average)
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Figure C6.1 Manning’s n-values and discharges of smooth concrete surface estimated 

by depth-weight averaging method 
 

 
Figure C6.2 Manning’s n-values and discharges of asphalt surface estimated by depth-

weight averaging method 

Aphalt Roadway  (Depth Weighted Average)
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Treatment Roadway (Depth Weighted Average)
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Figure C6.3 Manning’s n-values and discharges of asphalt treatment surface estimated 

by depth-weight averaging method 
 
 

 
Figure C6.4 Manning’s n-values and discharges of TxDOT concrete surface estimated 

by depth-weight averaging method 
 

New Concrete n-value Comparison  ( Depth Weighted Average)
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Old Concrete Roadway (Wetted-Perimeter Weighted Average)
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Figure C7.1 Manning’s n-values and discharges of smooth concrete surface estimated 
by wetted-perimeter weighted averaging method 

 
 

 
Figure C7.2 Manning’s n-values and discharges of asphalt surface estimated by wetted-

perimeter weighted averaging method 
 

Aphalt Roadway  (Wetted-perimeter Weighted Average)
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Treatment Roadway (Wetted-Perimeter Weighted Average))
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Figure C7.3 Manning’s n-values and discharges of asphalt treatment surface estimated 

by wetted-perimeter weighted averaging method 
 
 

New  Concrete n-value Comparison  ( Wetted-Perimeter Weighted Average)

Lab result
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Figure C7.4 Manning’s n-values and discharges of TxDOT concrete surface estimated 
by wetted-perimeter weighted averaging method 
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Old Concrete Roadway (Velocity Weighted Average)
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Figure C8.1 Manning’s n-values and discharges of smooth concrete surface estimated 
by velocity-weight averaging method 

 
 

 
Figure C8.2 Manning’s n-values and discharges of asphalt surface estimated by 

velocity-weight averaging method 

Aphalt Roadway  (Velocity Weighted Average)
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Treatment Roadway (Velocity Weighted Average)
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Figure C8.3 Manning’s n-values and discharges of asphalt treatment surface estimated 

by velocity-weight averaging method 
 
 

 
Figure C8.4 Manning’s n-values and discharges of TxDOT concrete surface estimated 

by velocity-weight averaging method 

New Concrete n-value Comparison  ( Velocity Weighted Average) 
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Old Concrete Roadway (Discharge Weighted Average)
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Figure C9.1 Manning’s n-values and discharges of smooth concrete surface estimated 
by discharge-weight averaging method 

 

 
Figure C9.2 Manning’s n-values and discharges of asphalt surface estimated by 

discharge-weight averaging method 
 

Aphalt Roadway  (Discharge Weighted Average)
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 Treatment Roadway (Discharge Weighted Average)

Lab Result
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Figure C9.3 Manning’s n-values and discharges of asphalt treatment surface estimated 

by discharge-weight averaging method 
 

 
Figure C9.4 Manning’s n-values and discharges of TxDOT concrete surface estimated 

by discharge-weight averaging method 
 

New Concrete n-value Comparison  ( Discharge Weighted Average)
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Old Concrete Roadway (Hydraulic-Radius Weight Average)
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Figure C10.1 Manning’s n-values and discharges of smooth concrete surface estimated 

by hydraulic-radius weighted averaging method 
 

 
Figure C10.2 Manning’s n-values and discharges of asphalt surface estimated by 

hydraulic-radius weighted averaging method 

Aphalt Roadway  (Hydraulic-radius Weighted Average)
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Treatment Roadway ( Hydraulic-radius Weighted Average)
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Figure C10.3 Manning’s n-values and discharges of asphalt treatment surface estimated 
by hydraulic-radius weighted averaging method 

 

 
Figure C10.4 Manning’s n-values and discharges of TxDOT concrete surface estimated 

by hydraulic-radius weighted averaging method 

New Concrete n-value Comparison  (Hydraulic-radius Weighted Average) 
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Old Concrete Roadway (Numerical Average)
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Figure C11.1 Manning’s n-values and discharges of smooth concrete surface estimated 
by numerical average 

 

 
Figure C11.2 Manning’s n-values and discharges of asphalt surface estimated by 

numerical average 

Aphalt Roadway  (Numerical Average)
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Figure C11.3 Manning’s n-values and discharges of asphalt treatment surface estimated 

by numerical average 
 

New Concrete n-value Comparison  ( Numerical Average)
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Figure C11.4 Manning’s n-values and discharges of TxDOT concrete surface estimated 
by numerical average 

Treatment Roadway (Numerical Average)
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 Old Concrete Roadway (Overall Actual Discharge)
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Figure C12.1 Manning’s n-values and discharges of smooth concrete surface estimated 

by Manning’s equation and using measured discharge 
 

 
Figure C12.2 Manning’s n-values and discharges of asphalt surface estimated by 

Manning’s equation and using measured discharge 

Aphalt Roadway  (Overall Actual Discharge)
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Figure C12.3 Manning’s n-values and discharges of asphalt treatment surface estimated 

by Manning’s equation and using measured discharge 

New Concrete n-value Comparison  ( Overall Actual Discharge)
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Figure C12.4 Manning’s n-values and discharges of TxDOT concrete surface estimated 

by Manning’s equation and using measured discharge 

 Treatment Roadway (Overall Actual Discharge)
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Old Concrete Roadway (Overall Estimated Discharge)
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Figure C13.1 Manning’s n-values and discharges of smooth concrete surface estimated 
by Manning’s equation and using Prandtl-von Karman estimated discharge 

 
 

 
Figure C13.2 Manning’s n-values and discharges of asphalt surface estimated by 

Manning’s equation and using Prandtl-von Karman estimated discharge 
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Figure C13.3 Manning’s n-values and discharges of asphalt treatment surface estimated 

by Manning’s equation and using Prandtl-von Karman estimated discharge 
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Figure C13. 4 Manning’s n-values and discharges of TxDOT concrete surface estimated 
by Manning’s equation and using Prandtl-von Karman estimated discharge 
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APPENDIX E 

HISTOGRAM PLOTS OF MANNING’S N-VALUES
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