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Road quality and ride comfort are major concerns when creating and maintaining 

roads. Ride comfort is dependent on the interaction between the vehicle and the 

roughness of the road. Road roughness is currently measured by road-profiling 

vehicles in a quantifiable term known as the International Roughness Index (IRI). 

Although this method is useful for determining road surface information, it is a time 

consuming process, it canôt be carried out every day, and it does not provide a direct 

indication of ride comfort. However, advancements in sensor technology provide 

necessary enhancements that current methods cannot address. This study aims to 

develop an innovative method using built-in wireless sensing and mobile computing 

features of smartphones to not only estimate road roughness, but to provide a direct 

real-time indication of ride comfort. 

Estimation of road roughness based on vehicle response involves insight 

regarding the properties of the vehicle itself. While the vibration response of the 



  

vehicle can be readily measured using wireless accelerometers or built-in smartphone 

sensors, information pertaining to the vehicle and road properties is left unknown. To 

address this issue, various system identification methods are evaluated for high-

damped systems and applied to the vehicle. Through the application of system 

identification methods using vehicle response data, the unknown parameters of the 

vehicle can be estimated. These methods are validated through analysis of vehicle 

model simulation paired with standard simulated road profiles. Furthermore, these 

simulations create an environment to determine optimal conditions for vehicle mass 

prediction. With vehicle parameters identified, the dynamic response parameters of 

the vehicle and the input of the road surface profile can be correlated to estimate the 

IRI while directly providing ride comfort information.  Field testing involving the use 

of a wireless accelerometer and GPS is also implemented to compare recorded data 

against the simulation findings. 

This study establishes a framework that integrates wireless sensors, system 

identification methods, and the correlation between ride comfort and the IRI with 

vehicle vibration measurements. System identification methods with a focus on 

vehicles subjected to excitation from the road are evaluated. This involves an 

investigation of prediction error identification methods with the use of grey-box 

modeling to estimate vehicle mass under varying road conditions. With vehicle 

parameters known, correlation of vehicle vibration response with the IRI and ride 

comfort is empirically established to determine areas of road in need of maintenance 

along with comfortable travel routes in real-time. This study demonstrates the appeal 



  

for including information related to road conditions and ride comfort in mobile maps 

for alternative travel routes. 
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Chapter 1: Introduction  

1.1 Motivation  

Road quality and ride comfort are two examples of what drivers expect while 

traveling on the road. These expected characteristics are in part attributed to road 

roughness. Determining the road roughness is an important part of transportation 

engineering and is currently evaluated through numerous methods of road profiling. 

The goal of this study is to create an efficient and cost effective methodology of 

profiling road roughness and ride comfort by using the automobile itself as a moving 

sensor. The profiling method can be implemented on mobile devices such as 

smartphones. Smartphones have already provided great advancements to the field of 

transportation through the use of GPS data for vehicle location and travel 

information. By incorporating this information, along with vibration measurements 

from the phoneôs internal accelerometer, a quick and easy profiling map can be 

created and the International Roughness Index (IRI) can be estimated. Once the IRI is 

determined, it can be used to find roads that are in need of maintenance and 

rehabilitation, and necessary actions can be taken to create safer driving conditions. 

The widespread use of smartphones by drivers facilitates large amounts of road 

profiling data on many U.S. roads, especially in urban areas. Therefore, real-time 

road profiling data poses interesting fundamental research questions to be addressed 

through a framework consisting of structural dynamics, system identification 

methods, and sensors found in smartphone devices. 

 



 

 2 

 

Computer simulation provides a useful tool in understanding the behavior of a vehicle 

in motion. Creating a vehicle suspension model that can accurately react to given road 

profiles will be useful in determining the accuracy of the correlation between 

smartphone-measured vibration data and road roughness. Generating new and more 

accurate methods of tire-road interaction will not only be useful for this research, but 

can also be used for many other applications as well. 

 

To validate computer simulations and collect smartphone vibration data, field tests 

must be performed. Due to the varying nature of the vehicle response, multiple tests 

must be completed on several different types of road profiles. This includes road 

surfaces ranging in roughness, and specific types of bump inputs. Data is collected 

through the use of a commercial off-the-shelf (COTS) accelerometer in addition to 

the built-in chip accelerometer found in a smartphone. 

 

To understand the response of the moving vehicle, modal frequency identification 

methods will be used to determine the fundamental periods/frequencies. Due to the 

complexity of these calculations and the current limitations of processing power on 

smartphones, either an algorithm with a minimal amount of data error must be created 

to simplify the process or the data must be sent to a server for real-time processing via 

cloud computing technology. By determining the limitations of the smartphones, a 

simple algorithm can be made for onboard processing of modal frequencies that 

makes the best use of the power supplied by the phone while providing accurate data 

with minimal error. This application will take the sensor data collected in the 
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experimental runs and use the vibration response with system identification methods 

to estimate the vehicle mass. The application will also make use of the onboard GPS 

to track the location of any changes in the road conditions and vehicle speed. With 

this data, profile maps of road roughness and ride comfort can be created. 

 

Technology has reached a point where detecting damages in roads can be quickly 

determined using information that can be given without changing our daily routines 

ð driving with a smartphone in the car. Traffic conditions are currently updated in 

real-time through the use of the smartphone GPS. Recent research has also begun to 

take advantage of smartphone technology for collecting data, such as real-time 

pothole detection (Mednis, et al., 2011) and earthquake detection for early warning 

(Zambrano, et al., 2014). Through the use of a smartphone and a properly constructed 

algorithm, information about the road roughness can be collected and calculated on-

the-spot for fast evaluation in a way that has never been done before. This study will 

not only be able to be used for detecting the roughness index, but will also provide a 

direct measure of ride comfort using smartphone technology to determine and offer 

drivers with the most comfortable driving routes. 

1.2 Research Objective 

The main objective in this study is to establish the fundamental technologies that 

support the viable use of wireless sensors or smartphones in everyday vehicles to 

create a ubiquitous sensor network. This network can be used to develop a real-time 

picture of road roughness and ride comfort from the perspective of users with 

different needs. This involves using system identification techniques to determine 
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vehicle parameters to relate the response to the input statistics of the road itself. Many 

specific contributions are made while accomplishing the main goal of this study: 

 

¶ Evaluate system identification methods for use of parameter identification of 

highly-damped systems, specifically used for estimation of vehicle mass. This 

involves performing system identification methods with the use of 

acceleration data collected with a single wireless sensor. 

¶ Road profiling does not represent the user experience. The comfort of a ride is 

dependent on the type of vehicle combined with the weight of the passengers 

and cargo. Road profilers are used to determine the changing elevation of the 

road and relate it to roughness. Although useful, determining the roughness of 

the road does not provide a direct indication of the usersô sense of ride 

comfort. This research not only examines various methods of determining the 

roughness of roads, but also relates the unevenness of the road to the comfort 

of the user. 

¶ Create road profile maps relating the vehicle response to user perception and 

road roughness information. These maps, based on vertical acceleration of the 

vehicle, directly relate the output to both the roughness of the road profile and 

the comfort of the user, which varies based on vehicle type. 

¶ Take advantage of new mobile sensing and computing technology, such as 

smartphones, to enable real-time updating of road conditions, which current 

profiling methods are ill -equipped to do. 
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1.3 Dissertation Outline 

Chapter 2 compiles a review of current methods of road profiling, classification of 

roads, calculation of road roughness, and quantification of ride comfort. This review 

is necessary for a complete understanding of the inputs and outputs of the vehicle. 

 

Chapter 3 investigates various system identification methods for high-damped 

systems typical of a vehicle, including algorithms such as ERA, ARMAX, N4SID, 

and PEM. These processes are evaluated to determine which identification techniques 

are best suited for identification of vehicle parameters using system response data 

with an estimated input. 

 

Chapter 4 includes numerical simulation of system identification of the vehicle 

parameters and statistical properties of the road profile. To perform system 

identification, simulation of road profiles and vehicle dynamic responses is first 

studied to create a system with similar real world input and output. Relations between 

profile roughness to acceleration response and ride comfort are found with Monte 

Carlo simulation methods. 

 

Chapter 5 demonstrates the effectiveness of the application of system identification 

methods through field testing. These tests include the vertical acceleration vibrations 

affected by vehicle speed, road roughness, and various bumps in the road through the 

use of wireless sensor data collection. 
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Chapter 6 consists of analysis of the data gathered during the field tests. This analysis 

includes the use of estimated road inputs to predict the vehicle mass. With vehicle 

parameters known, a relation correlating the vertical acceleration response to the IRI 

is determined. This relation, in addition to the direct measure of comfort, is used to 

create two profile maps; one to display areas of roughness, and one to show ride 

comfort. 
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Chapter 2: Vehicle Input / Output 

2.1 Viewing the Vehicle as a System 

Before the parameters of a vehicle can be analyzed, an understanding of the various 

vehicle inputs and outputs must be understood. As seen in Figure 2.1, the vehicle can 

be viewed as a system:  

 

Figure 2.1: Vehicle as a System 

 

This system has both an input and an output. In the case of the vehicle, the input is the 

changing road profile elevation, while the output is viewed as the vibrational 

response. This vibration, felt by the user of the vehicle, correlates to the perceived 

comfort. This comfort is an important factor in determining whether a road meets the 

standards set by the FHWA or whether maintenance is required. The following 

sections of this chapter examine the classification of road profiles determined by the 

amount of surface roughness. The level of roughness is then calculated through the 

International Roughness Index (IRI), which is used to determine the quality of the 

road. In regards to system output, the vibration response and its relation to human 

comfort is considered. 
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2.2 Road Profiling 

Road smoothness is a major factor concerning both ride comfort and driver safety. 

Determination of the smoothness of a road surface is completed through the process 

of road profiling. A road profile can be taken laterally and longitudinally as seen in 

Figure 2.2. Lateral profiles show the superelevation and crown of the road, while 

longitudinal profiles are used to describe the design grade, roughness, and texture of 

the road (Sayers, et al., 1998). 

 
Figure 2.2: Road Profile Orientation (Sayers, et al., 1998) 

 

Road profiling has become a necessary tool used to monitor conditions of existing 

road networks, evaluate the quality of newly constructed or repaired road sections, 

and examine specific segments of roads for rehabilitation or research (Sayers, et al., 

1998). 
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Road profilers are currently used in a majority of the United States for evaluation of 

existing road networks and newly paved or recently rehabilitated road surfaces. In 

addition to this, at least ten states also use profilers for construction quality control for 

individual projects (Wang, et al., 2009). Many different profilers exist, such as the rod 

and level, which uses a static reference point while measuring the surrounding 

elevation of the area, and walking profilers used to measure the height relative to a 

moving reference point. Although effective, these types of profilers are slow and are 

not ideal for determining the profiles of an entire network of roads. To overcome this 

weakness, General Motors Research Laboratories developed the inertial profiler 

(Sayers, et al., 1998). Introduced in the 1960s, the inertial profiler made high-speed 

profiling possible through the use of a moving vehicle. As visualized in Figure 2.3, 

this profiler makes use of an accelerometer in conjunction with devices such as laser 

transducers, and infrared and ultrasonic sensors to measure the height of the ground 

beneath the vehicle. The accelerometer is used to measure the vertical acceleration as 

an inertial reference point for the relative height to the ground. 

 
Figure 2.3: High-Speed Profiler (Sayers, et al., 1998) 
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Beginning in 1996, the entire National Highway System has been profiled annually 

with these high-speed profilers (PennDOT, 2015). Each road profiler is equipped with 

an on-board computer used to interface with the accelerometers and lasers attached to 

the vehicle. Two persons are needed to perform profiling, one to operate the computer 

and one to drive the vehicle. Testing is typically limited to the months of March 

through November due to weather conditions. 

 
Figure 2.4: Operator Control Unit for High -Speed Profiler (PennDOT, 2015) 

 

Although improvements have been made since the development of high-speed 

profilers, the current profiling process is very costly and time consuming. A 2003 

survey conducted by the National Cooperative Highway Research Program has 

shown that out of the 52 agencies surveyed, all of them monitor road roughness, but 

the minimum time between updating the profile is limited to a single year. Table 2.1 

shows the survey results containing the frequency of profiling in years along with the 

application for the data. 

Table 2.1: Summary of Automated Monitoring Frequencies Employed (McGhee, 2004) 

Frequency, 

Years 
Cracking 

Smoothness / 

Roughness 

Rut 

Depth 

Joint 

Faulting 

1 9 26 24 10 

2 18 20 20 13 

3 2 4 4 0 

Other 1 2 2 0 

Total 30 52 50 23 
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Cost is also major concern when it comes to profiling an entire network of roads. 

Collection and processing data through road profiling averages more than $30 per 

lane-km ($50 per lane-mi) and can reach up to $125 per lane-km ($200 per lane-mi) 

in urban or high traffic areas (McGhee, 2004). 

 

Technological advancements have been made since the introduction of the high-speed 

inertial profiler that current profiler vehicles are not taking advantage of. Current road 

profilers take the road profile roughness into account, but do not investigate the 

impact the surface has on the user. Through the use of smartphone technology, not 

only can roughness be estimated, but the ride comfort can be directly measured as 

further shown in this study. 

  



 

 12 

 

2.2.1 ISO Classification 

 

The International Organization for Standardization (ISO) has specifications for 

reporting longitudinal road profile data which uses the calculated PSD of the vertical 

displacement profile. The use of PSD to describe road irregularities was first 

introduced by Dodds and Robson by viewing the road surface profile as a 

homogeneous and isotropic two-dimensional Gaussian random process (Dodds, et al., 

1973). The procedure in which roads are classified uses this description and is 

detailed in ISO 8608: Mechanical Vibration - Road Surface Profiles - Reporting of 

Measured Data. This procedure is used for the reporting of road profiles such as 

streets, highways, and off-road terrain areas. Each profile is given a class based on its 

roughness, which range from classes A to H. Paved roads are generally classified as 

A to D, with A being a very good profile (smooth), and D being poor (rough). A class 

A or B profile may consist of newer roads or extremely smooth pavement, such as 

airport runways. Class C profiles can typically be viewed as older roadways which 

are not maintained. Classifications of D or E are rough profiles which may be due to 

highly deteriorated pavement or a layer consisting of a material such as cobblestone 

(Tyan, et al., 2009). 

 

Due to its random nature, functions of road profiles are described in terms of 

probability statements instead of defined equations. Power spectral density (PSD) is 

the limiting mean-square value of a signal per unit frequency bandwidth. Since the 

surface roughness is a spatial disturbance rather than a disturbance in time, the PSD is 

represented in spatial frequency, cycle/m, in place of the commonly used frequency 
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units of cycle/s (Xu, et al., 1992). When determining the road roughness, certain 

frequencies can be filtered out when looking at the road profile. Road surface 

qualities can be split into three categories: topography, road roughness, and road 

texture. Topography consists of the vertical changes of the road due to the varying 

landscape. These changes due to landscape have large wavelengths above 100 m, 

providing frequencies below 0.01 cycle/m, and do not affect the vehicle dynamics. 

High variability components, known as road texture, have small wavelengths, below 

10 cm, and frequencies above 10 cycle/m. These components also donôt affect the 

dynamics of the vehicle because they are filtered out by the tire. The area of interest, 

road roughness, ranges between these two limits (Johannesson, et al., 2012). 

 

When reporting road profiles using the procedures established in ISO 8608, the 

profile can be described in terms of either displacement or acceleration PSD. This 

method of characterization of road profiles in PSD form is useful because it can be 

used to describe roughness as a single term (Dodds, et al., 1973). Equations 2.1 and 

2.2 represent the displacement PSD as described with spatial frequency with units of 

cycle/m, n, and angular spatial frequency, rad/m, Ý. 

 
Ὃ ὲ Ὃ ὲ

ὲ

ὲ
 (2.1) 

 

 
Ὃ ɱ Ὃ ɱ

ɱ

ɱ
 (2.2) 

 

These equations are sometimes split into two parts with a change in the roughness 

exponent, w, depending on whether the spatial frequency, n, is greater or than the 

discontinuity frequency, n0. To simplify the road surface roughness, the roughness 
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exponent, w, also known as the waviness is typically assumed to be 2 regardless of 

the wave number (Sukhvarsh, et al., 2008). The degree of roughness, Ὃ ὲ , can be 

estimated by looking at the displacement PSD at the reference spatial frequency. This 

reference is taken as ὲ πȢρ cycles/m. This degree of roughness is used to give the 

profile a letter classification as previously mentioned. Table 2.2 provides the upper 

and lower bounds for the degree of roughness for the classifications ranging from A 

to H (ISO 8608, 1995). Figure 2.5 shows the bounds of each classification as 

represented on the PSD plot, with a spatial frequency range corresponding to the road 

roughness range of interest. 

 

 

 
Table 2.2: Road Classification, Spatial Frequency Units 

Road 

Class 

Degree of Roughness: Gd(n0), 10
-6
 m

2
(cycle/m) 

Lower 

Limit  
Geometric 

Mean 
Upper 

Limit  

A - 16 32 

B 32 64 128 

C 128 256 512 

D 512 1,024 2,048 

E 2,048 4,096 8,192 

F 8,192 16,384 32,768 

G 32,768 65,536 131,072 

H 131,072 262,144 - 

n0 = 0.1 cycle/m 
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Figure 2.5: Road Classification (ISO 8608) 

 

 

The relationship between the displacement PSD and acceleration PSD can be seen in 

Equation 2.3. 

 Ὃ ὲ ς“ὲϽὋ ὲ (2.3) 

 

To provide a sense for a typical profile PSD plot, examples of simulated profiles with 

different roughness are shown in Figure 2.6 and Figure 2.8 with their corresponding 

displacement PSDôs plotted in Figure 2.7 and Figure 2.9. Observing the differences in 

the PSD plots, it can be seen that low wave numbers have higher amplitudes when 

compared to the high wave numbers with lower amplitudes (Sayers, et al., 1996). It 

can also been seen that the displacement PSD amplitude is shifted upward for all 

wave numbers for road profiles with increased roughness. 
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Figure 2.6: Simulated Smooth Road Profile 

 

 

 

 

Figure 2.7: PSD Plot of Simulated Class B Profile 
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Figure 2.8: Simulated Rough Road Profile 

 

 

 

 

Figure 2.9: PSD Plot of Simulated Class D Profile 
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Since the PSDôs for road profiles are calculated with a constant bandwidth, there is an 

appearance of high fluctuation caused by the statistical noise. To account for this, a 

smoothing process is implemented as per ISO 8608. This smoothing process is 

completed by dividing the PSD into different octave bands and using the root mean 

square values. This process is outlined is Equations 2.4, 2.5, and 2.6, where Ὃ Ὥ 

represents the smoothed PSD in smoothing band i, and Be is the frequency resolution 

given in cycles/m. The upper and lower cut-off frequencies are included in the 

equations as nh and nl. A list of the specific cut-off values used for each bandwidth 

can be found in ISO 2631-1. 

 
Ὃ Ὥ

ὲ πȢυϽὄ ὲ Ὥ ϽὋὲ

ὲ Ὥ ὲ Ὥ

В ὋὮϽὄ

ὲ Ὥ ὲ Ὥ

ὲ Ὥ ὲ πȢυϽὄ ϽὋὲ

ὲ Ὥ ὲ Ὥ
 

(2.4) 

 

 
ὲ ὍὔὝ

ὲ Ὥ

ὄ
πȢυ  (2.5) 

 

 
ὲ ὍὔὝ

ὲ Ὥ

ὄ
πȢυ  (2.6) 

 

As seen in Figure 2.7 and Figure 2.9, classification of the road profiles becomes 

easier once the PSD representation has been smoothed. 
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2.2.2 International Roughness Index 

 

Since the introduction of gas-powered vehicles, the need for smooth roads has been 

present. Determination of roughness has been a major factor in the maintenance and 

preservation of smooth roads. Due to the varying response from early roughness 

measuring devices, such as the rolling straightedge, Profilograph, and Roughometer, 

the necessity of a single standard became apparent (Gillespie, 1992). Objectives of 

creating a new standard include the relation to vibration response of the vehicle rather 

than vehicle performance, a scale that is stable with time, measureable with a range of 

different types of hardware, and the ability to be consistently replicated for tests 

around the world. This need for a new standard led to the introduction of the standard 

scale known as the International Roughness Index (IRI). Rather than directly using 

hardware to measure roughness of a road profile, the IRI is calculated by using an 

algorithm that simulates a vehicle driven over a measured profile. This algorithm acts 

as a replacement for a roadmeter and eliminates the possible difference in vehicle 

dynamics and the need for calibration by creating a standard set of parameters to be 

used in all IRI calculations. This change from roughness measurement hardware to 

software became a major advantage of the use of the IRI as the standard, as it could 

be used in conjunction with different types of road profilers and remains consistent 

over time (Sayers, et al., 1986). Consistency of the IRI values through the use of 

different types of profiles has been verified by the Road Profiler User Group and the 

Federal Highway Administration (Sayers, et al., 1998). 
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The IRI is a calculated statistic that quantitatively expresses the quality of road 

conditions based on the recorded road profile. The IRI can be viewed as a 

mathematical transform of a measured road profile (Prem, et al., 2005). It is 

calculated by observing the simulated relative displacement response of a quarter 

carôs sprung and unsprung mass while traveling along the profile of interest. The 

quarter car system is chosen to show a similar response to that of a passenger car as 

displayed in Figure 2.10 (Toyota, 2015). 

 

Figure 2.10: Quarter Car Representation 

Since the adoption of the IRI as the standard measure of roughness, the FHWA has 

started programs, such as the Pavement Smoothness Initiative, which are established 

to ensure smooth pavements by setting a target limit  IRI (FHWA, 2014). To calculate 

the IRI, the FHWA uses ProVAL, an engineering software application capable of 

analyzing measured road profiles. Beginning with its introduction in 2001, ProVAL 

has been a trusted source for pavement analysis and has been used by State 

Departments of Transportation in the study of pavement smoothness following 

construction (FHWA, 2003). A sample of a recorded road profile can be seen in 

Figure 2.11 with its calculated IRI in Figure 2.12. 
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Figure 2.11: ProVAL ï Road Profile 

 

 

 

 
 

Figure 2.12: ProVAL ï International Roughness Index 
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2.2.2.1 IRI Sensitivity  

One reason the IRI is chosen to characterize road roughness is due to its ability to 

describe the profile roughness that causes vehicle vibrations. The parameters of the 

simulated quarter car model in the calculation of the IRI were specifically chosen by 

the United States National Cooperative Highway Research Program (NCHRP) to 

provide a model that offers similar results as a majority of passenger vehicles 

(Gillespie, et al., 1980). The quarter car with these parameters, given as ratios as 

shown below, is known as The Golden Car. 

Ὧ

ά
φσȢσ 

Ὧ

ά
φυσ 

ὧ
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πȢρυ 

 

These ratios relate the suspension stiffness, tire stiffness, suspension damping, and 

unsprung damping to the sprung mass. The Golden Car was developed in an attempt 

to create a uniform calibration system that has a high correlation with the vehicles 

that were used to measure the road elevation when profiling. These parameters, used 

to maximize the output of the system, are similar to highway vehicles, with the 

exception of an increased amount of damping. This additional damping prevents the 

simulated vehicle from ñtuning inò to certain wavelengths that a majority of vehicles 

are not sensitive to (Sayers, et al., 1998). Sensitivity of the IRI is significant as it 

relates to the resonant frequency of typical highway vehicles. The IRI gain slope 

represents the ratio of the output IRI to the amplitude of the input sinusoids. Figure 

2.13 shows the calculated IRI values for sinusoids with wavelengths varying from 0.1 

to 100 m. This figure shows the maximum sensitivity of the IRI at two specific 

points; the first peak at a wave number of 0.065 cycles/m and the second peak at a 
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wave number of 0.42 cycles/m. These two points correspond to wheel hop and body 

bounce of the vehicle, respectively. Evaluating these wave numbers with an 80 k/hr 

quarter car model, the resonant frequencies are calculated as 1.44 and 9.33 Hz. These 

two frequencies are important because they are approximately equal to the 

frequencies designed for vehicles to minimize transmission of road inputs (Sayers, et 

al., 1998). The sensitivity of the IRI to these frequencies is the basis for the usefulness 

for calculating road roughness. The resonance seen in the IRI gain slope provides 

dominant results when using suspension deflection as the measured response 

(Gillespie, 1992). 

 
Figure 2.13: IRI Sensitivity to a Range of Wavelengths 
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2.2.2.2 Calculation of the International Roughness Index 

To calculate the IRI of a longitudinal profile, two filters are applied; a moving 

average and a quarter car filter. As seen in Figure 2.5, when a tire makes contact with 

the road, the tire covers an area rather than a single point. This area is known as the 

contact patch and is taken into consideration when performing vehicle simulation. 

During simulation, the road is typically viewed as an input to the system as a series of 

points. Using point inputs may over-emphasis small dips and bumps in the road that 

might not affect the tire or the output of the system. To account for the contact patch 

and its interaction with the road profile, a moving average is used on the profile data. 

This moving average as seen in Equation 2.7 (Sayers, et al., 1998) acts as a low pass 

filter to the road profile data. 

 
Figure 2.14: Tire Contact Patch 
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In this equation, the original road profile, p, sampled with a ȹX interval is split into 

segments summed over the base length, B, and divided by the number of samples, N, 

included in the summation. The base length (contact patch length) is dependent on 

tire size and tire pressure, but is typically taken as a value of 250 mm for this 

smoothing process (Sayers, et al., 1996). The effect of this smoothing process on a 

sample longitudinal profile is shown in Figure 2.15. 

 
Figure 2.15: Smoothed Profile due to Contact Patch 

 

The second filter applied to the profile in the calculation of the IRI is the quarter car 

filter. This consists of the simulation of an 80 k/hr quarter car model along the 

smoothed profile. The quarter car model uses the Golden Car parameters as 

previously discussed. This simulation is completed to calculate the vertical 

displacement response of the sprung and unsprung masses, typically calculated 
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through state space methods. The IRI represents the average rectified slope, which is 

the accumulated suspension motion divided by the distance traveled. 

 

ὍὙὍ
ρ

ὲ Ὧ
ίȟ ίȟ (2.8) 

 

In this equation ss and su are defined by the derivatives of the vertical displacement of 

the sprung and unsprung masses with respect to distance, providing units of m/km or 

inches/mile. These slopes are summed and divided by the total number of samples 

subtracted by the number of samples enveloped by the contact patch length, 

expressed as n-k in the equation. 

2.2.2.3 IRI Scale 

To give a sense for the meaning behind the values of the IRI, Figure 2.16 and Table 

2.3 provide approximate ranges of roughness for defining certain road types (Sayers, 

et al., 1998). An airport runway will likely have an IRI of below 1.75 m/km to ensure 

smoothness for flight takeoff, while an IRI of 8.00 m/km or above would most likely 

be a rough unpaved road. Additional road quality descriptions relating to IRI can be 

found in Table 2.4. The aforementioned FHWA Pavement Smoothness Initiative, 

originally used 2.68 m/km (170 inches/mile) as a target IRI for highways when 

beginning in 2002. In 2006, the target performance goal was reduced to 1.50 m/km 

(95 inches/mile) in an effort to further improve the nationôs highways (FHWA, 2014). 
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Figure 2.16: International Roughness Index for Roads Classes (Sayers, et al., 1998) 

 

 

 

 
Table 2.3: Approximate IRI Road Class Ranges 

International Roughness Index:  

Approximate Road Class Ranges 
Lower Bound 

(m/km) 
Upper Bound 

(m/km) 

Airport Runways and Super Highways  0.25 1.75 

New Pavements 1.50 3.25 

Older Pavements 2.25 5.75 

Maintained Unpaved Roads 3.25 10.00 

Damaged Pavements 4.00 10.75 

Rough Unpaved Roads 8.00 20.00 
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Table 2.4: Road Roughness Estimation Scale for Paved Roads (ASTM E1926 - 08, 2013) 

IRI (m/km)  Road Quality Description 

0 
  

  

1 Ride comfortable over 120 km/h. Undulation barely perceptible at 80 km/h in 

range 1.3 to 1.8. No depressions, potholes or corrugations are noticeable; 

depressions < 2mm/3m. Typical high quality asphalt 1.4 to 2.3, high quality 

surface treatment 2.0 to 3.0. 2 

3 
  

Ride comfortable up to 100-120 km/h. At 80 km/h, moderately perceptible 

movements or large undulations may be felt. Defective surface; occasional 

depressions, patches or potholes (e.g. 5-15mm/3m or 10-20mm/5m with 

frequency 2-1 per 50m), or many shallow potholes (e.g. on surface treatment 

showing extensive raveling). Surface without defects; moderate corrugations or 

large undulations. 

4 

5 

6 

Ride comfortable up to 70-90 km/h, strongly perceptible movements and swaying. 

Usually associated with defects; frequent moderate and uneven depressions or 

patches (e.g. 15-20mm/3m or 20-40mm/5m with frequency 5-3 per 50m), or 

occasional potholes (e.g. 3-1 per 50m). Surface without defects; strong 

undulations or corrugations. 7 
  

8 
Ride comfortable up to 50-60 km/h, frequent sharp movements or swaying. 

Associated with severe defects; frequent deep and uneven depressions and patches 

(e.g. 20-40mm/3m or 40-80mm/5m with frequency 5-3 per 5m), or frequent 

potholes (e.g. 4-6 per 50m). 
9 

  

10 
Necessary to reduce velocity below 50 km/h. Many deep depressions, potholes 

and severe disintegration (e.g. 40-80mm deep with frequency 8-16 per 50m). 

11 
  

  

12 
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2.3 Ride Comfort 

Early studies of roads focused on road profiling, which was later extended to take the 

vehicle motion into account (Liu, et al., 1999). Traditional roughness measurement 

systems only provide information about the road profile quality, but lack a direct 

measure of ride comfort experienced by the vehicle occupants (Prem, et al., 2005). 

Profile roughness is only indirectly related to ride quality due to the wide range of 

vehicle models. Although the IRI provides a good understanding in regards to the 

roughness of the road, it is based on the response between the vibrations of the 

vehicle axle and body. This quantity is fundamentally different than ride vibrations 

felt by the passenger and cannot always indicate the ride quality.  

 

Although other factors concerning comfort while driving exist, such as noise, small 

vehicle vibrations, and temperature, the focus of ride discomfort is produced by the 

vibration response of the vehicle suspension from the input of a road profile 

(Dahlberg, 1978). Ride comfort is therefore based on the vertical acceleration 

response cause by the excitation of the road profile. Vehicle simulation studies have 

shown the main factors of ride comfort controlled by vehicle dynamics are the 

suspension stiffness and damping, tire pressure, and speed of the moving vehicle 

(Gao, et al., 2011). The vibration response is filtered through the passengerôs seat and 

weighted in the frequency range of human sensitivity. Whole-body vibration 

influences comfort, performance, and long-term health effects of the subject (Nahvi, 

et al., 2009). To understand the ride quality and comfort of the occupants of a vehicle, 

the dynamics of the entire vehicle and the limits of human tolerance to whole-body 

vibration must be recognized. 
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2.3.1 Effect of Vibration on the Human Body 

The human body can be viewed as a linear passive mechanical system for small 

amplitude vibrations. Vibrations up to 12 Hz affect all of the human organs, while 

local effects occur at higher frequencies (Hostens, et al., 2003). For subjects exposed 

to vibrations in the vertical direction, resonance changes depending on body position. 

For a seated person, the first resonance occurs between 4 and 6 Hz, while for a 

standing person, resonance occurs at both 6 and 12 Hz (Piersol, et al., 2009). For a 

seated person, vibrations occurring at resonant frequency have effects on organs in 

the abdominal cavity and the lower spine. Muscle fatigue that may lead to back injury 

can occur just after one hour of seated vibration if vibrating at the resonant frequency 

of 4-6 Hz (Nahvi, et al., 2009). Larger vibration frequencies, such as 20-30 Hz and 

60-Hz, affect the head and eyeball respectively. 

 
Figure 2.17: Axes for Vibration of Seated Person (ISO 2631-1, 1997) 
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2.3.2 Vibration Standards 

Guidelines for human vibration can be found in International Standard ISO 2631: 

Evaluation of Human Exposure to Vibration and Shock ï Evaluation of Human 

Exposure to Whole-Body Vibration. Additionally, the British Standard for vibration 

can be found in BS 6427: Guide to Evaluation of Human Exposure to Vibration in 

Buildings. Both standards contain very similar methods and philosophies concerning 

evaluation of vibration after the revision of ISO 2631 in 1997 (Griffin, 1998). These 

standards outline the transfer of vibration to the human response through frequency 

weightings and include methods for evaluating the effect of whole-body motions. The 

equations summarized in ISO 2631 will be used to quantify ride comfort through use 

of the recorded vertical acceleration data. 

2.3.3 Forms of Discomfort 

Due to the laws of physical systems, humans do not sense displacement and velocity 

if they are not changing (Liu, et al., 1999). Ride discomfort stems from sensitivity due 

to vertical acceleration and large sudden changes in acceleration, known as jerk. Jerk 

is defined as the rate of change in acceleration and expressed in meters per second 

cubed. Large magnitudes of acceleration can cause discomfort, but even on roads 

where vibration magnitudes are low, jerk can still be sensed due to bumps and 

potholes. 
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2.3.4 Quantifying Comfort  

Although ride quality can be viewed as a perception of comfort, in many ways it can 

be quantified based on the reaction of the human body to specific frequency ranges. 

Vibration is evaluated through a weighted root mean square of the recorded 

acceleration. This acceleration value as seen in Equation 2.9 is weighted based on 

specified frequency domains which are dependent on position of the subject and 

direction of vibration (ISO 2631-1, 1997). 

 ὥ
ρ

Ὕ
ὥ ὸὨὸ

Ⱦ

 (2.9) 

 

Typical ranges of this frequency weighted acceleration and its relations to comfort 

can be found in Table 2.5, where values of aw less than 0.315 m/s
2
 may be 

comfortable for a seated person, while an aw value larger than 2.0 m/s
2
 corresponds to 

extreme discomfort of the subject. Fifty percent of sitting or standing healthy people 

can detect frequency weighted accelerations in the range of 0.01 to 0.02 m/s
2
 with a 

median of 0.015 m/s
2
. This range considers the variation in the ability to perceive 

vibration between individuals. 

 
Table 2.5: Comfort Based on Vibration Level 

aw (m/s
2
) Reaction 

< 0.315 not uncomfortable 

0.315 - 0.63 a little uncomfortable 

0.5 - 1.0 fairly uncomfortable 

0.8 - 1.6 uncomfortable 

1.25 - 2.5 very uncomfortable 

> 2.0 extremely uncomfortable 
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Due to shock and transient vibrations, another method of comfort evaluation that 

takes these short term accelerations into account is used. Known as the running root 

mean square acceleration method, presented in Equation 2.10, this method includes a 

time variable, Ű, to represent the integration time for the running average. This time 

variable is recommended to be set as one second to only envelope the short duration 

response. The maximum absolute value of ὥ ὸ  is known as the maximum transient 

vibration value (Equation 2.11). 

 ὥ ὸ
ρ

†
ὥ ὸὨὸ

ϳ

 (2.10) 

 

 -466ÍÁØȿὥ ὸȿ (2.11) 

 

Furthermore, the vibration dose value, defined in Equation 2.12, is similar to 

frequency weighted acceleration in terms of equation, but instead uses the fourth 

power, giving a value that is more sensitive to peaks in the weighted acceleration 

data. The units of VDV are calculated as m/s
1.75

. 

 ὠὈὠ ὥ ὸ Ὠὸ

Ⱦ

 (2.12) 

 

To determine which equation provides the best estimation of acceleration related to 

comfort, a crest factor is used. The crest factor is defined as the ratio of the maximum 

instantaneous peak value of the frequency weighted acceleration to its RMS value. 

For crest values below or equal to 9, the basic frequency weight acceleration value 

from Equation 2.9 is considered to be adequate. Furthermore, MTVV or VDV should 

be used in addition to the root mean square of the weighted acceleration if -466

ρȢυὥ  or 6$6ρȢχυὥὝϳ  (Piersol, et al., 2009). 
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2.3.4.1 Calculation of Frequency Weightings 

 

Frequency weightings are provided in ISO 2631-1 for human vibrations in the 0.5 to 

80 Hz range. Weighting functions relate the human sensitivity to vibration as a 

function of frequency and are weighted based on the sensitivity at given frequencies 

(Smith, et al., 1976). These weights act as low and high-pass filters to isolate the 

significant frequency range based on location and vibration axis. Table 2.6 provides a 

listing of all six different frequency weightings and their applicability to directional 

vibration effects on health and comfort (Piersol, et al., 2009). The principle 

weightings, Wk, Wd, and Wf, are used to assess the effects of vibration on health, 

comfort, and perception during whole body vibration. Weighting Wk is used for 

vibration in the z-direction, excluding the head, while Wd is the weighting for x and y 

directions of vibration. Wf is a frequency weighting included specifically for the 

assessment of motion sickness caused by low-frequency vibrations. Additional 

weightings, Wc, We, and Wj, are provided for special cases including seat-back 

vibrations, rotational body vibrations, and head motion of a reclining person, 

respectively. For the purpose of understanding ride comfort in a forward moving 

passenger car, Wk is used as the weighting function. Although seat-back vibration and 

vibrations in other directions exist, the vertical seat surface vibrations are dominant 

when compared to the others. 
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Table 2.6: Directions for Whole-Body Vibration Frequency Weightings 

Frequency Weighting Health Comfort  Perception Motion Sickness 

Wk Z 

Z-seat 

Z 

  

X, Y, Z-feet   

Z-standing   

X-lying   

Wd 
X-seat 

Y-seat 

X-seat 

X, Y 

  

Y-seat   

X, Y-standing   

Y, Z-lying   

Y, Z-back   

W f  
    Z 

Wc X-seat back X-seat back     

We   ɗx, ɗy, ɗz     

W j   X-lying (head)     

 

The frequency weightings are expressed mathematically by a combination of transfer 

functions that are made up of various frequencies, f, and resonance quality factors, Q. 

These values are given in Table 2.7 and Table 2.8. The overall transfer function 

includes a band limiting two-pole filter, an acceleration-velocity transition, and an 

upward step. Equations 2.13 and 2.14 make up the high and low pass filters with 

Butterworth characteristics. These filters reduce the amount of unwanted frequencies 

that lie outside the bounds of the effective frequency acceleration range for human 

comfort. Accelerations at low frequencies are transferred through Equation 2.15, 

while Equation 2.16 takes accelerations due to jerk into consideration. Combining 

these four functions through multiplication (Equation 2.17), a single transfer function 

for each of the different frequency weightings is provided. Plots of the weights in 

terms of frequency against amplitude can be seen in Figure 2.18 for principle 

weightings and Figure 2.19 for additional weightings.  
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Table 2.7: Principle Frequency Weighting Transfer Function Parameters (ISO 2631-1, 1997) 

Weighting 
Band-Limiting  Acceleration-Velocity Transition Upward Step 

f1 (Hz) f2 (Hz) f3 (Hz) f4 (Hz) Q4 f5 (Hz) Q5 f6 (Hz) Q6 

Wk 0.4 100 12.5 12.5 0.63 2.37 0.91 3.35 0.91 

Wd 0.4 100 2.0 2.0 0.63 Ð ð Ð ð 

Wf 0.08 0.63 Ð 0.25 0.86 0.0625 0.80 0.1 0.80 

 

Table 2.8: Additional Frequency Weighting Transfer Function Parameters (ISO 2631-1, 1997) 

Weighting 
Band-Limiting  Acceleration-Velocity Transition Upward Step 

f1 (Hz) f2 (Hz) f3 (Hz) f4 (Hz) Q4 f5 (Hz) Q5 f6 (Hz) Q6 

Wc 0.4 100 8.0 8.0 0.63 Ð ð Ð ð 

We 0.4 100 1.0 1.0 0.63 Ð ð Ð ð 

Wj 0.4 100 Ð Ð ð 3.75 0.91 5.32 0.91 
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Figure 2.18: Frequency Weighting Curves for Principle Weightings 

 

 

 

 
Figure 2.19: Frequency Weighting Curves for Additional Weightings 
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2.3.5 Human Tolerance Criteria 

Vibration not only affects short term ride comfort, but can also pose possible long 

term health concerns. These concerns include possible risks affecting the lower spine 

and the connected nervous system for seated persons (ISO 2631-1, 1997). The effect 

of duration follows a power law relationship that assumes responses are related to 

equivalent energy given as 

 ‰ὸ ÃÏÎÓÔÁÎÔ (2.18) 

 

where t is the duration of exposure and n is index and is equal to either 2 or 4 

depending on the study (Piersol, et al., 2009). Guidance for health concerns due to 

whole body vibrations are outlined in ISO2631-1 and shown in Figure 2.20. 

 
Figure 2.20: Health Guidance Caution Zone (Piersol, et al., 2009) 
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The upper and lower lines correspond to VDV values of 8.5 and 17 respectively. The 

dashed lines represent an index of n = 2, while the dotted lines represent n = 4. The 

shaded area existing between 4 and 8 hour daily exposure duration shows where there 

is an increase for potential health effects. Below this shaded area, health effects have 

not been observed, but are expected for exposure above the shaded zone. 

 

Preventative measures are taken into consideration to avoid daily exposure to intense 

vibrations by reducing the amount of transmission of vibration from the vehicle by 

using a seat cushion. The seat cushion acts as an isolating spring to reduce the amount 

of vibration felt by the user. Aside from comfort, the goal of using the seat cushion is 

to isolate the frequencies felt between 2 and 5 Hz. This range is avoided because it 

envelopes the resonance of a seated person. Effectively, the seat cushion should have 

a natural frequency that is small when compared to the forcing frequency, such as 1 

Hz (Piersol, et al., 2009). 
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Chapter 3: System Identification  

Mathematical models are used to describe the dynamic behavior of a system as a 

function of time. These models can be used for simulation when a real system is 

shown to be either too expensive or complicated to test. Creating an exact model is 

not always necessary as it may be more useful to create a system that shows potential 

application rather than creating a complex design at the start. Although there is a 

trade-off for complexity and accuracy, using simplified models has been proven to be 

very useful in demonstrating the overall performance of the system (Van Overschee, 

et al., 1996). 

 

A key step in creating the initial model involves the use of system identification 

techniques, including stochastic methods used in prediction error. Although different 

than physical models, as they may provide no physical meaning, system identification 

models are easily attainable and diverse enough to create systems comparable to the 

physical models. State-space models provide a useful and simple way of relating a 

mathematical model to a physical model though a system defined by its equations of 

motion. By creating a state-space model, the input and output of a system have a 

mathematical relationship with physical meaning that relates to the real model 

parameters. Depending on the structure, these models can include physical 

parameters, such as mass, damping, and stiffness that are to be identified using 

experimental dynamic data (De Angelis, et al., 2002). 
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3.1 State-Space Introduction 

 

A state-space model is used to relate the input and output of a physical system by 

using a mathematical model to rewrite second order differential equations as two first 

order matrix equations. This simplified state-space form can be seen in Equations 3.1 

and 3.2. 

 ὼ ὃὼ ὄό (3.1) 

 

 ώ ὅὼ Ὀό (3.2) 

 

In this form, the physical model is represented in matrix form as the state matrix, A. 

The transfer of the input into the system is described in matrix B. State vector, x, 

describes the location of the input to the system, while input vector, u, contains the 

actual input data. The second state-space equation describes the output of the system, 

where y is the output vector, and C is the output matrix constructed based on the 

desired output of the system. 

 

For the case of a moving vehicle, state vector, x, represents the displacement and 

velocity of the sprung and unsprung masses of the vehicle. The input vector is the 

elevation of the road profile in which the vehicle is traveling. The output vector 

provides the displacement, velocity, or acceleration of the vehicle masses depending 

on the configuration of the output matrix. 

 

State-space is used because it provides a method in which the physical parameters can 

be extracted directly from the matrices based on the dynamic system properties. The 

state-space matrices can be determined from the input/output data using system 
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identification methods. These methods provide a means of obtaining a state-space 

model by fitting it to the given input/output data. This method is purely mathematic, 

which is why it must work in conjunction with the equations of motions obtained 

from the physical properties of the system. 

 

3.2 Parameter Identification Techniques 

Parameter identification begins with the representation of the second order 

differential equations of motion of the dynamic system in state-space form. The state-

spaces equations described in Equations 3.1 and 3.2 characterize the system in 

continuous-time, which can be evaluated at any instance in time. Because 

experimental data is discrete in nature due to sampling, the continuous-time state-

space model must be represented in a discrete-time form for analysis (Ren, et al., 

2004): 

 ὼ ὃὼ ὄό (3.3) 

 

 ώ ὅὼ Ὀό (3.4) 

 

Process noise and measurement noise is also considered when describing the system 

due to uncertainties in the model. Process noise, ύ , is caused by disturbances and 

model inaccuracies, while measurement noise, ὺ, is due to sensor inaccuracies (Ren, 

et al., 2004). If these stochastic components are considered, the state-space model 

becomes: 

 ὼ ὃὼ ὄό ύ  (3.5) 

 

 ώ ὅὼ Ὀό ὺ (3.6) 
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Due to the difficulty of precisely determining the process and measurement noise 

characteristics, it is assumed they are each zero mean, stationary, white noise vector 

sequences (Van Overschee, et al., 1996). As shown in Equation 3.7, the two noise 

terms are assumed to be statically independent of each other. 

 Ὁ
ύ
ὺ ύ ὺ

ὗ Ὓ

Ὓ Ὑ
‏  (3.7) 

 

In this next section of the study, various algorithms that use this state-space form are 

examined to determine the proper system identification techniques best suited for 

vehicle parameter identification. 
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3.2.1 ERA 

Through the use of an impulse force, the Eigensystem Realization Algorithm (ERA) 

excludes the input and feedthrough matrices in the state-space model for modal 

identification. The Natural Excitation technique is used with ERA to simulate this 

impulse response due to excitation from a white noise input load (Chang, et al., 

2012). This method has been found to be accurate, but requires impulse for free 

response data under noiseless conditions (Petsounis, et al., 2001). Additional steps 

and data may need to be taken to account for the distortion due to noise. 

 

 

Figure 3.1: ERA Process (Chang, et al., 2012) 

  



 

 45 

 

3.2.2 N4SID 

Numerical algorithms for subspace state space system identification, known as 

N4SID, compare projections of future output against recorded output data (Van 

Overschee, et al., 1993). The predicted state-space model is found once the projection 

of the future output and recorded output has been minimized. This process of 

parameter identification through eigenvalue estimation is shown in in Figure 3.2 

(Chang, et al., 2012). 

 

 

Figure 3.2: N4SID Process (Chang, et al., 2012) 
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3.2.3 ARMAX (ARX /AR)  

Other popular linear models include the AutoRegressive Moving Average (ARMA) 

model and AutoRegressive Moving Average with eXogenous excitation (ARMAX) 

model. These methods use past values in the time series to predict future behavior of 

the response. Described respectively, in Equations 3.8 and 3.9 (Li, et al., 2006), these 

models express the output in terms of the current input in addition to the previous step 

of input/output (Chang, et al., 2012). 

 ώ ‌ώ ‍ό ‎Ὡ  (3.8) 

 

 ώ ‌ώ ‎Ὡ  (3.9) 

 

Figure 3.3: ARX/AR Process (Chang, et al., 2012) 
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3.2.4 PEM 

The previously mentioned algorithms are useful for identification of first order 

system parameters, such as natural frequencies, damping ratios, and modes of the 

structure. Additional methods are needed for further prediction of second order 

parameters consisting of system mass, stiffness, and damping. Known as the 

prediction-error identification method (PEM), this method provides the additional 

steps necessary for parameter estimation (Ljung, 1987). The prediction error method 

begins by describing the model as a predictor of future output based on past data 

(Ljung, 2002): 

 ώ ὸȿὸ ρ Ὢὤ  (3.10) 

 

The left-hand side of Equation 3.10 represents the predicted output, while f is an 

arbitrary function of past data and ὤ  is the observed data. This predictor can be 

parameterized as shown in Equation 3.11. 

 ώὸȿ— Ὢὤ ȟ— (3.11) 

 

Here, —, represents a finite-dimensional parameter vector. Through the minimization 

of distance between the predicted output, ώὸȿ—,é, ώὔȿ—, and measured output, 

ώρ,é, ώὔ , a suitable estimate of the parameter vector can be made. This 

estimation is completed through the following minimization technique: 

 — ÁÒÇÍÉÎὠ — (3.12) 

 

 ὠ — ὰώὸ Ὢὤ ȟ—  (3.13) 

 

where l is chosen based on an acceptable distance limit, ὰ‐ ᴁ‐ᴁ. 
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The state-space model with known and unknown physical parameters can be written 

as: 

 ὼὸ ὃ—ὼὸ ὄ—όὸ (3.14) 

 

 ώὸ ὅὼὸ Ὀό (3.15) 

 

Here it can be seen that the state and input matrices are both functions of the 

unknown parameters. 

 

Several types of methods can be used to form the system when either no model data 

or partial data is available. If a system cannot be modeled, whether the construction is 

unknown or the physical interactions are too complicated, a standard model can be 

used. This standard model is capable of handling a range of various system dynamic 

problems (Ljung, 2002). This method is known as black-box modeling and involves 

the use of the ARMAX model. This technique creates a model based on the 

input/output or output-only measured response of the system. For the case of a known 

system with partially unknown parameters, grey-box modeling can be used. When 

available, the use of the grey-box model is advantageous as more information is 

available for the use of PEM. 
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3.3 Output-Only Parameter Identification 

Within a laboratory setting, excitation can be applied to a structure through means 

such as impact loading, forced vibration, or applying vibration via shake table. 

These controlled experiments all have known applied forces which can be used to 

help identify the unknown parameters of the system when combined with the 

response. Unlike testing in the laboratory, controlled tests of real world structures 

through applied forces can either be impractical or costly. In cases such as this, 

output-only identification techniques are required to determine the unknown 

parameters of the system (Peeters, et al., 1999). 

 

In the case of output-only identification, the input term of the state-space model, 

ό, is not known. For ambient vibration testing, it becomes impossible to 

distinguish this input term from noise terms ύ  and ὺ (Li, et al., 2006). By 

modeling the input term as noise terms, the system becomes purely stochastic: 

 ὼ ὃὼ ύ  (3.16) 

 

 ώ ὅὼ ὺ (3.17) 

 

While the input is now described by the noise terms, the white noise assumptions 

cannot be omitted. If the input of the system contains dominant frequency 

components combined with the white noise, these components cannot be 

separated from the eigenfrequencies of the system (Ren, et al., 2004). Violation of 

this white noise assumption largely affects the poles of the state matrix, A. The 

goal of this form of output-only analysis is to determine the mathematical 
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description of the structure as represented by the state matrix. Once the state 

matrix is predicted, the modal parameters, including natural frequencies, damping 

ratios, and mode shapes can be calculated through eigenvalue decomposition. 

 

Output-only identification methods have been used on civil structures for 

parameter estimation involving structural health monitoring. Due to the inability 

to apply specific loading for excitation of in-use civil structures, the natural 

ambient vibrations provided by wind, traffic, and human activity are examined 

(Ren, et al., 2004). Stochastic subspace identification methods involving these 

natural vibrations have been used to determine the modal parameters of bridges 

for post-earthquake structural integrity investigations (Londono, et al., 2004). 

Furthermore, these methods have been used for structural damage detection 

involving the prediction of strength and stiffness deterioration (Nagarajaiah, et al., 

2009). 
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3.4 Vehicle Parameter Studies 

Recent studies have been completed for vehicle mass estimation using various system 

identification methods. Research on recursive least squares for off-road vehicles has 

shown its effectiveness in sprung mass estimation involving the use of acceleration 

signals from both the sprung and unsprung masses (Pence, et al., 2009). The added 

measurement of the unsprung mass response creates a technique in which the 

estimation of the ground input can be avoided. A further study shows that regression 

methods, such as recursive least squares and recursive total least squares, are not 

suitable for the output-only estimation of the sprung mass because of their sensitivity 

to tuning parameters (Pence, et al., 2011). Another study includes the use of multiple 

accelerometers on heavy duty vehicles for measurement of the longitudinal response. 

Recursive least squares with multiple forgetting factors is used for the simultaneous 

estimation of vehicle mass and road grade (Vahidi, et al., 2005).  

3.5 Summary of System Identification Algorithms 

This chapter presents various algorithms currently used for identification of 

input/output and output-only systems. This review shows that methods such as ERA, 

N4SID, and ARMAX are capable of solving first order parameters, such as natural 

frequencies, damping ratios, and modes of a system. However, these methods are 

purely based on mathematical models and lack any physical meaning necessary to 

describe the second order parameters, including mass, stiffness, and damping. For the 

case of a typical passenger vehicle, which includes known physical component 

interactions, the system can be represented in state-space form for the use of grey-box 

modeling with PEM for estimation of the unknown parameters. 
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Chapter 4: Numerical Simulation 

4.1 Simulation Overview 

Computer modeling is performed for a full understanding of the requirements for 

system identification of the vehicle parameters. Modeling includes road profile 

generation and vehicle simulation. Simulation of a traveling vehicle is accomplished 

through the use of state-space analysis. State-space representation of the vehicle 

creates a method in which the response of the vehicle can be determined by providing 

an input to the system. In this case, the input is the elevation of the generated road 

profile. State-space representation is also useful for grey-box model estimation for 

parameter identification of the vehicle used in system identification algorithms. 

 

The simulated vehicle is excited through input of generated road profiles that include 

various bumps. Analysis is performed to determine how much excitation is needed to 

provide a response sufficient enough for system identification. Once the vehicle 

parameters are determined, an index can be created, which relates the roughness of 

the road to the vertical vehicle acceleration. 
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4.2 Road Profile Simulation 

Comprehension of the dynamic response of a vehicle driven over a road begins with 

an understanding of the input, which in this case is the road profile. Through the use 

of inertial profilers to determine profile elevation, studies have found that typical road 

surfaces are made up of random excitation with a Gaussian distribution (Dodds, et al., 

1973). Furthermore, statistical research performed concerning road profiles has 

determined that profiles can be viewed as a summation of a series of sinusoids 

(Sayers, et al., 1996). Figure 4.1 shows a series of sinusoids with random 

wavelengths, amplitudes, and phases. Although in reality road profiles do not contain 

identifiable sinusoids, a good approximation can be made by adding a series of 

sinusoids together to create a simulated profile, as observed in Figure 4.2. 
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Figure 4.1: Series of Sinusoids with Varying Wavelengths, Amplitudes and Phases 

 

 
Figure 4.2: Example Profile Consisting of a Summation of Random Sinusoids 
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4.2.1 Generated Road Profile 

 

Generating road profile elevations in the time domain follows the notion of a 

combination of a series of harmonics related to the power spectral density 

interpretation of profiles presented in Equation 2.1. This summation of harmonics is 

expressed in Equation 4.1 as a function of distance (Da Silva, 2004). 

 

ὶὼ ὃὧέίὲὼ •  (4.1) 

 

Variation of spatial frequency and phase angle is defined by ὲ and •, respectively. 

Spatial frequency, ὲ, ranges from 0.011 to 2.83 cycles/m, which corresponds to the 

frequency range defined in ISO 8608 for classification of road profiles (Johannesson, 

et al., 2012). These frequencies are linearly distributed between this range for N 

interpolations. The range of spatial frequency can also be shown as ὲ ὲÍÉÎ

ЎὲὭ ρ where the increment is calculated as Ўὲ ὲÍÁØ ὲÍÉÎὔϳ  (Da Silva, 

2004). The phase angle in Equation 4.1 is randomly normally distributed over the 

range of 0 and 2́. As shown in Equation 4.2, the amplitude of the harmonic is 

proportional to the roughness of the power spectral density function, Ὃ ὲ . 

 ὃ ςЎὲὋ ὲ  (4.2) 

 

For a profile consisting of N harmonics, a mathematical approximation can be made 

consisting of N/2 sinusoids (Sayers, et al., 1996). In addition to this generated profile, 

if large local irregularities such as bumps and potholes exist, they must be added 

separately because the roughness of the PSD function does not take them into account 

(Cebon, 2000). 
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4.2.2 Road Profile Verification 

Road profile elevation is typically expressed in terms of millimeters over a distance 

of meters. The choice of units can make the profile elevation appear to be greatly 

exaggerated as the unit of elevation is three orders of magnitude smaller than the units 

of distance. Two example profiles, generated using Equation 4.1 are shown below. 

Figure 4.3 shows a road profile consisting of ñvery goodò pavement quality with a 

degree of roughness value, Ὃ ὲ , equal to 16 cm
3
. Figure 4.4 shows a generated 

profile with a degree of roughness of 256 cm
3
, categorizing the profile as a road of 

ñpoorò quality, according to ISO 8606. 

 
Figure 4.3: Road Profile - Very Good Pavement Quality 

 

 
Figure 4.4: Road Profile - Poor Pavement Quality 
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These generated profiles are verified by calculating the root mean square of the 

profile elevations and comparing them to previous road profile studies. A plot of the 

range of elevation based on degrees of roughness ranging from 1 to 1024 cm
3
 can be 

seen in Figure 4.5. 

 
Figure 4.5: Profile Elevation with Varying Degree of Roughness 

 

Although there is a large standard deviation of elevation in the generated profiles, the 

mean of the samples show results similar to elevations found in previous work (Da 

Silva, 2004). 
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4.3 Vehicle Model 

 

Two types of vehicle models are used in this study; a quarter car and a half car model. 

The quarter car model is used to calculate the IRI of simulated and recorded road 

elevation profiles as per FHWA standards, while the half car model is used to 

compare recorded acceleration response of the actual vehicle against the simulated 

vehicle. The decision to use the half car model stems from the need to include the 

road surface input of both the front and rear tires and the combined interaction they 

provide to the vehicle body. This interaction cannot be properly simulated through the 

use of a quarter car model. Although a full car model would provide the necessary 

response, it is not needed because these simulations focus on the roughness of the 

longitudinal profiles while small lateral effects can be neglected. 

 

These models take the basic fundamentals of the vehicle system and break them into 

the necessary pieces that represent the dynamics of the vehicle in a mathematical 

model. The models are made up of masses, suspension stiffness, suspension damping, 

and tire stiffness. The contact patch where the tire surface meets the road is taken into 

account by using a 250 mm moving average low-pass filter. 
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4.3.1 Quarter Car Model  

 

The quarter car model is a two degree-of-freedom linear system that is widely used by 

the automotive industry for predicting dynamic response, parameter identification, 

and system optimization of ground vehicles (Verros, et al., 2005). Although highly 

simplified, the quarter car model provides considerable insight into the dynamic 

response of a vehicle without over-complicating the analysis (Turkay, et al., 2005). 

The quarter car model represents one fourth of a typical four-tired vehicle as shown in 

Figure 4.6. The two masses used in the quarter car model consist of the sprung and 

unsprung masses. The sprung mass is the mass supported above the vehicleôs 

suspension system, which is ¼ the mass of the body of the vehicle. The unsprung 

includes the mass of one of the wheels and the suspension system connected to it. 

 

Figure 4.6: Quarter Car Model  
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The main suspension system is made up of a spring for stiffness and a viscous 

damping shock absorber. This suspension system supports the sprung mass of the 

vehicle, while the unsprung mass is in direct contact with the ground through the 

stiffness of the tire. The tires are sometimes modeled with a damping value in 

addition to stiffness. Due to the small value of tire damping compared to the damping 

of the suspension system, it can be neglected (Jazar, 2008). It is assumed that the tire 

is always in contact with the ground for the quarter car model. This assumption holds 

true at low frequency vibrations, while the tire may not stay in contact when exposed 

to high frequencies. 

 

The quarter car model is limited in that it does not provide the geometric effects of 

longitudinal and lateral connections that are included in full and half car models. 

Although the quarter car model does not include these interactions, it still gives a 

good dynamic representation of the vehicle response due to road unevenness without 

over-complicating the system (Turkay, et al., 2005). 
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4.3.1.1 Diagram and Equations 

The calculation of the IRI is based on the relative displacement of the sprung and 

unsprung masses of the quarter car model induced by the unevenness of the road 

profile. The goal of simulating this quarter car model is to calculate the displacements 

of the two masses based on an input displacement profile. 

 

The equation of motion for the quarter car model is shown in Equation 4.3. This 

equation is set equal to zero due to the fact that the model will assume profile 

elevation as the input rather than an applied force. 

 ὓὼ ὅὼ ὑὼ π (4.3) 

 

The two degrees of freedom in this model are the vertical displacements of the sprung 

and unsprung masses. The mass, damping, and stiffness matrices, as shown below, 

account for the vehicle mass and spring and damping coefficients that represent the 

suspension system and tire. 

ὓ  
ά π
π ά

 ὅ  
ὧ ὧ
ὧ ὧ  ὑ  

Ὧ Ὧ
Ὧ Ὧ Ὧ

 

These three matrices used in the equation of motion represent the entire quarter car 

model as a system that includes interactions between the degrees of freedom with the 

input profile. 
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Determining the displacement response of the quarter car model involves the 

conversion of the equation of motion into state-space form. State-space representation 

replaces n
th
 order differential equations with first order matrix differential equations, 

given as a system of two equations. For the quarter car model, this system of 

equations is given in Equations 4.4 and 4.5.  

 ὼ
ὼ
ὼ
ὼ

ὃ

ὼ
ὼ
ὼ
ὼ

ὄὼ  (4.4) 

 

 
ὼ
ὼ ὅ

ὼ
ὼ
ὼ
ὼ

Ὀὼ  (4.5) 

 

Equation 4.4 is know as the state equation. This equation is made up of the state 

matrix, A, input matrix, B, the state vector 

ὼ
ὼ
ὼ
ὼ

, and input vector ὼ . The state 

equation includes the first order derivative of the state vector on the left hand side. 

The output equation, Equation 4.5, includes the output matrix, C, and the feedthrough 

matrix, D. Output matrix, C, is formed to provide the desired kinematic quantity, 

whether it be displacement, velocity, or acceleration. 
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Formation of the state matrix, A, is determined by relating the system input and 

output through the system itself using equations of motion for each degree of 

freedom. The free body diagram for the sprung mass, seen in Figure 4.7, shows the 

connection of the vehicle body mass to the suspension system. The suspension 

stiffness, ks, is multiplied by the difference in displacements between the sprung and 

unsprung masses, while the damping coefficient, cs, is multiplied by the difference in 

velocity. The output is labeled as xs, representing the displacement of the sprung mass 

relative to the ground. 

 

Figure 4.7: Quarter Car Model ï Sprung Mass Free Body Diagram 

 

Application of Newtonôs second law of motion and summation of each component 

leads to Equation 4.6. 

 άὼ ὧὼ ὼ Ὧ ὼ ὼ π (4.6) 

 

This equation is rearranged to isolate the acceleration of the mass on the left hand 

side to determine the components used in the state matrix: 
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Similarly, a free body diagram is presented for the unsprung mass. The unsprung 

mass, which represents the mass of the suspension system and tire, provides the 

necessary connections to relate the vehicle body to the road itself. The displacement 

elevation of the road is denoted on the diagram as xg.  

 

Figure 4.8: Quarter Car Model ï Unsprung Mass Free Body Diagram 

 

 ά ὼ ὧὼ ὼ Ὧ ὼ ὼ Ὧ ὼ ὼ π (4.8) 

 

Again, the acceleration of the mass is isolated on the left hand side to develop the 

state matrix. Unlike the equation of motion for the sprung mass, Equation 4.9 has an 

additional term for the inclusion of the profile input, xg. The coefficient multiplied by 

this input, , is used in the construction of the input matrix.  
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The state and input matrices are developed by transforming Equations 4.7 and 4.9 

into matrix form. Arrangement of the coefficients found in these two equations leads 

to space matrix, A, and input matrix, B. In the case of the quarter car model, the input 

matrix is a vector because the system has only a single input.  
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Output matrix, C, is constructed based on the desired output. For the case of this 

quarter car model, the desired output is displacement for both the sprung and 

unsprung masses. The output matrix seen below is selected to relate the state vector, 

ὼ
ὼ
ὼ
ὼ

, to an output of 
ὼ
ὼ , through multiplication as seen in the second state-space 

equation for the quarter car model, Equation 4.5. For the case of relative displacement 

of the system, the feedthrough constant, D, is equal to 0. 

ὅ  
ρ π π π
π ρ π π

 Ὀ π 

State-space matrices, A, B, C, and D, make up the state-space model used to simulate 

the time response of the dynamic system. 
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4.3.2 Half Car Model  

A half car model is used for a more accurate assessment of relating the acceleration 

response of the vehicle to the elevation of the road profile. This two-axle vehicle, 

shown in Figure 4.9, is modeled as a four degree-of-freedom system. Unlike the 

quarter car model, the half car model includes both the front and rear suspension 

systems, which interact through the connection and rotation of the vehicle body. The 

degrees of freedom include the vertical motions of the front and rear suspension 

systems, and the vertical motion and rotation of the vehicle body itself. The 

assumption of small rotation of the vehicle body is made to retain vertical movement 

of the end points (Wakeham, et al., 2011). This assumption maintains the linearity of 

the model. 

 

 
Figure 4.9: Half Car Model  
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For the half car model, road uneveness is input into the system at both the front and 

rear tires, represented as xg1 and xg2 in Figure 4.9. The input of road elevation to the 

front and rear tires is separated by a time delay: 

 ὼ ὸ ὼ ὸ † (4.10) 

 

This time delay, Ű, is a function of the distance between the front and rear tires and the 

vehicle forward moving velocity: 

 
†

ὰ ὰ

ὺ
 (4.11) 

 

A visualization of the road elevation input for the half car model is shown in Figure 

4.10. 

 

Figure 4.10: Front and Rear Tire-Road Contact 
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4.3.2.1 Diagram and Equations 

Similar to the quarter car model, the equation of motion is set equal to zero in 

Equation 4.12. 

 ὓὼ ὅὼ ὑὼ π (4.12) 

 

The mass, damping, and stiffness matrices now include the effect of the moment of 

inertia for rotation, and interaction of the front and rear suspension systems based on 

the distance between them. 
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A free body diagram for the vehicle body is shown in Figure 4.11. This diagram 

includes the rotation and end point motions of the sprung mass. 

 

Figure 4.11: Half Car Model ï Sprung Mass Free Body Diagram 

 

Because this study is based on a single acceleration response of the vehicle, it is 

necessary to relate the two end point motions to a singular motion at the center of 

gravity of the vehicle body. The relations of these motions are detailed in Equations 

4.13 through 4.16: 
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 ὼ ὼ —ὰ (4.16) 
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State-space formulation of the half car model is represented to relate the road 

elevation to the vertical acceleration of the vehicle body at its center of gravity. 

Equation 4.17 characterizes the equation of motion for the sprung mass based on 

equilibrium. Rearranging the terms to provide a formula for the vertical sprung mass 

acceleration leads to Equation 4.18. Substituting Equations 4.15 and 4.16 into 

Equation 4.18, replaces the end point accelerations with terms based on rotation and 

the location of the center of gravity of the vehicle body. This substitution is done to 

create a state matrix that directly relates the road profile to vehicle acceleration 

response. 
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Following a similar approach to the formation of Equation 4.20, Equations 4.21 

through 4.25 provide the necessary steps in creating relation for the rotational 

acceleration of the vehicle body. 

 

Ὅ— Ὧ ὼ ὼ ὰ ὧ ὼ ὼ ὰ Ὧ ὼ ὼ ὰ ὧ ὼ ὼ ὰ π (4.21) 
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Equilibrium equations of the front unsprung mass are shown below, followed by the 

equations for the rear unsprung mass on the next page.  

 

 

Figure 4.12: Half Car Model ï Front Unsprung Mass Free Body Diagram 
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Figure 4.13: Half Car Model ï Rear Unsprung Mass Free Body Diagram 
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The state-space equations are formed in a way to provide road elevation 

displacement, 
ὼ
ὼ , as an input and vehicle acceleration response, 
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ợ
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, as the 

output: 
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The state-space matrices used to relate the input and output of the system can be 

found on the following page. Matrices A and B are formed based on the acceleration 

response of each of the four degrees of freedom as found in Equations 4.20, 4.25, 

4.29, and 4.33. Matrices C and D are made up of the constants that relate the road 

elevation to the acceleration response based on the state vector multiplied by C, as 

seen in Equation 4.35. 
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4.3.3 Model Vehicle Parameters 

Natural frequencies for a typical passenger car are around 1 and 10 Hz (Jazar, 2008). 

The lower frequency is due to the bounce of the sprung mass, while the higher 

frequency has to do with the response of the unsprung mass. The sprung mass is 

excited by bumps which have wavelengths greater than the distance of the front and 

rear tire while driving at average speeds. These bumps cause bounce motions of the 

sprung mass. At a higher speed, bumps will have shorter wavelengths, and act as an 

impulse to the system. This impulse causes the wheels to oscillate at the natural 

frequency of the unsprung mass. Due to the different natural frequencies of the 

sprung and unsprung masses, the excitation of 10 Hz of the unsprung mass is isolated 

through the suspension system to prevent any discomfort of the vehicle user. 

Although high frequencies can be isolated from the vehicle body, low frequency 

vibration of 5 Hz or less can cause resonance of the mass. 

 

The amount of damping provided to a vehicle is chosen as a tradeoff between ride 

comfort and vehicle handling. Due to this compromise between comfort and 

handling, the damping ratio is selected based on the goal of the specific vehicle. 

Typical passenger cars will have a damping ratio close to 0.3, which provides a 

comfortable ride through the inclusion of soft dampers, but lessens the overall control 

of the vehicle. This is in contrast to a vehicle such as a racecar, which is designed for 

handling and includes a much higher ideal damping ratio of 1.0 (Dixon, 2007).  
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Parameters of the simulated models are chosen to accurately describe the behavior of 

a typical passenger vehicle. Because the quarter car model will only be used to 

calculate the IRI, the parameters are selected to represent The Golden Car. These 

parameters are based on sprung mass ratios used to maximize the output of the 

vehicle. Damping of The Golden Car is larger than what would be found in a typical 

vehicle to avoid sensitivity to certain wavelengths (Sayers, et al., 1998). The sprung 

mass is set equal to 1.00 with the units of the parameters omitted because they are all 

based on ratios to the sprung mass. Since the IRI is calculated based on the relative 

motion between the sprung and unsprung mass, the amplitude of the masses is not a 

factor. 

Table 4.1: Quarter Car  Model Parameters 

Quarter Car Parameters 

ms 1.00 

mu 0.15 

ks 63.3 

cs 6.00 

kt 653 

 

Performing eigenvalue analysis to determine the natural frequencies of the model 

with these parameters leads to frequencies of 1.2 and 11 Hz, which is within the range 

of natural frequencies for passenger vehicles. The damping ratio is calculated to be 

0.40, which is the target amount of damping for this model. 
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The half car parameters are selected to represent the vehicle used for testing in this 

study. The testing vehicle, as shown in Figure 4.14, is the 2009 Toyota RAV4, a 

compact sports utility vehicle. 

 
Figure 4.14: 2009 Toyota RAV4 (Toyota, 2015) 

 

The curb weight of the vehicle, which is the total weight when not loaded with 

passengers or cargo is 3360 lbs or 1524.07 kg (Edmunds, 2015). Ratios similar to the 

ones used in calculation of The Golden Car will be used to estimate parameters of the 

vehicle. Assuming the unsprung mass is 15% of the sprung mass, the total mass can 

be shown as the sum of the two masses as seen in Equation 4.36. 

 ά ά πȢρυά  (4.36) 

 

With this assumption, the sprung mass can be calculated as ά
Ȣ

 with the 

addition of mass for each passenger, in this case taken as 72.57 kg (160 lbs). Due to 

the increased damping of the quarter car model, the damping is lowered to provide a 

damping ratio of 0.30 for the vehicle. The lengths from the front of the rear tire to the 

center of gravity of the vehicle were both measure to be 1.47 m. The full list of 

parameters used for the half car model is shown in Table 4.2. 
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Table 4.2: Half Car Model Parameters 

Half Car Parameters 

ms (kg) 875 ks1 (N/m) 23088 

I (kg/m
2
) 1100 ks2 (N/m) 23088 

mu1 (kg) 55 cs1 (Nϊs/m) 1776 

mu2 (kg) 55 cs2 (Nϊs/m) 1776 

l1 (m) 1.47 kt1 (N/m) 238180 

l2 (m) 1.47 kt2 (N/m) 238180 

 

 

Figure 4.15: Half Car Model  

 

Similar to typical passenger vehicles, these parameters provide natural frequencies of 

1.1 and 11 Hz, with a damping ratio of 0.30. 
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4.3.4 Correlation of Roughness Index and IRI 

To simulate road profiles at specific IRI values, it is necessary to directly relate the 

IRI to the roughness coefficient, Ὃ ὲ , used for ISO classification (Equation 2.1) 

and profile simulation (Equation 4.1). A direct relation between the values of the 

roughness coefficient and the IRI is found empirically through simulation. Four sets 

of 100 generated road profiles are simulated from roughness coefficients ranging 

from 2 to 4096 cm
3
. This range is chosen based on the ISO Classification of roads 

within Road Classes A through D. Because the IRI is calculated based on a quarter 

car model with a forward moving velocity of 80 km/h, varying vehicle speeds do not 

need to be taken into consideration. IRI is calculated for each generated road profile. 

The effect of profile roughness on the value of the IRI is shown in Figure 4.16. Based 

on the relation of the two parameters in the log-log scale in Figure 4.17, it can be seen 

that the use of a nonlinear regression power model to determine the correlation is 

appropriate (Seber, et al., 2003). 
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Figure 4.16: Degree of Roughness vs. IRI 

 

 
Figure 4.17: Degree of Roughness vs. IRI (Log-Log) 
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A power model is used to linearize the data and create a simple power-law 

relationship as ώ ὧὼ. Linearization leads to the following form, ὰὲώ ὰὲὧ

ὦz ὰὲὼ, where coefficients b and c are computed using Equation 4.37. Based on the 

simulated data, computation of these coefficients results in a power model relating the 

IRI to the roughness coefficient as shown in Equation 4.39. The trendline formed by 

this nonlinear regression is shown in both Figure 4.16 and Figure 4.17.  
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 ὍὙὍπȢυσψφϽὋ ὲ Ȣ (4.39) 
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The inverse of this relation is presented in Equation 4.40. The inverse relation is used 

to determine the roughness coefficients for generating road profiles with specific IRI 

values. 
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This relation is validated by comparing the correlated roughness coefficients and IRI 

values with their respective physical meaning as defined in Chapter 2. A road with an 

IRI value of 3.05 m/km or below is considered a newly paved road, airport runway, or 

superhighway, which correlates to the Road Class A ISO classification as shown in 

Table 4.3. A road with an IRI value ranging between 12.19 and 24.37 m/km would 

most likely be damaged pavements or rough unpaved roads, relating to Road Class D, 

or a poor quality road profile. 

Table 4.3: Comparison of Roughness Coefficient and IRI Values 

Road Class 
Roughness Coefficient: Gd(n0), cm

3
 IRI (m/km)  

Lower Limit  Upper Limit  Lower Limit  Upper Limit  

A - 32 - 3.05 

B 32 128 3.05 6.09 

C 128 512 6.09 12.19 

D 512 2,048 12.19 24.37 
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The results are validated further by creating generated profiles with IRI values 

ranging from 1 to 20. These profiles are processed through ProVAL for calculation of 

the exact IRI values. The results are shown in Figure 4.18. Due to the random nature 

of the generated profiles, two sets of data were used for validation. Based on the 

results and their highly linear correlation, this method for generating random road 

profiles based on selected IRI values is valid. 

 
Figure 4.18: Validation of Generated Profiles using ProVAL 
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4.4 System Identification Study Based on Simulated Data 

 

Simulation of the half car model traveling along various road types is conducted to 

show the effectiveness of system identification used for determining unknown vehicle 

parameters. Parameter identification is performed through prediction error estimation 

using a linear grey-box model. This grey-box model is constructed with the state-

space matrices which represent the vehicle, omitting the variables selected as 

unknowns. For the prediction of the unknown vehicle mass, only the sprung mass is 

defined as the unknown, while all other parameters are defined. In addition to 

predicting unknown parameters of the half car model, simulation is also performed to 

show how varying road irregularities cause discomfort to the user of the vehicle. 

 

Simulation consists of two main sources of excitation: speed bumps and bridge 

bumps. Speed bumps are chosen because they provide a well-defined vehicle 

response. Bridge bumps are used to determine whether or not the response provides a 

signal-to-noise ratio strong enough to perform system identification. A study on the 

discomfort caused by bridge bumps is also performed. 
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4.4.1 System Identification: Known Input 

PEM is performed for a system with a known input to determine the processôs 

effectiveness.. For this case, a vehicle represented as a half car model is simulated 

traveling on a road surface with a single bump. This bump is required to excite the 

vertical acceleration of the system and provide a response for analysis. The first 

known input-output test analyzes the effect of the time window for system 

identification. This shows how the prediction of the parameters is affected by the 

range that is being analyzed. The second test shows the effects of the initial parameter 

estimation to determine the importance of the initial guess for convergence of the 

exact mass. 

4.4.1.1 Effect of Time Window 

Figure 4.19 and Figure 4.20 show the effect of a bump on the vertical acceleration of 

the vehicle. The input is shown for both the front and rear tires as a function of time. 

The output of the system is simulated based on a road with existing roughness, while 

the input is replaced with a profile that lacks the added noise from the unevenness of 

the road. This is done because the added effects of the road roughness typically 

remain unknown. In this case, the road profile is given an IRI of 5 m/km. Each of the 

two figures are shown to represent different time windows used for analysis. Figure 

4.19 covers a 15 m range, while Figure 4.20 includes the profile for a length of 100 

m. 
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Figure 4.19: System ID Window ï 15 m  

 
Figure 4.20: System ID Window ï 100 m 
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Parameter identification of the unknown vehicle mass is performed for time windows 

ranging from 5 to 100 m in 5 m increments, as shown in Figure 4.21. This figure 

shows the accuracy of the system identification process for the varying time window. 

Even with the added noise to the output response due to the roughness of the road, the 

predicted mass of the half car model is shown to be very close to the exact 875 kg for 

each case. These results show that with strong signal-to-noise ratio consistent road 

roughness, the size of the window has little effect on the prediction of the mass. 

 
Figure 4.21: Effect of System ID Window 
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4.4.1.2 Effect of Mass Estimation 

This next case examines the initial guess of the estimated mass and its effect on the 

predicted mass using PEM. Twenty estimates are made, linearly ranging from 700 to 

1100 kg for the half car. This range is selected to properly reflect the mass range of 

typical passenger cars with varying passengers and cargo loads. Similar to the 

previous case, the input is taken to be a bump as shown in Figure 4.19. The predicted 

masses are shown in Figure 4.22. These results demonstrate the effectiveness of the 

system identification process for systems with known inputs. All predicated masses 

are within 6% of the actual 875 kg mass. 

 
Figure 4.22: Effect of Initial Mass Estimation 
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4.4.2 Varying Bump Height, Width, Time 

To perform parameter identification, an input needs to be provided to the vehicle to 

excite a response from the system. A speed bump is used to obtain an acceleration 

response with a strong signal-to-noise ratio. Typical speed bumps can be modeled as 

a cosine function, as seen in Figure 4.23 (Kropac, et al., 2008).  

 
Figure 4.23: Half -Cycle Cosine Function Speed Bump Simulation 

 

This bump is modeled using Equations 4.41 and 4.42, where h is the height and td is 

the time is takes for a single tire of the vehicle to pass over the bump. This time 

variable is dependent on bump width, w, and vehicle velocity, v. 
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 ὸ
ύ

ὺ
 (4.42) 

 

The size of the bump, which is represented as height and width, determines the 

amplitude of the vehicle response. This information is necessary to provide the 

vehicle with enough of a response to produce a signal-to-noise ratio strong enough for 

the parameter identification. 
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Figure 4.24: Acceleration Response for a Damped System Excited by Harmonic Force (Chopra, 2007) 

 

As shown in Figure 4.24, the acceleration response of a damped system excited by a 

harmonic force is dependent on the ratio of the frequency of the input to the natural 

frequency of the system (Chopra, 2007). Other factors that affect the response include 

the amplitude of the input force and the damping ratio of the system. For passenger 

cars, the damping ratio is typically 0.3. Calculation of the input frequency is shown in 

Equation 4.43. Equation 4.44 shows the ratio of frequencies is based on bump width, 

vehicle velocity, and vehicle natural frequency.  
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 ‫

‫

ὺ

ςύϽ‫
 (4.44) 

 

For the case of constant velocity and constant natural frequency, the only factor for 

acceleration response is the width of the bump. For this study on the effect of speed 

bumps for system response, both the velocity and vehicle parameters will remain 

constant. 
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The vehicle velocity is limited to 16.1 kph (10 mph) to prevent any wheel hop caused 

by the bump. The natural frequency of the vehicle is taken as 1.2 Hz. The peak 

acceleration response of the half car model based on bumps with varying height and 

width is shown in Figure 4.25. The height of the bump varies from 101.6 to 203.2 mm 

(4 to 8 in.), with a width varying from 1.83 to 3.35 m (6 to 11 ft). The results shown 

in Figure 4.25 are expected; the larger the height, the larger the peak acceleration 

response, and the larger the width, the smaller the peak response. Although seemingly 

trivial, this information is necessary for estimation of the input of the system when 

only the vehicle response is provided. 

 
Figure 4.25: Peak Acceleration Response Based on Variation of Input Bump Width and Height 
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4.4.3 Estimation of Input  

It is necessary to provide an input estimate of the road for detection of changes in 

vehicle parameters with the use of PEM. For a vehicle at a known velocity with 

known system parameters, it may be possible to estimate input properties based on 

the acceleration response. 

 

Simulation is conducted to determine the sensitivity of the PEM algorithm for 

predicated mass with varying estimated bump input. The estimation of the bump is 

based on height and width. The vehicle response is simulated with a bump height and 

width of 150 mm and 2.60 m, respectively. For the estimated input, the height varies 

from 72.2 to 228.6 mm (3 to 9 in.), while the width ranges from 1.82 to 3.35 m (6 to 

11 ft). The results for percent error based on the variation of estimation height and 

mass input is shown in Figure 4.26. The range of percent error is limited to 50% to 

exclude any extreme values. This plot clearly shows a region where the estimation 

produces accurate results. Upon further inspection of the data in Figure 4.27, it can be 

seen that it is possible to get a correct prediction of vehicle mass with height and 

width estimation that are different than the exact values. This angled dark blue region 

is due to the variance of the width and height combining to provide similar vehicle 

response to those found through the actual simulation. Returning to Figure 4.24, it is 

seen that the amplitude of acceleration response is based on the ratio of input 

frequency to the natural frequency of the system. Typically, for a larger width, the 

response is lessened. To compensate, the height of the bump has to be increased as 

seen in Figure 4.27. 



 

 94 

 

 
Figure 4.26: Percent Error Due to Variation in Estimated Bump Width and Height 

 
Figure 4.27: Percent Error Due to Variation in Estimated Bump Width and Height 
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4.4.4 Simultaneous Identification of Mass and Stiffness 

This next simulation assumes not only the mass of the vehicle is unknown, but the 

suspension stiffness as well. To perform this analysis, estimated masses and 

suspension stiffness are made for a known input/output system. Estimation of mass 

varies from 700 to 1100 kg, with an exact value of 875 kg. Suspension stiffness for 

both the front and rear suspension systems is estimated at equal values with a range of 

20,000 to 25,000 kg. 

 

The percent error for the predicted vehicle body mass and the suspension stiffness for 

both the front and rear suspension systems is shown in Table 4.4 through Table 4.6. 

According to the results, each predicted value falls within 3% of the exact value. This 

data shows that not only can the use of PEM provide accurate results for a single 

unknown parameter, but that it can also be used to determine the unknown mass and 

stiffness simultaneously for systems with known input/output. Information 

concerning changing stiffness of a system can be used to assess damage to a system, 

assuming there is no change in mass (Bighamian, et al., 2013). 
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Table 4.4: Mass Prediction Error for System with Unknown Mass & Stiffness 

Predicted Mass 

Percent Error 

Estimated Stiffness, N/m 

20000 21250 22500 23750 25000 

E
s
ti
m

a
te

d
 M

a
s
s
, 
k
g 

700 0.96 2.04 1.96 1.95 1.91 

800 1.43 1.20 1.12 1.45 0.94 

900 1.05 0.68 0.18 0.54 0.67 

1000 1.11 1.14 1.05 1.07 0.84 

1100 1.93 1.92 2.19 1.98 2.40 

 

Table 4.5: Front Suspension Stiffness Prediction Error for System with Unknown Mass & Stiffness 

Predicted Stiffness 

(Front Suspension) 

Percent Error 

Estimated Stiffness, N/m 

20000 21250 22500 23750 25000 

E
s
ti
m

a
te

d
 M

a
s
s
, 

k
g

 

700 0.50 1.29 1.04 0.78 0.51 

800 1.29 1.10 0.82 0.84 0.50 

900 0.78 0.83 0.23 0.24 0.24 

1000 0.86 0.89 0.54 0.41 0.65 

1100 0.87 0.38 0.85 0.15 0.18 

 

Table 4.6: Rear Suspension Stiffness Prediction Error for System with Unknown Mass & Stiffness 

Predicted Stiffness 

(Rear Suspension) 

Percent Error 

Estimated Stiffness, N/m 

20000 21250 22500 23750 25000 

E
s
ti
m

a
te

d
 M

a
s
s
, 

k
g

 

700 1.66 1.67 1.44 1.16 0.90 

800 1.93 1.83 1.41 1.15 1.16 

900 1.68 2.56 1.74 0.41 0.38 

1000 1.14 1.15 0.89 0.93 1.09 

1100 0.80 0.39 0.69 0.21 0.33 
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4.4.5 Bridge Bump Identification  

 

As of 1995, of the 600,000 bridges located in the United States, 150,000 of them had 

bumps formed at the ends (Briaud, et al., 1997). Simply put, these bumps at the ends 

of the bridges are caused by a differential in settlement at the joint connecting the 

bridge approach and the bridge deck, as shown in Figure 4.28. Major causes of the 

bump include compression of the fill material, settlement of the soil beneath the 

embankment, design and construction errors, high traffic loads, and poor drainage. 

Additional causes of bump formation are shown in Figure 4.29. Some sources state 

that at a height differential of 12.7 mm (0.5 in.) between the bridge deck and road 

pavement, the bridge requires maintenance (Dupont, et al., 2002). A 1995 survey 

conducted in Illinois showed that more than 27% of bridges had bumps larger than 

50.8 mm (2 in.) (Stark, et al., 1995). 

 

One concern surrounding the bumps involves the discomfort they cause on drivers. If 

the segment of road containing a bridge bump has an IRI of less than 4.0 m/km, it is 

considered as good quality, while an IRI of 10 m/km for the end of the bridge is 

considered to be poor quality (Islam, 2010). This next section of the study 

investigates the use of bridge bumps as a source of vehicle excitation for use with 

PEM for mass identification. 
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Figure 4.28: Bridge Approach Diagram (Briaud, et al., 1997) 

 

 

 
Figure 4.29: Causes of Bridge Bumps (Briaud, et al., 1997) 
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The use of bridge bumps as an input for system identification is advantageous 

because the input of the system can be easily located based on the vehicle response. 

Assuming there is no approach slab, the bump can be modeled as a step (Dupont, et 

al., 2002). Because the bump is modeled as a step function, the only unknown 

variable is the height of the step. A simulated response to a bridge bump is shown in 

Figure 4.30. 

 
Figure 4.30: Input/Output Response of Bridge Bump 

 

This next analysis is performed using the response of the vehicle model traveling at 

48.3 m/s (30 mph) over a 38.1 mm (1.5 in.) step. Mass prediction is performed using 

estimated step inputs varying from heights of 25.4 to 50.8 mm (1.0 to 2.0 in.). The 

results are shown in Figure 4.31. 
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Figure 4.31: Predicted Mass based on Estimated Step Height 

These results show that with the amplitude of the step unknown, the system 

identification analysis provides large amounts of error. It can be seen that the mass is 

linearly proportion to the estimated height. Although the mass cannot be predicted 

without knowing the actual step amplitude, these results still have potential 

application for estimating the input. For a vehicle with a known mass, the step height 

can be calculated from the amount of error found in the calculation of the predicted 

mass. This essentially turns the vehicle into a sensor for estimating bridge bump size, 

which can determine areas in need of maintenance. 
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4.4.6 Bridge Bump Discomfort 

Bridge bumps are an area of great concern because of the amount of discomfort they 

cause to the vehicle user when travelling over them. This next case demonstrates the 

amount of discomfort caused by bridge bumps through an investigation of the 

acceleration response they provide. As shown in Figure 4.32, a bridge bump is 

modeled as a step on a smooth road with an IRI of 2 m/km. This downward step is 

given a height of 38.1 mm (1.5 in.). The response of the half car model traveling over 

the bump at 48.3 (30 mph) is displayed in Figure 4.33. This response clearly shows 

the effect of the bump to the motion of vehicle when compared to the other sections 

of the road surface. 

 

To understand how much discomfort this bump causes, the frequency weighted 

acceleration is calculated based on the response of the vehicle. These values are 

shown for segments of 1 and 10 m in Figure 4.34 and Figure 4.35, respectively. These 

frequency weighted acceleration values, based on human comfort criteria, reach up to 

values close to 1.5 m/s
2
. Following the values provided for levels of comfort provided 

in ISO 2631 and shown in Table 2.5, this amount of vibration would be considered as 

ñuncomfortableò to ñvery uncomfortable.ò Even at 10 m segments, it is still clear that 

this bump causes a discomfort. 
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Figure 4.32: Generated Bridge Bump on Smooth Road 

 

 
Figure 4.33: Acceleration Response to Bridge Bump 
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Figure 4.34: Effect of Bridge Bump on Comfort ï 1 m Interval  

 
Figure 4.35: Effect of Bridge Bump on Comfort ï 10 m Interval 
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Further simulation is completed to express the range of discomfort based on both a 

change in bump height and vehicle speed. These points represent the peak frequency 

weighted acceleration for a vehicle traveling along a road with no roughness aside 

from the step representing a bridge bump. This is done to isolate the effect of the 

bump without any additional effects from other sources of roughness. The results 

displayed in Figure 4.36 are split to show varying ranges of comfort. Points below the 

lower horizontal green line show a comfortable ride, the section between the two 

horizontal lines may provide some discomfort, while anything above the red line 

causes noticeable discomfort. 

 
Figure 4.36: Discomfort Due to Bridge Bumps 
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4.5 Summary of Simulation Results 

Simulation of vehicle-road interaction shows the effectiveness of grey-box modeling 

combined with PEM for vehicle parameter identification. Simulation shows that 

vehicle mass can be accurately predicted for known input profiles regardless of initial 

mass estimation even with the inclusion of noise due to road roughness. Sensitivity 

studies also show the effect of input estimation involving speed bumps. This study 

shows that the mass can be predicted assuming the estimated input, even if different 

than the actual input, and can produce a similar response to that of the actual vehicle 

response. Further studies show that mass and stiffness can simultaneously be 

predicted for known or accurately estimated input. 

 

In addition to the effect of speed bumps, bridge bumps are also analyzed with 

assumed step inputs for mass prediction and ride comfort. Performing PEM with 

varying estimated step amplitude results in a linear correlation between mass 

prediction and input height estimation under ideal conditions. This proves to be useful 

for prediction of input height for known vehicle mass based on the deviation of the 

prediction to the actual mass. Step amplitude and vehicle speed are related to ride 

comfort to show the effect from the user perspective. 
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Chapter 5: Field Testing 

5.1 Overview of Testing Process 

Determining the effectiveness of system identification for unknown vehicle mass is 

accomplished by collecting the vertical acceleration response through wireless 

sensing and processing the data with PEM analysis. Testing is performed on a variety 

of surfaces for this study to understand the behavior of the vehicle based on the input. 

This includes road surfaces ranging from smooth to rough and damaged pavements. 

In addition to these surfaces, known inputs are also used, such as speed bumps, 

bumps at the ends of bridges, and an extension cable used to simulate a pneumatic 

road tube. For the speed bump, the input is known, while the mass of the vehicle is 

assumed as unknown. 

 

Figure 5.1: Testing Process for Known Input 

For the case of the bumps located at the ends of the bridge, the vehicle parameters are 

considered to be known and used to estimate the input based on the error in the 

prediction of the mass. 

 

Figure 5.2: Testing Process for Estimated Input 
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5.2 Wireless Accelerometer 

The iPhone 5S contains many sensors, including an accelerometer, ambient light 

sensor, proximity sensor, three-axis gyro sensor, and a digital compass. The 

accelerometer is the Bosch Sensortec BMA220 low-power high performance three 

axis MEMS sensor. This sensor is capable of recording acceleration from 0.5 Hz to 1 

kHz with a range of ±16. The footprint of the sensor is 2 x 2 mm with a height of 0.98 

mm (Bosch Sensortec, 2011). 

 
Figure 5.3: iPhone 5S Accelerometer ï BMA220 (Bosch Sensortec, 2011) 

 

The acceleration response can be recorded directly on the smartphone using apps for 

data collection, such as SPARKvue®, shown in Figure 5.4. 

 
Figure 5.4: SPARKvue® Software Interface on iPhone 5S 
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Although smartphones are capable of recording acceleration data at large sample 

rates, the sensor used for testing in this study is the PASCO PS-2119. Shown in 

Figure 5.5, this three axis acceleration sensor has a range of ±10 g with a resolution of 

0.010 g (PASCO, 2015). For wireless communication, this sensor is paired with the 

AirLink 2. The AirLink 2 is an interface for the sensors that wirelessly connects to 

devices for data collection through Bluetooth
TM

. It has a wireless range of 10 m with 

a sampling rate up to 1 kHz (PASCO, 2015). 

 
Figure 5.5: PS-2199 3-Axis Accelerometer / PASPORT AirLink2 

 

The reason this sensor is used for testing rather the smartphone is due to its reliability. 

The PASCO PS-2119 is a commercial grade, factory calibrated sensor. Due to its 

reliability, this sensor provides a high level of confidence when recording 

acceleration data used for system identification analysis. 
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5.3 Model Analysis 

To ensure the PS-2119 and iPhone 5S are comparable accelerometers, they are 

simultaneously used to record the free vibration response of a model structure. This 

test is also performed to ensure the sensors are properly calibrated by comparing the 

experimental results with calculated analytical results. 

 

The testing model is a five-story shear frame building made of aluminum floors and 

polycarbonate siding as shown in Figure 5.6. Each aluminum floor has a plan size of 

152.4 mm by 101.6 mm (6 by 4 in.) and a height of 152.4 mm (6 in.) for each story. 

The side columns consist of a 1.6 mm (1/16 in.) thick polycarbonate sheet. Both 

accelerometers are tightly clamped side by side to the top of the model using C-

clamps. A closer view of this configuration is shown in Figure 5.7. 
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Figure 5.6: Five-Story Test Model 

 

 
Figure 5.7: Accelerometer Configuration 
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Acceleration is recorded for a free vibration response based on an applied 

displacement of the top floor of the model. The data is recorded with a frequency of 

100 Hz. The acceleration response of both sensors is shown in Figure 5.8. Through 

observation, it is clear that both sensors provide very comparable results based on 

similar acceleration peaks and matching phase angles. This observation is further 

verified by comparing the root mean square of each set of data. 

Table 5.1: Model Structure Acceleration Response RMS Values 

Sensor RMS (m/s
2
) 

PS-2119 0.0458 

iPhone 0.0445 

 

ȿὭὖὬέὲὩ ὖὛ ςρρωȿ

03Ȥςρρω2-3
ρππϷ

ȿπȢπττυπȢπτυψȿ

πȢπτυψ
ρππϷςȢψυϷ (5.1) 

 

 
Figure 5.8: Accelerometer Comparison 
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Analysis of the modal frequencies and a further investigation of the similarities 

between the two sensors are completed by comparing the FFT in Figure 5.9. The 

peaks in the FFT represent the modal frequencies of the model structure. The values 

for the first three modal frequencies are displayed in Table 5.2. 

 

Table 5.2: Model Structure Modal Frequencies 

Mode 
Frequency, Hz 

PS-2119 iPhone 

1 0.074 0.074 

2 2.548 2.548 

3 4.226 4.226 

 

 
Figure 5.9: Fast Fourier Transform of Recorded Acceleration 
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An analytical solution is found to confirm the experimental results. The structure can 

be idealized as a simplified lumped mass structure with five degrees of freedom, one 

for each floor as displayed in Figure 5.10 (Chopra, 2007). For this idealization, it is 

assumed that the floors are rigid in flexure and axial deformation is neglected. 

 

 
Figure 5.10: Simplified Representation of Test Model 

 

  



 

 114 

 

Each of the five degrees of freedom is represented by u, which consists of the 

horizontal movements of each floor of the structure. The mass matrix, shown below, 

is made up of the mass floor of the structure. 

ὓ

ụ
Ụ
Ụ
Ụ
ợ
ά π π π π
π ά π π π
π π ά π π
π π π ά π
π π π π άỨ

ủ
ủ
ủ
Ủ

 

The masses of all the floors are equal except for the top floor, which takes into 

consideration the additional mass of the sensors and C-clamps. The mass of each 

component is detailed in Table 5.3. 

Table 5.3: Mass of Model Components 

Component Mass, g 

Aluminum Block 346 

iPhone 5S 112 

PS-2119 48 

AirLink2 78 

C-Clamp 358.34 

 

ά ά ά ά στφ Ὣ 

ά στφςϽσυψȢστ ρρςτψχψ ρσππȢχ Ὣ 
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The boundary conditions for the columns can be viewed as torsional spring, meaning 

they are somewhere between pinned and fixed-end connections. To account for this, 

the stiffness value is taken between the two terms shown below. 

Fixed-Fixed: Ὧ  Fixed-Free: Ὧ  

 

For the polycarbonate siding, Ὁ ςȢς '0Á, Ὅ σσȢψχσ ÍÍτ, and Ὤ ρτςȢψχυ ÍÍ 

 

ὑ Ὧ

ụ
Ụ
Ụ
Ụ
ợ
ς ρ π π π
ρ ς ρ π π
π ρ ς ρ π
π π ρ ς ρ
π π π ρ ρỨ

ủ
ủ
ủ
Ủ

 

 

The amount of damping must be determined experimentally because it is impossible 

to be determined analytically (Chopra, 2007). The damping ratio is based on the 

change in amplitude per cycle of the response of the structure. For lightly damped 

structures, this value can be obtained using Equation 5.2 with the recorded 

acceleration data displayed in Figure 5.8. 

 
‒

ρ

ς“Ὦ
ὰὲ
ό

ό
 (5.2) 

 

Peak Time, sec Acceleration, m/s
2
 

1 1.19 0.1978 

11 14.83 0.8545 

 

 
‒

ρ

ς“ρπ
ὰὲ
πȢρωψ Ç

πȢπψυ Ç
πȢπρστ ÏÒ ρȢστϷ (5.3) 
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Application of differential equation solutions for the equation of motion for a non-

damped structure leads to Equation 5.4, which is used to solve for the natural 

frequencies as seen in Equation 5.5 (Chopra, 2007). 

 ὑ ‰‫ὓ π (5.4) 

 

 ὨὩὸὑ ‫ὓ π (5.5) 

 

Performing an eigenvalue analysis of the idealized non-damped system leads to the 

modal frequencies in Table 5.4. 

Table 5.4: Model Structure Modal Frequencies, Experimental vs. Analytical 

Mode 
Frequency, Hz Percent 

Error  Experimental Analytical  

1 0.7419 0.7453 0.46% 

2 2.548 2.500 1.88% 

3 4.226 4.534 7.29% 

 

The experimental and analytical modal frequencies show very similar results. Small 

analytical error is most likely only due to the simplification of the model for analysis. 

 

The use of this model has not only shown that the iPhone accelerometer can produce 

results that match expected analytical outcomes, but that its results are extremely 

similar to that of a commercial grade sensor. 

  



 

 117 

 

5.4 Testing Setup 

All testing in this study is performed using a 2009 Toyota RAV4. For data collection, 

the PASCO PS-2119 acceleration sensor is firmly attached to the vehicleôs center 

console using Velcro straps as seen in Figure 5.11. In addition to the use of straps, the 

sensor is pushed down by hand to prevent additional vibration. The sensor is attached 

to the center console rather than one of the seats due to consistency of data results. 

Because the seat cushion acts as spring, attaching the sensor to the cushion would add 

an unknown as to how firmly the cushion is being pressed in and the value of the 

stiffness constant. 

 
Figure 5.11: Wireless Sensor Setup 

 

Acceleration response is recorded at a fixed sampling rate of 100 Hz. This sampling 

rate is chosen to ensure all components of vehicle vibrations are properly reported.  
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Some assumptions are made regarding the vehicle during data collection concerning 

vehicle speed and dynamics. For all recordings, it is assumed that the vehicle has 

reached its intended forward moving velocity and remains constant throughout the 

data collection process. It is also assumed that the vehicle stays in contact with the 

ground at all times and that the mass is evenly split between the left and right side of 

the vehicle. 

5.5 Testing Results 

Test results are shown for the vertical acceleration response for each of the varying 

inputs. All tests are performed using the 2009 Toyota RAV4 with the PASCO PS-

2119 acceleration attached to the center console. The recorded acceleration responses 

are compared to the simulated results of the half car model found in Chapter 4. If the 

responses are found to be suitable, they are then used to predict the vehicle mass 

using system identification methods in Chapter 6. 

5.5.1 Road Surfaces 

To begin the testing, the acceleration response of the vehicle is recorded while 

traveling on pavements with varying surface roughness. As shown on the pages 120-

123, the road surfaces include a newly paved road, a rough road, a road with damaged 

pavement, and a parking lot with a row of speed bumps. As previously mentioned, the 

combination of the size of the input and speed of the vehicle excite different modes of 

the vehicle. Large bumps at average speeds will excite the sprung mass of the vehicle 

at 1 Hz, while smaller inputs at high speeds tend to excite unsprung mass used to 

isolate the vibration from the vehicle body at 10 Hz (Jazar, 2008). The effect of the 
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road surface on the vehicle resonance can be seen by looking at the response in the 

frequency domain. For an accurate estimate of the response in the frequency domain, 

the Fast Fourier transform is implemented on even segments of the acceleration 

response, which is then summed. This process removed unwanted noise from the 

frequency domain representation. The effects of each of the tested surfaces on the 

vehicle response are detailed in Table 5.5. For comparison, the natural frequencies of 

the half car model used for simulation were found to be 1.1 and 11 Hz. 

Table 5.5: Vehicle Response due to Varying Surface Roughness 

Surface Type Vehicle Speed, kph Max Response, g f1, Hz f2, Hz 

Newly Paved Road  40.2 (25 mph) 0.2017 2.51 13.57 

Rough Road  40.2 (25 mph) 0.8899 1.01 12.82 

Damaged Pavement 32.2 (20 mph) 0.8437 2.01 12.06 

Speed Bumps 16.1 (10 mph) 0.8703 1.51 12.56 

 

Although the newly paved road is fairly smooth, small bumps in the surface excite the 

response of the vehicle. Due to the small amplitude of the bumps, they are shown to 

have little effect on the overall resonance of vehicle. As seen in Figure 5.15, due to 

the consistent unevenness of the surface, the vehicle suspension system vibrate at 

their natural frequencies. This resonance is also seen for the damaged pavement at a 

lower vehicle speed. 

 

The speed bumps provide the clearest response for prediction of the vehicle natural 

frequencies. Due to the first large initial input and following vibration, the frequency 

domain shows the vehicle to have natural frequencies of 1.51 and 12.56 Hz, which 

are similar to those calculated using the half car model. 
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Figure 5.12: Newly Paved Road 

 
Figure 5.13: Acceleration Response due to Newly Paved Road 
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Figure 5.14: Rough Road 

 
Figure 5.15: Acceleration Response due to Rough Road 
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Figure 5.16: Damaged Pavement 

 
Figure 5.17: Acceleration Response due to Damaged Pavement 
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Figure 5.18: Speed Bumps 

 
Figure 5.19: Acceleration Response due to Speed Bumps 
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5.5.2 Speed Bumps 

Speed bumps are used as a system input because they provide a large system response 

and are easy to measure. A set of four similar speed bumps are driven over at 16.1 

kph (10 mph). Each speed bump is measured to have a width of 2.60 (8.5 ft) and 

height of 150 mm (6 in.) as shown in Figure 5.21. 

 
Figure 5.20: Speed Bump 

 

 
Figure 5.21: Speed Bump used for Testing 
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As seen in Figure 5.22, the recorded vertical acceleration of the vehicle is very similar 

to the simulated response of the half car model. Although there is added noise from 

the roughness of the road itself, the response due to the size of the bump provides a 

strong signal-to-noise ratio, making the use of this data ideal for performing system 

identification for mass estimation. 

 
Figure 5.22: Simulated and Recorded Speed Bump Acceleration Response 

 

Data is collected for two sets of the four speed bumps to determine the consistency 

with the predicted parameter results. 
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5.5.3 Bridge Bumps 

Bumps at the ends of bridges provide a possible source of excitation for the use with 

system identification methods. The bridge shown in Figure 5.23 is used to test this 

hypothesis and used to compare the vehicle acceleration response with the simulated 

response found in Chapter 4. Seen in Figure 5.24, there is a distinct joint where the 

pavement meets the bridge slab. It is the differential in settlement between these two 

segments of road that meet at the joint that create the bump felt by the vehicle. 

 

To perform this next test, the vertical acceleration response is recorded while 

travelling at a speed of 48.2 kph (30 mph). Data is collected at both ends of the bridge 

to account for possible positive and negative differentials in the step found at the 

joint. The acceleration response from one of the bridge ends can be seen in Figure 

5.25, with a closer look of the response at the bump in Figure 5.26. This data shows 

how similar the actual response is to the simulated response when assuming a step 

input. It can clearly be seen when each of the front and rear tires interact with the step 

input with two large spikes in vertical acceleration when compared to the rest of the 

vehicle response. 
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Figure 5.23: Bridge 

 

 
Figure 5.24: Bridge-End Bump 
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Figure 5.25: Simulated and Recorded Bridge Bump Acceleration Response 

 
Figure 5.26: Simulated and Recorded Bridge Bump Acceleration Response (Enhanced View) 
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5.5.4 Effects of Pneumatic Road Tube 

Commonly seen across roads in the United States, pneumatic road tubes are used for 

collecting traffic volume and vehicle speed (McGowen, et al., 2011). The use of 

rubber tubes creates a means of data collection that is non-obstructive to the driver 

while traveling over them. The goal of this next test is to determine whether these 

road tubes can cause enough excitation to the passing vehicle for system 

identification or if the response is isolated from the motion of the vehicle body. 

 

Performing this test is accomplished through the use of a 6.35 mm (0.25 inch) 

diameter extension cable in place of a standard pneumatic road tube as shown in 

Figure 5.27. The cable is firmly stretched and taped in the center and on each end to 

prevent movement while the vehicle passes. This test is performed in a parking lot to 

prevent additional road roughness from interfering with the input of the cable. 

 

 
Figure 5.27: Extension Cord used for Testing 
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Acceleration response when driven at 16.1 kph (10 mph) is shown in Figure 5.28. The 

two arrows show the points at which the front and rear tires hit, respectively. 

Although visible in this test, the response of the signal is not much greater than the 

response due to the natural uneveness of the road even on a smooth road profile.  

 
Figure 5.28: Pneumatic Road Tube, 16.1 kph (10 mph) 
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Tested again at a higher vehicle speed, the location of the excitation due to the cable 

cannot even be determined due to the overall amount of vibration cause by roughness 

of the parking lot pavement itself. 

 
Figure 5.29: Pneumatic Road Tube, 32.2 kph (20 mph) 

 

This pilot shows that the use of road tubes do not provide much excitation in this 

specific situation. Due to the small vehicle response compared to the noise from the 

pavement itself, it can be seen that a larger source of excitation is needed to perform 

system identification analysis. This test only accounts for a specific scenario at low 

vehicle speeds. Additional testing is needed to further evaluate the practicality of 

pneumatic road tubes for use with parameter identification techniques. 
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Chapter 6: Data Processing 

6.1 Data Processing Overview 

This chapter presents the processed data collected throughout the field tests. This 

includes the acceleration response from sources of excitation including speed bumps, 

bridge bumps, and various roads in the surrounding area. Analysis is performed using 

parameter identification methods for mass and input estimation. Acceleration 

response is correlated to road roughness for a road profile map based on IRI values. A 

second map shows the comfort perceived by the user of the vehicle. 

6.2 Parameter Identification 

Data collected through field testing is analyzed through the use of parameter 

identification with PEM and grey-box modeling. Speed bumps and bridge bumps are 

both analyzed as sources of input excitation, while the simulated pneumatic road tube 

is omitted due to the small response in this study. Each test is recorded twice to 

determine the consistency with the results. For each trial, the initial mass is estimated 

at 875 kg. 
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6.2.1 System Identification: Speed Bumps 

For parameter identification using speed bumps, the size of the input either has to be 

known or estimated. In this case, the input is known to have a width of 2.60 (8.5 ft) 

and a height of 150 mm (6 in.). The generated input bump is related to the recorded 

acceleration output for parameter estimation through the use of grey-box modeling. 

Shown in Figure 6.1, the bump is estimated and modeled using a cosine function. 

This estimated input is used with the response shown below to determine the actual 

mass of the system. A 20 Hz low pass filter is applied to the recorded data to remove 

any noise due to vehicle vibrations caused by anything other than the expected input. 

 
Figure 6.1: Speed Bump Response used for Mass Estimation 
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The mass is predicted for two sets of four bumps to ensure consistency. The results 

for the both trials are shown in Table 6.1 and Table 6.2. 

Table 6.1: Predicted Mass - Speed Bumps, Trial 1 

Bump Predicted Mass, kg Percent Error 

1 870.658 0.50% 

2 927.464 6.00% 

3 519.555 40.62% 

4 672.677 23.12% 

 

Table 6.2: Predicted Mass - Speed Bumps, Trial 2 

Bump Predicted Mass, kg Percent Error 

1 844.053 3.54% 

2 911.141 4.13% 

3 660.512 24.51% 

4 817.204 6.61% 

 

While adequate results are found for the first two bumps, bumps three and four 

include error. Possible sources of error include discrepancy of actual bump width and 

height, changes in vehicle speed, and additional vehicle excitation from the 

surrounding area. The full set of estimated inputs and recorded response can be found 

in Appendix B. 
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6.2.2 System Identification: Bridge Bump 

Theoretical system identification methods applied to ideal bridge bump step input 

excitation show that the predicted vehicle mass is proportional to the step amplitude 

estimation. Although this information cannot be used to predict unknown vehicle 

mass, it can be used to determine the step amplitude if the mass is already known. As 

seen in Figure 6.2, the bridge selected for this study does provide a noticeable 

excitation to the vehicle where the pavement meets the bridge deck, but does not 

provide a strong signal-to-noise ratio necessary to accommodate accurate 

performance of system identification methods. 

 
Figure 6.2: Bridge Bump Response used for Mass Estimation 
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It is found that performing parameter identification through the use of PEM offers 

meaningless results estimating any step amplitude other than zero for this case. 

Because of this, the input is modeled as a flat surface. 

Table 6.3: Predicted Mass - Bridge Bump, Trial 1 

Bump Predicted Mass, kg Percent Error 

1-1 700.528 19.94% 

1-2 596.911 31.78% 

2-1 576.042 34.17% 

2-2 416.843 52.36% 

 

Table 6.4: Predicted Mass - Bridge Bump, Trial 2 

Bump Predicted Mass, kg Percent Error 

1-1 1398.92 59.88% 

1-2 983.834 12.44% 

2-1 460.687 47.35% 

2-2 496.564 43.25% 

 

The results presented in Table 6.3 and Table 6.4 show inconsistencies between each 

trial. This error may be caused by the weak signal-to-noise ratio in addition to the 

sources of excitation surrounding the bridge bump. Although testing on this bridge 

does not provide beneficial results for the use of system identification methods, 

statistical analysis can be performed across many different bridges to draw further 

conclusions concerning the viability of bridge bumps as a source of excitation for 

parameter identification. 
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6.3 Road Profile Identification  

Once the vehicle parameters are known, either through system identification or 

previously known properties, the relation of the acceleration response can be directly 

related to the roughness of the profile. The relation between the vehicle output 

response and the IRI is shown in Figure 6.3. 

 

 

Figure 6.3: Relation of Vertical Acceleration to the International Roughness Index 

 

The vehicle response varies based on a combination of the vehicle forward moving 

speed and the roughness of the road surface. To determine this relationship, 

simulation of a moving vehicle is performed on generated road profiles ranging in 

roughness. With this relationship defined, a correlation can be used to approximate 

the IRI based on the acceleration response of the vehicle. 

 

This correlation is determined using 100 m simulated road profiles with varying 

degrees of roughness, ranging from Gd = 2 cm
3
 to Gd = 4096 cm

3
. This range is 

chosen to include smooth roads and extremely rough roads in the simulation. For each 

International Roughness Index 

Degree of Roughness 

Vehicle Parameters, Forward Velocity 

Vertical Acceleration 



 

 138 

 

profile, the half car model with known parameters is simulated at speeds of 4.5 m/s 

(10 mph) to 31.3 m/s (70 mph) to observe the variance in vehicle response. Results 

are found empirically and are shown in Figure 6.4. Power trendlines are used to show 

the relation between the RMS of the acceleration and the IRI based on the nonlinear 

relationship. The relation is shown again using a log-log scale in Figure 6.5. This 

relation shows that roads with larger amounts of roughness produce larger 

acceleration response at higher speeds. To determine consistency of these results, 

simulation is performed a second time with a shorter road length. The output proves 

to be independent of segment length for this analysis as each profile simulates a 

specific roughness to avoid any change in response over time. 
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Figure 6.4: Relation of Degree of Roughness and Vertical Acceleration 

 

 
Figure 6.5: Relation of Degree of Roughness and Vertical Acceleration (Log-Log) 
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To further analysis this correlation, the root mean square of the acceleration response 

is directly related to the IRI using the relation found in Equation 4.39, relating the IRI 

to the roughness coefficient. Applying this conversion gives a direct linear relation 

between the IRI and acceleration response, as shown in Figure 6.6. 

 
Figure 6.6: Relation between Vertical Acceleration Response and IRI 
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determine the roughness of the roads being traversed. Normally, the IRI is reported 

annually for national highway systems and up to every two years for all other roads 

(FHWA, 2014). Through the use of wireless sensors, the roughness of the road can be 

continuously monitored and areas of concern can be immediately discovered. 
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The effect of changing vehicle parameters is analyzed by adding mass to the vehicle 

and evaluating a change in the correlation between the IRI and acceleration response. 

The updated correlation is shown in Figure 6.7 for the addition of two passengers to 

the vehicle. Comparing this updated correlation with the added mass against the 

original relationship, it can be seen that the addition of mass to the vehicle decreases 

the acceleration response regardless of road roughness or vehicle speed. An 

exaggerated case, doubling the original mass of the vehicle, is shown in Figure 6.8. 
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Figure 6.7: Relation between Vertical Acceleration Response and IRI - Two Additional Passengers 

 
Figure 6.8: Relation between Vertical Acceleration Response and IRI - Double Vehicle Body Mass 
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6.3.1 Verification of Acceleration to IRI Relationship 

To verify the relationship of the acceleration response to the IRI found in Figure 6.6, 

a sample road profile recorded with a high-speed road profiler is used (ProVAL, 

2015). This profile, shown in Figure 6.9, is used to compare the exact IRI using 

ProVAL against the approximated values found using the acceleration response 

relation. 

 
Figure 6.9: Measured Profile 

 

The half car model is used to simulate the vertical acceleration response used to 

estimate the IRI. This response is shown in Figure 6.10. 
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Figure 6.10: Simulated Acceleration Response 

 

The relation between the acceleration response and the IRI found in Figure 6.6 is 

dependent on the speed of the vehicle. Ideally, the estimated IRI should remain the 

same regardless of vehicle speed because the road profile is fixed, whereas the 

response differs depending on the vehicle velocity. The effect of vehicle velocity for 

the approximation of the IRI is shown in Figure 6.11. This plot shows the 

approximation of IRI is higher at low travel velocities 16.1 kph (10 mph) when 

compared to the approximation made at high vehicle speeds 112.7 kph (70 mph). 
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Figure 6.11: Estimated IRI from Acceleration Response at Varying Speeds 

 

ProVAL is used to calculate the exact IRI values for this profile. These values are 

compared with the estimated results based on the response acceleration at 17.9 m/s 

(40 mph) using the correlation in Figure 6.6. Comparisons for results taken at 30.48 

m (100 ft) and 7.62 m (25 ft) profile segments are shown in Figure 6.13 and Figure 

6.15, respectively. These results show the accuracy of the use of acceleration output 

for IRI estimation at 17.9 m/s (40 mph). It can be determined that lower vehicle 

speeds overestimate the IRI values, while high speeds underestimate the IRI from the 

results found in Figure 6.11. 
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Figure 6.12: Comparison of Exact and Approximated IRI Values, 30.48 m (100 ft) Interval  

 
Figure 6.13: Comparison of Exact and Approximated IRI Values per 30.48 m (100 ft) Segment 
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Figure 6.14: Comparison of Exact and Approximated IRI Values, 7.62 m (25 ft ) Interval  

 
Figure 6.15: Comparison of Exact and Approximated IRI Values Per 7.62 m (25 ft) Segment 

0 200 400 600 800 1000 1200 1400 1600
0

2

4

6

8

Distance, m

IR
I,

 m
/k

m

 

 

Exact

0 200 400 600 800 1000 1200 1400 1600
0

2

4

6

8

Distance, m

IR
I,

 m
/k

m

 

 

Approximated

20 40 60 80 100 120 140 160 180 200
0

1

2

3

4

5

6

7

8

Road Segment

IR
I,

 m
/k

m

 

 

Exact

Approximated



 

 148 

 

6.4 Ride Comfort 

A major objective in this study is to determine the direct relation between the road 

roughness and the ride comfort. While high-speed road profilers manage to capture 

the elevation and roughness of the road surface, they do not relate this information to 

the perception of the user. The main source of ride discomfort stems from the 

vibrations of the vehicle in the vertical direction. These vibrations are based on the 

dynamic properties of the vehicle, meaning the perception of comfort may vary from 

user to user based on the vehicle properties. 

 

The goal of this next simulation is to relate the frequency weighted acceleration 

response to the road profile. This is done to determine the effects of road roughness, 

vehicle speed, and vehicle parameters on ride comfort. This is completed by 

generating road profiles with IRI values ranging from 1 to 10 m/km, and simulating a 

half car model traveling along them. The frequency weighted acceleration, which is 

used to quantify comfort based on vertical vibrations, is calculated for profile at 

speeds ranging from 4.5 m/s (10 mph) to 31.3 m/s (70 mph). Results are shown in 

Figure 6.16 and Figure 6.17. 
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Figure 6.16: Effect of Road Roughness and Vehicle Velocity on Ride Comfort 

 
Figure 6.17: 3D Plot of Level of Comfort Based on IRI and Velocity of Vehicle 

0 1 2 3 4 5 6 7 8 9 10 11
0

0.2

0.4

0.6

0.8

1

1.2

1.4

IRI, m/km

F
re

q
u
e
n
c
y
 W

e
ig

h
te

d
 R

M
S

 A
c
c
e
le

ra
ti
o
n
, 

m
/s

2

 

 

V =   4.5 m/s (10 MPH)

V =   8.9 m/s (20 MPH)

V = 13.4 m/s (30 MPH)

V = 17.9 m/s (40 MPH)

V = 22.4 m/s (50 MPH)

V = 26.8 m/s (60 MPH)

V = 31.3 m/s (70 MPH)

0
2

4
6

8
10

0

10

20

30

40
0

0.5

1

1.5

IRI, m/kmVelocity, m/s

F
re

q
u
e
n
c
y
 W

e
ig

h
te

d
 R

M
S

 A
c
c
e
le

ra
ti
o
n
, 

m
/s

2



 

 150 

 

6.5 Profile Maps 

Application of the correlation of acceleration response to road roughness and comfort 

is presented in this section. Two maps are generated using recorded vehicle 

vibrations: one map based on the correlation to the acceleration response to the IRI 

and a second map directly relating the response to the comfort of the user of the 

vehicle. These maps are created by recording vehicle vertical acceleration along the 

roads through and around the University of Maryland, College Park campus. The use 

of IRI and comfort scales each have different applications. A map displaying road 

roughness based on the IRI values can be used by the Department of Transportation 

to determine sections of roads in need of maintenance and rehabilitation. The second 

map, consisting of comfort level, can be used by the drivers themselves. Using real-

time vehicle acceleration response in combination with vehicle location determined 

by the smartphoneôs GPS, these profile maps can be continuously updated. 

 
Figure 6.18: Map of College Park, MD (Google Maps, 2015) 
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To create these profile maps, 37 sections of roads are traveled along to gather data. 

These sections of roads are shown in Figure 6.19. For each segment, only a single 

lane is tested. It is assumed that the profile roughness is similar for the left and right 

tires. It is also assumed that the vehicle remains at a constant velocity throughout 

each segment. A 15 Hz low pass filter is used to remove the high frequency vibrations 

caused by the vehicle console where the sensor is attached. 

 

 
Figure 6.19: Location of Road Segments 
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A color scale is created to visualize the IRI and comfort levels on the profile map. 

Two individual scales are established that relate to the IRI roughness descriptions and 

the comfort described by the frequency weighted accelerations. The selection of IRI 

values is based on an approximate IRI for various road classes shown in Figure 2.16. 

As for the level of comfort, the values are based on vertical vibration response 

described in ISO 2631-1. Further description of this range can be found in Table 2.5. 

 

Figure 6.20: IRI / Comfort Scale 

 

Maryland SHA standards state the IRI is reported every 25 ft (Maryland SHA, 2012). 

Following this standard, the IRI and level of comfort are approximated every 25 ft for 

this study. An example of this approximation using the created color scale is shown in 

Figure 6.21for the IRI and Figure 6.22 for the level of comfort. As seen from the two 

figures, the use of coloring makes it very clear to see where there are areas of 

roughness and sections of road that may cause discomfort. 
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Figure 6.21: Approximation of IRI Based on Acceleration Response 

 
Figure 6.22: Approximation of Comfort Based on Frequency Weighted Acceleration 
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6.5.1 Profile Map: Road Roughness 

 
Figure 6.23: Road Roughness Map 

 

The profile map displaying the road roughness is shown Figure 6.23 for the tested 

area. While IRI approximation provides reasonable results for roads traveled at high 

speeds, IRI values found at the center of the campus map, driving at speed below 32.2 

kph (20 mph), appear to be overestimated. 
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6.5.2 Profile Map: Level of Comfort  

 
Figure 6.24: Ride Comfort Map 

 

As shown in Figure 6.24, ride comfort is directly measured through the acceleration 

response, and is applied to profile mapping for additional information. This map 

shows which road sections provide more comfort over others. Overall, a majority of 

the roads are comfortable in this area and additional testing should be conducted in 

other areas to show additional effects of road roughness on ride comfort. 
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6.5.3 Revisiting Areas of Interest 

Selected areas of interest are revisited to demonstrate the effectiveness of the comfort 

profile map. These areas are selected based on the level of discomfort they provide 

according to the color scale used on the map. Three areas, displayed on pages 157 

through 159, are chosen with varying levels of discomfort. The first area, found on 

road segment 5, shows a slight discomfort. This discomfort is due to the intersection 

of a newly paved section of road with the existing road. Road segment 6 shows that a 

manhole located in the road provides reasonable discomfort. Lastly, an uncomfortable 

section of road is found on road segment 23. This area shows the discomfort is caused 

by damaged pavement. These three revisited areas are summarized in the following 

table: 

Table 6.5: Areas of Interest Based on Comfort Level 

Location Road Segment Perception Reason for Discomfort 

1 5 A Little Uncomfortable Intersection of new and old pavement 

2 6 Fairly Uncomfortable Manhole 

3 23 Uncomfortable Damaged pavement 
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Figure 6.25: Location of Interest #1 
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Figure 6.26: Location of Interest #2 
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Figure 6.27: Location of Interest #3 

  
















































































































