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Abstract 

The objectives of this research are to propose a more developed decision rule of traffic regulation in 

windy periods for the traffic administrators and/or local police and to build an on-board pre-warning 

system for the driver of road vehicle. To achieve these objectives, the study on transient aerodynamic 

forces of the road vehicle, study of short-term wind prediction and risk analysis of crosswind stability 

are indispensable. In the first part of study, the post-processing methods for dynamic wind tunnel 

experiment, referring to wavelet analysis and an iterative correction method are studied and proposed to 

obtain the indicial response function experimentally. In the second part of study, the applicability of 

these methods is confirmed by the dynamic experiment of cylindrical structures. The experimental 

Küssner functions of airfoil and flat plate are investigated. In the third part, the post-processing 

methods are applied to study the transient aerodynamic response of a 3-dimensional vehicle model 

suffering the sharp-edged gust. In the other hand, wind prediction performance of different 

mathematical models is investigated for the purpose of finding a proper model with high prediction 

performance. Finally, risk analysis for crosswind stability of the vehicle is carried out. The Wind 

Characteristic Curves of the vehicle are investigated. Besides, based on the risk analysis, an on-board 

pre-warning system is built. In addition, safety assessment of a traffic section considering multiple 

vehicles is conducted. The upper limits of overturning probability corresponding to current road traffic 

regulation rule are studied. 
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Chapter 1 Introduction 

Wind-induced vehicle accidents are not uncommon around the world and crosswind stability of 

vehicle is attracting more and more attention. It is believed that the effects of wind on vehicles can be 

basically divided into two categories: effect of high speed crosswind and that of relative low speed 

crosswind (Baker et al. 2009). The high speed crosswind may lead to vehicle accidents directly, while 

low speed crosswind can result in operational difficulties and significant fatigue to the driver driving a 

long time in the windy area. 

In the case of high speed crosswind, wind-induced road vehicle accidents are frequent and have been 

reported (Chen and Cai 2004; Goldman et al. 2001; Zhu et al. 2012). In Japan, some accidents of this 

kind, among others, are introduced in the dissertation (Wada 2016). For instance, a wind-induced 

overturning accident of the truck happened on the Omishima Bridge on 3th Apirl, 2012. Besides, six 

trucks in San’in Expressway were overturned by strong wind on 22th April, 2012. On 19th January, 

2016, a tourist bus on the prefectural road of Awara city was overturned by the wind. For the rail 

vehicle, wind-induced accidents are reported around the world (Andersson et al. 2004; Baker 2010; 

Proppe and Wetzel 2010), and accidents of this kind in Japan are also reported in the literature (Araki 

et al. 2015). In the case of relative low speed crosswind, Cooper has shown a possibility of the 

excitation of suspension modes of high-speed trains (Cooper 1980). Fig. 1.1 shows examples of wind-

induced accidents of road and railway accidents happened in Japan and Belgium. 

 
Fig. 1.1 Wind-induced accidents of road and railway vehicle 

While in the railway, wind-induced accidents are totally in the form of overturning caused by high 

speed crosswind, course deviations may also occur in road vehicle which can themselves lead to 

accidents (Baker 1986a; Batista and Perkovič 2014).  

The countermeasures to the risk of these kinds include wind fence, traffic regulation and pre-warning 
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system. For the safety and minimizing traffic disruption caused by the wind-induced vehicle accident, 

it is a common measure to either stop traffic or slow down the vehicle velocity during period of strong 

wind at exposed windy sites such as bridges and embankments. Such measure is called traffic 

regulation and is widely applied in traffic operation for both road and rail vehicle. It is conducted 

referring to the wind speed thresholds determined in advance. Once observed (or predicted) wind 

velocity in the location surpasses the wind speed threshold, the corresponding traffic regulation is to 

be implemented. Table 1-1 shows the regulation rule of bridges connecting Honshu and Shikoku in 

Japan and Table 1-2 shows the regulation rule of conventional railway line in Japan. 

Table 1-1 Traffic regulation rule of bridges connecting Honshu and Shikoku 

Wind speed 

thresholds (m/s)   
Traffic regulation 

𝑈>=25 Lane closure 

𝑈>=15 
Limiting vehicle speed (1/2 of normal speed) 

No entry for two wheelers automobiles 

 

Table 1-2 Traffic regulation rule of conventional railway line in Japan 

Wind speed 

thresholds (m/s)  

Traffic regulation 

Normal section Pre-regulation section 

Ut<20 No regulation No regulation 

20=<Ut <25 No regulation Limiting train speed to 25km/h 

25=<Ut <30 Limiting train speed to 25km/h Traffic suspension 

30=<Ut Traffic suspension Traffic suspension 

In Japan, 10-minutes mean wind velocity is adopted in the traffic regulation for the road vehicle 

(Kusuhara 2015) while instantaneous wind speed (space-average of instantaneous wind speed of 3 

different observation stations ) is referred to in the one for the rail vehicle (南雲洋介 et al. 2013). The 

former fails to consider the fluctuation wind component and may lead to underestimate of the accident 

risk, since the instantaneous wind velocity may exceed the wind speed threshold leading to an accident 

while the corresponding 10-minutes mean wind velocity remains below the wind speed threshold. It is 

worth noting that the traffic regulation had been conducted on the Omishima Bridge and the vehicle 

speed was limited to 50km/h in the period when the wind-induced accident occurred. 

As mentioned above, the traffic regulation is a widely applied countermeasure to avoid wind-induced 

accidents. However, if the wind speed thresholds are set to be too small, slow traffic or traffic 

suspension will occur frequently and hence result in inefficient traffic. Therefore, it is quite important 

to build and apply a rational regulation rule, which should be based on the study of aerodynamic 

forces exerting on the vehicle. In addition, the probability of wind speed threshold-exceeding, during 

the period when the vehicle is passing through the windy section, should be taken into consideration 
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by the regulation rule. This can be realized based on investigation of the on-site nature wind 

characteristics. Finally, more rational and applicable rule for traffic regulation time, in other words, 

how long the regulation is to be conducted, is also desired. The present traffic regulation time is totally 

based on weather forecast and criteria provided by traffic administrators and/or local police in Japan. 

Some railways in Japan introduce probability method to determine the traffic regulation time, which is 

based on the short-term wind prediction and probability of wind speed threshold-exceeding 

(Shimamura 2008).  

Another important countermeasure to the wind-induced accident is the pre-warning system. The pre-

warning system in this study refers to an on-board pre-warning system that can provide real-time 

warning message to the driver or directly to the road vehicle itself. Its basic idea is that it can provide 

the driver or vehicle with the permitted vehicle speed before driving into the exposed section of strong 

wind to avoid an accident. This is realized with a combination of wind velocity prediction and 

crosswind stability analysis according to the vehicle characteristics, the infrastructure of the line, the 

accident probability allowed and predicted wind velocity and direction.  

As mentioned, traffic regulation is widely applied to avoid wind-induced accident. However, in regard 

to traffic regulation of road vehicle, the consultation between local police and highway authorities is 

essential before conducting traffic regulation in Japan and it may result in the time delay of warning 

message provision more or less. In this case, the on-board pre-warning system can serve to overcome 

this problem. Besides, this system can be applied in much wider area. While the traffic regulation is 

conducted very effectively in railway, its application in highway is relative ineffective. One of the 

reasons may be that the regulation is overlooked by the driver himself. With the on-board pre-warning 

system developed, it provides one more optional solution to this problem. For example, the pre-

warning system sends the warning directly to vehicle itself and the vehicle takes countermeasures 

automatically, say slowing down the vehicle speed. Other applications of this system include, but not 

limited to, its application on the automated vehicle technology, which is attracting more and more 

attention over the world. It is a technology to develop driverless vehicles. When multiple trucks travel 

together, platooning is one of the key automation strategies, in which these trucks are connected 

wirelessly with the lead truck feeding information about speed, following distance and in some 

instances, steering the following automated tracks. Once these driverless vehicles are traveling through 

the windy area, they should act in some pattern that is different from the one in wind-free area, say, 

change from automation pattern to manual operation pattern or just slow down their speed. However, a 

sign is needed to stimulate such change. It is exact what the on-board pre-warning system can offer.  

To make a rational traffic regulation, the study of aerodynamic forces on vehicle is necessary, while to 
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establish a pre-warning system, study of aerodynamic forces, wind prediction and risk analysis are 

indispensable. Besides, another important factor, transient aerodynamic forces that has not been 

considered so far in the traffic regulation, should not be neglected. These aerodynamic forces are the 

ones acting on the moving vehicle when it is subjected to a gusty wind with sudden changed wind 

velocity or wind direction. They may develop to much larger values than quasi-static ones and this is 

known as the overshoot phenomenon (Baker 1991; Taneda 1972). The suddenly changed gusty wind 

may lead to meandering, abrupt steering and rapid deceleration of a moving vehicle, which may result 

in a high possibility of the traffic accident. The risk of an accident will be underestimated once this 

phenomenon happens in the vehicle but is neglected. 

1.1 Literature review 

1.1.1 Study on transient aerodynamic forces of cylindrical structures 

Transient aerodynamic forces exerting on a structure induced by a gust might differ from the quasi-

steady ones significantly. In the research (Sarpkaya 1966), it was found experimentally that the 

laminar flow drag coefficients of the circular cylinder induced by the impulsive flow during the 

growth of the first pair of vortices reached a value about 25% higher than the corresponding steady 

flow value. Beside, in its following research (Sarpkaya 1968), a potential flow model was applied to 

develop equations for the lift and drag coefficients of the circular cylinder and it was shown that the 

drag coefficients obtained by application of the analysis were in close agreement with those obtained 

experimentally. Taneda (Taneda 1972) studied the transient lift of an abruptly started elliptic cylinder 

by a water tank test and an obvious peak was found right after the starting. Nomura (野村 1999) 

investigated the transient drag acting on a square cylinder subjected to sudden change of wind speed 

and reported that the trend of transient drag became in accordance with the one of quasi-steady drag 

by considering the drag component proportional to the acceleration of wind speed. Takeuchi and 

Maeda (Takeuchi and Maeda 2013) studied the unsteady drag and lateral forces on an elliptic cylinder 

under short-rise-time gust by wind tunnel. It was proposed that the overshoot coefficient was 

determined by an expanded non-dimensional rise time of the gust.  

To study the transient aerodynamic response of a cylindrical structure, frequency domain method has 

been predominantly conducted, and an alternative time domain method can be applied. In regard of 

experimental study by time domain method, a step-function excitation is usually generated and the 

indicial response function, which characterizes the transient response to the unit-step function 

excitation, is extracted.  However, a perfect step-function excitation is almost impossible to be realized 

experimentally. That is because a duration for realization of the step-function excitation, which grows 
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abruptly from the dormant state to a state with a certain stable value, always exists physically. 

Therefore, an excitation with a short excitation rise duration which is close to the step-function but not 

perfect was considered to be adequate for indicial response function extraction previously. In the study 

(Yoshimura et al. 1985), a sharp-edged gust approximate to step-function was simulated by a towing 

water tank and the transient lift responses of simple bluff prismatic sections were investigated. This 

kind of transient lift response corresponded to the Küssner function in thin airfoil theory. In the study 

(Caracoglia and Jones 2003), indicial functions of an airfoil model and a model with rectangular 

fairing attached in the windward edge of an airfoil section excited by a step-function change of attack 

angel were investigated by wind tunnel experiment in time domain. The indicial lift-growth function 

corresponded to the Wagner function in thin airfoil theory. The excitation rise duration Dr for 

realization of step-function excitation, if expressed by dimensionless time tr, was around 1 and 2 

respectively for these studies. No correction was carried out to exclude the effect caused by this 

excitation rise duration tr. In the study of Shiraishi et al. (白石 et al. 1983), the indicial response 

function excited by step-function change of mainstream wind velocity was experimental investigated 

by time domain method for several structure sections. We should note that the indicial function here 

differed from the Küssner function and Wagner function. In the research, Duhamel’s integral was 

applied to take consideration of the response induced by the excitation rise duration. However, the 

experimental indicial response function was obtain by comparing the calculated transient force 

response to the experiment result, which was inefficient since the coefficient of the indicial response 

function should be assumed and adjusted  again and again till the integrated result became consistent 

with the experimental one. 

Considering the transient lift response to the gust, Küssner function was developed theoretically to 

characterize the transient lift of a thin airfoil traversing a sharp-edged gust (Jones 1940). However, 

there are few examples in literature in which the Küssner function is directly extracted by wind tunnel 

experiment. In addition, the static wind tunnel experiment was conducted to gain the equivalent 

Küssner functions of square and H section cylindrical structures by frequency domain method, while 

the dynamic wind tunnel experiment by time domain method was seldom applied in previous studies. 

1.1.2 Study on aerodynamic forces of vehicles  

The aerodynamic forces of vehicles are usually obtained by experimental test (wind tunnel experiment 

or full scale experiment) and CFD computation. 

For experimental test, in most case of previous study, wind tunnel tests on trains are carried out on still 

scaled models on different still ground scenarios. The simplest ground scenario is the ‘flat ground’. 

However, when a train is moving on an embankment or on a viaduct, the geometry of the scenario 
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produces significant effect on the aerodynamic of the train. Therefore, wind tunnel test considering the 

embankment or viaducts have also been performed to investigate the effect of this kind. The 

aerodynamic coefficients are normally experimentally investigated in the condition of smooth flow, 

while some time the large turbulence wind is applied to consider the effects of the atmospheric 

boundary layer and wind spectrum frequency content (Bocciolone et al. 2008). Since the stationary 

wind tunnel tests cannot simulate the relative motion between the train and the ground, dynamic wind 

tunnel test was developed and has been applied to investigate the effect of relative motion of this kind 

on aerodynamic forces and moments (Baker 1986b; Bocciolone et al. 2008; 鈴木 2011). Wind tunnel 

test on road vehicles are in many ways similar to the one on rail vehicles (Sterling et al. 2010). In 

addition to wind tunnel test, full-scale experiments were also performed and they were relatively 

complex due to the uncontrolled nature of wind conditions (Baker et al. 2004). 

Comparing to experimental test, a more economic computational technique-Computational Fluid 

Dynamics (CFD) is well developed to assist the investigation of aerodynamic forces and moments of a 

vehicle. The simulation methods applied include Reynolds-Averaged Navier-Stokes (RANS) methods 

(Roy et al. 2006), Large Eddy Simulation (LES) (Tsubokura et al. 2010), Detached Eddy Simulation 

(DES) (Favre et al. 2011), Lattice-Boltzmann method (Fares 2006) and so on. 

With respect to the transient aerodynamic forces and moments, investigations were carried out with 

similar approaches as mentioned: experimental test and CFD simulation. Beauvais applied the track 

technique and overshoots of yawing moment coefficients for a notchback vehicle entering into a 

sharp-edged gust not in ground proximity, was reported in the condition of smooth flow (Beauvais 

1967). In the study (Stewart 1977), it reported that the overshoot of transient side force and yawing 

moment was dependent on the model geometry, which was studied by dynamic wind tunnel test with 

the model running in proximity to the ground. The response of a rail vehicle to a gust input was 

studied by the track technique (Howell and Everitt 1983), which also confirmed the overshoot of 

transient yawing moment. A full-scale road test as well as scale one-box type vehicle models test was 

conduct in the study (Kobayashi and Yamada 1988), which reported an overshoot of both yawing 

moment and side force of road vehicle. Macklin et al. (Macklin et al. 1996) conducted a dynamic wind 

tunnel test to investigate the aerodynamic of a road vehicle and reported the transient flow effects 

(overshoot of side force) were only present for yaw angles larger than 40°. Comparing to this, in the 

study (Chadwick et al. 2000), both overshoots of side force and yawing moment were reported for the 

sharp edged box model and radiused edged box model even for yaw angle no larger than 24.3°. The 

relative recent study (Volpe et al. 2014) applied a two wind tunnel technique and investigated two 

Windso car body models with different real geometry (squareback and fastback). With the assistant of 

TR-PIV and stereoscopic PIV measurements, the overshoot of the side force and yaw moment were 
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interpreted. 

1.1.3 Wind forecasting 

Currently, many forecasting approaches are developed for wind speed and power forecasting. These 

approaches can be totally divided into two categories: physical forecasting approaches and statistical 

approaches. In some condition, combination model of approaches is studied.  

The physical forecasting approach uses the physical description to model the on-site conditions. A 

number of these approaches were introduced in the literature (Lei et al. 2009; Kariniotakis et al. 2004; 

Costa et al. 2008; Landberg et al. 2003). In contrast to the physical forecasting approach, the statistical 

approach generally takes the history data as the one and only input to build the model. The 

representative approach includes conventional statistical approach, artificial neural network (ANN) 

approach, ANN-Fuzzy combination approach and so on (Jung and Broadwater 2014).  

The conventional statistical approach includes autoregressive model (AR), moving average model 

(MA), autoregressive moving average model (ARMA) and autoregressive integrated moving average 

model (ARIMA). The ARIMA model is developed to simulate non-stationary time series while the 

former ones are for the stationary time series. Based on these approaches, seasonal adjusted ARIMA 

model (SARIMA) and ARMA model combined with the autoregressive conditional heteroscedastic 

model (ARMA-ARCH) were developed(Box et al. 2016).For multivariate time series, corresponding 

vector models were developed, named vector autoregressive model(VAR), vector moving average 

model(VMA) and vector autoregressive moving average model (VARMA). The ARMA model was 

applied for wind power forecasting in U.S. wind farms in the study (Milligan et al. 2003). The 

ARIMA-ARCH model was used to predict wind velocity and performs better than ARIMA model in 

the study (Wang et al. 2012). In the study (Erdem and Shi 2011), component, traditional-linked 

ARMA, VAR and restricted VAR approaches were compared for the prediction performance of the 

tuple of wind velocity and direction. The conventional statistical approaches are mostly appropriate for 

very short-term (few seconds to 30 minutes) and short-term forecasting (30 minutes to 6 hours). 

The ANN is a widely used statistical approach for wind velocity and power prediction, which consists 

of an input layer, one or several hidden layers and an output layer. It is capable to model the complex 

non-linear relationship between the input variable and the output variable. In the study (Guo et al. 

2012), the wind velocity forecasting was performed with standard multilayer Feed-forward Neural 

Network (FNN). In the study (Douak et al. 2013), wind velocity forecasting was conducted by Kernel 

Ridge Regression (KRR). Some of the study on wind velocity and power forecasting were also 

reported (Kani and Riahy 2008; Jursa 2007; Li and Shi 2010), among others. The ANN-Fuzzy 
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approach is a combination approach between ANN and Fuzzy logic approaches. Its application for 

wind velocity and power forecasting was studied in the literature (Sideratos and Hatziargyriou 2007; 

Catalao et al. 2011; Hong et al. 2010), among others. 

1.1.4 Risk analysis of wind-induced vehicle accident 

Cooper (Cooper 1980) proposed a risk assessment procedure by computation of a critical wind 

velocity for the vehicle, in which a Gumbel distribution was applied to express the probability that the 

ratio of the wind speed and the reference velocity surpass a threshold value. In the other hand, the 

literature (Payer and Küchenhoff 2004) proposed a generalized extreme value distribution for extreme 

wind velocity. For the risk assessment procedure, the risk analysis plays a key role. Its objective is to 

determine the probability of overturning (or other kinds of hazard) for given boundary conditions. 

Totally, there are three methods available to conduct this analysis: analytical methods based on 

extreme value statics (Reiss et al. 2007), semi-analytical methods (Liu and Der Kiureghian 1991) and 

numerical methods (Shimamura and Kobayashi 2003). For analytical methods, the failure probability 

of the vehicle is obtained by an extreme value analysis. One way to achieve this is to build the 

Generalized Extreme Value distribution, which can subsequently be applied to calculate the failure 

probability. For semi-analytical methods, all random variables are transformed to standard normally 

distributions and a performance function g(z) with respect to the random variables z is defined, where 

g(z)<0 indicates failure. Then the failure probability can be obtained by the first order reliability 

method (FORM). For numerical methods, the failure probability is estimated based on Monte Carlo 

simulations (MCSs) or stochastic approaches. The MCSs can generate samples zi from random 

variables and the failure probability can be estimated from the results of multiple simulations. 

1.2 Objective and structure of this study 

To avoid the wind-induced vehicle accidents, countermeasures mentioned above are developed 

including wind fence, traffic regulation and pre-warning system. However, there are some issues 

desired to be studied, such as improvement of present traffic regulation rule and establishment of 

vehicle-mounted pre-warning system. For present road traffic regulation method, it is more rational to 

considering wind fluctuation component in addition to the mean wind velocity. In addition, a 

regulation rule considering the traffic proportion, which means the vehicle proportion of various 

vehicle types in the traffic, will be more suitable for a certain traffic section. Besides, a method for 

determination of traffic suspension time is desired. A supplement measure is needed to overcome the 

risk induced by the time delay in traffic regulation. For pre-warning system, improvement of short-

term wind prediction accuracy is also important. Finally, the transient aerodynamic forces, should be 

considered and incorporated in traffic regulation and pre-warning system.  
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Therefore, this research aims at proposing a more advanced decision rule of traffic regulation in windy 

periods for the traffic administrators and/or local police and building an on-board pre-warning system 

for the driver of road vehicle, which is considered to be capable of overcoming the risk induced by the 

time delay of traffic regulation. To achieve these objectives, the study of aerodynamic forces 

especially study on transient aerodynamic forces, study of short-term wind prediction and crosswind 

stability analysis are indispensable. This research is composed of five parts of study—the post-

processing methods for the dynamic wind tunnel experiment, the transient lift response of cylindrical 

structures, the transient aerodynamic forces acting on the vehicle, short-term wind prediction and 

crosswind stability analysis. In the first part of study, wavelet analysis is studied aiming to remove the 

noise in the dynamic wind tunnel experiment and an iterative correction method is proposed to obtain 

the true indicial response function. These methods are denoted as post-processing methods. In the 

second part of study, the applicability of the post-processing methods in the previous part of the study 

are examined by the dynamic experiment for the cylindrical structures, which are relative simple 

comparing to 3-dimensional vehicle model and have theoretical indicial lift function to be compared 

with experimental results. In the third part, after their applicability being verified, the post-processing 

methods are applied to study the transient aerodynamic forces of a 3-dimensional vehicle model. After 

these, wind prediction performance of different mathematical models is investigated for the purpose of 

finding a proper model with high prediction performance. In the final part, the Characteristic Wind 

Curves (CWCs) (EN 2010; TSI 2008) of the vehicle is firstly studied. By combination with risk 

analysis, the pre-warning system is realized and an indicator of safety assessment considering the 

traffic is proposed for determination of regulation rule. 

The general concept of the on-board system to be built in this research is shown in Fig. 1.2. The on-

board Intelligent Transportation System (ITS) can provide information about: infrastructure condition, 

accident (overturning and side slip) probability allowed, vehicle characteristic (including vehicle 

dimension, aerodynamic forces coefficients, weight and tire condition), vehicle running speed and 

road condition. With these information and wind time series observed in the exposed section as the 

input parameters, the pre-warning system provides the short-term prediction of both wind velocity and 

direction in the exposed section. In the other hand, the CWCs of the vehicle itself are obtained by the 

system based on the information provided by ITS. Then the permitted vehicle speed can be offered to 

the driver based on predicted wind condition and the CWCs. Therefore, the driver will receive the real 

time warning information before driving into the exposed section.  
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Fig. 1.2 General concept of pre-warning system based on ITS 

 

CWCs represent the critical wind velocity of the wind-induced accident, either overturning or side slip, 

for various wind angles of incidence as shown in Fig. 1.3. The horizontal axis is the wind yawing 

angle. the vertical axis is the critical wind velocity. The curves correspond to the critical wind 

velocities resulting in the wind-induced accident with respect to various yawing angles. In other words, 

if the on-site wind condition is above the curve corresponding to the vehicle actual speed, wind-

induced accident happens to the vehicle. The CWCs can be obtained given the static equilibrium 

equations of the vehicle subjected to crosswind.  

 
Fig. 1.3 CWCs of overturning 
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The thesis is organized into seven chapters as follows. 

Chapter 1 introduces the background, objectives and contents of the research. Previous relative 

researches including transient aerodynamic forces of cylindrical structures, aerodynamic forces of 

vehicle, wind forecasting and risk analysis of wind-induced vehicle accident are reviewed. In addition, 

the concept of traffic regulation rule and on-board pre-warning system is introduced. 

Chapter 2 introduces the post-processing methods, i.e., Harmonic Wavelet Packet transform (HWPT) 

and an iteration correction method, applied in dynamic wind tunnel experiment for the study of 

transient aerodynamic forces. In regard to the dynamic wind tunnel experiment, results are easily 

contaminated by mechanical noise and vortex shedding induced noise. Hence, HWPT is introduced to 

remove the noise. In addition, the perfect step-function gust is almost impossible to be generated in 

reality which will veil the true indicial response function gained experimentally. To deal with this 

problem, an iteration correction method is proposed based on the principle of superposition. 

In Chapter 3, the transient lift response of cylindrical structures of airfoil section, flat plate section and 

square section is investigated by dynamic wind tunnel experiment. With the help of the post-

processing methods, the indicial response functions are obtained experimentally and compared with 

the theoretical ones. The applicability of the post-processing methods in wind tunnel experiment is 

confirmed. 

Chapter 4 studies the transient aerodynamic forces of a road vehicle by dynamic wind tunnel 

experiment. Similar to the Chapter 3, the post-processing methods are applied and the indicial 

response functions of side force and yawing moment of the vehicle is obtained experimentally. 

Chapter 5 studies wind prediction performance of Autoregressive Integrated Moving Average 

(ARIMA) model, Autoregressive Moving Average-Generalized Autoregressive Conditional 

Heteroscedastic (ARMA-GARCH) model, Markov chain model in embedding space and Trend model 

based on Kalman filter algorithm. The prediction performances of these models are compared. 

In Chapter 6, the on-board pre-warning system is introduced and realized. Beside, a probabilistic 

indicator of safety assessment considering the traffic is proposed for determination of regulation rule. 

In the beginning, the CWCs are studied, which are further applied in the pre-warning system and the 

safety assessment. The on-board pre-warning system is realized with a combination of the CWCs, 

short-term wind velocity and direction prediction, evaluation of instantaneous wind velocity and risk 

analysis. In the other hand, the safety assessment is conducted considering vehicle proportion of 
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different vehicle types in the traffic. In this analysis, the input values for the vehicle weight, side force 

coefficients are generated randomly, which follow given probability distribution functions.  

Chapter 7 summarizes the main results and contributions of this work. The works to be further studied 

are also presented. 
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Chapter 2 Post-processing methods for dynamic wind tunnel experiment 

In this chapter, the post-processing methods, which are required by dynamic wind tunnel experiment 

for study on transient aerodynamic forces, is studied. To help introduce these methods, the concept of 

dynamic wind tunnel experiment is firstly described. The plan view of dynamic wind tunnel 

experiment is shown in Fig. 2.1. The model is installed on the track and driven by the moving belt 

system with a velocity of U. The gust with a velocity of w is generated by the blowing fans and 

suctioning fans in both sides of the track. With this equipment, the transient aerodynamic forces acting 

on the moving model, which suffers the step-function gust, can be investigated. When such a dynamic 

wind tunnel experiment is conducted, the results are easily contaminated by mechanical noise and 

noise induced by vortexes shielding form the model. Besides, an ideal step-function gust, which is 

required for extraction of indicial response function, is almost impossible to be generated 

experimentally. That is because a duration for realization of the step-function excitation, which grows 

abruptly from the dormant state (gust-free) to a state with a certain stable value (w), always exists 

physically.  

 

 
Fig. 2.1 Plan view of dynamic experiment 

 

This Chapter aims at dealing with these problems appearing in dynamic wind tunnel experiment. The 

Harmonic Wavelet Packet Transform (HWPT) is introduced to get rid of the noise. More exactly, 

HWPT refers to the Discrete Harmonic Wavelet Packet Transform since the discrete signal is to be 

processed in this research. Its performance is evaluated by applying to a simulated contaminated 

response. On the other hand, an iterative correction method is proposed to extract the indicial response 

function experimentally from the response induced by the imperfect step-function excitation. Its 

reliability is mathematically proved and its performance is also evaluated. 
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2.1 Wavelet de-noising 

In this study, wavelet analysis is applied to remove the noise in dynamic wind tunnel experiment. Its 

advantage is its ability on processing non-stationary signal. It decomposes the signal into time-

frequency wavelet coefficients and hence not only the frequency information but also the time domain 

information can be identified. The basic idea of de-noise by this method is that: the signal is 

decomposed into sub-signals limited in different frequency sub-bands respectively; afterward, the sub-

signals in certain frequency sub-bands, where the noise locates, are removed; finally, the noise-free 

signal is gained by reconstruction of the rest sub-signals. The assumption is the target signal locates in 

the frequency sub-bands different from the ones of noise or only a small amount of the target signal is 

distributed in the sub-bands identical with noise. Otherwise, the component of target signal will be 

removed with noise and the target signal will be distorted. 

Here, Harmonic Wavelet (Newland 1994; Newland 2012) is adopted and Harmonic Wavelet Packet 

Transform (HWPT) is conducted to get rid of the noise. The reason that the Harmonic Wavelet is 

selected here is that it has the spectrum exactly like a box. This property can avoid the frequency 

overlap between scales and would minimize the introduction of aliased noise when the filtering is 

conducted in the wavelet domain (Deighan and Watts 1997). However, if the Harmonic Wavelet 

Transform (Newland 2012) is directly applied to de-noise, the result may be unsatisfactory since there 

is a drawback in it. That is the frequency resolution decreases in high frequency region which is to be 

introduced in the following part. In contrast, HWPT is capable of decomposing the signal into sub-

signals with constant and high frequency resolution even for the high frequency region. This is the 

other important characteristic required for filtering conducted in wavelet domain. 

2.1.1 Harmonic Wavelet Transform 

In the book (Newland 2012), FFT algorithm to conduct the harmonic wavelet transform is deduced for 

the wavelet with the form in frequency domain 
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The scaling function is defined of the form 
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and corresponding to time domain wavelet 
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where j is the level.  

The magnitudes of the harmonic wavelets of different level in frequency domain as expressed by 

equation 2.1 are shown in Fig. 2.2. 

 

Fig. 2.2 Magnitudes of the harmonic wavelets of different level in frequency domain 

The transform aims to obtain the wavelet amplitude coefficients defined as  
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hence a general function  xf  can be expressed as 
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If the integral is replaced by summation, it is deduced that the wavelet amplitude coefficients becomes 
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which is the inverse discrete Fourier transform for the sequence of frequency coefficients 
sjF

2
, s=0 to 
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, and 

   12,,1,0~ 2/2
12

0
22

 



 

jski

s
sNk

keFa
j

j

jj 

 

2.11 

 00,0,0
~ Faaa    2.12 

 2/2/ NN Fa   2.13 

To help illustrate the algorithm, an example is given to show the algorithm diagrammatically, in which 

the discrete signal rx  is real sequence with 16N  as shown in Fig. 2.3. 
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Fig. 2.3 Algorithm of harmonic wavelet transform for real sequence 

From Fig. 2.2, the signal is decomposed to sub-signals limited in frequency sub-bands with bandwidth 

increasing with the frequency, which results in a low frequency resolution in the high frequency region. 

This characteristic may deteriorate the performance of de-noise once a noise appears in the high 

frequency region with a relative narrow bandwidth. That is because only the noise is supposed to be 

removed while it can only be conducted by removing the whole sub-signal with a larger frequency 

bandwidth, which is of high possible to distort the target signal. 

2.1.2 Harmonic Wavelet Packet Transform 

Different from harmonic wavelet transform, HWPT decomposes the signal into sub-signals locates in 

frequency sub-bands with even bandwidth for the whole frequency region. 

The expression of Harmonic Wavelet in frequency domain is 
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The corresponding time domain expression is 
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where m and n are real scale parameters but not necessary integers, ω is frequency. 
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If the wavelet is translated by a step  nmk / , a generalized expression of the wavelet that is centred 

at  mnkt  /  with a bandwidth of  nm 2  can be expressed as 
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The scale parameter m and n determine the frequency regions of the corresponding wavelet.  

The real part and the imaginary part of the generalized wavelet as well as its corresponding Fourier 

transform are shown in Fig. 2.5. and Fig. 2.5 with 8,32,16  knm . Another wavelet with 

6,16,0  knm  are also shown in Fig. 2.6 and Fig. 2.7. 

 

  
Fig. 2.4 Waveforms of real and imaginary parts in time domain (m=16, n=32, k=8) 

 

 
Fig. 2.5 Fourier transform of the wavelet (m=16, n=32, k=8) 
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Fig. 2.6 Waveforms of real and imaginary parts in time domain (m=0, n=16, k=6) 

 
Fig. 2.7 Fourier transform of the wavelet (m=0, n=16, k=6) 

 

The Numerical algorithm of HWPT adopts the method introduced in the literature (Newland 2012; 

Newland 1999; Yan and Gao 2005). The number of frequency sub-bands has to be s powers of two, 

where s is an integer. Accordingly, the signal can be decomposed into 
s2  sub-signals limited in 

s2  

frequency sub-bands respectively, which are connected one by one in the frequency domain and cover 

the whole frequency region from zero to the Nyquist frequency Nf  (in Hz) of the signal. Hence the 

bandwidth in Hz of each frequency sub-band becomes 

 
s

Nband ff 2/  2.17 

Since the bandwidth of harmonic wavelet is  nm 2 , identification of m and n has to follow the 

condition 

   bandfnm  22   2.18 
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Besides, the range of m and n has to cover the frequency region [0, Nf ] Hz, hence 
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The harmonic wavelets adopted in HWPT are expressed by equation 2.14 and 2.16 and have the forms 

in frequency domain as shown in Fig. 2.8 for the case when 4mn . 

 

Fig. 2.8 Magnitudes of the harmonic wavelets adopted in HWPT in frequency domain (n-m=4) 

We should note that, for a given signal, the sub-signal bandwidth of HWPT can be adjusted by 

changing the power s, which is equivalent to changing mn   as indicated by equation 2.17 and 2.18. 

Fig. 2.9 illustrates the calculation procedure. 

 

 
Fig. 2.9 Algorithm to compute harmonic wavelet coefficients for wavelets in the frequency band 

 22 nm    

The input signal is denoted as N-term series rx  in the top layer. Fourier transform denoted as FFT is 

applied to the series rx  and the Fourier coefficients is obtained shown as rF  in the second layer. The 
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record length is assumed to be unit time, hence the sampling interval is N/1  corresponding to the 

Nyquist frequency of N . As shown in Fig. 2.5, the (complex) harmonic wavelet has a FFT which is 

zero everywhere except in the  22 nm  . On multiplying the Fourier coefficients, new series 

is generated as  

 1,,1,0,   NkWFA kkk   2.20 

and shown in the third layer. In the expression, 
W  is the conjugate of W . Finally, the wavelet 

transform coefficients ra are gained by computing IFFT of series kA . 

2.1.3 Performance evaluation 

To evaluate the performance of de-noising by this technique, a target signal is firstly assumed. Then 

artificial noise is added into target signal, and the resulted signal is named contaminated signal. Finally, 

the HWPT technique is applied to remove the noise and its performance can be evaluated by 

comparing the target signal and the filtered signal. 

The expression of the target signal is assumed as follows 

   21213.0 5.05.01   tt

t eey  

The artificial noise is described as follows 

   tfAtfAyn 2211 2cos2sin    

where, 30,15,05.0,1.0 2121  ffAA . 

The contaminated signal is achieved by  

 ntc yyy 
 

2.21 

When de-noise the contaminated signal, the coefficient corresponding to frequency sub-bands

 2.17,1.14  Hz and  3.31,1.28  Hz are set to zeros. The result is shown in Fig. 2.10. The result in the 

left hand side indicates that the filtered signal keeps a good agreement with the target signal except for 

the parts of the beginning and the end. However, these parts of distortion can be avoided if we make a 

slight adjust to keep the target signal in the middle part of the signal to be processed. From the right 

hand side figure, we can find two peaks (shown by blue line) due to the artificial noise and these are 
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removed after being filtered (shown by black line). Therefore, the HWPT technique is considered to 

be capable of removing the noise located in frequency sub-bands of limited bandwidth. 

 

 
Fig. 2.10 Result of de-noising shown in time domain and frequency domain 

 

2.2 Correction method for imperfect step-function excitation 

Considering the difficulty in simulation of gust with step-function shape, an iterative correction 

method is proposed to allow extraction of indicial response function from the response of an imperfect 

step-function excitation. With the assumption that the linear system holds, the method is proved 

mathematically to be capable of extraction of indicial response function and its performance is also 

evaluated. 

2.2.1 Some mathematical concepts 

The unit-step and the unit impulse functions. A unit-step function  t1  is a function defined as follows 

(Fung 2002), 
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A unit-impulse function is defined as follow, 

 

 

  









1lim

00

dtt

tt
 2.23 

Indicial Admittance. The response of a physical system to a unit-step function is named the indicial 
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admittance  tA . 

Impulse response function. The response to a unit-impulse function is called impulse response function

 th . 

 tA  and  th  are related by the equation (Von Karman and Biot 1940) 

    
dt

dA
tAth  )(0   2.24 

2.2.2 Imperfect step-function gust generated in wind tunnel 

In the theory of aeroelasticity, the transient lift acting on a thin airfoil induced by a gust can be 

expressed by an indicial-lift function, which represents the ratio of the transient lift to the steady-state 

lift on the airfoil traversing a sharp-edged gust normal to the flight path as shown in Fig. 2.11. 

 
Fig. 2.11 Condition for obtaining the indicial-lift function 

 

However, in reality, such an idealized gust profile is almost impossible to be generated by wind tunnel. 

That is because a physically inevitable gust rise duration always exists between gust area and gust-free 

area in the simulation as shown in Fig. 2.12. The ‘imperfect’ refers to the gust rise duration. 

 

 
Fig. 2.12 Condition generated in wind tunnel 

 

2.2.3 Effect of imperfect step-function excitation 

In this research, the excitation is the gust and the corresponding responds are the aerodynamic forces. 

A dimensionless time which will be applied in following parts is firstly defined here as  

 
c

Ut2
  2.25 
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A rule to determine allowed maximum dimensionless time r  for the excitation rise duration is 

proposed in a previous study (Caracoglia and Jones 2003), that is 

 9.0 r  2.26 

where 9.0  is the dimensionless time taken by the indicial response function to develop to 90% of its 

steady value and r  can be expressed by 

 
c

Dr
r

2
  2.27 

However, we should treat this rule carefully.  

If the step-function excitation and its corresponding response are normalized by their steady value 

respectively, the excitation becomes unit-step function and its corresponding response becomes 

indicial response function (indicial admittance). To evaluate the degree of influence caused by the 

excitation rise duration r , for an assumed indicial response function   , a virtual response   

of an imperfect unit-step function excitation is firstly calculated by Duhamel’s integral and fitted by 

the curve with the same pattern of   , then the fitted result is compared to the true indicial response 

function    which is assumed in advance to generate the virtual response. Here we restrict 

ourselves to linear system and the principle of superposition holds. The degree of effect induced by 

excitation rise duration can by evaluated by the similarity between virtual response   
 and the true 

indicial function   . The variable   involved in following parts is dimensionless time in 

accordance with the one in thin airfoil theory (Fung 2002) and the end of excitation rise duration is 

taken as origin of coordinates. Therefore, for a given imperfect step-function excitation denoted as 

 w , 
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the corresponding response   
 can be calculated by 
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where  h  is the impulse response function corresponding to the assumed indicial response function 

   and is expressed as follows 

      
 





d

d
h  0  2.30 

   is Dirac’s delta function,    is the true indicial response function,  0,0  is the excitation rise 

duration of  w . 

In this study, we define three types of  rw  which correspond to straight line, concave curve and 

convex curve respectively (denoted as raw , rbw  and rcw ) to simulate the excitation rise duration. 

Besides, three types of indicial response function corresponding to Küssner function, Wagner’s 

function and equivalent Küssner function of the square cylindrical structure are chosen (denoted as
a , 

b  and 
c ) to investigate the effect of produced by the excitation rise duration. They are shown in 

Table 2-1. 

 

Table 2-1 Expression of functions defined 

a
    000.1130.0 500.0500.01   ee  

b
    300.0045.0 335.0165.01   ee  

c
    500.3000.1 500.13500.141   ee  

raw
   1

1

0

 


rw  

rbw
    202

0

1



 rw  

rcw
   1

1 2

2

0

 


rw  

In this part, raw is applied to describe the profile of excitation rise duration with 10  , which is 

approximate to the actual value in wind tunnel experiment in previous studies. 
a , 

b  and 
c  is 

chosen as the true initial function respectively. From equation 2.28, 2.29 and 2.30, the virtual response 

  
 is gained. Then   

 is fitted by iterative least square method with the model 

    42

311 CC eCeC    2.31 
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Results are shown in Table 2-2. By compare of the coefficients of the true indicial response functions 

and the virtual ones, we know that for an imperfect step-function excitation with a relative short 

excitation rise duration r , coefficients 
2C  and 4C  of the true indicial response function can be 

extracted with high precision. However, coefficients 
1C  and 

3C  cannot be well estimated even the 

rule 9.0 r  is satisfied. 

 

Table 2-2 Indicial response functions obtained from imperfect step-function excitation 

 

a
 

b
 

c
 

                     

1C  
0.500 0.469 0.165 0.160 14.500 9.165 

2C  
0.130 0.130 0.045 0.045 1.000 1.000 

3C
 

0.500 0.316 0.335 0.290 -13.500 -3.739 

4C  
1.000 0.999 0.300 0.299 3.500 3.500 

 

2.2.4 Iterative correction method 

As mentioned in last section, estimation of coefficients 
1C  and 

3C  deviate significantly from the true 

ones even though the step-function excitation is well realized. Therefore, a correction method is 

desired. In this section, an iterative correction method is proposed and proved to be capable of 

extracting the true indicial response function from the response of an imperfect step-function 

excitation with the assumption that principle of superposition holds. 

Firstly, the basic idea of this method is explained. Based on the assumption mentioned, the response 

induced by the imperfect step-function excitation   
 is therefore a combination of response   r , 

which is excited by  rw , and response    generated by the step-function excitation. This can be 

expressed as follows, 

       
r  2.32 

where 

          



dhwrr

0

 2.33 

Schematic diagram of the idea is shown in Table 2-3. The excitation and response in following parts 

are normalized. 
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Table 2-3 Explanation of the idea 

Excitation  

Response  

 

We should note that    is exactly the indicial response function excited by unit-step input and can 

be gained by 

       r 
 2.34 

Secondly, how the method works based on the idea mentioned above is described. From equation 2.34, 

if   r  can be excluded from the response   
, the true indicial response function can be 

extracted. Since   r  cannot be determined directly from   
, an iterative method is applied. The 

procedure of iteration is as follows: 

1) An initial approximate indicial function is obtained from   
 and can be expressed as follows: 

 
     1

 2.35 

where 
   i

 with the superscript  i  denotes the i -step approximation of   ; 

2) An approximate impulse response function 
  1h  is gained from equation 2.30: 

        
  





d

d
h

1
11 0   2.36 

3) The approximate response 
  
1

r  induced by  rw  is evaluated from equation 2.33: 

 
           




dhwrr

11

0

 2.37 

4) A revised approximation of    is calculated by subtracting  rw -induced response evaluated in 
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process 3) from the original response   
: 

 
        12

r 
 2.38 

5) Processes 2), 3) and 4) are repeated with the previous approximate indicial response function being 

substituted by the revised one, from which a new approximation of    is obtained as follows 

 
        23

r 
 2.39 

6) Process 5) is repeated till the approximate indicial response function converges to the true indicial 

response function   . The converged indicial response function after i -step approximation can be 

expressed as follows 

 
        1  i

r
i

 2.40 

The flow chart of this algorithm is shown in Fig. 2.13. 

 
Fig. 2.13 Flow chart of the iterative correction method 

Proof of convergence of this method is provided in the following part. The process of the iterative 

method can be expressed mathematically as follows. 

1) 1-step approximation 
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Approximation of    is 

 
         r 1

 2.41 

From equation 2.30, the corresponding approximate impulse function is 
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Putting 
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d
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rr  01
 2.43 

and substituting equation  and 2.30 into equation 2.42 gives 

 
        11

rhhh   2.44 

Approximate  rw -induced response is gained from equation 2.44 and 2.33 and is expressed as 

follows 

 
               








dhwdhw rrrr

11

00

 2.45 

Putting 

 
          




dhw rrhr

0

1
 2.46 

and substituting equation 2.46 and 2.33 into equation 2.45 gives 

 
        11

hrrr   2.47 

From the equations, the variable  rh  represents the error term in the approximation of impulse 

response function caused by the excitation rise duration,   hr  represents the error term in the 

approximation of   r  caused by  rh . If the deviation of approximate    is defined as 
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         ii

 2.48 

then by referring to equation 2.41, the deviation in this step of approximation is 

 
          r 11

 2.49 

2) 2-step approximation 

From equation 2.32 and 2.47, approximation of    is 

 
             112

hrr  
 2.50 

From equation 2.30, the corresponding approximate impulse function is 
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Putting 
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d
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1
12 0   2.52 

and substituting equation 2.52 and 2.30 into equation 2.51, gives 

 
        22

rhhh   2.53 

Approximate  rw -induced response is gained from equation 2.53 and 2.33 and is expressed as 

follows 
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Putting 
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and substituting equation 2.55 and 2.33 into equation 2.54 gives 

 
        22

hrrr   2.56 

In this step of approximation, the deviation from the true    is  

 
           122

hr  2.57 

3) 3-step approximation 

From equation 2.32 and 2.56, approximation of    becomes 

 
             223

hrr  
 2.58 

From equation 2.30, the corresponding approximate impulse function is 
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Putting 
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2
23 0   2.60 

and substituting equation 2.60 and 2.30 into equation 2.59, gives 

 
        33

rhhh   2.61 

Approximate  rw -induced response is gained from equation 2.61 and 2.33 and is expressed as 

follows 
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Putting 
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dhw rrhr

33

0

 2.63 

and substituting equation 2.63 and 2.33 into equation 2.62 gives 

 
        33

hrrr   2.64 

In this step of approximation, the deviation from the true    is 

 
           233

hr  2.65 

4) i -step approximation 

Comparing equation 2.41, 2.50, 2.58 and considering equation 2.40, the i -step approximation of  t  

can therefore expressed as follows, 

                111 1   i
hr

ii
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i
 2.66 

where 
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     rhr 0

 2.69 

Therefore, for i -th approximation, the deviation of 
   i

 from    is 

              11
1 

 i
hr

iii
 2.70 

If the true indicial response function can be describe as equation 2.31, the corresponding impulse 

response function is 
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        42

43210 CC eCCeCCh    2.71 

We should note that    has the property that 

      TfdfT 





 
2.72 

It is not difficult to know that 

 02 C
 and 

04 C
 2.73 

otherwise, the value of indicial response function will not be a steady finite one when   grows to be 

infinite.  rw  satisfies that 
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The deviation of 1-step approximation can be calculated by introducing equation 2.71 in to equation 

2.33 and considering equation 2.72 
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If we only consider the part of 0  and refer to equation 2.74, then 
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The deviation of 2-step approximation can be calculated by substituting equation 2.43 into 2.46 and 

considering equation 2.74 
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From equation 2.76 
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Substituting equation 2.80 Into 2.79 gives 
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The deviation of 3-step approximation can be calculated by substituting equation 2.52 into 2.55 and 

considering equation 2.74 
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From equation 2.81 
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Substituting equation 2.83 into 2.82 gives 
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By comparing equation 2.76, 2.81 and 2.84, the deviation of i-step approximation becomes 
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For 0 , 
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 10 2   Ce , 10 4   Ce  2.86 

Since 1C and 3C  are finite constants, whether equation 2.85 approaches 0 with increasing i , in other 

words, whether the iteration converges to the true indicial response function, depends on 21CK  and 

42CK . In  0,0 , 

 10 2  Ce , 10 4  Ce  2.87 

and if 

   10  rw  2.88 

then from equation 2.73 and 2.77 

 021 CK  2.89 

 
0

221
0

2



 deCCK C
 2.90 

Since 

 02

0

2 1
0

2




  CC edeC   2.91 

and 

 10 02  Ce  2.92 

based on expression 2.89, 2.90, 2.91 and 2.92, 

 10 21  CK  2.93 

The same goes for 42CK , 

 10 42  CK  2.94 
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Hence, substituting equation 2.93 and 2.94 into 2.85, 
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 i

hr

i

i
 2.95 

In sum, for 02 C and 04 C , if  rw  in the excitation rise duration  0,0  satisfies the condition 

of expression 2.88, then from equation 2.66 and 2.95 
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 2.96 

For the indicial response function with coefficients more than four, the convergence can be proved in 

the similar way. From the proof, considering equation 2.73 and 2.88 are satisfied, the corrected 

response function always converges to the true indicial response function, which indicates that the 

validity of the correction method is independent of the indicial response function    to be extracted, 

excitation profile  rw  in the excitation rise duration and the length of excitation rise duration 0 . 

2.2.5 Performance evaluation of the iterative correction method 

To evaluate the performance of this correction method,   
 is firstly assumed. By examining how 

the corrected result 
   i

 is consistent with the true   , which is determined in advance to 

generate the assumed   
, performance of this method can be estimated. Iteration is stopped when 

 
   

4,3,2,100001.0
1




kCC
i

k

i

k
 

2.97 

where i  is the number of approximation times. 

1. For various indicial response functions 

The proposed method is applied for three types of indicial response functions as shown in Table 2-1. 

Here, 10   and raw  is chosen to simulate the imperfect step-function excitation. The results gained 

by applying the proposed correction method to the corresponding response   
 are shown in Table 

2-4. The results indicate that the true indicial response functions of various types can be extracted 

exactly from the imperfect step-function induced response with the correction method proposed. For 

different indicial response function, the number of iteration times to gain the true indicial response 

function varies. 
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Table 2-4 Results of various indicial response function 

 
a

 
b

 
c

 

True Extracted True Extracted True Extracted 

1C  
0.500 0.500 0.165 0.165 14.500 14.500 

2C  
0.130 0.130 0.045 0.045 1.000 1.000 

3C  
0.500 0.500 0.335 0.335 -13.500 -13.500 

4C  
1.000 1.000 0.300 0.300 3.500 3.500 

i 12 7 41 

 

2. For various imperfect step-function excitations 

Three types of profile, straight line, concave curve and convex curve as shown in Table 2-1 are used to 

simulate the excitation rise duration of the imperfect step-function excitation. Here, 10  and a  is 

chosen to generate   
. The results are shown in Table 2-5. The results indicate that different type 

of imperfect step-function excitation affects the number of iteration times. However, the exact 

extraction of true indicial response function is not affected. 

 

Table 2-5 Results of various excitations 

 True 
Extracted 

raw
 

rbw
 

rcw
 

1C  
0.500 0.500 0.500 0.500 

2C  
0.130 0.130 0.130 0.130 

3C  
0.500 0.500 0.500 0.500 

4C  
1.000 1.000 1.000 1.000 

i  12 9 15 

 

3. For various length of excitation rise duration 

The performance of proposed method when applied to responses of imperfect step-function excitations 

with various lengths of excitation rise duration is evaluated. Here, 
raw  and a  is chosen to generate 

the   
, while 0  varies from 1 to 9. The results are shown in Table 2-6. The results demonstrate 

that even for an excitation with long excitation rise duration, the true indicial response function can be 

extracted from its response with the proposed method. In addition, the longer of the excitation rise 

duration being simulated, the more steps of iteration are required to obtain the true indicial response 

function. 
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Table 2-6 Results of various length of |t0| 

 True 
Extract 

|τ0|=1 |τ0|=5 |τ0|=9 

1C  
0.500 0.500 0.500 0.500 

2C  
0.130 0.130 0.130 0.130 

3C  
0.500 0.500 0.500 0.500 

4C  
1.000 1.000 1.000 1.000 

i  12 44 82 

 

2.3 Conclusions 

To study the transient aerodynamic forces by dynamic wind tunnel experiment, the corresponding 

post-processing methods, relative to de-noising and correct the imperfect step-function excitation 

induced response, are introduced in this chapter. The conclusions are obtained as follows: 

1) To remove the noise located in limited bandwidth frequency sub-bands from the nonstationary 

signal, the HWPT technique is applied and its performance is evaluated. It is shown that it is capable 

of removing the noise. 

2) With regard to the step-function excitation that is almost impossible to be generated in wind tunnel, 

an iterative correction method based on the principle of superposition is proposed to extract indicial 

response function from the response of an imperfect step-function excitation. 

3) The reliability of the proposed method is proved mathematically. 

4) This correction method has a good performance independent of the indicial response function to be 

extracted, excitation profile in the excitation rise duration and the length of excitation rise duration. 
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Chapter 3 Transient lift response of cylindrical structures 

In this chapter, the transient lift response of cylindrical structures of airfoil section, flat plate section 

and square section is investigated by dynamic wind tunnel experiment. The noise in the response is 

removed by HWPT and then the lift indicial response function is obtained by the iterative correction 

method proposed in Chapter 2. Finally, the applicability of the the post-processing methods introduced 

in the previous chapter is examined by the dynamic experiment for these cylindrical structures, which 

are relative simple comparing to 3-dimensional vehicle model and have theoretical indicial lift 

function to be compared with experimental results. 

3.1 Küssner function 

In the theory of aeroelasticity, the lift induced by a gust can be expressed by an indicial-lift function 

(Fung 2002), which represents the ratio of the transient lift to the steady-state lift on an airfoil 

traversing a sharp-edged gust normal to the flight path. If the gust intensity is so small that the 

linearized aerodynamic theory is valid, the lift induced by a non-uniform gust can be expressed by the 

Duhamel integral 

 





d
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   3.1 

The symbol ρ denotes the air density, U is the velocity of wing, S is the wing area, a is the steady-state 

lift-curve slope, w is the gust velocity vertical to the flight path, ψL’ is the derivative of indicial-lift 

function with respect to the variable τ. τ is the dimensionless time  

 t
c

U2
  3.2 

where c is the chord length, t is time. 

If the gust is uniform, the expression 3.1 can be simplified to 

   LUSawL
2

1
)(   3.3 

or 
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   LLL )(  3.4 

where L∞ is the quasi-steady lift, 

 USawL 
2

1
  3.5 

The indicial-lift function for the airfoil traversing a sharp-edged uniform gust, with leading edge of the 

airfoil encountering the sharp-edged gust at the instant τ=0 as shown in Fig. 3.1, is named Küssner 

function. 

 

Fig. 3.1 Gust Condition for Küssner function 

The approximate expression of Küssner function ψL(τ) for an infinite wing obtained by R.T.Jones 

(Jones 1940) 
 
is 

      eeL 500.0500.01 130.0
 3.6

 

3.2 Wind tunnel experiments 

Wind tunnel experiments comprise two parts: the static experiment and the dynamic experiment. The 

former is conducted to investigate the aerodynamic coefficients in steady-state as well as to determine 

lift-curve slope. The lift coefficient obtained is adopted to non-dimensionalize the transient response in 

dynamic wind tunnel experiment. The other purpose of static experiment is to confirm the rationality 

of neglecting the end-plate effect on the tested aerodynamic forces. The dynamic wind tunnel 

experiment is conducted to study the transient lift produced by a sharp-edged gust. 

3.2.1 Experimental apparatus and setup 

Three kinds of models are studied and their parameters are listed in Table 3-1. Airfoil model is made 

by wood and the others are made by styrene board. 

Table 3-1 Model parameters 

Model Chord c (mm) Thickness d (mm) Height h (mm) 

Airfoil 200 25 300 

Flat plate 200 10 300 

Square 100 100 300 
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The wind tunnel comprises an operation station, a track system and wind tunnel systems with the 

blowing fans located in upstream and suctioning fans in downstream as shown in Fig. 3.2 and Fig. 3.3. 

The model is installed on the track, driven by the moving belt system along the track. The dimensional 

size of the wind tunnel for dynamic experiment is shown in Fig. 3.4 and Fig. 3.5. 

 
Fig. 3.2 Wind tunnel 

 
Fig. 3.3 Operation station 

 

 
Fig. 3.4 Blowing fans and suctioning fans 

 

 
Fig. 3.5 Side view of wind tunnel 

A plan view of the dynamic experiment is shown in Fig. 3.6. The speed of moving belt and the wind 

velocity of the wind tunnel are controlled by the operation station. The speed of moving belt varies 

from 1m/s to 10m/s with error lower than 1%. The track has a total work length of 11.7m and a 
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maximum load-carrying capacity of 50N. The size of the test section is 500mm×2360mm, the 

maximum work wind velocity is about 10m/s and the turbulence intensity is lower than 1% for each 

blowing fan and lower than 9% in the join parts between blowing fans. 

 
Fig. 3.6 Plan view of dynamic experiment 

 

To generate a sharp-edged gust, walls are added to connect the blowing fans and suctioning fans as 

shown in Fig. 3.2. Gaps are left in the walls of entrance side (shown as red line in Fig. 3.9), exit side 

and downside, to allow the traverse of the tested model. The wind velocity profiles are shown in Fig. 

3.7 and Fig. 3.8. The velocity is the 30-second mean velocity. Based on the characteristics of the fans, 

the wind velocity of which can be controlled in an accuracy with turbulence intensity smaller than 1%, 

30-second is considered to be a time of enough long to measure the mean wind velocity. The vertical 

location of model is set to cover the height of test section from 100mm to 400mm. Fig. 3.7 shows that 

the gust is an imperfect step-function with a gust rise duration Dr=120mm, which corresponds to a 

dimensionless time τr=1.2. Slight reductions of wind velocity in the following part of the profile 

correspond to the join areas of blowing fans and this following part is considered as uniform flow 

when extraction of Küssner function is conducted. 

 
Fig. 3.7 Horizontal wind velocity profile  

 
Fig. 3.8 Vertical wind velocity profile 
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Setup of the dynamic experiment is show in Fig. 3.9. The load cell (20N) is fastened on the cart and 

the model is fixed on the load cell from its axes. To generate 2-dimensional wind flow, the end-plates 

are attached. The top end-plate is fixed on the model and the bottom one is fixed on the cart. There is a 

hole in the bottom end-plate to allow the joint between the load cell and the model. The hole is slightly 

larger than the diameter of load cell to ensure separation between the load cell and the end-plate. A 

3mm space is reserved between the model and the bottom end-plate. The support of hot-wire probe is 

fixed to the bottom end-plate in up-stream to avoid its effect on the wake of models. Moreover, hot-

wire probe is located ahead of the leading edge of models in order to eliminate the effect of model on 

wind measurement. In dynamic experiment, the cart carries the load cell, model and hot-wire 

anemometer traversing the wind tunnel test section together. The delay between the outputs of force 

and wind velocity caused by this setup is revised when processing the data. 

 
Fig. 3.9 Dynamic experiment setup 

Since the top end-plate is attached directly on the top of model in the dynamic wind tunnel experiment, 

it may produce effect on the result of transient lift. This effect is investigated by the static experiment. 

Results of aerodynamic forces are compared between two cases with top end-plate being attached and 

top end-plate being detached. Setup of static experiment is almost the same but the cart keep still and 

its direction changed to be vertical to the rail. A rotatable support is added in the joint of model and 

load cell to allow change of attack angle. For detached case, the top end-plate is separated 3mm from 

the top of the model and fixed to other support. The sketch map of both cases is shown in Fig. 3.10. 

                              
(a) Detached case                                     (b) Attached case 

Fig. 3.10 End-plate setup for detached case (a) and attached case (b) 
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3.2.2 Static experiment 

The static experiments are conducted in 6.4m/s wind velocity. Reynolds numbers referring to chord 

length are 8.65×10
4
 for airfoil model, 8.65×10

4
 for flat plate model and 4.32×10

4
 for square model. 

The results expressed in wind axis are shown in Fig. 3.11, Fig. 3.12 and Fig. 3.13. In these figures, Cd 

denotes drag coefficient, Cl denotes lift coefficient, Cm denotes moment coefficient. The hollow 

markers show the result when the end-plate is separated from the model (denoted by D) and the solid 

ones show the result when the end-plate is fixed to the model (denoted by A). For airfoil, their 

aerodynamic centres gained from experiment are located at 0.246-chord aft of the leading edge for 

detached case and at 0.240-chord for attached case. For flat plate, they are located at 0.243-chord aft 

and at 0.249-chord aft respectively. The moment coefficients here are referred to the aerodynamic 

centre. From the results, the effect on aerodynamic forces, produced by end-plate fixed on the model, 

is small. Therefore it’s considered to be rational to fix the top end-plate on the model in the dynamic 

experiment. The lift-curve slopes are listed in Table 3-2.  

 
Fig. 3.11 Aerodynamic coefficients of airfoil  

 
Fig. 3.12 Aerodynamic coefficients of flat plate 

 
Fig. 3.13 Aerodynamic coefficients of square 

Table 3-2 Steady-state lift-curve slope 

Model a (1/rad) 

Airfoil 1.14 π 

Flat plate 1.31 π 

Square -0.99 π 

 

 

 

 

A quasi-linear behaviour of lift in the range from 0° to about 12° is confirmed. The slope of airfoil and 

flat plate is less than the theoretical one 2π, but larger than the one calculated from finite-length wings 
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0.86π, indicating the possibility of an imperfect two-dimensional behaviour. 

3.2.3 Dynamic experiment 

To ensure that the linearized aerodynamic theory is valid, the attack angle should be limited. Therefore, 

the gust velocity w should be a relative small value for that the speed of moving belt U is limited to 10 

m/s. However, a too small w makes the output of load cell insignificant. Based on the characteristics of 

wind tunnel as well as the conclusion drawn from static experiment that a quasi-linear behaviour of lift 

holds for the attack angles in the level of 10°, the experiment cases are determined as listed in Table 

3-3 and the attack angles in these cases are considered to be in the rational range. Experiments for 

each case are repeated five times. 

Table 3-3 Dynamic wind tunnel experiment cases 

Case U (m/s) w (m/s) 
Attack angle α 

(°)  

1 8.0 1.5 10.6 

2 9.0 2.0 12.5 

The noises in the dynamic experiment are mainly induced by natural frequency of the model system. 

For thin airfoil and flat plate, the response induced by vortex shedding is also considered as noise. The 

reasons are listed below. First, the theoretical Küssner function is obtained under the assumption that 

the fluid is nonviscous. It is not because the effect of viscosity is unimportant, but because that only 

the flow over a thin airfoil at a small angle of attack without separation is considered, in which case 

the boundary-layer theory shows that the fluid outside the boundary layer may be regarded as 

nonviscous and the effect of viscosity can be stated in a phenomenological rule that the velocity must 

remain finite and tangent to the airfoil at the sharp trailing edge. Second, the theoretical Küssner 

function, which is independent of the mainstream velocity U, is not determined by the vortex shedding 

induced response, which is of a certain frequency depending on the mainstream velocity U. Since 

there is no direct relationship between vortex shedding and Küssner function, it is more rational to 

consider vortex shedding as a noise source in the experiment for airfoil and flat plat. However, for the 

case of square cylinder, the situation becomes different which is shown in following study. 

One method to identify the noise frequency is to test the natural frequency of the model system and the 

vortex shedding frequency. The other method is to analysis the result of dynamic experiment in gust-

free condition since both of the noises mentioned above are included in this result. Here the latter one 

is adopted and dynamic experiments with gust-free condition are also conducted to identify the noise 

frequency sub-bands. One of the periodogram PSD estimation of lift tested for gust-free case of airfoil 

is shown in Fig. 3.14 and the corresponding gust-on result is shown in Fig. 3.15. 
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Fig. 3.14 PSD of gust-free lift of airfoil in case 2 

 
Fig. 3.15 PSD of gust-on lift of airfoil in case 2

The frequency sub-bands 1, 2 and 3 in the figure are recognized as noise. The noise frequency sub-

bands identified for each model are listed in Table 3-4. The frequency sub-bands being removed from 

the raw data are listed in Table 3-5. If we assume that the Strouhal number St is 0.2 for airfoil, 0.25 for 

flat plate and 0.13 for square model, in the case of U=8m/s and 9m/s, the vortex shedding frequency is 

about 64Hz and 72 Hz for airfoil (corresponding to sub-band 2), 200Hz and 225Hz for flat plate 

(corresponding to sub-band 4), 10.4 Hz and 11.7 Hz for square (corresponding to sub-band 1). The left 

frequency sub-bands are considered to be the ones corresponding to mechanical noise. The removed 

frequency sub-bands have wider bandwidth than the one identified as noise in gust-free condition. 

That is because in gust-on condition, the noise frequency sub-bands spread a slight different and wider 

frequency sub-bands than gust-free condition as shown in Fig. 3.15. Sub-bands 1, 2 and 3 denote the 

noise frequency sub-bands identified in gust-free condition. The periodogram PSD of other cases are 

shown in Fig. 3.16 to Fig. 3.20. 

Table 3-4 Frequency sub-bands of noise (Hz) 

Model Velocity Sub-band 1 Sub-band 2 Sub-band 3 Sub-band 4 

Airfoil 
U=8m/s 9.8 22.0 48.8 109.9 178.2 273.4 -- -- 

U=9m/s 12.2 22.0 41.5 97.7 178.2 273.4 -- -- 

Flat plate 
U=8m/s 7.3 9.8 14.6 26.9 39.1 85.4 178.2 273.4 

U=9m/s 7.3 9.8 14.6 24.4 39.1 68.4 178.2 273.4 

Square 
U=8m/s 7.3 24.4 92.8 136.7 212.4 244.1 -- -- 

U=9m/s 9.8 26.9 97.7 136.7 212.4 244.1 -- -- 

 

Table 3-5 Frequency sub-bands being filtered (Hz) 

Model Velocity Sub-band 1 Sub-band 2 Sub-band 3 Sub-band 4 

Airfoil 
U=8m/s 9.8 29.3 43.9 109.9 178.2 273.4 -- -- 

U=9m/s 12.2 31.7 36.6 102.5 175.8 273.4 -- -- 

Flat plate 
U=8m/s 7.3 9.8 12.2 36.6 39.1 102.5 178.2 273.4 

U=9m/s 7.3 9.8 14.6 26.9 39.1 100.1 178.2 273.4 

Square 
U=8m/s 7.3 26.9 87.9 139.2 207.5 246.6 -- -- 

U=9m/s 9.8 26.9 92.8 139.2 207.5 246.6 -- -- 
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Fig. 3.16 PSD of gust-on lift of airfoil in case 1 

 
Fig. 3.17 PSD of gust-on lift of flat plate in case 1 

 
Fig. 3.18 PSD of gust-on lift of flat plate in case 2 

 
Fig. 3.19 PSD of gust-on lift of square in case 1 

 
Fig. 3.20 PSD of gust-on lift of square in case2 

 

 

 

 

 

 

One of the raw data and filtered data is shown in Fig. 3.21. Fluctuation of wind velocity in the figure is 

partly due to vibration of the hot-wire support, which is observed directly in the experiment. The de-

noised transient lifts are non-dimensionalized by steady value L∞  

      LLL 
 

3.7 

L∞ is calculated from equation 
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where a is gained from the result of static experiment, U is the model velocity, w is the 5 times 

averaged value of gust mean velocity in the duration of uniform flow tested by the hot-wire.  

The dimensionless lift of airfoil in case 2 is shown in Fig. 3.22. The other results of dimensionless lifts 

are also shown in Fig. 3.23 to Fig. 3.27. When correction is conducted, wr applied is the velocity in Dr 

obtained from hot-wire anemometer and the location of coordinate origin is selected and marked by 

red break line as shown in Fig. 3.21. The results of 5 times are firstly averaged and fitted with the 

curve expressed in equation 2.31 by iterative least squares estimation. Then the proposed correction 

method is applied. For a certain iteration, the lift responses of 5 times are corrected respectively and 

the average result of these corrected responses is taken as the approximate Küssner function in that 

iteration. The iteration is stopped when the rule of expression 2.97 is satisfied. The results of airfoil 

and flat plate are shown in Fig. 3.28, Fig. 3.29, Fig. 3.30 and Fig. 3.31. 

 
Fig. 3.21 Raw and filtered data of airfoil in case 2 

 

 
Fig. 3.22 De-noised dimensionless lift of airfoil for 

case 2 

 
Fig. 3.23 De-noised dimensionless lift of airfoil for 

case 1 

 
Fig. 3.24 De-noised dimensionless lift of flat plate 

for case 1 
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Fig. 3.25 De-noised dimensionless lift of flat plate 

for case 2 

 

 
Fig. 3.26 Tested lift time histories of square for 

case1 

 

 
Fig. 3.27 Tested lift time histories of square for 

case 2 

 

 
Fig. 3.28 Result of airfoil for case 1 

 

 
Fig. 3.29 Result of airfoil for case 2 

 

 

 
Fig. 3.30 Result of flat plate for case 1 
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Fig. 3.31 Result of flat plate for case 2 

 

 

 

 

 

 

For airfoil, the corrected response becomes smaller in the beginning part of the lift development, 

which is considered to be rational since the response due to gust rise duration is excluded. For both 

cases, the experimental Küssner function extracted develops faster than theoretical one and a slight 

peak appears around τ=7 then the value reduces gradually to the steady one. For the flat plate, the 

experimental Küssner function extracted also develops faster than theoretical one. For case 1, a slight 

peak appears around τ=7, after which the response decreases gradually to the steady one. In contrast, 

for case 2, a significant peak appears around τ=7, after which the response decreases gradually to the 

steady one. The reason for the faster development of lift than theoretical one is probably the imperfect 

two-dimensional behaviour of the flow. Even though end-plates are added to the model, it can be 

inferred that the perfect two-dimensional flow is not formed by referring to the tested lift slope. It is 

quite possible that in the area close to the ends of the model, three-dimensional flow is formed. In 

compare, a perfect two-dimensional flow is required to gain the theoretical Küssner function. It is the 

difference of flow behaviours in the experiment and the theory that probably leads to the difference of 

experimental and theoretical indicial response functions. Besides, the mechanism of the peak requires 

further study.  

The coefficients of the fitted Küssner function are listed in Table 3-6 and Table 3-7 with i steps of 

approximation. From Table 3-6, results of both cases compare well. However, From Table 3-7, the 

results gained from two cases are quite different. In theory, the Küssner functions are coincident for 

both cases. A possible cause of the difference is that the frequency sub-bands corresponding to the 

target signal overlap with the noise sub-bands to some extent, which leads to distortion of Küssner 

function when HWPT is applied. Besides, the existence of the peak with quite different amplitudes in 

the experimental time histories might be another inducement. For result of flat plate in case 1, ψL(0) 

deviates obviously from 0, which is probably due to the distortion of target signal caused by HWPT. 

Table 3-6 Experimental indicial response function of airfoil 

 
Case 1 Case 2 Theoretical 
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C1 -48.710 -44.997 0.500 

C2 0.337 0.399 0.130 

C3 49.737 45.933 0.500 

C4 0.342 0.404 1.000 

i 11 10 -- 

 

Table 3-7 Experimental indicial response function of flat plate 

 
Case 1 Case 2 Theoretical 

C1 -15.979 -153.932 0.500 

C2 0.262 0.282 0.130 

C3 16.803 154.924 0.500 

C4 0.276 0.284 1.000 

i 8 39 -- 

For the square model, we fail to extract equivalent Küssner function which is probably due to overlap 

of frequency sub-bands of target signal and noise. The de-noised lift time histories are shown in Fig. 

3.26 and Fig. 3.27. For both cases, it is likely that the target signals are removed together with noise 

due to vortex shedding. It can be further confirmed by adjusting the first frequency sub-bands removed 

to [12.2 26.9]Hz for both cases, with response component due to vortex shedding being left in the 

filtered result. The results of this condition are shown in Fig. 3.32 and Fig. 3.33.  

 
Fig. 3.32 Tested lift time histories of square for 

case1 (with adjusted sub-band 1) 

 
Fig. 3.33 Tested lift time histories of square for 

case1 (with adjusted sub-band 1) 

 

It is quite likely that the target signals are remained as well as the vortex shedding induced response. 

From the compare of results with the vortex shedding induced response components being removed 

and being left, it can be confirmed that the overlap of frequency sub-bands happens between target 

signal and the vortex shedding induced response. In general, the occurrence of vortex shedding is 

random, which will cause the response time histories to oscillate with a random phases. However, for 

both cases, all the experimental results are in the same phase for 5 tests. The responses always begin 

from a negative value at τ=0 and develop to the positive peak subsequently, then oscillate with a 

similar phase. It indicates that the vortex shedding pattern at the instant τ=0 is independent of the 

pattern before the model traversing the gust area, which is random. This pattern has close relationship 
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with the gust and seems to be determined. It is rational to believe that this kind of vortex shedding 

pattern beginning at instant τ=0 dominate the indicial lift response of the square cylinder. From this 

point of view, the vortex shedding induced response component should not simply be treated as noise 

for square cylinder. 

For dynamic experiments of airfoil and flat plate, the Küssner function is extracted with proposed 

method by no more than 11 times of approximation except case 2 of the flat plate. That is considered 

to be caused by the noise left in the filtered response and i can be reduced to 6 by replacing the critical 

value in the convergence rule with 2×10
-4

 with no variation of the result. The experiment confirms that 

the proposed correction method is applicable and effective to the dynamic wind tunnel experiment for 

extraction of indicial response function.  

3.3 Conclusions 

In this chapter, transient lifts of three structural sections traversing the sharp-edged gust are studied by 

dynamic wind tunnel experiment. The HWPT technique is applied to remove the noise in the lift time 

history and the proposed correction method is referred to revise the response. The Küssner function 

describing the development of transient lift is experimentally extracted for airfoil and flat plate. From 

the study, we arrive at the conclusions as follow: 

1) For airfoil, the experimental Küssner function develops faster than theoretical one. Besides, a slight 

peak is found around τ=7, afterwards the value of experimental Küssner functions decreases to a 

steady one. 

2) For flat plate, the experimental Küssner function develops faster than theoretical one. Only slight 

overshoot is found for case 1 while significant overshoot arises around τ=7 for case 2 and these results 

require further study. 

3) For square, we fail to extract its equivalent Küssner function. It is quite probable that the vortex 

shedding pattern beginning at instant τ=0 dominates the indicial lift response. 

4) The proposed correction method is confirmed to be applicable and effective to the dynamic wind 

tunnel experiment for study of transient lift response. 

5) The airfoil and flat plate have never been identified before as the section in which the overshoot of 

lift happens. The lift overshoot phenomenon happening in them needs to be further studied. It also 

indicates the possibility that the same phenomenon exists on the 3-dimensional vehicle traversing a 

sharp-edged gust and on the plate-like structure in the occurrence of the typhoon or gust. Besides, for 
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square cylinder, the relationship between vortex shedding and its equivalent Küssner function is 

supposed to be further studied. 
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Chapter 4 Transient aerodynamic response of road vehicle 

In this chapter, both static wind tunnel test and dynamic wind tunnel test are conducted to study the 

aerodynamic response of a road vehicle. The setups of the experiments are similar to last chapter 

except that only three wind tunnel units are in service. The static wind tunnel test is conducted for 

ground case and the aerodynamic coefficients are obtained, which are necessary for calculation of 

quasi-steady forces needed in the study of transient response. Afterwards, dynamic wind tunnel test is 

performed to obtain the transient response. With the methods, which are introduced in chapter 2 and 

verified later in chapter 3, the transient response of side force and yawing moment for a moving 3-D 

road vehicle subjected to a sharp-edged gust are investigated and the corresponding indicial response 

functions of side force and yawing moment are obtained. In this chapter, only transient response of 

ground case is investigated. The assumptions needed for HWPT de-noise and the correction method 

proposed are applied. In addition, the horizontal wind profile keeps the same along vertical direction is 

assumed. 

4.1 Experimental Apparatus and Setup 

The dimensional size of the truck overturned by crosswind in Omishima Bridge is 11.76m (length) 

*2.49m (width) *3.77m (height). In this study, a rectangular cuboid made by styrene board with a 

scaled size of the truck is used to simulate the road vehicle. The size of the model is 

200mm*42mm*64mm. The side view of the wind tunnel is shown in Fig. 4.1. 

 

 
Fig. 4.1 Side view of the wind tunnel 

In the experiment, boundary layer is simulated and denoted as ground case. The model is installed in 

the height that is 7mm over the floor and the boundary layer is simulated to some extent. The vertical 

wind profile as well as intensity of turbulence on the floor is shown in Fig. 4.2. The profile is gained 
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by tests conducted in every 5mm along the height for height among [5,100] mm and every 10mm for 

height among (100,380] mm from the floor. In addition, the horizontal wind profile along the track 

tested in the height of 150mm over the floor is shown in Fig. 4.3. For each test, the sampling 

frequency is 1000 Hz and 30 second data is recorded. The wind velocity shown in the figure is 30-

second averaged value. The equipment for wind profile test include NPL-type pitot tube, X-type hot-

wire anemometer (KANOMAX, MODEL 0252R-T5), digital manometer (DMP201N15), and A/D 

converter (GRAPHTEC, GL7000). 

 

 
Fig. 4.2 Vertical wind profile and turbulence intensity for ground case 

 

 
Fig. 4.3 Horizontal wind profile and turbulence intensity 

 

In this research, four direction aerodynamic forces including side force, drag force, lift force and 

yawing moment are studied. Since the load cell used is a three components load cell, which can only 

test forces of three directions simultaneously, while there are totally four forces to be tested, the 

posture of the load cell is changed and the forces are tested separately. The postures are denoted as A-

type and B-type respectively, which are shown in Fig. 4.4. A rigid pole is used to connect the mode 

and the load cell. Its effect on the test is removed by subtracting the pole induced aerodynamic forces 

from the result of static wind tunnel test. For static wind tunnel test, the model speed is zero and a 

rotatable support is added in the joint of model and pole to allow change of yawing angle, while for 

dynamic experiment, the change of yawing angle is realized by adjustment of model speed and 
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crosswind velocity. The plan view and bird’s eye view of static wind tunnel experiment and dynamic 

wind tunnel experiment are shown in Fig. 4.5 and Fig. 4.6. With the side force, drag force and yawing 

moment being tested by A-type posture, and lift force being tested by B-type posture, the aerodynamic 

coefficients of four directions are obtained for the vehicle model. In the test, sampling frequency is 

1000 Hz. The equipment include load cell (LMC-3501-5N), Multi Conditioner System (KYOWA, 

MCD-8A) and A/D converter (GRAPHTEC, GL7000). 

 
Fig. 4.4 Load cell postures of A-type and B-type 

 

 
(a) Static wind tunnel experiment                               (b) Dynamic wind tunnel experiment 

Fig. 4.5 Plan view of static wind tunnel experiment (a) and dynamic wind tunnel experiment (b) 

 

 
(a) Static wind tunnel experiment                               (b) Dynamic wind tunnel experiment 

Fig. 4.6 Bird’s eye view of static wind tunnel experiment (a) and dynamic wind tunnel experiment (b) 
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4.2 Static wind tunnel experiment 

4.2.1 Aerodynamic coefficients 

The aerodynamic coefficients are defined as follows: 
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4.4 

where, B , H ,W are the length, height and width of the model as shown in Fig. 4.7(a); sC , dC , lC ,

mC  are side force coefficient, drag coefficient, lift coefficient and yawing moment coefficient; sF , dF ,

lF , yM  are side force, drag, lift and yawing moment respectively as shown in Fig. 4.7(b);  is the air 

density and U is the mean velocity tested in the height of 150mm along mainstream direction. 

  
(a) Dimensional size of the vehicle                              (b) Direction of aerodynamic forces  

Fig. 4.7 Dimensional size of the vehicle (a) and direction of aerodynamic forces (b) 

4.2.2 Results 

The aerodynamic coefficients of yaw angles vary from 0 to 90 are tested at an interval of 10 degree. 

The yaw angle   is the angle between wind direction and the axis of the model as shown in Fig. 4.8. 

The velocity of crosswind is 4m/s and the Reynolds numbers referring to the height of the model is 
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1.72×10
4
. Here ground case is studied as shown in Fig. 4.9. The result of statistic experiment 

expressed in structure axis is shown in Fig. 4.10. 

 

 
Fig. 4.8 Yaw angle defined in the experiment 

 

 

 
 

Fig. 4.9 Ground case for static wind tunnel 

experiment 

 
Fig. 4.10 Aerodynamic force coefficients 

 

4.3 Dynamic wind tunnel experiment 

In this part, dynamic wind tunnel experiment is performed to study the transient side fore and yawing 

moment of a moving vehicle. The post-processing methods described in Chapter 2 are applied to study 

the corresponding indicial response functions as well as verification of the overshoot phenomenon. 

In this experiment, the same model is tested as in the static experiment. In addition, the setup and wind 

tunnel characteristics of the experiment are described in the previous section and setup of type A is 

adopted. The differences are that the model has a speed and both the crosswind velocity and model 

speed are variable in dynamic wind tunnel test. The aerodynamic response in ground case is 

investigated. As mentioned in Chapter 3, the result is easily contaminated by the mechanical noise and 

noise due to vortex shedding. Therefore, the frequency sub-bands in which the noise locates are firstly 

tested and the noise-free responses are obtained by removing the limited bandwidth noise afterwards. 

Finally, the indicial response functions are obtained by the correction method proposed in Chapter 2. 

Three cases denoted as case 1, case 2 and case 3 are studied, in which, the model speed is 5m/s while 

the crosswind velocity are 4m/s, 5m/s and 6m/s respectively as listed in Table 4-1. 

Table 4-1 Cases of dynamic experiment 

Case 

Crosswind 

U (m/s) 

Model 

V (m/s) 

Resultant yawing 

angle φ (°) 

Repeated 

times 

 1 4.0 5.0 38.7 5 

2 5.0 5.0 45 5 

3 6.0 5.0 50.2 5 

Plan view 
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Ideally, the resultant yawing angle should be limited to ensure that the linearized aerodynamic theory. 

However, a too small crosswind velocity makes the output of the load cell insignificant as mentioned 

before. Therefore, these cases are determined. For each case, the test is repeated for 5 times. Then the 

response is obtained by the taking the average of the responses of 5 times. Finally, the indicial 

response function is gained by applied the correction method to the averaged response. 

4.3.1 Identification of the noise frequency 

The mechanical noise frequency is identified by test of the natural frequency of the whole system 

including the model, load cell and the cart installed on the track. The test is conducted for setup of A-

type. The procedure of the test is listed as follows: 1) Finish the setup of the model (A-type setup), and 

make both the model speed and crosswind velocity to be zero; 2) Give a strike on the model with 

proper intensity for each direction of the load cell components; 3) Record the vibration responses and 

transform them to power spectra; 4) Obtain the nature frequencies by check of the peaks in the spectra. 

The results of the natural frequency tests are shown in Fig. 4.11. 

 
(a) Side force with strike along side force direction        (b) Drag with strike along drag direction 

 
(c) Yawing moment with strike along yawing moment direction 

Fig. 4.11 Power spectral of each force component 

Fig. 4.11(a) shows the power spectral of side force obtained by giving a strike along side force 
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direction. The natural frequencies of side force direction are 23.9Hz, 33.8Hz, 55.2Hz, 69.6Hz and 

107.0Hz as highlighted by red circles. Fig. 4.11(b) shows the power spectral of drag with the strike 

along drag direction. The natural frequency is around 37.7Hz. Fig. 4.11(c) shows the power spectral of 

yawing moment with the strike along yawing moment direction. The significant frequency is around 

92.5Hz. From the tests, the natural frequency of the system is gained as list in Table 4-2. 

Table 4-2 Natural frequency (Hz) 

f1 f2 f3 f4 f5 f6 f7 

23.9 33.8 37.7 55.2 69.6 92.5 107 

For moving vehicle, if the so-called Kármán vortex appears due the vehicle speed itself, then the 

vortex shedding frequency is proportional to vehicle speed. In the dynamic experiment, for a certain 

shape of vehicle model and moving speed, resonance may happen between vibrations caused by 

vortex shedding and system natural frequency, leading to the lock-in phenomenon. For both cases 

mentioned, they will make the aerodynamic force response oscillate (even in the gust-free area), which 

produces negative effect on measurement of the transient response induced by sharp-edged gust. In 

this study, to exclude the effect of this kind, the response due to vortex shedding is considered as noise 

and removed from the tested transient response. Since it is the vortex shedding induced response 

caused by the vehicle speed itself that is desired to be removed, the test of vortex shedding frequency 

is conducted in the condition that the yawing angle  0  with the stationary model. Besides, we 

assume that the vortex shedding frequency with yawing angle zero is not so different from the ones 

with the yawing angles of the study cases. The Strouhal Number is defined to describe this kind of 

vortex shedding behavior as follows, 

 
U

fW
S t 

 

4.5 

where, f  is the vortex shedding frequency, W  is the characteristic length ( m042.0 ), and U  is the 

flow velocity. For a cylindrical structure of the same section with 76.4/ WB , the corresponding 
tS  

is reported to be around 0.11 in previous study. However, this cannot be directly compared with the 

one of the 3-D vehicle model in this study. Therefore, the vortex shedding frequency is experimental 

tested. In this experiment, the model is kept still and the running speed is simulated by the wind 

generated from the wind tunnel with a zero yawing angle. The tests are conducted for the vehicle 

speed varying from 1m/s to 10 m/s for ground case. With the response being transformed to power 

spectra, the significant frequencies can be obtained. The procedure of the test is listed as follows: 

1) Finish the setup of the model, and keep the model still in the posture that its center axis is along the 

mainstream direction (  0 ); 2) Vary the wind velocity of wind tunnel from 1m/s to 10m/s with an 

interval of 1m/s, and obtain the aerodynamic response for each wind velocity; 3) Transform the 
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responses to power spectra and check the vortex induced frequencies. 

The results of the tests for side force component and yawing moment component are shown in Fig. 

4.12 and Fig. 4.13 respectively. In these figures, only five of the most significant frequencies are 

shown. From Fig. 4.12, the significant frequency increases proportionally with the wind velocity as 

marked by the black line. If this phenomenon is caused by Karman vortex shedding, the corresponding 

Strouhal Number can be obtained and in this case, it is 0.19. Except for these frequencies locating 

along the black line, the other significant ones are considered to be the natural frequencies of the 

system and have a good agreement with the ones identified in the natural frequency test. 

 
Fig. 4.12 Significant frequencies for side force 

 
Fig. 4.13 Significant frequencies for yawing 

moment 

Besides, the periodogram of the responses in dynamic experiment are also checked and compared to 

the noise identified above. The frequency sub-bands of signal components removed, which are 

considered as noises, are listed in Table 4-3 and the periodograms of the responses are shown in Fig. 

4.14 to Fig. 4.19. For side force component, these frequency sub-bands includes all the natural 

frequencies as well as the significant frequencies identified in the test of vortex shedding frequency. 

By contrast, for the yawing moment, noise sub-band 3 does not correspond to any noise identified in 

the tests. However, it is considered as the natural frequencies of the system which does not vary with 

the wind velocity by referring to Fig. 4.17, Fig. 4.18 and Fig. 4.19. It is quite possible that it is the 

relative high frequency which is difficult to be detected in the natural frequency test performed in this 

study. 

Table 4-3 Frequency sub-bands of noise removed (Hz) 

 
Side force Yawing moment 

Sub-band Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 

1 15.6~39.1 15.6~39.1 15.6~39.1 15.6~39.1 15.6~39.1 15.6~39.1 

2 54.7~70.3 62.5~70.3 62.5~70.3 54.7 ~70.3 54.7 ~70.3 54.7 ~70.3 

3 93.8~140.6 93.8~140.6 93.8~140.6 125~140.6 125~140.6 125~140.6 
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Fig. 4.14 Side force periodogram for case 1 

 
Fig. 4.15 Side force periodogram for case 2 

 
Fig. 4.16 Side force periodogram for case 3 

 
Fig. 4.17 Yawing moment periodogram of case 1 

 
Fig. 4.18 Yawing moment periodogram of case 2 

 
Fig. 4.19 Yawing moment periodogram of case 3 

4.3.2 Results 

The raw data and filtered response of the dynamic experiment for case 1, 2 and 3 are shown in Fig. 

4.20, Fig. 4.21 and Fig. 4.22. The horizontal axis is the reduced time. Similar to equation 3.2, it is 

defined as  

 t
B

V2


 

4.6 
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In the following figures, the end of the crosswind raise up duration is taken as the origin of coordinate. 

 
Fig. 4.20 Raw data and filtered results of case 1 

  
Fig. 4.21 Raw data and filtered results of case 2 

 

 
Fig. 4.22 Raw data and filtered results of case 3 

 

The filtered responses of 5 times tests are shown in Fig. 4.23, Fig. 4.24 and Fig. 4.25. 
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Fig. 4.23 Filtered results of 5 tests for case 1 

 

  
Fig. 4.24 Filtered results of 5 tests for case 2 

 
Fig. 4.25 Filtered results of 5 tests for case 3 

The average of the responses of 5 tests is taken as the response for each case. Then the correction 

method proposed is applied to obtain the indicial response function. In the correction, the response is 

non-dimensionalized by the corresponding quasi-steady value obtained by equation 4.1 and 4.4. The 

aerodynamic coefficients in the equation are gained by fitting a six order polynomial to the 

experimental ones as shown in Fig. 4.26. The horizontal axis is the yawing angle. The expressions of 

the fitted curves are shown on the top of the figures. 
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Fig. 4.26 Aerodynamic coefficients of various yawing angles obtained by fitting 

The indicial response function of side force obtained by the correction method is shown in Fig. 4.27, 

Fig. 4.28 and Fig. 4.29. The convergence rule expressed as equation 2.71 is applied here. In these 

figures, the black dot line shows the experimental response, while the black solid line shows the 

experimental response after correction. In addition, the red dot line shows the indicial function 

obtained by fitting the experimental response with the model expressed as equation 2.10. Similarly, 

the red solid line shows the corrected indicial function obtained by fitting the corrected experimental 

response. The coefficients of the indicial functions are listed in Table 4-4. Similar to chapter 3, i is the 

iteration times to obtain the corrected indicial function.  

 
Fig. 4.27 Side force indicial function for case 1 

 
Fig. 4.28 Side force indicial function for case 2 

 
Fig. 4.29 Side force indicial function for case 3 

Table 4-4 Side force indicial function 

 
Case 1 Case 2 Case 3 

C1 0.8774 0.8303 0.8298 

C2 0.8544 0.8342 0.7502 

C3 0.8774 0.8303 0.8298 

C4 0.8547 0.8342 0.7502 

i 11 11 9 
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The experimental indicial function obtained is applied to calculate the side force response. The results 

are shown in Fig. 4.30 to Fig. 4.32. The blue line shows the experimental side force response, the 

green line shows the integral result obtain from the uncorrected indicial response function and the red 

line shows the integral result obtained from the corrected indicial response function. Here the 

horizontal wind profile in Fig. 4.3 is used to do the integration. From the compare in Fig. 4.30 to Fig. 

4.32, the response calculated by the corrected indicial function has a better agreement with the 

experimental side force response than the one calculated by uncorrected indicial function, especially 

for the beginning part of the response time history. 

 
Fig. 4.30 Side force of case 1 

 
Fig. 4.31 Side force of case 2 

 
Fig. 4.32 Side force of case 3 

 

 

 

 

 

 

From the results, we arrive at the conclusions: 1) the overshoot of side force doesn’t occur for these 

cases; 2) the indicial response functions of side force for the three cases are quite similar. 

The indicial response function of yawing moment obtained by the correction method is shown in Fig. 

4.33, Fig. 4.34and Fig. 4.35. The coefficients of the indicial functions are listed in Table 4-5. For case 

1, the yawing moment is non-dimensionalized by the mean value in the duration τ=[10,16] since the 

steady response doesn’t converge to value one if it is non-dimensionalized using the yawing moment 

coefficient tested. 
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Fig. 4.33 Indicial function for case 1 

 
Fig. 4.34 Indicial function for case 2 

 
Fig. 4.35 Iindicial function for case 3 

 

 

 

Table 4-5 Yawing moment indicial function 

 
Case 1 Case 2 Case 3 

C1 128.8 27.65 139.8 

C2 1.174 1.034 1.015 

C3 -126.5 -25.32 -137.5 

C4 1.160 0.9312 0.9985 

i 20 16 18 

 

These indicial functions obtained are applied to calculate the yawing moment responses for the three 

cases as shown in Fig. 4.36 to Fig. 4.38. From the compare in these figures, the response calculated by 

the corrected indicial function has a better agreement with the experimental response than the one 

calculated by the uncorrected indicial function, especially for the beginning part of the response time 

history. Here, the maximum of the indicial response function is taken as the overshot coefficient. From 

the results, we arrive at the conclusions: 1) the overshoot of yawing moment occurs for all of the cases 

with overshoot coefficients of 1.14, 1.44 and 1.31 respectively; 2) the indicial response functions of 

yawing moment obtained are different but with the similar pattern. 

 
Fig. 4.36 Yawing moment of case 1 

 
Fig. 4.37 Yawing moment of case 2 
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Fig. 4.38 Yawing moment of case 3 

 

 

 

 

 

 

 

4.4 Conclusions 

In this chapter, transient side force and yawing moment of a road vehicle model traversing the sharp-

edged gust are studied by dynamic wind tunnel experiment. The HWPT technique is applied to 

remove the noise in the response and the proposed correction method is conducted to obtain the 

indicial response function. From the study, we arrive at the conclusions as follow: 

1) The aerodynamic force coefficients, including side force coefficient, drag coefficient, lift 

coefficients and yawing moment coefficient, are obtained for ground case by static wind tunnel tests. 

2) The frequency sub-bands of noise in dynamic experiment, including mechanical noise and vortex 

shedding induced noise, are identified by natural frequency test and vortex shedding frequency test. 

The noise identified is removed from the response of dynamic experiment by HWPT technique. 

3) The indicial response functions of side force and yawing moment are obtained by the dynamic wind 

tunnel tests with the correction method proposed in chapter 2. Under the assumption of linearity of the 

system, the correction method improves the agreement between the integral response and the 

experimental response. 

4) No overshoot of side force is observed when the moving vehicle model is subjected to the sharp-

edge gust wind, while significant overshoot of yawing moment is verified. The overshoot coefficients 

of yawing moment in the three cases are 1.14, 1.44 and 1.31 respectively. 

5) For both side force and yawing moment, the patterns of the indicial response function are similar 

for 3 cases studied. 

6) The proposed correction method in chapter 2 works well even for the dynamic wind tunnel 

experiment of a 3-dimensional vehicle model. 
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Chapter 5 Wind velocity prediction 

If the wind velocity and direction can be predicted for the period when the vehicle is passing the 

exposed section of strong wind, effective countermeasures to avoid the wind-induced accident become 

possible. It is worth noting that there may be two sources of predictability in the time series: linear 

correlation in time and nonlinear correlation (Kantz and Schreiber 2004). The former assures that a 

current value will be given by a linear combination of the preceding value in the process, with an 

uncertainty of zero mean. The latter assures that all future states of the system are determined by 

specifying its present state. 

In this chapter, the linear stochastic model is firstly applied to model the wind velocity time history. 

To obtain the optimal model that results in the best prediction performance, a three-stage iterative 

procedure, including model identification, parameter estimation and diagnostic checking, is applied. 

The effects of sample size and heteroscedasticity of training data on the prediction performance are 

also investigated. In addition to the linear stochastic model, the Markov chain model in embedding 

space, which is considered as a synthesis of linear stochastic modelling and nonlinear deterministic 

modelling in some sense, is also applied to make the prediction. Finally, the Trend model which is 

proposed for prediction of maximum instantaneous wind velocity due to its effectivity and simplicity 

in the study (Shimamura 2008), is also used to forecast wind velocity. The prediction performances of 

these different models are compared. 

5.1 Data source 

In this chapter, on-site wind data are used to verify the performances of different models. The total 

length of the data is 10000. The data is 10 minutes average scalar wind speed observed at Masig Island 

from (2014.03.01, 00:00) to (2014.05.13, 18:20). Data source is Australian Institute of Marine Science 

(AIMS). The time series is plotted in Fig. 5.1(a) and denoted as data1. In addition, another time series 

of wind speed from National Oceanic and Atmospheric Administration's (NOAA) National Centers for 

Environmental Information is also applied. The original wind speed is 5-minutes average wind speed 

observed every 5 minutes at a height of approximately 1.5 meters above the surface. This time series is 

then transformed to 10-minutes average wind speed for every 10 minutes and is shown in Fig. 5.1(b). 

As will be illustrated in the following parts, different training data is chosen for model building while 

the testing data keeps the same for various models. The training data is the data applied in the stage of 

model parameter estimation for model building, while the testing data is the one used to evaluate the 

prediction performance for the built model. For different model, the training data and testing data are 
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listed in Table 5-1. In the following study, data1 is firstly applied for investigation of various models. 

Then data2 is adopted as an additional time series to evaluate their performance for comparing with 

data1. 

  
(a) Data1                                                                                  (b) Data2 

 Fig. 5.1 Time series of wind speed (m/s) 

 

Table 5-1 Training data and testing data in the study 

Model Training data Testing data 

ARIMA samples in [t8001 t9500] samples in [t9500 t10000] 

ARMA-GARCH samples in [t8001 t9500] samples in [t9500 t10000] 

Markov chain samples in [t1      t9500] samples in [t9500 t10000] 

Trend samples in [t8001 t9500] samples in [t9500 t10000] 

ti denotes i-th sample in the time history. 

 

5.2 Linear stochastic model 

5.2.1 Stationary and non-stationary time series 

Stationary time series 

 tzzz ,,, 21   

here is a finite variance process such that: (1) the mean value μ is constant and does not depend on 

time t, and (2) the autocovariance γ(s,t) depends on s and t only through their difference |s-t|. Where 

  tzE  5.1 

     
 tsts

zzE  5.2 
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Therefore, ‘stationary’ here is a weakly stationary process of order 2. 

However, many time series are often better represented as nonstationary. These Time series behave as 

though they had no fixed mean while exhibiting homogeneity in the sense that apart from local level, 

one part of the series behaves much like any other part. Time series of this kind is homogeneous 

nonstationary time series. Models that describe such homogenous nonstationary behaviour can be 

obtained by assuming that the process becomes stationary after some suitable difference and these 

models are called autoregressive integrated moving average (ARIMA) processes (Box et al. 2016). 

5.2.2 Definition of models 

An autoregressive model of order p, abbreviated AR(p), is of the form 

 tptpttt azzzz  
~~~~

2211    5.3 

where  tt zz~ is stationary and p ,,, 21   are constants ( 0p ). at is assumed to be a 

Gaussian white noise series with zero mean and variance 
2

a , and without any special explanation, the 

same assumption is applied to at in following parts. The AR(p) model can be equally expressed by the 

backward shift operator B as 

   tt azB ~  5.4 

where 

 1
~~

 tt zzB  5.5 

 ktt

k zzB  ~~  5.6 

and autoregressive operator  B  

   p

p BBBB   2

211  5.7 

A q order moving average model MA(q) is of the form 

 qtqtttt aaaaz    2211
~  5.8 
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where there are q lags in the moving average and )0(,,, 21 qq    are parameters. MA(q) model 

can also equally expressed as 

 tt aBz )(~   5.9 

where moving average operator )(B  

 
q

q BBBB   2

211)(  5.10 

A mixed autoregressive-moving average model with p autoregressive order and q moving average 

order ARMA(p,q) is of the form 

 qtqttptpttt aaazzzz     112211
~~~~  5.11 

where 0,0  qp  . And it can be equally expressed as 

   tt aBzB )(~    5.12 

An autoregressive integrated moving average model ARIMA(p,d,q) that can represent homogeneous 

nonstationary behavior is defined by the two equations 

 qtqttptpttt aaawwww     112211  5.13 

   t

d

t
d

t zBzw ~1~   5.14 

where tw  is assumed to be a stationary ARMA process. 

Since  

  1~  dzz t
d

t
d

 5.15 

for  1d , this model can be equally expressed as 

   tt aBzB )(   5.16 
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where  B  is called generalized autoregressive operator and 

     d
BBB  1  5.17 

AR(p) model, MA(q) model and ARMA(p,q) model can be considered as the special cases of 

ARIMA(p,d,q) model, which provides a class of models to representing time series that, either 

stationary or non-stationary, are homogeneous. 

5.2.3 Building model by three-stage iterative procedure 

Building model for forecasting includes model identification, parameters estimation and diagnostic 

checking. After confirming that the model is adequate, we can use the model for forecasting. Model 

identification is to obtain some idea of the values of p, d and q needed in the model and obtain initial 

estimates for the parameters. Parameters estimation deals with the estimation of the parameters in 

ARIMA models. With the model having been identified and the parameters estimated, diagnostic 

checking is then applied to test goodness of fit with the proposed model. It is important that the model 

is selected based on principle of parsimony, which is we employ an adequate model with the smallest 

possible number of parameters (Tukey 1961). 

In the first stage, we should decide whether the time series is stationary or not and determine the 

proper differencing degree d by its autocorrelation function (ACF), which dies out quickly in the case 

of a stationary process. Once stationary is achieved, further differencing should be avoided, or extra 

serial correlation will be introduces and increases model complexity. The estimated autocorrelation 

and partial autocorrelation functions of training data with a length of 8000, and its first degree and 

second degree differences are plotted in Fig. 5.2. The ACF result of original data(d=0) indicates it is a 

non-stationary process since it fails to damp out quickly. On the other hand, the ACF of first degree 

differencing data decreases fast, demonstrating that stationary is achieved. In the result of its second 

degree differencing, the spike at lag 1 show the extra correlation caused by overdifferencing. Hence, it 

is identified that d=1 and the series is consider to be stationary after first degree difference. 

Secondly, a suitable choice for the order p and q in the ARIMA(p,1,q) model should be decided. For 

this purpose, the ACF and the partial autocorrelation function (PACF) are usually referred to. Since 

for different ARMA(p,q) models, their corresponding ACF and PACF show different patterns. For a 

stationary process, the autocorrelation coefficient at lag k is 
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Fig. 5.2 ACF and PACF of data1 after differencing of d degree 

The plot of autocorrelation coefficient ρk as a function of the lag k is called the autocorrelation 

function (ACF),  k  of the process. The autocovariance of a MA(q) process is 
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 5.19 

Since the ta  are uncorrelated, and γk=0 for k>q. Hence, the variance of the process is 
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Thus, the ACF of MA(q) is 
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  5.22 

From the equation, the ACF of a MA(q) process is zero beyond lag q, which means that the ACF of a 

MA(q) has a cutoff after lag q. 

The partial autocorrelation, kk , is the correlation between xt+h and xt with the linear dependence of 

 121 ,,,  httt xxx   on each, removed. For a AR(p) process, the autocorrelation function satisfies 

 02211   kpkpkkk    5.23 

Denote by kj  the jth coefficient in an autoregressive representation of order k, so that kk  is the last 

coefficient. From equation  

 02211   kpkpkkk    5.23 

, the kj  satisfy the set of equations 

 kjpjkkjkjkj ,,2,12211    
 

5.24 

leading to the Yule-Walker equations written as 
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Solving these equations for ,3,2,1k , and the kk  can be obtained. The quantity kk , regarded as 

a function of the lag k, is called the partial autocorrelation function (PACF). 

For an AR(p) process, the partial autocorrelation kk  will be nonzero for k≤p and zero for k>p. 

Therefore, the PACF of the AR(p) process has a cutoff after lag p. 

For simplicity, the theoretical properties of ACF and PACF corresponding to AR, MA and ARMA 

processes are listed in Table 5-2. 

 

Table 5-2 Theoretical properties of ACF and PACF 

 AR(p) MA(q) ARMA(p,q) 

ACF Tails off Cuts off  after lag q 

Tails off 

Damped exponentials and/or damped sine 

waves after q-p lags 

PACF Cuts off after lag p Tails off 

Tails off 

Dominated by damped exponentials and/or 

damped sine waves after p-q lags 

 

To identify the model order p and q by referring to Table 5-2, a rough check on whether ρk becomes 

zero beyond a certain lag is necessary. When the series is completely random or white noise, a 

collection of estimated autocorelations for different lags {ρ1, ρ2, ρ3, …, ρk} will tend to be independently 

and normally distributed with mean zero and variance 1/n, where n is the data length of the series. 

Therefore, n2  which are the two standard error of ACF for white noise, are taken as the 

references to check whether the ACF becomes effectively zero, as shown in blue dash lines in Fig. 5.2. 

For the partial autocorrelations, on the hypothesis that the process is autoregressive of order p, the 

standard error for estimated partial autocorrelations kk  of lag p+1 and higher is n1 and also shown 

as blue dash lines in Fig. 5.2.  

While in theory the identification of order p and q can be conducted as mentioned, in practice we 

cannot tell clearly that whether they cutoff after lag 5 or tail off from the ACF and PACF as shown in 

Fig. 5.2. Therefore we refers to another approach to model selection, named An Information Criterion 

proposed by Akaike(AIC), given by 
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,   5.26 

whereby, 2ˆ a  is the maximum likelihood estimate of 2
a , and 1 qpr  is the number of 

estimated parameters, C is a constant term. Essentially, the first term in the right hand side 

corresponds to -2/n times the log of the maximized likelihood while the second term is considered as a 

‘penalty factor’ for introducing additional parameters to the model. Models that result in a minimum 

value of AIC are to be preferred. The AIC of models with various combinations of p and q are list in 

Table 5-3. While the models with larger order of p and q can be investigated, the model of parsimony 

(relatively small order of p and q) is more preferred in the identification procedure and the models 

with p and q vary from order 0 to 6 are focused here. 

 

Table 5-3 AIC of various ARIMA(p,1,q) models 

        q 

p 
0 1 2 3 4 5 6 

0 NA 1.6042  1.5951  1.5919  1.5876  1.5857  1.5858  

1 1.6050  1.6005  1.5830  1.5805  1.5802  1.5788  1.5783  

2 1.5952  1.5841  1.5814  1.5783  1.5790  1.5785  1.5786  

3 1.5936  1.5804  1.5791  1.5792  1.5815  1.5789  1.5780  

4 1.5895  1.5804  1.5805  1.5809  1.5824  1.5790  1.5785  

5 1.5883  1.5788  1.5784  1.5785  1.5786  1.5787  1.5785  

6 1.5880  1.5787  1.5784  1.5784  1.5784  1.5803  1.5809  

 

Based on AIC approach, the model ARIMA(2,1,3) is suggested since the corresponding AIC is the 

minimum in the results and with a relatively simple pattern. After differencing degree being decided 

tentatively, the suitable orders p and q can be preliminary estimated from as mentioned, however, the 

preliminary identification only advise us a class of models which should be further fitted and checked.  

In the second stage, parameter estimation is conducted. The estimation is performed based on 

likelihood. If the ta ’s are normally distributed, the unconditional log-likelihood of the dn   

observations of an ARIMA(p,d,q) process is given by 

        
2

22

2

,
ln

2
,,,

a

aa

Sn
fl









  5.27 

where  p ,,, 21 

 ,  q ,,, 21 


 ,  


,f  is a function of 


and 


involving the 

determinant in the joint density of the tw ’s,  


,S  is the unconditional sum-of-squares function 

given by 
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where    


,,,, waEwa tt   denotes the expectation of ta  conditional on  


,,w , e  denotes 

the qp   initial values of the tw and ta prior to 1t , ]cov[2
 ea  is the covariance matrix of 

e ,  nwwww 


,, 21  is a vector of n differences obtained from equation 5.14 and 

 


n

t tt nww
1

. 

Since for moderate and large values of n, equation 5.27 is dominated by   22, aS 


and hence the 

contours of unconditional sum-of-squares function as expressed in 5.28 in the space of parameters 

 


,  are very nearly contours of the log-likelihood as expressed in 5.27. Therefore, the parameter 

estimates obtained by minimizing the sum-of-squares function 5.28, named least-squares estimates, 

provide very close approximation of the maximum likelihood estimates. In this study, the least-squares 

estimates are adopted for the ARIMA model. The approach on obtaining these estimates is introduced 

by (Box et al. 2016). 

The parameter estimates for training data on the assumption of normality of ta ’s is listed in Table 5-4. 

We should note that if the coefficients are evaluated by free software R, the sign of the moving 

average coefficients i  should be reversed. The sign of the results here keep consistent with the 

expression 5.11.  

Table 5-4 Initial estimated parameters of ARIMA(2,1,3) model 

Parameters 1
 

2
 

1
 

2
 

3
 

Estimation 1.4561  -0.4789  -1.4101  0.2886  0.1276  

 

In the third stage, model diagnostic checking is conducted. Its purpose is to test ‘goodness of fit’ as 

well as to discover in what way a model is inadequate in order to make proper model modification. 

This procedure is conducted by checking: (1) standardized residuals, (2) the ACF of the standardized 

residuals, (3) normal Q-Q plot of standardized residuals and (4) p-value for Ljung-Box statistic. 

If the parameter estimates 






 
ˆ

,
ˆ 

 are obtained for the model 

     tt aBwB  ~  5.29 
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where wtt ww ~ , then the quantities 

    wBBat
~ˆˆˆ 1    5.30 

are referred to as the residuals. They can be calculated recursively from 

 ntawwa jtjjt

p

j

jtt ,,2,1ˆˆ~ˆ~ˆ
1

 


   5.31 

with either initial values zero or back-forecasted initial values for the initial tâ ’s and tw~ ’s. 

The standardized residuals are defined as 

 attt ae ̂ˆˆ   5.32 

where at̂  is the estimated standard deviation of residual tâ . 

A well fitted model will make its standardized residuals be an independent and identically 

distribution(i.i.d.) with mean zero and variance one. The ACF of the standardized residuals is plotted 

to check that whether there remains the predictable correlation in the residuals. Normal Q-Q plot can 

help identify departures from normality for the residuals. This is a graphical method for comparing the 

probability distribution of the tâ  with the theoretical normal distribution by plotting their quantiles 

against each other.  

In addition to considering the autocorrelation coefficient k ’s of standardized residuals individually, 

the p-value for Ljung-Box statistic is calculated to consider the ACF as a group. It is proved (Ljung 

and Box 1978) that if the fitted model is appropriate, which means the residuals tâ ’s are white noise, 

the Ljung-Box statistic for the standardized residuals given by 

  
 


K

k

k

kn
nnQ

1

2ˆ
2


 5.33 

is approximately distributed as chi-squared distribution with (K-p-q) degrees of freedom,

)(2 qpK  , where n=N-d is the length of the data used to fit the model. K is chosen somewhat 

arbitrarily, usually, K=20. The p-value is defined as the probability, under the assumption of null 
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hypothesis H, of obtaining a result equal to or more extreme than what was actually observed. In our 

case, the smaller the p-value, the extremer of the observed Ljung-Box statistic is, which means the null 

hypothesis that the standardized residuals is an i.i.d. process may be not adequate. 

The identified model ARIMA(2,1,3) is then checked based on the introduce procedure, results are 

plotted in Fig. 5.3. By checking the plot of standardized residuals, we find there are some extremely 

large residuals. The ACF of the residuals indicates that there is no obvious correlation in the residuals 

since most of them locates inside the boundaries, n2 . However, the Q-Q plot of standardized 

residuals shows departure from normality at the tails since quantiles in these parts are deviate from the 

theoretical ones shown as blue line in the figure. The p-values of Ljung-Box statistic are significant 

before lag 11, which are near or at the 5% level, shown as blue dash line in the figure. Both results of 

Q-Q plot and p-value for Ljung-Box statistics strongly indicate an inadequate fitted model of 

ARIMA(2,1,3). 

The models selected based on AIC but with higher orders as described in model identification stage, 

remain the same pattern of results above. The checking results of two other models ARIMA(5,1,2) and 

ARIMA(1,1,6) are plotted in Fig. 5.4 and Fig. 5.5. 

From the checking, we arrive at the conclusions: 

(1) The ARIMA model can lead to a relative small ACF of its residuals, when it is fitted to the on-site 

wind speed applied here. 

(2) Even though the ACF of residuals of a fitted model locates inside the boundaries, defined as 

n2  which is the two times of standard deviation of ACF of a white noise, the residuals will 

not quite be a normal distribution. 

(3) When take consideration of ACF of residuals as a whole, the values of autocorrelation coefficients 

are large. 

(4) The ARIMA model has its limit in describing the wind speed time series here, and it is quite 

possible that the assumptions required by applying the model, say, the nonstationary process 

should be homogeneous and the process should be linear one, are not fully satisfied for time series 

here. The other probable reason for model inadequacy is that the parameters change over a 

prolonged period of time. 
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Fig. 5.3 Model checking for ARIMA(2,1,3) 
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Fig. 5.4 Model checking for ARIMA(5,1,2) 
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Fig. 5.5 Model checking for ARIMA(1,1,6) 
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5.2.4 Effect of training data length 

As mentioned above, one probable reason for model inadequacy is that the parameters change over 

time. To further confirm this inference, the training data (8000 samples) is divided into four parts and 

denoted as 1-st quarter (first 2000 samples), 2-nd quarter (second 2000 samples), 3-rd quarter (third 

2000 samples) and 4-th quarter (fourth 2000 samples). Then the parameter estimation is conducted for 

these four parts respectively, results of which can be used to check whether the parameters change 

over time. The ARIMA(2,1,3) is applied and the results are listed in Table 5-5. The 2ˆ a  in the table is 

the estimated residual variance and the D  denotes the deviation of 2ˆ a  for each part of data from the 

one estimated by the whole training data. 

Table 5-5 Parameters estimated for different parts of the training data 

 1
 

2
 

1
 

2
 

3
 2ˆ a

 
D  

1-st quarter -0.414  -0.104  0.542  0.070  -0.058  0.349  23.3% 

2-nd quarter 0.212  0.421  -0.147  -0.569  -0.065  0.279  -1.5% 

3-rd quarter 0.223  0.460  -0.260  -0.558  -0.037  0.276  -2.5% 

4-th quarter 0.127  0.351  -0.106  -0.484  -0.060  0.231  -18.5% 

Whole training data 1.456  -0.479  -1.410  0.289  0.128  0.283  -- 

From the investigation, we find that the parameters in 1-st quarter are quite different from the ones in 

4-th quarter. Their corresponding estimation results for the residual variances 2ˆ a  strongly indicate 

that a real change in variability has occurred between these two parts of data, with deviations of 23.3% 

and -18.5% respectively from the one estimated by the whole training data. From the estimation, it 

indicates that the parameters change over time for the training data with a length of 8000 samples. 

Therefore, to mitigate this problem, a relative smaller sample size is adopted and it can be imagined 

that the degree of parameter variation will be reduced.  

5.2.5 Prediction by ARIMA model 

 
Fig. 5.6 Time history of wind velocity in the data1 
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Here, the 2000 data at the ending part of the wind time history are adopted, in which the length of 

training data is 1500 and the following 500 data is taken as testing data. The time history of adopted 

data is shown in Fig. 5.6. 

The ACF and PACF of the training data with d degree difference, where d=0,1,2 respectively, are 

firstly investigated. The results are shown in Fig. 5.7. By referring to these results, the training data is 

considered to be stationary after differencing with d=1 degree. 

 
Fig. 5.7 ACF and PACF of training data after differencing of d degree 

To initially identify the model for prediction, the AIC of models with various p and q are calculated 

and the results are listed in Table 5-6. Therefore, the model ARIMA(1,1,1) is selected from the results, 
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which corresponds to the smallest AIC. Then the model diagnostic checking is conducted and the 

results are shown in Fig. 5.8. 

Table 5-6 AIC of various ARIMA(p,1,q) models 

        q 

p 
0 1 2 3 4 5 6 

0 NA 0.900  0.887  0.885  0.886  0.888  0.889  

1 0.919  0.884  0.885  0.886  0.888  0.889  0.890  

2 0.901  0.885  0.886  0.888  0.889  0.888  0.890  

3 0.893  0.886  0.888  0.889  0.889  0.891  0.891  

4 0.889  0.888  0.889  0.889  0.891  0.889  0.892  

5 0.889  0.889  0.890  0.891  0.888  0.888  0.891  

6 0.890  0.890  0.891  0.891  0.892  0.893  0.894  

 
Fig. 5.8 Model checking for ARIMA(1,1,1) 

From the standardized residuals, there are some unusual large observations in it, e.g. the standardized 
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residuals with the values larger than 3. This can be further confirmed by referring to the Q-Q plot of 

the standardized residuals. The Q-Q plot shows departure from normality at the tails. However, the 

ACF of the standardized residuals shows no apparent departure from the model assumption and the Q-

statistic becomes not significant. The ARIMA(1,1,1) appears to fit the time history well except for that 

its residuals follow a distribution with heavier tails than the normal one. The parameters of the 

ARIMA(1,1,1) model is listed in Table 5-7. 

 

Table 5-7 Estimated parameters of ARIMA(1,1,1) model 

Parameters 
1
 

1
 

Estimation 0.3940 0.6745 

By comparing the diagnostic checking results with the previous ones, which is the results from a 

training data with length of 8000, we further confirm that the length of the training data can affect the 

model identification and a training data with too large length may deteriorate the model estimation. 

To evaluate the prediction performance, several criterions are considered including mean absolute 

error (MAE), mean absolute percent error (MAPE), mean square error (MSE) and correlation 

coefficient between the testing data and the predictions (Cor.) as expressed as follows 
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 5.37 

where, m is the sample size of testing data, tz is the real observation and the tẑ  is the prediction, z  

and ẑ  are the means of the sample  tz  and  tẑ  respectively. 

The prediction of the testing data is shown in Fig. 5.9. The performance of the ARIMA model is 
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shown in Table 5-8. In order to know to which extent the ARIMA model can predict the real 

observations, a reference model named persistent model is adopted. In persistent model, the one-step 

ahead future observation keeps the same with the current one, hence the present observation can be 

considered as the one-step ahead prediction. That is  

  tt zz 1
ˆ  5.38 

where tz  is the observation in the instant t , and 1
ˆ
tz  is one-step ahead prediction for 1tz  given the 

observations till instant t . The criterion values of persistent model can be considered as the critical 

values when no prediction model is applied, and a model resulting better values than the critical ones, 

i.e., a model resulting smaller MAE, MAPE, MSE but larger Cor., is considered to be capable of 

prediction to same extent.  

By comparing the results of ARIMA model to the ones of reference model, we know that ARIMA 

model is capable of predicting wind velocity. 

 

 
Fig. 5.9 Prediction of wind velocity by ARIMA(1,1,1) 

 

Table 5-8 Prediction performance of ARIMA(1,1,1) model 

  MAE MAPE MSE Cor. 

ARIMA 0.356  0.037  0.490  0.890  

Persistent 0.382  0.040  0.533  0.875  

 

5.2.6 Prediction by ARMA-GARCH model 

One of the assumptions of the ARIMA model is that the nonstationary process should be 

homogeneous which means that the prediction errors are random variables with a constant variance 

  2
ataVar   which is independent of the past. However, this assumption doesn’t always hold. To 
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describe time-varying variability or volatility in a time series, conditional heteroscedastic models have 

been developed. One of these models called the generalized autoregressive conditionally 

heteroscedastic model (GARCH model) denoted as GARCH(r,s) model can be expressed as follows 

  ttt ea   5.39 

where  te  is a sequence of independent and identically distributed random variables with mean zero 

and variance one, and  

  
2

1

2

1

0

2

jt

r

j

jit

s

i

it a 







    5.40 

with ,1,,1,0,0,1,,1,0,00  rjsi jsi   and 0r . The simplest and 

most widely used model in this class is the GARCH(1,1) model where 

  
2

11
2

110
2

  ttt a   5.41 

A combination model ARMA-GARCH model, which consider the residuals ta  to be GARCH and 

uses ta  as the noise term in an ARMA model, has been developed based on it, which can be 

expressed as 

    tt aBzB )(~    5.42 

where ta  is now expressed by equation 5.39 and 5.40. 

The time-varying volatility can be checked by examination the sample ACF and PACF of the squared 

residuals 
2ˆ
ta obtained from fitting an ARIMA model to the observation. The ACF of the squared 

residuals of ARIMA(1,1,1) fitted to the wind data is plotted in Fig. 5.10.  
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Fig. 5.10 ACF and PACF of the squared residuals of ARIMA(1,1,1) 

 

Fig. 5.11 Diagnostic checking for ARMA(1,1)-GARCH(1,1) model 
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The ACF result shows there is correlation in the squared residuals, which indicates the ARCH effect in 

the wind observation and that is inconsistent with the assumption of the ARIMA model. In other 

words, both the conditional mean and variance of the data depend on the past.  

Therefore, ARMA-GARCH model is considered to be applicable to the time series. Here, the simplest 

GARCH(1,1) is applied to the noise ta , and ARMA(1,1)-GARCH(1,1) is fitted to the first degree 

difference of the time series. The checking results are shown in Fig. 5.11. From the standardized 

residuals, there are still some unusual large observations in it. The ACF of the standardized residuals 

shows no apparent correlation left in the residuals. The Q-Q plot of the standardized residuals still 

shows departure from normality at the tails. However, the ACF of the squared standardized residuals 

shows no obvious correlation as shown in Fig. 5.12. The ACF is totally smaller than 0.05, which 

indicates that there is no significant correlation left in the squared standardized residuals except for 

slight peaks appearing in lag 20 and 22. 

 
Fig. 5.12 ACF of squared standardized residuals for ARMA(1,1)-GARCH(1,1) model 

 

The parameters of the ARMA(1, 1)-GARCH(1,1) model estimated are listed in Table 5-9. 

Table 5-9 Estimated parameters of ARMA(1,1)-GARCH(1,1) model 

Parameters 1
 

1
 

0
 

1
 

1
 

Estimation 0.3348 0.6049 0.0241 0.2054 0.6357 

 

The prediction of the testing data is shown in Fig. 5.13. The performance of the ARMA-GARCH 

model is shown in Table 5-10. The performance of ARIMA model is also listed to be compared. It 

indicates that the ARMA-GARCH model do not improve the prediction performance in comparison to 

ARIMA model. 
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Fig. 5.13 Prediction of wind velocity by ARMA(1,1)-GARCH(1,1) model 

 

Table 5-10 Prediction performance of ARMA(1,1)-GARCH(1,1) model 

 
MAE MAPE MSE Cor. 

GARCH-

ARMA 
0.357  0.037  0.492  0.890  

ARIMA 0.356  0.037  0.490  0.890  

5.3 Markov chain model in embedding space 

5.3.1 Basic idea 

The basic idea of this model (Kantz and Schreiber 2004) is that the current state ts


 determines a 

probability density  tt ssp


1 , named transition probability density, for the occurrence of the future 

state its 


. Once the transition probability densities are known for any possible states, the 

corresponding future states can be predicted. The current state ts


 is a state vector composing 

information of several steps l right before current, where l is then named the order of Markov chain 

model and can be expressed as 

   121 ,,,,  lttttt sssss 


 5.43 

In this study, the time series is assumed to represents a Markov chain of order l and is fully determined 

by the transition probability densities. The stationary of these transition probability densities is also 

assumed and the invariance of  tt ssp


1  is ensured under time shift. To obtain the transition 

probability densities, the time series for training are embedded in to l -dimensional space, and each 

state becomes a point in the l -dimensional space. If we further assume that the future observations 

1ks ’s of the states ks


’s , where ks


’s are the neighbours of ts


 in the l -dimensional space and denoted 
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as )( tk sus


 , are subject to the same transition probability density  tt ssp


1 , then these 1ks ’s 

form a finite sample of  tt ssp


1 . Therefore, the best prediction for the Markov chain model is  

   
   




 
tk susk

k

t

tt s
su

dssspss





 :

11

1
ˆ  5.44 

where 1ˆ ts  is 1-step ahead prediction corresponding to the state ts


, )( tk sus


 denotes all the nearest 

neighbours to the state ts


 in the l -dimensional space,   is the operator returning the amount of the 

vectors. To make the algorithm easy to be understood, an example is given and the training time 

history is shown as black points in Fig. 5.14. 

 
Fig. 5.14 Illustration of the prediction algorithm 

In this figure, the current state is shown as red point denoted as ts


, and its nearest neighbours can be 

founded. In this example, three neighbours denoted as os


, ps


 and qs


 are found. Then based on 

equation 5.44, 1-step ahead prediction corresponding to ts


 can be gained by  

)(
3

1
ˆ 1111   qpot ssss  

where 1os , 1ps  and 1qs  can be obtained in the vectors 1os


, 1ps


 and 1qs


 respectively. 

While for ARIMA model, the training data of relative small sample size is adequate, relative large 

sample size is require to training the Markov chain model. Here the training data includes 9500 

samples in the beginning part of the whole data and the left 500 samples are treated as testing data. In 

addition, there is no theory on selecting the order of the Markov chain model as well as the selection 

of neighbours. However, they can be determined by tentative predictions using various combinations 

of the order and the number of neighbours, the combination resulting in best prediction performance 

can be verified. In this study, the order 6l  and number of nearest neighbours 30nn  are 

determined by this method. 
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5.3.2 Prediction by Markov chain model 

The prediction result is shown in Fig. 5.15 and the performance of Markov chain model is listed in 

Table 5-11 . By comparing the results of Markov chain model to the ones of reference model, we 

know that Markov chain model is also capable of predicting wind velocity.  

 
Fig. 5.15 Prediction of wind velocity by Markov chain model 

 

Table 5-11 Prediction performance of Markov chain model 

Model MAE MAPE MSE Cor. 

Markov 0.365  0.038 0.490  0.892  

Persistent 0.382  0.040  0.533  0.875  

 

5.4 Trend model 

In the study (Shimamura 2008), several statistic models were investigated to make short-term wind 

prediction for the maximum instantaneous wind velocity in each interval of 3 minutes. The Trend 

model was proposed due to its simplicity and effectivity, which was based on the statistical algorithm 

named Kalman filter. In this part, the performance of this model is also studied, serving as a compare 

with the other models investigated above. 

5.4.1 Definition 

The trend represents the long-term movements in a series which can be extrapolated into the future. In 

the Trend model, the series is assumed to consist of a trend component plus a random disturbance term 

as follows 

  tttz    5.45 

where t  is the trend and  2,0~  Nt  is a white-noise disturbance term which is assumed to be 
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uncorrelated with any stochastic elements in t . 

The trend t  may have a variety forms. In this part, to keep consistence with the one in the study 

(Shimamura 2008), it is defined as follows 

  ttt   1  5.46 

where  2,0~  Nt  is a white-noise disturbance term. 

5.4.2 Kalman filter 

Once the model has been put in state space form, the Kalman filter may be applied, which leads to an 

algorithm for prediction. The general state space form applies to a multivariate time series tz


 

containing N elements. The observable tz


 are related to the unobservable state vector t


, which is an 

1m  vector, via a measurement equation as follows (Harvey 1990), 

  
ttttt dZz 


  5.47 

where tZ  is an mN   matrix, td


 is an 1N  vector and t


 is an 1N  vector of serially 

uncorrelated disturbances with mean zero and covariance matrix tH , that is  

  0)(


tE   and tt HVar )(


 5.48 

The transition equation for the unobservable state vector t


 is defined as follows 

  tttttt RcT 


 1  5.49 

where tT  is an mm  matrix, tc


 is an 1m  vector, tR  is an gm  matrix and t


 is a 1g  vector 

of serially uncorrelated disturbances with mean zero and covariance matrix tQ , that is  

  0)(


tE   and tt QVar )(


 5.50 

The matrices tZ  td


 and tH  in the measurement equation and the matrices tT  tc


 tR  and tQ  in the 
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transition equation is referred to as the system matrices, which are assumed to be non-stochastic. If the 

system matrices do not vary over time, the model is said to be time-invariant or time-homogeneous 

and denoted as Z , d


, H , T , c


, R  and Q  respectively. The assumptions for the specification of the 

state space system is as follows, 

(a) the initial state vector 0


 has a mean of 0a


 and a covariance matrix 0P ; 

(b) the disturbances t


 and t


 are uncorrelated with each other in all time periods, and uncorrelated 

with the initial state. 

Hence, the Trend model defined by equation 5.45 and 5.46 in the state space form is as follows, 

  ttt Zz 


  5.51 

  ttt RT 


 1  5.52 

where tt zz 


 and tt  


. The system matrices become 

1Z , 1T , 1R ,
2
H  and 

2
Q  

Then the Kalman filter becomes applicable to the Trend model. It is a recursive procedure to compute 

the optimal estimator of the state vector t


 based on the information available at time t. The 

information consists of the observations up to and including tz


. The system matrices together with 0a


 

and 0P  are assumed to be known in all time periods and do not be explicitly included in the 

information set. The Kalman filter algorithm corresponding to the state space form expressed as 5.51 

and 5.52 is as follows, 

1) the prediction equations: 

  11   ttt aTa


 5.53 

  RRQTTPP ttt
  11  5.54 

where 1ta


 denotes the optimal estimator of 1t


 based on the observation up to and including 1tz


, 
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1tP  denotes the mm  covariance matrix of the estimation error 

  




 

  11111 ttttt aaEP


  

1tta


 denotes the optimal estimator of t


 and 1ttP  is the covariance matrix of estimation error for 

1tta


. 

2) the updating equations: 

   1

1

11 



  ttttttttt aZzFZPaa


 5.55 

  1

1

11 




 tttttttt ZPFZPPP  5.56 

where  

  HZZPF ttt  1  5.57 

If put 

    1

11



  HZZPZPK ttttt  5.58 

the updating equations can be equally expressed as  

   11   ttttttt aZzKaa


 5.59 

  11   tttttt ZPKPP  5.60 

The tK  is called the Kalman gain. 

The computational process for Kalman filter is laid out in a schematic diagram in Fig. 5.16. From it, 

the estimate of current state ta


 can be obtained based on the current observation tz


. The 1-step ahead 

prediction tta 1


, which corresponds to 1-step ahead prediction tt 1 , is further gained by the 
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prediction equation 5.53. Hence the prediction tt 1  updates together with the observation based on 

the Kalman filter. 

 

 
Fig. 5.16 Kalman filter algorithm 

5.4.3 Parameter estimation 

To apply the Kalman filter, the system matrices Z , T , R , H , Q  as well as the initial values 0a


 and 

0P  are necessary. In principle, the mean and covariance matrix of the unconditional distribution of the 

state vector are taken as the starting values for the Kalman filter. For the model with transition 

equation being non-stationary, the unconditional distribution of the state vector ta


 is not defined. Here 

the state vector is stationary if characteristic root i  of the transition matrix T  satisfies 

    miTi ,,1,1   5.61 

where   is the operator of modulus. 

In the non-stationary case, the initial distribution of 0a


 can be specified in terms of a diffuse prior. 

That is  
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  IP 
 

 lim0  5.62 

where   is set to a large but finite number in the calculation. It is shown that for univariate models, 

the use of a diffuse prior is equivalent to the construction of a proper prior from the first m sets of 

observations provided that the model is observable. The model is observable if  

     mZTZTZRank
m


1

,,,   5.63 

Since in this study, 1m , 11  ,    1,,,
1




mZTZTZRank
m

 , the Trend model here is a 

non-stationary but observable one. The initial values are set to 

00 a


 and 10000000 P  

For the system matrices, H  and Q  need to be estimated while the others are determined already. For 

a Gaussian model, the log-likelihood function of the time series becomes 

    tt

T

t

t

T

t

t vFvF
NT

QHzL
 1

1

'

1 2

1
log

2

1
2log

2
,;log 


    5.64 

where tv


 is the prediction error for the observations and defined as follows 

  1
ˆ

 tttt zzv


 5.65 

where 1
ˆ

ttz


 is prediction of tz


 given observations up to and including 1tz


. The H  and Q  estimated 

by maximum likelihood estimation (MLE) are obtained by maximize the function in 5.64.  

The parameters obtained by MLE are listed in Table 5-12. 

Table 5-12 Estimation of Trend model parameters 

H Q logL 

0.0446 0.0683 -672.3 

 

5.4.4 Prediction by Trend model 

The 1-step prediction made by the Trend model is plotted in Fig. 5.17. 
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Fig. 5.17 Prediction of wind velocity by trend model 

The performance of 1-step prediction by the Trend model is listed Table 5-13. It shows that the Trend 

model is capable of predicting wind velocity. 

Table 5-13 Prediction performance of Trend model 

 
MAE MAPE MSE Cor. 

Trend model 0.361  0.037  0.496  0.888  

Persistent 0.382  0.040  0.533  0.875  

5.5 Compare of prediction performance of various models 

5.5.1 Performance based on data1 

For multiple steps forecasting, the performances of the models studied are listed in Table 5-14. In 

addition, the results are also plotted in Fig. 5.18. 

Table 5-14 Prediction performances of various models for multiple step prediction 

Models Prediction MAE MAPE MSE Cor. 

ARIMA 

1-step 0.356  0.037  0.490  0.890  

2-step 0.410  0.043  0.557  0.856  

3-step 0.436  0.046  0.586  0.840  

4-step 0.468  0.049  0.622  0.820  

5-step 0.488  0.051  0.638  0.810  

ARMA-

GARCH 

1-step 0.357 0.037 0.492 0.890 

2-step 0.413 0.043 0.562 0.855 

3-step 0.440 0.046 0.592 0.838 

4-step 0.474 0.049 0.631 0.816 

5-step 0.498 0.052 0.648 0.805 

Markov 

1-step 0.365  0.038  0.490  0.892  

2-step 0.432  0.045  0.572  0.854  

3-step 0.469  0.049  0.616  0.833  

4-step 0.506  0.054  0.659  0.810  
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5-step 0.523  0.055  0.684  0.795  

Trend 

1-step 0.361  0.037  0.496  0.888  

2-step 0.433  0.045  0.587  0.844  

3-step 0.461  0.048  0.627  0.823  

4-step 0.501  0.052  0.675  0.796  

5-step 0.529  0.055  0.689  0.787  

Persistent 

1-step 0.382  0.040  0.533  0.875  

2-step 0.457  0.048  0.622  0.829  

3-step 0.481  0.050  0.651  0.813  

4-step 0.515  0.054  0.697  0.785  

5-step 0.542  0.056  0.708  0.777  

 

 

 
Fig. 5.18 Prediction performances of various models for multiple step prediction (data1) 

 

If the performance is ranked from 1 to 5, and 1 denotes the best performance while 5 denotes the worst 

one among the 5 models, the results are listed in Table 5-15. 

Table 5-15 Performances rank of various models for multiple step prediction 

Models Prediction MAE MAPE MSE Cor. 

ARIMA 

1-step 1  1  1  2  

2-step 1  1  1  1  

3-step 1  1  1  1  

4-step 1  1  1  1  

5-step 1  1  1  1  

ARMA-

GARCH 

1-step 2  2  3  3  

2-step 2  2  2  2  
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3-step 2  2  2  2  

4-step 2  2  2  2  

5-step 2  2  2  2  

Markov 

1-step 4  4  2  1  

2-step 3  4  3  3  

3-step 4  4  3  3  

4-step 4  4  3  3  

5-step 3  4  3  3  

Trend 

1-step 3  3  4  4  

2-step 4  3  4  4  

3-step 3  3  4  4  

4-step 3  3  4  4  

5-step 4  3  4  4  

Persistent 

1-step 5  5  5  5  

2-step 5  5  5  5  

3-step 5  5  5  5  

4-step 5  5  5  5  

5-step 5  5  5  5  

From the compare listed in Table 5-15, we find that for multiple step prediction, all the models have 

prediction ability to same extent. Among these models, the ARIMA has the best prediction 

performance evaluated by all the indicators except the one of Cor. for 1-step prediction. However, by 

comparing it with Cor. of Markov model which is ranked as 1 in Table 5-14, we can find that no 

significant difference exist between them. Hence, it can be conclude that the ARIMA model has the 

best prediction performance for the wind speed time history studied here. A more complicated model 

considering the effect of heteroscedasticity ARMA-GARCH doesn’t improve the prediction 

performance and even a slight degradation of prediction performance is observed. Both the Markov 

and Trend models have relative weaker prediction capability than that of ARIMA when multiple step 

prediction is conducted. If compared to each other, the Markov model shows better performance 

indicated by MSE and Cor. while the Trend model behave well on the indicators of MAE and MAPE.  

5.5.2 Performance based on data2 

In this part, data2 is used to assess the prediction performance of the studied models, the results of 

which is compared with the one obtained from data1.  

The estimated parameters are listed in Table 5-16, Table 5-17, Table 5-18 and Table 5-19 for ARIMA 

model, ARMA-GARCH model, Markov chain model and Trend model, respectively. 

Table 5-16 Estimated parameters of ARIMA(6,1,1) model based on AIC 

Parameters 1
 

2
 

3
 

4
 

5
 

6
 

1
 

Estimation -1.1118 -0.3260 -0.2132 -0.1636 -0.1704 -0.1036 -0.9185 
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Table 5-17 Estimated parameters of ARMA(6,1,1)-GARCH(1,1) model 

Parameters 
1  2  3  4  5  6  1  0  1  1  

Estimation 0.5747 -0.0370 0.0289 -0.0296 -0.0355 0.0487 0.7310 0.0107 0.0938 0.8706 

 

Table 5-18 Estimated parameters of Markov chain model 

Parameters l nn 

Estimation 2 40 

 

Table 5-19 Estimation of Trend model parameters 

Parameters H Q logL 

Estimation 0.0588 0.1755 -1175.2 

The model checking for ARIMA and ARMA-GARCH model are shown in Fig. 5.19 and Fig. 5.20 

respectively. 

 
Fig. 5.19 Model checking for ARIMA(6,1,1) 
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Fig. 5.20 Model checking for ARMA(6,1)-GARCH(1,1) 

The ACF of the squared residuals for both models are shown in Fig. 5.21 and Fig. 5.22. 

 
Fig. 5.21 ACF and PACF of the squared residuals of ARIMA(6,1,1) 
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Fig. 5.22 ACF of squared standardized residuals for ARMA(1,1)-GARCH(1,1) model 

It can be confirmed from Fig. 5.21 that there are ARCH effect on the time series. For the residuals of 

ARMA-GARCH model as shown in Fig. 5.22, the ACF is smaller than 0.05, which indicates that there 

is no significant correlation left in the squared standardized residuals.  

The prediction performances of these models are listed in Table 5-20 and plotted in Fig. 5.23. The 

rank of prediction performances are listed in Table 5-21. 

Table 5-20 Prediction performance of various models for multiple step prediction 

Models Prediction MAE MAPE MSE Cor. 

ARIMA 

1-step 0.568  0.085  0.812  0.953  

2-step 0.721  0.108  0.991  0.930  

3-step 0.804  0.122  1.124  0.910  

4-step 0.865  0.132  1.195  0.898  

5-step 0.924  0.141  1.273  0.884  

ARMA-

GARCH 

1-step 0.569  0.084  0.816  0.953  

2-step 0.721  0.108  0.991  0.930  

3-step 0.801  0.122  1.125  0.909  

4-step 0.861  0.131  1.195  0.898  

5-step 0.919  0.140  1.272  0.884  

Markov 

1-step 0.597  0.088  0.839  0.950  

2-step 0.747  0.115  1.036  0.923  

3-step 0.836  0.131  1.173  0.902  

4-step 0.892  0.142  1.243  0.890  

5-step 0.959  0.152  1.316  0.877  

Trend 

1-step 0.578  0.086  0.823  0.952  

2-step 0.751  0.112  1.031  0.925  

3-step 0.841  0.127  1.186  0.901  
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4-step 0.901  0.137  1.266  0.888  

5-step 0.970  0.147  1.353  0.872  

Persistent 

1-step 0.591  0.087  0.849  0.949  

2-step 0.768  0.114  1.049  0.923  

3-step 0.857  0.129  1.205  0.898  

4-step 0.913  0.138  1.279  0.886  

5-step 0.978  0.148  1.366  0.870  

 

 
Fig. 5.23 Prediction performances of various models for multiple step prediction (data2) 

 

Table 5-21 Performance rank of various models for multiple step prediction 

Models Prediction MAE MAPE MSE Cor. 

ARIMA 

1-step 1  2  1  1  

2-step 1  2  1  1  

3-step 2  2  1  1  

4-step 2  2  1  1  

5-step 2  2  2  1  

ARMA-

GARCH 

1-step 2  1  2  2  

2-step 2  1  2  2  

3-step 1  1  2  2  

4-step 1  1  2  2  

5-step 1  1  1  2  

Markov 

1-step 5  5  4  4  

2-step 3  5  4  4  

3-step 3  5  3  3  

4-step 3  5  3  3  

5-step 3  5  3  3  
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Trend 

1-step 3  3  3  3  

2-step 4  3  3  3  

3-step 4  3  4  4  

4-step 4  3  4  4  

5-step 4  3  4  4  

Persistent 

1-step 4  4  5  5  

2-step 5  4  5  5  

3-step 5  4  5  5  

4-step 5  4  5  5  

5-step 5  4  5  5  

From the compare listed in Table 5-21, we find that for multiple steps prediction, all the models have 

prediction ability except for Markov chain model indicated by MAPE. Among these models, same 

criterions, say MSE and Cor., show that ARIMA has the best performance, while other criterion, say 

MAPE, indicates that ARMA-GARCH model performs best. If we refer to Table 5-20, it can be found 

that there is no obvious difference between the prediction performances of these two models. Different 

from the result of data1, it is hard to say which model performs better between Markov chain model 

and Trend model for data2. For 1-step and 2-step prediction, Trend model works better, while for 

prediction more than 2 steps, Markov chain model has higher prediction accuracy.  

From the results assessed by both data1 and data2, the ARIMA model has the best prediction 

performance for wind speed time series while ARMA-GARCH model shows competitive prediction 

accuracy.  

5.6 Conclusions 

In this chapter, linear stochastic model, a synthesis model of linear stochastic modelling and nonlinear 

deterministic modelling called Markov chain model, as well as Trend model are applied to forecast 

wind velocity. From the study here, we draw the conclusions as follow: 

1) All the models studied here have prediction capability to same extent, which means that all the 

models have better prediction performance than the reference model. 

2) Among all the models studied here, the ARIMA model has the best prediction performance in 

general. 

3)The assumptions for linear stochastic model ARIMA, e.g. the noise term ta ’s follow the Gaussian 

distribution and the process is homogeneous, are not fully satisfied for the given wind time history. 

However, the ARIMA model appears to be applicable for prediction of wind velocity.  
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4) When the ARIMA model is adopted, the sample size of the training data should be selected 

properly, since the variation of the parameters for the process may occur for a prolonged period of 

time. 

5) A combination model ARMA-GARCH, which takes the heteroscedastic effect into account, fails to 

improve the prediction performance and shows almost the same prediction accuracy as the one of 

ARIMA model. 
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Chapter 6 Risk analysis for the crosswind stability of road vehicle 

In this chapter, the on-board pre-warning system is introduced and realized. Beside, a probabilistic 

indicator of safety assessment considering the traffic is proposed which is helpful in determination of 

regulation rule. In the beginning, the Characteristic Wind Curves (CWCs) are studied, which are 

further applied in the pre-warning system. They are obtained from the static equilibrium equations of 

the vehicle suffering crosswind. Besides, the on-board pre-warning system is realized with 

combination of study of aerodynamic forces, short-term wind velocity and direction prediction, 

evaluation of instantaneous wind velocity and risk analysis. In addition, the safety assessment is 

conducted considering vehicle proportions of different vehicle types in the traffic, and a kind of 

probabilistic indicator for safety is obtained which provides helpful information to the traffic 

administrators or local police for determination of regulation rule. It is worth noting that risk analysis 

is indispensable part for both on-board pre-warning system and safety assessment. 

6.1 Characteristic wind curves 

6.1.1 Calculation of CWCs 

The CWCs describe the limit wind velocity which makes the vehicle overturn, side slip and rotation. 

Given the vehicle parameters including dimensional size, weight, tire condition, and the aerodynamic 

forces coefficients of the vehicle, the CWCs can be obtained based on the static equilibrium equations 

of the vehicle subjected to crosswind. The actions exerted on the vehicle are shown in Fig. 6.1. 

 

 
Fig. 6.1 Actions on the vehicle (front view) 

 

The static equilibrium equations of y and Mx direction, which correspond to side slip direction and 

overturning direction, are expressed as equation 6.1 and 6.2 respectively. These equations are obtained 
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by the assumption that the vehicle is a two-axle one-box rigid body. 
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where 2121 ,,, zzyy ffff are friction forces and reactions on the tires, 
ach is the height of equivalent 

action centre of side force. It can be obtained by the following equation (日比 et al. 2009) 
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where 
ch  is the height of the geometric center of the vehicle, 

srm CC ,  are rolling moment coefficient 

and side force coefficient obtained by referring to the front projected area of the vehicle. For 

simplicity, 
ach  is assumed to be the same with 

ch  in this study. 

If we define a sideslip accident as  

  )(21 lyy Fmgff    6.4 

and an overturning accident as 

  02 zf  6.5 

then by a combination of equations 4.1 and 4.3, the following equation can be deduced 
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where rSlipU  and rOverturnU  are the critical relative wind velocities of the side slip accident and 

overturning accident respectively;   is the lateral friction coefficient of the tire along the direction 

vertical to the moving direction, and can be obtained by the longitudinal friction coefficient '  by the 

following equation (茄子川 et al. 2008) 

  08.0'97.0    6.8 

We should note that, the aerodynamic coefficients are the function of relative yawing angle   and the 

critical wind velocity here are the critical relative wind velocity 
rU  as shown in Fig. 6.2Fig. 6.2. The 

on-site wind velocity is denoted as U  while the corresponding yawing angle is denoted by  . The 

vehicle moves along x direction with the speed of V . 

 

 
Fig. 6.2 Relationship between wind and vehicle speed (plane view) 

 

It is not difficult to obtained critical relative wind velocities based on equations 6.6 and 6.7. However, 

what to be desired is the relationship between the on-site wind velocity U and its direction   which 

trigger the accident. Based on the law of cosines,  

  cos2222 VUVUU rr   6.9 

     cos2222 UUUUV rr
 6.10 

where, 
overturnUU   if the overturning critical wind is focused and slipUU   if side slip critical wind is 

studied. Even though an explicit expression like  fU   cannot be obtained, U  and   can be 

calculated for a given ,V  based on equation 6.9 and 6.10. Then the relationship between U and   

can be gained numerically. 
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6.1.2 Parameters of CWCs 

Here the parameters of the vehicle overturned by crosswind on Oomishima Bridge are applied and the 

assumed aerodynamic coefficients are listed in Table 6-1. The values for different road and tire 

condition are also defined (自動車工学全書編集委員会 1980). 

Table 6-1 Parameters for calculation of CWCs 

Parameters Value Unit Remark 

W 2.49 m   

H 3.77 m   

B 11.76 m   

m 6740 kg   

μ' 

0.7   dry road and normal tire 

0.6   dry road and worn tire 

0.4   wet road  

Cs     experimental results in 

chapter 4 Cl     

ρ 1.22 kg/m3   

The side force and lift force coefficients obtained experimentally are fitted by polynomial curves of 

degree 6. The expression of the fitted curves is of the form 

  76
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1)( pxpxpxpxpxpxpxCi   6.11 

The corresponding coefficients of the fitted function are listed in Table 6-2. 

Table 6-2 Coefficients of the fitted function of Cs and Cl 

Ci p1 p2 p3 p4 p5 p6 p7 

Cs 0.1625 -1.532 5.4054 -8.7627 5.7724 0.2361 0.0195 

Cl 0.0757 -0.7134 2.3139 -2.8035 0.4766 0.7551 -0.0712 

Fitted results are shown in Fig. 6.3. 
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Fig. 6.3 Fitted curves of side force coefficient Cs and lift coefficient Cl 

With all the parameters determined here, the CWCs of the vehicle can be calculated. 

6.1.3 Results 

Firstly, the effect of road and tire condition on the CWCs is investigated. Here vehicle speed V is set to 

80(km/h). Cases of dry road and normal tire, dry road and worn tire as well as wet road, as shown in 

Table 6-1, are calculated. The results are shown in Fig. 6.4. Secondly, the effect of vehicle speed V on 

the CWCs of overturning and side slip is studied respectively. The CWCs of overturning 

corresponding to various vehicle speeds are shown in Fig. 6.5 while the CWCs of side slip are shown 

in Fig. 6.6 and Fig. 6.7 for the cases of dry road-normal tire and wet road separately. 

 
Fig. 6.4 CWCs of the road vehicle (V=80km/h) 

 

 
Fig. 6.5 Overturning CWCs 
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Dangerous 

Safe 

Dangerous 
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Fig. 6.6 Side slip CWCs (μ'=0.7) 

 

 
Fig. 6.7 Side slip CWCs (μ'=0.4) 

 

Results in Fig. 6.4 indicate that in condition of dry road, irrespective of tire condition, overturning is 

easier to happen than side slip while in the condition of wet road, side slip is more likely to occur. Fig. 

6.5 and Fig. 6.6 indicate that the critical wind velocity of both overturning and side slip increases with 

decrease of the vehicle speed for yawing angle   smaller than around 120 degree. By comparing Fig. 

6.7 to Fig. 6.6, similar conclusion can be obtained when the road is wet, except for the lower critical 

wind velocity of side slip than the one under dry road condition. All these results show that slowing 

down the vehicle speed can reduce the risk of these kinds of accidents when the yawing angle of wind 

locates in the range smaller than around 120 degree. Moreover, these figures indicate that the most 

dangerous situation is that when the on-site wind blows from the direction with a yawing angle among 

[60, 80] degree when hkmV /120 . 

6.2 Application of risk analysis in the pre-warning system 

The objective of risk analysis is the determination of the probability of overturning (or other kinds of 

hazard) under given boundary condition, which play a key role in the on-board pre-warning system as 

well as the determination of regulation rule. In this part, the method based on risk analysis to realize 

the on-board pre-warning system is proposed as well as mechanism being introduced in detail by the 

example. 

6.2.1 Concept of pre-warning system 

The concept of the on-board pre-warning system is introduced in chapter 1 and is shown in Fig. 1.2. 

The parameters to be input are provided by the ITS on-board unit, including infrastructure condition, 

accident probability allowed, vehicle dimensional size, aerodynamic forces coefficients, weight, tire 

condition, vehicle speed and road condition. Besides, the real-time on-site wind condition in the 

Safe 

Dangerous 

Safe 

Dangerous 
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exposed section can also be received by the vehicle as the input. Then, short-term wind prediction and 

risk analysis is conducted by the system. Finally, the permitted vehicle speed is identified by the 

system and provided to the driver as the output of the system before the vehicle encountering the 

exposed windy section. 

As we know, the objective of risk analysis is to obtain the accident probability, however, the accident 

probability of the vehicle have been determined in advance for the pre-warning system. In addition, 

what is desired is the permitted vehicle speed corresponding to the given accident probability. 

Therefore, a method is proposed to obtain the permitted vehicle speed for a given overturning 

probability in this study. For simplicity, the following assumptions are adopted: 1) the residuals of the 

prediction follow a Gaussian distribution  2,0 eN  ; 2) The instantaneous wind velocity U  and 

direction   can be expressed by the mean component (U ,  ) and the fluctuation component (U
~

, 
~

) 

as UUU
~

  and 
~

 ; 3) the fluctuation wind component follows a Gaussian distribution as 

 2
~,0~

~
U

NU   and  2
~,0~

~


 N . 

The permitted vehicle speed pV  corresponding to the predetermined accident probability 
0P  is 

obtained by the following procedure: 

1) Based on the parameters provide by ITS, the CWCs corresponding to various vehicle speed V are 

firstly obtained by the system. The range of V can be determined arbitrarily, and it is determined as the 

one from 5km/h to 200km/h in an interval of 5km/h in this study. 

2) These CWCs corresponding to various V are fitted by polynomials and the explicit expression of 

each CWC can be gained and stored. 

3) Based on the real-time wind condition received, the prediction of the mean wind velocity and mean 

wind direction in the near future is performed. In this step, the mean wind velocity prediction 
PU  and 

mean wind direction prediction 
P  are obtained as well as the standard deviations of prediction error 

eU
  and

e
 . Therefore, the probability distribution of realistic mean wind velocity U  and mean wind 

direction   in the near future is gained as  2,~
eUPUNU   and  2,~

ePN


 . In this study, time 

histories of 5-minutes mean wind velocity and direction are adopted for 1-step prediction. Hence the 

probability distribution of mean wind velocity and direction during 5 minutes time period into the 

future is obtained. 
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4) With a combination of the fluctuation wind component distribution, which is received by the system 

together with the real-time wind data, the probability distribution of instantaneous wind velocity U  

and direction   in the time period in the future (in the period of 5 minutes into future in this study) 

can be gained as  2
~

2,~
UeUPUNU    and  2

~
2,~


 

ePN  based on the property of Gaussian 

distribution. Then the joint probability distribution  ,Up  can be deduced since there is a general 

expression the second-order probability density function for two jointly Gaussian random variables x 

and y as 
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6.12 

where xm  and ym  are the mean value of x and y, 
2
x  and 

2
y  are the variance and xy  is the 

correlation coefficient defined as 

 
   

yx

yx

xy

mymxE







 

6.13 

While not necessary, U  and   are assumed to be two independent variables in the following study.  

5) Double integral of the joint probability distribution  ,Up  is conducted over the region 

  0;1800 UUUA V    and the CWC that satisfies the following condition is found, 
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where  VU  is the CWC corresponding to vehicle speed V ,  VPc  is the calculated accident 

probability corresponding to vehicle speed V and is obtained by 

     
  

180

0

0

, 


dUdUpVP
U

U
c

V

 6.15 

0P  is the allowed overturning probability, V  is the vehicle speed interval and is set to 5km/h in this 
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study. The V satisfying equation 6.14 becomes the permitted vehicle speed 
PV . 

In step 5), the binary search algorithm (also known as half-interval search) is adopted and the 
PV  can 

be obtained by at most N  times of integral, where N  satisfies 

    1log2  nN  6.16 

where    is the floor function and returns the nearest integer smaller or equal to the value in it, n is the 

total amount of the various vehicle speeds. With this search algorithm, the 
PV  can be identified only 

be several times of integral. 

6.2.2 Example for pre-warning system operation process 

An example is given here to illustrate how the on-board pre-warning system works. While the 

permitted vehicle speed 
PV  can be calculated either for overturning or side slip, the example here 

shows how the 
PV  corresponding to overturning is obtained based on the procedure mentioned above. 

1) The parameters are listed in Table 6-1, which can be provided by the ITS. Based on the equation 6.7, 

6.9 and 6.10, the CWCs of overturning corresponding to various vehicle speed V in the range from 

5km/h to 200km/h at an interval of 5km/h are firstly obtained. In total, 40 curves are gained. These 

curves are shown in Fig. 6.8. 

 
Fig. 6.8 CWCs of overturning for various V 

 
Fig. 6.9 Fitted CWCs of overturning 

 

2) The CWCs obtained in step 1) are fitted by polynomial curves of degree 6. Here only the parts of 

CWCs bellowing 60 m/s are adopted and fitted, since only these are the parts of interesting.  Some of 

the fitted curves are plotted in Fig. 6.9, where the dot lines are the CWCs obtained in step 1) and the 

solid black lines are the fitted CWCs. The coefficients corresponding to each CWC are list in Table 
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6-3. 

Table 6-3 Coefficients of the fitted CWCs of overturning 

CWCs 

Index 

V 

(km/h) 
p1 p2 p3 p4 p5 p6 p7 

1 V=5 1.459E-10 -7.803E-08 1.736E-05 -2.065E-03 1.391E-01 -5.036E+00 1.075E+02 

2 V=10 1.644E-10 -8.784E-08 1.940E-05 -2.278E-03 1.512E-01 -5.391E+00 1.109E+02 

3 V=15 1.561E-10 -8.307E-08 1.829E-05 -2.150E-03 1.440E-01 -5.211E+00 1.089E+02 

4 V=20 1.601E-10 -8.456E-08 1.842E-05 -2.141E-03 1.425E-01 -5.159E+00 1.080E+02 

5 V=25 1.658E-10 -8.703E-08 1.876E-05 -2.153E-03 1.420E-01 -5.130E+00 1.072E+02 

6 V=30 1.733E-10 -9.053E-08 1.933E-05 -2.189E-03 1.427E-01 -5.127E+00 1.066E+02 

7 V=35 1.956E-10 -1.032E-07 2.213E-05 -2.495E-03 1.602E-01 -5.627E+00 1.116E+02 

8 V=40 2.039E-10 -1.074E-07 2.287E-05 -2.551E-03 1.619E-01 -5.644E+00 1.112E+02 

9 V=45 2.082E-10 -1.096E-07 2.327E-05 -2.578E-03 1.623E-01 -5.633E+00 1.105E+02 

10 V=50 2.188E-10 -1.153E-07 2.439E-05 -2.677E-03 1.664E-01 -5.707E+00 1.106E+02 

11 V=55 2.261E-10 -1.195E-07 2.525E-05 -2.757E-03 1.697E-01 -5.766E+00 1.106E+02 

12 V=60 2.389E-10 -1.266E-07 2.675E-05 -2.903E-03 1.765E-01 -5.911E+00 1.113E+02 

13 V=65 2.479E-10 -1.321E-07 2.797E-05 -3.028E-03 1.825E-01 -6.045E+00 1.120E+02 

14 V=70 2.813E-10 -1.515E-07 3.236E-05 -3.512E-03 2.097E-01 -6.775E+00 1.189E+02 

15 V=75 2.862E-10 -1.551E-07 3.326E-05 -3.611E-03 2.146E-01 -6.880E+00 1.193E+02 

16 V=80 2.888E-10 -1.578E-07 3.402E-05 -3.701E-03 2.194E-01 -6.989E+00 1.198E+02 

17 V=85 2.880E-10 -1.588E-07 3.451E-05 -3.772E-03 2.236E-01 -7.091E+00 1.203E+02 

18 V=90 2.823E-10 -1.575E-07 3.459E-05 -3.808E-03 2.264E-01 -7.168E+00 1.207E+02 

19 V=95 2.702E-10 -1.531E-07 3.409E-05 -3.794E-03 2.270E-01 -7.202E+00 1.208E+02 

20 V=100 2.503E-10 -1.448E-07 3.284E-05 -3.710E-03 2.244E-01 -7.171E+00 1.204E+02 

21 V=105 2.207E-10 -1.316E-07 3.063E-05 -3.535E-03 2.176E-01 -7.047E+00 1.193E+02 

22 V=110 1.596E-10 -1.023E-07 2.525E-05 -3.055E-03 1.958E-01 -6.580E+00 1.154E+02 

23 V=115 1.019E-10 -7.443E-08 2.009E-05 -2.592E-03 1.748E-01 -6.127E+00 1.116E+02 

24 V=120 4.824E-11 -5.095E-08 1.640E-05 -2.349E-03 1.698E-01 -6.212E+00 1.141E+02 

25 V=125 -5.370E-11 -1.006E-09 6.996E-06 -1.493E-03 1.308E-01 -5.392E+00 1.078E+02 

26 V=130 -1.661E-10 5.457E-08 -3.573E-06 -5.200E-04 8.600E-02 -4.437E+00 1.005E+02 

27 V=135 -2.805E-10 1.117E-07 -1.457E-05 5.053E-04 3.813E-02 -3.403E+00 9.236E+01 

28 V=140 -3.728E-10 1.591E-07 -2.390E-05 1.394E-03 -4.301E-03 -2.463E+00 8.477E+01 

29 V=145 -4.621E-10 2.056E-07 -3.323E-05 2.300E-03 -4.835E-02 -1.468E+00 7.658E+01 

30 V=150 -5.090E-10 2.326E-07 -3.907E-05 2.904E-03 -7.947E-02 -7.246E-01 7.007E+01 

31 V=155 -4.936E-10 2.303E-07 -3.959E-05 3.039E-03 -8.988E-02 -4.016E-01 6.653E+01 

32 V=160 -4.698E-10 2.241E-07 -3.944E-05 3.121E-03 -9.832E-02 -1.085E-01 6.310E+01 

33 V=165 -3.190E-10 1.571E-07 -2.801E-05 2.180E-03 -5.997E-02 -8.118E-01 6.722E+01 

34 V=170 -1.956E-10 1.026E-07 -1.882E-05 1.434E-03 -3.027E-02 -1.337E+00 7.005E+01 

35 V=175 -2.933E-11 2.685E-08 -5.494E-06 2.984E-04 1.804E-02 -2.280E+00 7.625E+01 

36 V=180 3.170E-10 -1.367E-07 2.449E-05 -2.391E-03 1.401E-01 -4.873E+00 9.581E+01 

37 V=185 5.721E-10 -2.584E-07 4.702E-05 -4.434E-03 2.340E-01 -6.906E+00 1.115E+02 

38 V=190 8.572E-10 -3.967E-07 7.312E-05 -6.854E-03 3.483E-01 -9.459E+00 1.321E+02 

39 V=195 1.160E-09 -5.461E-07 1.018E-04 -9.576E-03 4.801E-01 -1.250E+01 1.575E+02 
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40 V=200 1.265E-09 -5.879E-07 1.074E-04 -9.810E-03 4.734E-01 -1.184E+01 1.470E+02 

 

3) The on-site wind data observed in Oomishima Bridge is supposed to be applied. However, for the 

purpose of simulation of high wind velocity, in condition of which the warning message can be 

provided by the pre-warning system, an artificial time series is used. It is generated by simply increase 

10m/s for each observation of on-site wind data observed Oomishima Bridge. Mean wind direction 

time history as well as fluctuation components of both velocity and direction keep the same with the 

observations. These artificial time series are assumed to be accepted by the pre-warning system 

installed in the vehicle which is going to move into the Oomishima Bridge in the up line. The real time 

wind speed and direction are shown in Fig. 6.10. Here 5-minutes mean wind speed and direction are 

adopted. The wind direction takes north as 0 degree and become positive along clockwise direction. 

The corresponding one-step ahead predictions by ARIMA model are 7.21PU  m/s and 3.237P  

degree with prediction standard error 70.0
eU

  and 38.1
e

 . Therefore,  270.0,7.21~ NU  

and  238.1,3.237~ N . The times needed for prediction of wind velocity and wind direction are 1.3s 

and 1.1s respectively by Matlab2014a. 

  
Fig. 6.10 Real-time wind velocity and wind direction received by the pre-warning system 

4) The fluctuation wind component time histories and probability distributions are shown in Fig. 6.11 

and Fig. 6.12. The corresponding variances are
22

~ 07.1
U

 and 22
~ 59.6


 . Therefore, the distribution 

of instantaneous wind velocity U  and direction   during 5 minutes period into the future are gained 

as  22 07.170.0,7.21~ NU  and  22 59.638.1,3.2371.307~ N , where 307.1 is the 

moving direction of the vehicle as shown in Fig. 6.13. The joint probability distribution  ,Up  is 

obtained by       pUpUp ,  considering the independence between U  and  . 
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Fig. 6.11 Fluctuation component of wind velocity 

 
Fig. 6.12 Fluctuation component of wind direction 

 
Fig. 6.13 Vehicle moving direction on Oomishima Bridge 

5) Double integral of  ,Up  is conducted over the region   hkmUUA V /60;1800    

and the CWC corresponding to the vehicle speed V that satisfies the condition expressed in equation 

6.14 is identified. Here 0005.00 P is assumed. The permitted vehicle velocity founded here is

45PV km/h after 5 times of integral. The searching course is listed in Table 6-4 and the Vp satisfying 

the equation 6.14 is obtained immediately from it. Hence the pre-warning system provides the pre-

warning message to limit the vehicle speed lower than 45PV  km/h before the vehicle running into 

the bridge. It totally takes 0.7s to obtain the Vp in this way by Matlab2014a. 
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Table 6-4 Searching course for Vp 

Searching 

time 

Index of 

the curves 
V(km/h) Pc 

1 21 105 0.87154  

2 11 55 0.00460  

3 6 30 0.00000  

4 9 45 0.00015  

5 10 50 0.00096  

The example above shows how the permitted vehicle speed is identified by the on-board pre-warning 

system for a single vehicle. However, for the traffic in a certain traffic section, there usually are 

multiple vehicles with various vehicle types and hence various permitted vehicle speed PV ’s, denoted 

by  PiV  as shown in Fig. 6.14. For vehicles in the same traffic section, if the  PiV  provided by 

different pre-warning system disagree with each other, it is possible to lead to another kind of risk. 

That is some drivers are allowed to drive in the relative high speed while others are limited in the 

relative low speed, which may cause traffic disturbance. This can be avoided by giving all the vehicles 

in the same traffic section an uniform permitted vehicle speed PV , which is the minimum of all the 

permitted vehicle speeds of multiple vehicles, it can be expressed as follows 

   piP VV min  6.17 

In reality, this PV  can be obtained by connecting vehicles wirelessly. 

 
Fig. 6.14 Permitted vehicle speed for multiple vehicles 

6.3 Application of risk analysis in safety assessment of a certain traffic section 

The object in this analysis is to conduct safety assessment based on probabilistic method for a certain 

traffic section. As we know, CWCs vary with the variation of vehicle parameters, e.g. vehicle shape, 
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vehicle weight and others. The CWCs obtained in the beginning part of this chapter is based on the 

certain truck overturned on the Oomishima Bridge with all the parameters being determined. In 

contrast, there are many types of road vehicles in real traffic, say, the bus, the truck, the car and so on 

and even for the vehicles of some vehicle type, their parameters might also vary from each other. In 

this section, safety assessment is conducted for multiple road vehicles of various vehicle types in the 

traffic, and a kind of probabilistic indicator of safety is obtained. The idea is that, the vehicles in the 

traffic is firstly divided into five vehicle types and simulated by five different models separately. For 

each model, representative values or distributions are defined for its parameters (dimensional size, 

aerodynamic coefficients and weight). Then each single vehicle is simulated with the parameters 

defined by the representative values or randomly generated from the distributions corresponding to its 

vehicle type. In a certain traffic section, if the traffic volume is assumed, then given the vehicle 

proportions of different vehicle types, the amount of overturned vehicle is obtained as well as the 

overturning probability for various wind condition. 

6.3.1 Generation of random value 

The program embedded in the software Matlab /R2014 is applied to simulate the random value. It is 

possible to generate a random variable following the uniform distribution by it. Then with the 

generated uniform distributed random values, the inverse transform method is applied to them, which 

is a method to simulate the random values following a certain probability distribution. This is the 

method based on inverse transformation of the cumulative distribution function. The cumulative 

distribution function  xF  of a probability density function  xf  can be obtained by the following 

equation, 

     dxxfxF

x




  6.18 

whereby, the cumulative distribution function  xF  is a monotonically increasing function, and is 

assumed to satisfied the following conditions, 

    10  xF  6.19 

    0lim 


xF
x

 6.20 
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    1lim 


xF
x

 6.21 

Putting  

   XFU   6.22 

then U  is uniquely determined by X  and locates in the interval  1,0 . In this case, since X  and U  

are one-to-one correspondence through F , there exists the inverse function of F , denoted as 
1F . 

Hence, the following equation is deduced, 

   UFX 1  6.23 

If U  is the uniform variable in the interval  1,0 , the random variable X , which follows the 

cumulative distribution function  xF , can be obtained by the equation 6.23 (四辻哲章 2010). 

6.3.2 Vehicle mathematical model 

The vehicle in the traffic is divided into five vehicle types, and models are built for these five vehicle 

types separately, which vary from each other for the vehicle of different vehicle type. Vehicle types of 

road vehicle defined by Honshu-Sikoku Bridge Expressway Company Limited are shown in Table 6-5. 

Table 6-5 Vehicle types defined by Honshu-Sikoku Bridge Expressway Company Limited 

Light Motor 

Vehicles 

o Light motor vehicles 
o Motorcycles (the engine displacement is more than 125cc, including a motorcycle with 

a side.） 

 

Regular 

Vehicles 

o Small vehicles 
o Regular vehicles 
o Trailer trucks (a coupling vehicle with a light motor trailer and an un-trailer (one axle).) 

 

Medium Sized-

Vehicles 

o Regular trucks (total weight is less than 8t, maximum loaded weight is less than 5t, and 

the number of axle is three or less. A tractor for a semi-trailer without an un-trailer, the 

number of axle is two.) 
o Buses (a micro-bus for passengers by 11 to 29, and total weight is less than 8t.) 
o Trailers (a coupling vehicle with a light motor trailer and an un-trailer (two or more 

axle). A coupling vehicle with a regular trailer and an un-trailer (one axle).) 
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Large Sized-

Vehicles 

o Regular trucks (total weight is more than 8t or maximum loaded weight is more than 5t, 

the number of axle is three or less and total weight is less than 25t. When the outermost 

wheel base is less than 5.5m or vehicle length is less than 9m, the total weight should be 

less than 20t. When the outermost wheel base is between 5.5m and 7m and vehicle 

length is more than 9m, or when the outermost wheel base is more than 7m and vehicle 

length is between 9m and 11m, the total weight should be less than 22t.And the number 

of axle is four. 
o Buses (a fixed route bus for passengers more than 30 and its total weight is more than 

8t. A bus whose total weight is more than 8t, the number of passengers is less than 29 

and vehicle length is less than 9m.) 
o Trailers (a coupling vehicle with a regular trailer and an un-trailer (two or more axle), a 

coupling vehicle with a medium-sized trailer and an un-trailer (one axle), and a 

coupling vehicle with a large-sized trailer (two axle) and an un-trailer (one axle).) 

 

Extra Large-

Sized Vehicles 

o Regular trucks (the number of axle is four or more, and larger vehicles than a large-

sized vehicle.) 
o Trailers (a coupling vehicle with a medium-sized trailer and an un-trailer (two or more 

axle), a coupling vehicle with a large-sized trailer and an un-trailer and the total number 

of axle is four or more, and a coupling vehicle trailed by an extra large-sized vehicle.) 
o Large special vehicles 
o Buses (a bus for passengers more than 30, its total weight is more than 8t and the 

vehicle length is more than 9m, but except for a fixed route bus.) 

 

Light Vehicles 

o (Light vehicles can be passed only on the bicycle and pedestrian way in Nishi-Seto 

Expressway.) 
o Bicycles 
o Light vehicles 
o Motor-bikes 

 

The vehicles in the traffic of expressway are generally divided into light motor vehicles, regular 

vehicles, medium-sized vehicles, large-sized vehicles and extra large-sized vehicles. For a certain 

model corresponding to a vehicle type, appropriate representative values are determined for its 

parameters. The parameters of the vehicle model considered here include dimensional size, 

aerodynamic coefficients and weight. The representative values for these parameters of the five 

vehicle type are determined as follow. 

Firstly, representative dimensional sizes are determined for each model corresponding to a certain 

vehicle type for the following analysis. The representative values are listed in Table 6-6, where the 

parameters of the truck overturned on Oomishima Bridge is adopted as the representative ones of large 

sized-vehicle. For the others, the parameters of Waggon, Sedan type passenger car, Medium truck and 

Tour bus are taken as the ones corresponding to light motor vehicle, regular vehicle, medium-sized 

vehicle and extra large-sized vehicle, respectively. With regard to the distance from ground to vehicle 
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subsurface, for light motor vehicle and regular vehicle, the realistic distance is adopted while for 

medium sized-vehicle, large-sized vehicle and extra large-sized vehicle, the radius of the tire is used. 

Table 6-6 Dimensional sizes of each type of vehicle 

Vehicle type 
Light motor 

vehicle 

Regular 

vehicle 

Medium-sized 

vehicle 

Large-sized 

vehicle 

Extra large-

sized vehicle 

Length B(m) 3.395 4.58 8.485 11.76 11.99 

Height H(m) 1.64 1.475 2.55 3.77 3.75 

Width W(m) 1.475 1.74 2.47 2.49 2.49 

Distance from ground to 

vehicle subsurface 
0.15 0.13 0.4 0.4 0.53 

Secondly, aerodynamic coefficients of various vehicle types are described. It is necessary to obtain the 

aerodynamic coefficients corresponding to each vehicle type to calculate the aerodynamic forces 

acting on the vehicles. Till now, the study on the road vehicle aerodynamic forces has been conducted 

by multiple research groups. In the report (池田隼 et al. 2013), the quasi-steady side force coefficient 

of around 0.7 and the lift coefficient of around 0.29 are proposed for the Sedan type passenger car, 

which are referring to the vehicle front projective area. In the study of Macklin A. R. et al. (Macklin et 

al. 1996), normal cars of the sharp with Squareback, Fastback and Notchback are investigated and the 

aerodynamic coefficients of side fore, lift and yawing moment are obtained experimentally, which is 

tested in the uniform flow without considering the boundary layer effect. Dorigatti F. et al. (Dorigatti 

et al. 2012) experimentally studied the aerodynamic coefficients of vehicle on the bridge for three 

different types: Van, Bus and Lorry. In the study of Tachibana T. et al. (Tachibana et al. 2016), the 

aerodynamic coefficients of a truck model for ground case are studied both by wind tunnel experiment 

and CFD simulation, which are defined as the same with the ones shown in Chapter 4. The CFD 

simulation results in the study are shown in Fig. 6.15. 

 
Fig. 6.15 Aerodynamic coefficients (CFD) obtained by Tachibana T. et al. 

The CFD results are compared with the ones obtained by other groups as mentioned above. The 

figures from Fig. 6.16 to Fig. 6.18, show the compare with the results obtained by Ikta et al., Macklin 
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A. R. et al. and Dorigatti F. et al. respectively. The results have been transformed and hence the same 

definition of aerodynamic coefficient. Results in Fig. 6.16 are the ones of ground case while results in 

Fig. 6.17 are the ones of ground-free, both of which refers to vehicle front projection area. Fig. 6.18 

shows the results of ground case referring to lateral projection area. 

 

Fig. 6.16 Compare with results obtained by Iketa et al. 

 

Fig. 6.17 Compare with results obtained by Macklin A. R. et al. 
 

 
Fig. 6.18 Compare with results obtained by Dorigatti F. et al. 

In this study, for each vehicle type, the aerodynamic coefficient is determined by the product of a 

representative value and a scale factor, which is reasonably defined for each vehicle type. The CFD 

-1

0

1

2

3

4

5

6

7

8

0 10 20 30 40 50 60 70 80 90

A
er

o
 C

o
e

ff
ic

ie
n

t

Yaw angle [deg]

Cs(Truck CFD)

Cs(Squareback)

Cs(Notchback)

Cs(Fastback)

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

0 10 20 30 40 50 60 70 80 90

A
er

o
 C

o
e

ff
ic

ie
n

t

Yaw angle [deg]

Cs(Truck CFD)

Cs(Van)

Cs(Bus)

Cs(Lorry)

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 10 20 30 40 50 60 70 80 90

A
er

o
 C

o
e

ff
ic

ie
n

t

Yaw angle [deg]

Cl(Truck CFD)

Cl(Van)

Cl(Bus)

Cl(Lorry)



Chapter 6 Risk analysis for the crosswind stability of road vehicle 

129 

 

results obtained by Tachibana T. et al. are adopted as the representative aerodynamic coefficients and 

interval of scale factor is determined based on these studies mentioned above. The interval of side 

force scale factors of each vehicle type are listed in Table 6-7, in which the uniform distributed scale 

factor is generated randomly. 

Table 6-7 Scale factors of side force for each vehicle type 

Vehicle 

type 

Light motor 

vehicle 

Regular 

vehicle 

Medium-sized 

vehicle 

Large-sized 

vehicle 

Extra large-sized 

vehicle 

Scale 

factor 
0.5-0.8 0.4-0.8 0.85-1.05 0.9-1.1 0.9-1.2 

Thirdly, modeling of vehicle weight is introduced here. As we know, the weight of the vehicle varies 

due to the goods or people carried, even for vehicles of exactly the same type. The more the weight, 

the less overturning risk, since the resistant moment due to the weight itself increases with the vehicle 

weight. There is a research (石井孝男 and 篠原修二 1992) on the vehicle weight for the vehicle 

moving in the expressway. Based on the research, it is assumed that the vehicle weights G  of all the 

vehicle types follow the log-normal distributions  2,ln~ NG , which are different from each other 

for different vehicle types. In Fig. 6.19, the total weight distributions of each vehicle type are shown, 

the means and the standard deviations are listed in Table 6-8. Hence, for each single vehicle, their total 

weight is determined by the random value which follows the distribution corresponding to its vehicle 

type. The cumulative distribution functions of vehicle total weight for each vehicle type are shown in 

Fig. 6.20. 

Table 6-8 Means and standards of total weight distribution for various vehicle type 

Vehicle type 
Light motor 

vehicle 

Regular 

vehicle 

Medium-sized 

vehicle 

Large-sized 

vehicle 

Extra large-sized 

vehicle 

Mean μ (Ton) 0.88 2.24 5.37 13.2 19.6 

Standard 

deviation σ 
0.095 0.51 0.82 2.8 4.9 

  
(a) Light motor vehicle                                              (b) Regular vehicle 
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(c) Medium-sized vehicle                                            (d) Large-sized vehicle 

 

 
(e)Extra large-sized vehicle 

 

Fig. 6.19 Weight distributions for each vehicle type 

 

  
(a) Light motor vehicle                                              (b) Regular vehicle 
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(c) Medium-sized vehicle                                            (d) Large-sized vehicle 

 

 
(e)Extra large-sized vehicle 

 

Fig. 6.20 Cumulative distribution functions of vehicle total weight for each vehicle type 

 

Finally, given the determined dimensional size, aerodynamic force coefficients and total weight, 

CWCs of overturning can be obtained for vehicles. Fig. 6.21(a) shows the overturning CWCs of the 

vehicle with a speed of 80km/h when the mean values of the scale factor and vehicle total weight are 

applied. Fig. 6.21(b) shows the overturning CWCs of an unloaded vehicle, which means no passenger 

or goods in the vehicle, with a speed of 80km/h. The total weights of the unloaded vehicles are listed 

in Table 6-9.  

From the results, we can find that for both cases, in which either mean vehicle weight or unloaded 

vehicle weight is taken as the vehicle total weight, the vehicle of the large sized-vehicle type is the one 

most vulnerable to the overturning accident. 

Table 6-9 Total weights of the unloaded vehicles 

Vehicle 

type 

Light motor 

vehicle 

Regular 

vehicle 

Medium-sized 

vehicle 

Large-sized 

vehicle 

Extra large-sized 

vehicle 

Weight 

(Ton) 
0.78 1.31 3.61 6.74 13.0 
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(a) Results when mean value is applied                              (b) Results of unloaded vehicles 

 

Fig. 6.21 Overturning CWCs of each vehicle type 

 

6.3.3 Vehicle proportions of different vehicle types 

Here, applied vehicle proportions are the vehicle proportions in the traffic of Tarumizu-Awaji section 

in the Kobe-Awaji-Naruto Expressway in the period from Jan. 2014 to Apr. 2015, which take both up-

line and down-line in to consideration. It is investigated respectively for cases of average daily traffic, 

average weekday traffic and average holiday traffic, which includes Sunday traffic. The proportions 

are shown in Fig. 6.22. Especially, the sum of proportions of medium-sized vehicle, large-sized 

vehicle and extra large-sized vehicle is listed in Table 6-10. This proportion is denoted as P.L. in 

following part. 

 

 



Chapter 6 Risk analysis for the crosswind stability of road vehicle 

133 

 

Fig. 6.22 Vehicle proportions in the traffic during Feb. and May 2014 

 

Table 6-10 Sum of proportions of medium-sized vehicle, large-sized vehicle and extra large-sized vehicle 

P.L. (%) Average daily traffic Average weekday traffic  Average holiday traffic 

Feb. 29.3 37.03 14.84 

May 19.31 31.15 6.81 

The maximum and minimum of the summed proportion are the case of average weekday traffic in Feb. 

and the case of average weekend traffic in May, respectively. 

6.3.4 Calculation of overturning probability 

In this analysis, the total traffic volume is assumed to be 10000 and the traffic volume of each vehicle 

type is obtained by the proportion corresponding to the vehicle type in the traffic, which is determined 

in advance. For each single vehicle, with a given wind velocity and wind direction, whether 

overturning occurs can be determined by the static equilibrium equation of the vehicle. The ranges of 

wind velocity and wind direction considered are [10 40] m/s and [10 150] degree with the intervals of 

1m/s and 1 degree respectively. The wind direction here is expressed by the yawing angle. 

For each time of calculation, the total traffic is input and the overturned vehicle amount is obtained for 

each wind condition. The condition for judgement of overturning is as follows, 

 reov MM   6.24 

where ovM  is the overturning moment induced by crosswind and reM  is the resistance moment of the 

vehicle itself. 

This kind of calculation is repeated for 100 times and the average overturned vehicle amount is 

calculated, which is further divided by the total traffic volume to gain the overturning probability. 

Therefore, the overturning probability oP  can be expressed as follows, 

  

N

n

P i

i

o




100

1100

1

 
6.25 

whereby, in  is the overturned vehicle amount for i-th time of calculation, N  denotes the total traffic 

volume and equal to 10000 here. 

The flow chart of the calculation is shown in Fig. 6.23. 
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Fig. 6.23 Flow chart for calculation of overturning probability 

6.3.5 Results 

The results of the analysis as mentioned above are shown in this section. In the overturning probability 

calculation, the vehicle speed varies from 50km/h to120km/h and this calculation is conducted for all 

the cases listed in the Table 6-11. Hence in total 16 cases are analysed. 

Table 6-11 Investigation cases 

Cases Vehicle Proportion 
Vehicle 

speed (km/h) 

1 

Average weekday traffic 

in Feb. (P.L.=37.03%) 

50 

2 80 

3 100 

4 120 

5 

Average daily traffic 

in Feb. (P.L.=29.3%) 

50 

6 80 

7 100 

8 120 

9 

Average daily traffic 

in May (P.L.=19.31%) 

50 

10 80 

11 100 

12 120 

13 Average holiday traffic 50 
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14 in May (P.L.=6.81%) 80 

15 100 

16 120 

Fig. 6.24 (a), (b), (c) and (d) show the results for the cases of average weekday traffic in February with 

vehicle moving at the speed 50km/h, 80km/h, 100km/h and 120km/h, respectively. Fig. 6.25 (a), (b), 

(c) and (d) show the results for the cases of average daily traffic in February with vehicle moving at 

the speed 50km/h, 80km/h, 100km/h and 120km/h, respectively. In Fig. 6.26, (a), (b), (c) and (d) show 

the results for the cases of average daily traffic in May with vehicle moving at the speed 50km/h, 

80km/h, 100km/h and 120km/h, separately. In Fig. 6.27, (a), (b), (c) and (d) show the results for the 

cases of average holiday traffic in May with vehicle moving at the speed 50km/h, 80km/h, 100km/h 

and 120km/h, separately. 

 

(a) Vehicle speed 50km/h (case 1)                          (b) Vehicle speed 80km/h (case 2) 

 

 

(c) Vehicle speed 100km/h (case 3)                          (d) Vehicle speed 120km/h (case 4) 

 

Fig. 6.24 Overturning probability for average weekday traffic in Feb. for vehicle speed of (a) 50km/h (b) 

80km/h (c) 100km/h (d) 120km/h 
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(a) Vehicle speed 50km/h (case 5)                          (b) Vehicle speed 80km/h (case 6) 

 

(c) Vehicle speed 100km/h (case 7)                          (d) Vehicle speed 120km/h (case 8) 

 

Fig. 6.25 Overturning probability for average daily traffic in Feb. for vehicle speed of (a) 50km/h (b) 

80km/h (c) 100km/h (d) 120km/h 

 

 

(a) Vehicle speed 50km/h (case 9)                           (b) Vehicle speed 80km/h (case 10) 
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(c) Vehicle speed 100km/h (case 11)                       (d) Vehicle speed 120km/h (case 12) 

 

Fig. 6.26 Overturning probability for average daily traffic in May for vehicle speed of (a) 50km/h (b) 

80km/h (c) 100km/h (d) 120km/h 

 

(a) Vehicle speed 50km/h (case 13)                        (b) Vehicle speed 80km/h (case 14) 

 

 

(c) Vehicle speed 100km/h (case 15)                       (d) Vehicle speed 120km/h (case 16) 

 

Fig. 6.27 Overturning probability for average holiday traffic in May for vehicle speed of (a) 50km/h (b) 

80km/h (c) 100km/h (d) 120km/h 
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The results, e.g. in cases 1,2,3 and 4, indicate that, for a certain proportion of the vehicle, the 

overturning probability increase with the vehicle speed, which keeps consistent with the conclusion 

obtained by CWCs in the first part of this chapter. The same conclusion can be drawn from the other 

cases. If the results of the same vehicle speed are compared, e.g. in cases 2, 6, 10 and 14 with vehicle 

speed of 80 km/h, it can be found that the higher summed proportion as shown in Table 6-10, which 

includes proportions of medium-sized vehicle, large-sized vehicle and extra large-sized vehicle, the 

higher overturning probability of vehicles in the traffic. Compare between case 2 and case 14 indicates 

that, the overturning probability of the former become almost 5 times of the one of the latter. This is 

considered to be caused by the higher side force action centre of relative large sized-vehicles, say, 

truck and bus, than the one of regular vehicle, which leads to a vehicle being more vulnerable to 

overturning. Therefore, for the traffic section with high proportion of medium-sized vehicle, large-

sized vehicle and extra large-sized vehicle in the traffic, it becomes more important to make suitable 

countermeasure to crosswind. Besides, it is possible and reasonable to determine the regulation wind 

speed threshold considering vehicle proportions in the traffic for a given overturning probability. 

In this study, the speeds of vehicles in the traffic are assumed to be the same. However, it is 

considered that there exists the correlation between the vehicle type and vehicle speed, vehicle weight 

and vehicle speed, traffic section and vehicle speed, and the probability distribution of vehicle speed is 

thought to be available. If with all of these being considered, then the overturn probability will become 

a more reliable indicator of safety assessment for a certain traffic section concerned. 

With such a kind of safety assessment, for a given traffic section with certain vehicle proportions, the 

corresponding regulation vehicle speed rV  can be determined by the traffic administer and/or local 

police for the exposed windy traffic section as shown in Fig. 6.28. 

 

 
Fig. 6.28 Traffic regulation 
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6.3.6 Overturning probability of current regulation rule 

From the study, both vehicle proportion of different vehicle type and the vehicle speed affect the 

overturning risk. However, the present regulation rule as shown in Table 1-1 only takes the vehicle 

speed into consideration to some extent, e.g. limiting vehicle speed ( 1/2 of normal speed) when mean 

wind velocity U>=15 m/s. The vehicle proportion is not incorporated in the current regulation rule. 

Here overturning probability of current regulation rule is investigated. 

It is assumed that the normal vehicle speed in the traffic section is 100km/h and it takes vehicle 5 

minutes to traverse the traffic section with this speed. Hence, it takes the vehicle 10 minutes if it 

moves with a speed of 50km/h. Based on the regulation rule, once mean velocity satisfies U>=15 m/s, 

the vehicle speed is limited to 50km/h, while vehicle speed remains 100km/s if U<15 m/s. In addition, 

once U>=25 m/s, lane closure is conducted. Therefore, the most dangerous two cases are: a. the wind 

speed is approaching 15m/s but did not reach 15m/s yet and the vehicle moving with a speed of 

100km/h; b. the wind speed is approaching 25m/s but did not reach 25m/s yet and the vehicle moving 

with a speed of 50km/h. Hence, the overturning probability corresponding to these two cases can be 

considered as the upper limits of the overturning probability for current regulation rule. Then we can 

obtain the overturning probability from the study by checking these two cases from the results above, 

respectively.  

As mentioned in Chapter 1 that it is more rational to consider the wind fluctuation component in 

addition to mean wind speed. Therefore the safety assessment based on the instantaneous wind 

velocity (3-s) is investigated. As we know, the current regulation rule for road vehicle is based on the 

10-min mean wind velocity. The corresponding maximum instantaneous wind velocity during 10 

minutes is firstly estimated by the equation 

 dgUU max  
6.26 

where maxU  denotes the maximum instantaneous wind velocity, U  denotes the 10-minutes mean 

wind velocity and dg  is peak factor and set to 3 here,   is the standard deviation of 3-seconds 

instantaneous wind velocity during 10 minutes. Generally,   depends on the wind direction and wind 

velocity. However, here we assume that   is independent of wind direction for simplicity. Besides, 

the   obtained on Oomishima Bridge is adopted where 5.1 m/s. 

It is worth noting that if the vehicle speed is 100km/h, then it takes 5 minutes to pass the traffic section. 

In this case, the maximum instantaneous wind speed during 5 minutes, rather than 10 minutes, should 
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be estimated. Here, it is assumed that 5-min mean wind speed equals to 10-min mean wind speed and 

the standard deviation of 5 minutes is same with the one of 10 minutes. Then the current traffic 

regulation rule of road vehicle based on the maximum instantaneous wind (the value are rounded) 

becomes Table 6-12. Here, the vehicle proportions of average weekday traffic in Feb. (P.L.=37.03%) 

and average holiday traffic in May (P.L.=6.81%) are adopted and compared for investigating the effect 

of vehicle proportion. The figure of overturning probability are shown as Fig. 6.29 and Fig. 6.30 for 

P.L.=37.03% and P.L.=6.81% respectively. 

Table 6-12 Traffic regulation rule based on maximum instantaneous wind velocity 

Wind speed 

thresholds (m/s)  
Traffic regulation 

Umax>=30 Lane closure 

Umax>=20 
Limiting vehicle speed (1/2 of normal speed) 

No entry for two wheelers automobiles 

 
Case 1 (V=50km/h)                                                             Case 3 (V=100km/h) 

Fig. 6.29 Overturning probability of current regulation rule based on maximum instantaneous wind speed 

(P.L.=37.03%) 

  
Case 13(V=50km/h)                                                     Case 15(V=100km/h) 

Fig. 6.30 Overturning probability of current regulation rule based on maximum instantaneous wind speed 

(P.L.=6.81%) 

The upper limits of overturning probability of the current regulation rule are listed in Table 6-13. 
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Table 6-13 Upper limits of overturning probability based on maximum instantaneous wind speed 

 

Umax<20 

V=100km/h 

Umax<30 

V=50km/h 

P.L.=37.03% 0.0021% 0.1813% 

P.L.=6.81% 0.0003% 0.0311% 

In this result, the upper limits of overturning probability corresponding to P.L.=37.03% is much larger 

than the one of P.L.=6.81%, around 6 to 7 times. This indicates that, even if the same current 

regulation rule is conducted, the overturning risk may increase significantly when the proportion of 

relative large-sized vehicle is high in the traffic. Besides, for a certain vehicle proportion (say, 

P.L.=37.03%), the two upper limits of overturning probability differ from each other obviously (say 

0.0021% and 0.1813%). This phenomenon seems to be independent of P.L.. In general, it is more 

rational that they are close to each other. The result indicates that the wind speed thresholds of current 

regulation rule can be determined more reasonably by an alternative method, say, making the two 

upper limits of overturning probability equal. However, we should note that only overturning accident 

is considered here while it is more reasonable to consider other kinds of risk such as side slip and 

yawing rotation.  

6.4 Conclusions 

In this chapter, the CWCs of the road vehicle are deduced from vehicle static equilibrium equations. In 

addition, the risk analysis which aims to obtain the overturning (or other kind of hazard) probability is 

conducted and applied to the on-board pre-warning system and safety assessment, which can provide 

basic for determination of regulation rule. Besides, the on-board pre-warning system is realized with a 

combination of the CWCs, short-term wind velocity and direction prediction, evaluation of 

instantaneous wind velocity and risk analysis. An example is provided to illustrate that how this on-

board pre-warning system works. In addition, the safety assessment is conducted considering vehicle 

proportions of different vehicle types in the traffic. In this assessment, the vehicles in the traffic are 

divided into five vehicle types, and representative parameters including dimensional size, aerodynamic 

coefficients and vehicle weight are assigned to each vehicle type, during which the aerodynamic 

coefficients and vehicle weight are generated randomly following properly defined probability 

distributions. With this kind of model, traffic volume of 10000 vehicles with the given vehicle 

proportions of different vehicle types in reality is applied to calculate the overturned vehicle amount 

and the calculation is repeated 100 times. The average overturned vehicle amount is further divided by 

the total traffic volume to gain the overturning probability. With this method, the overturning 

probability for various vehicle proportions and vehicle speeds are investigated. In the end, the 

overturning probability of current regulation rule is also studied. 
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From the study, we arrive at the conclusions as follows: 

1) In condition of dry road, overturning is easier to happen than side slip while in the condition of wet 

road, side slip is more likely to occur. 

2) The risks of both side slip and overturning increase with the vehicle speed for yawing angle   

smaller than around 120 degree, which means that slowing down the vehicle speed can reduce the risk 

of these kinds of accidents in the range of the yawing angle mentioned.  

3) Given the vehicle speed lower than 120km/h, the most dangerous on-site wind condition is that 

when the on-site wind blows from the direction with a yawing angle among [60, 80] degree. 

4) A method to realize the on-board pre-warning system is proposed as well as the mechanism being 

introduced in detail, based on the assumption that both the fluctuation components of wind velocity 

and wind direction follow the Gaussian distribution. 

5) The overturning probability of a certain traffic section, in the traffic of which multiple vehicles with 

various vehicle types exist, is obtained for different traffic condition. Based on this kind indicator of 

safety assessment, more proper regulation rule can be determined, which considers the vehicle 

proportions of various vehicle types in the traffic. 

7) The dependence of overturning probability on the vehicle speed and the vehicle proportions of 

different vehicle types is confirmed. Furthermore, it is proposed that the countermeasure to crosswind 

is more necessary in the traffic section with high vehicle proportion of relative large-sized vehicle 

types, e,g, medium -sized vehicle, large-sized vehicle and extra large-sized vehicle. 

8) The upper limits of overturning probability corresponding to current regulation rule are obtained. 

With the regulation rule, the vehicle proportion of relative large-sized vehicle significantly affects the 

overturning risk of a traffic section. Besides, the wind speed thresholds of current regulation rule can 

be determined more reasonably by an alternative method, say, making the two upper limits of 

overturning probability equal. 

9) For application of the on-board pre-warning system into real world, the remaining issues are listed 

as follows: 1. effect of various infrastructure conditions on aerodynamic force coefficients; 2. study on 

aerodynamic force coefficients of various vehicle type; 3. study on probability distributions of 

prediction residuals and fluctuation wind component; 4. prediction model of wind direction; 5. 

investigation of the dependence between U and β along the line; 6. properly determined accident 

probability. 



Chapter 6 Risk analysis for the crosswind stability of road vehicle 

143 

 

10) For the purpose of make the overturning probability obtained here to be a more reliable indicator 

of safety assessment, the probability distribution of vehicle speed can be applied in the future, which 

takes its correlation with vehicle type, vehicle weight and moving section into consideration. In 

addition, other kinds of accidents in addition to overturning should also be considered. 
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Chapter 7 Summary and conclusions 

7.1 Main results and contributions 

The objectives of this research are to propose a more developed decision rule of traffic regulation 

in windy periods for the traffic administrators and/or local police and to build an on-board pre-warning 

system for the driver of road vehicle. To achieve these objectives, the study of aerodynamic forces 

especially study on transient aerodynamic forces, study of short-term wind prediction and risk analysis 

for crosswind stability o vehicle are indispensable. This research is composed of five parts of study—

the post-processing methods of dynamic wind tunnel experiment which refer to de-noising by 

Harmonic wavelet packet transform (HWPT) and a correction method to obtain indicial response 

function from imperfect step-function excitation, the transient lift response of cylindrical structures, 

the transient aerodynamic forces of the vehicle, short-term wind prediction and risk analysis for the 

crosswind stability of vehicle. 

The works and contributions in each chapter are summarized as follow. 

Chapter 1 introduces the background, objectives and contents of the research. Previous relative 

researches including transient aerodynamic forces of cylindrical structures, aerodynamic forces of 

vehicle, wind forecasting and risk analysis of wind induced vehicle accident are reviewed. In addition, 

the concepts of traffic regulation rule and on-board pre-warning system are introduced. 

In Chapter 2, the post-processing methods of dynamic wind tunnel experiment are introduced. The 

technique of de-noising by HWPT is realized and its good performance is confirmed by applying it to 

a simulated contaminated response. The reasons that HWPT is applied for de-noising are as follow: 1) 

it is applicable on processing non-stationary signal; 2) Harmonic wavelet has the spectrum exactly like 

a box which minimizes introduction of aliased noise in the filtering; 3) it is capable of decomposing 

the signal into sub-signals with high frequency resolution even for the high frequency region. In the 

other hand, based on linear system assumption, an iterative correction method is proposed to extract 

the indicial response function experimentally from the response induced by the imperfect step-function 

excitation. Since a gust with ideal step-function profile is almost impossible to be generated 

experimentally due to the inevitable existence of the gust-rise duration, the correction method is 

proposed to remove its effect on the transient response. Reliability of the method is mathematically 

proved and its good performance is verified by applying it to the simulated responses induced by the 

imperfect step-function excitations with various types of excitation-rise profiles. 
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In Chapter 3, the applicability of post-processing methods is examined by the wind tunnel 

experiment for study on transient responses of cylindrical structures. In this part, both static and 

dynamic wind tunnel experiments are conducted to investigate the transient lift response of cylindrical 

structures of airfoil section, flat plate section and square section. In static wind tunnel experiment, the 

lift coefficients are obtained which are used to non-dimensionalize the transient lift response in the 

subsequent dynamic wind tunnel experiment. Besides, to investigate the effect on the tested 

aerodynamic forces induced by the end-plate fixed on the model, static experiments for both detached 

case and attached case of end-plate are conducted. By comparing the results of these two cases, it is 

confirmed that this kind of effect is neglectable and hence it is rational to fix the end-plate in the 

model in dynamic experiment. In the dynamic wind tunnel experiment, the transient responses of two 

cases are investigated for each model and the test is repeated 5 times for each case. The frequency sub-

bands of the noise including mechanism noise and vortex shedding induced noise are identified by 

dynamic test in gust-free condition. Then the noise is removed from the transient responses by HWPT. 

The correction method is applied to the response of each test and the experimental Küssner functions 

are obtained by taking the average response of 5 tests. In this study, Küssner functions of cylindrical 

structures of airfoil section and flat plate section are obtained experimentally while we fail to gain the 

ones of structure with square section. It is quite probable that the vortex shedding pattern beginning at 

instant τ=0 dominate the indicial lift response. From the study, the applicability of the introduced post-

processing methods is verified experimentally. 

Chapter 4 investigates the transient side force and yawing moment of the road vehicle with the 

help of the post-processing methods. In this part, the model of the vehicle overturned on Oomishima 

Bridge by strong wind is used. Both static and dynamic wind tunnel experiment are performed. In 

static wind tunnel experiment, the aerodynamic coefficients are obtained for both ground case and 

ground-free case and it is found that the aerodynamic forces are more significant for the ground-free 

case except for the yawing moment. Side force coefficient and yawing moment coefficient obtained 

here are used to non-dimensionalize the transient responses in the following dynamic wind tunnel test. 

The dynamic wind tunnel experiment is conducted for the ground case to study the transient side force 

and yawing moment of the moving vehicle suffering the sharp-edged gust. The frequencies of 

mechanism noise are identified by checking the response power spectra of the system suffering strikes 

in each direction of the load cell components respectively. The frequency of vortex induced noise is 

investigated by static wind tunnel test with wind velocity varies from 1m/s to 10m/s with an interval of 

1m/s and it is identified by checking the significant frequencies of side forces and yawing moments 

obtained in all of these tests. Then both the mechanism noise and vortex induced noise are removed 

from the transient responses by the HWPT for each test. In this experiment, three cases are studied 

with tests of 5 repeat times for each case and the average of the de-noised responses of 5 tests is taken 
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as the transient response for each case. Then the correction method is applied to the transient response 

of each case and the indicial functions of side force and yawing moment are obtained experimentally. 

In Chapter 5, short-term wind prediction performance of different mathematical models is 

investigated for the purpose of finding a proper model with high prediction performance. The models 

include Autoregressive Integrated Moving Average (ARIMA) model, Autoregressive Moving 

Average-Generalized Autoregressive Conditional Heteroscedastic (ARMA-GARCH) model, Markov 

chain model and Trend model. The optimal ARIMA model is obtained by a three-stage iterative 

procedure including model identification, parameter estimation and diagnostic checking. From the 

diagnostic checking, the assumption for linear stochastic ARIMA model, e.g. the noise term a’s follow 

the Gaussian distribution is not fully satisfied for the given wind time history. Besides, it is found that 

parameters of the model change for too large length of training data, which results in the deterioration 

of model’s validity. In the other hand, heteroscedasticity is confirmed for the training data. Hence, the 

ARMA-GARCH model, which takes the heteroscedasticity into consideration in the model, is adopted 

to model the series. Both of ARIMA and ARMA-GARCH models obtained are then applied for 

prediction. Afterwards, the Markov chain model in embedding space is also applied to make short-

term wind velocity prediction. The basic idea of this model is that the current state determines a 

probability density (named transition probability density) for the occurrence of the future states. The 

transition probability densities can be obtained in the embedding space and hence corresponding 

future state can be predicted. In addition, the trend model based on Kalman filter algorithm is 

investigated. The model parameters are estimated by maximum likelihood estimation. The prediction 

is conducted by the model with estimated parameters. Finally, the prediction performances of these 

models are compared. 

In Chapter 6, based on risk analysis of crosswind stability of vehicle, the on-board pre-warning 

system is introduced and realized. Beside, a probabilistic indicator of safety assessment considering 

vehicle proportions of different vehicle types in the traffic is proposed, which is helpful to 

determination of regulation rule. In the beginning part of this chapter, the Characteristic Wind Curves 

(CWCs) are studied, which are further applied in developing the on-board pre-warning system and the 

safety assessment. Given a determined condition for occurrence of side slip and overturning accident, 

the CWCs of the vehicle overturned in Oomishima Bridge are obtained from the static equilibrium 

equations of the vehicle subjected to crosswind. In the calculation, the side force coefficients and lift 

coefficients of ground case obtained by wind tunnel experiment are fitted by polynomial curves. The 

cases of different road and tire conditions are investigated. In the second part, the on-board pre-

warning system is realized with a combination of the CWCs, short-term wind velocity and direction 

prediction, evaluation of instantaneous wind velocity and risk analysis. The joint probability 
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distribution of instantaneous wind velocity and direction during a time period (e.g. 5 minutes) in the 

near future is obtained by short-term prediction of the wind mean component and the standard 

deviation of the wind fluctuation component. For a given vehicle velocity corresponding to a certain 

CWC, the overturning probability can be calculated by double integral of the joint probability 

distribution over the dangerous region of the CWC. Hence for a given allowed overturning probability, 

the permitted vehicle speed can be identified. With the application of binary search algorithm, the 

permitted vehicle speed is identified by several times of calculation. An example is provided to 

illustrate that how this on-board pre-warning system works. In the third part, the safety assessment is 

conducted considering vehicle proportions of different vehicle types in the traffic. The idea of the 

mathematical vehicle model of different vehicle type is as follows. 1) For each vehicle type, 

representative dimensional sizes are given. 2) A representative side force coefficient as well as an 

interval of scale factor is determined in advance for each vehicle type. The side force coefficient of 

each single vehicle of a certain type is obtained by multiplying a representative side force coefficient 

with the scale factor, which is uniform distributed in the given interval. 3) In regard to vehicle weight, 

representative probability distributions of weight for different vehicle types are determined in advance. 

For each single vehicle, its weight is generated randomly from the probability distribution 

corresponding to its vehicle type. 4) Hence, with the all the parameters of the vehicle being determined, 

CWCs of overturning for each single vehicle are gained and they may vary from each other even for 

the same vehicle type. With this kind of model, traffic volume of 10000 vehicles with the given 

vehicle proportions of different vehicle types in reality is applied to calculate the overturned vehicle 

amount and the calculation is repeated 100 times. The average overturned vehicle amount is further 

divided by the total traffic volume to gain the overturning probability. In this part of study, the vehicle 

proportion in the traffic of Tarumizu-Awaji section during February and during May in 2014 is 

applied respectively for cases of average daily traffic, average workday traffic and average weekend 

traffic, to investigate the overturning probability under various wind condition. 

Chapter 7 summarizes the main results and contributions of this work as follows. The works to be 

further studied are also presented. The conclusions obtained are listed as follow. 

1. The de-noising technique of HWPT is realized and its applicability in dynamic wind tunnel 

experiment is confirmed experimentally. 

2. An iterative correction method is proposed to extract the indicial response function from the 

response due to imperfect step-function excitation in dynamic wind tunnel experiment. Its reliability is 

mathematically proved while its applicability is confirmed experimentally. 
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3. The lift indicial response functions of cylindrical structures of airfoil section and flat plate 

section are obtained experimentally. In the results, the experimental Küssner function develops faster 

than the theoretical one for all of the cases studied. For airfoil section, a slight peak is found around 

τ=7. On the other hand, for flat plate section, slight overshoot is found for case 1 while significant 

overshoot arises around τ=7 for case 2. For square, we fail to extract its equivalent Küssner function. It 

is quite probable that the vortex shedding pattern beginning at instant τ=0 dominates the indicial lift 

response. 

4. Transient side force and yawing moment of a road vehicle suffering sharp-edged gust are 

investigated experimentally and their corresponding indicial functions are obtained. No overshoot of 

side force is observed while significant overshoot of yawing moment is verified with overshoot 

coefficients 1.14, 1.44 and 1.31 respectively for the cases studied.  

5. It is found that all the ARIMA model, ARMA-GARCH model, Markov chain model and Trend 

model are capable of short-term prediction for wind velocity, among which the ARIMA model has the 

best prediction performance. ARMA-GARCH model shows almost the same prediction accuracy as 

the one of ARIMA model. 

6. From study of CWCs, it is found that in condition of dry road, overturning is easier to happen 

than side slip while in the condition of wet road, side slip is more likely to occur. Besides, slowing 

down the vehicle speed is an effective approach to reduce the wind induced risk when the yawing 

angle of wind locates in the range smaller than around 120 degree. In addition, the result shows that 

the wind blowing from the direction with a yawing angle among [60, 80] degree is most dangerous for 

the moving vehicle with speed lower than 120km/h. 

7. A method based on risk analysis to realize the on-board pre-warning system is proposed as well 

as the mechanism being introduced in detail. 

8. Safety assessment of a certain traffic section based on overturning probability is conducted, 

which considers vehicle proportions of different vehicle types in the traffic, and it provides a more 

proper base for determination of road traffic regulation rule for a certain traffic section. 

9. For a certain traffic section, the dependence of overturning probability on the vehicle speed and 

the vehicle proportions of different vehicle types in the traffic is confirmed. Furthermore, it indicates 

that the countermeasure to crosswind is more necessary in the traffic section with high vehicle 

proportion of relative large sized-vehicle types, e,g, medium-sized vehicle, large-sized vehicle and 

extra large-sized vehicle. 
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10. The upper limits of overturning probability corresponding to current regulation rule are 

obtained. With the regulation rule, the vehicle proportion of relative large-sized vehicle significantly 

affects the overturning risk of a traffic section. Besides, an alternative method to determine wind speed 

thresholds of regulation rule is provided, say, making the two upper limits of overturning probability 

equal. 

7.2 Recommendations for further studies 

This research has studied transient aerodynamic forces of both cylindrical structures and a 3-

dimensioan road vehicle, mathematical model for wind prediction and risk analysis for crosswind 

stability, which are indispensable for the purposes of proposing a more developed decision rule of 

traffic regulation and building an on-board pre-warning system for the driver of road vehicle. Based on 

the present study, the work to be further investigated is suggested as follows. 

Firstly, as shown in Chapter 3, it is quite probable that the vortex shedding pattern beginning at instant 

τ=0 dominate the indicial lift response of the square cylinder. The result is supposed to be further 

studied. 

Secondly, a significant overshoot of transient life acting on the flat plate structure is observed for same 

case, which may also exist on the plate-like structure in reality in the occurrence of the typhoon or gust. 

Hence, this overshoot phenomenon is supposed to be further studied.  

Besides, even though the overshoot of transient side force is not observed in the road vehicle studied 

here, whether it happens in other kinds of vehicle is not confirmed. Hence, transient aerodynamic 

forces of other vehicle types are supposed to be studied. In regard to the overshoot of yawing moment, 

the indicial function seems to vary for different wind conditions hence results in different overshoot 

coefficients. Therefore, more comprehensive investigation for various wind condition is necessary to 

fully describe the transient yawing moment for each king of vehicle. 

In addition, the short-term wind prediction plays a key role in the pre-warning system. Even though 

the models in this research are capable of short-term wind velocity prediction, whether other 

prediction models can improve the prediction performance is desired to be further studied. Besides, the 

model for wind direction prediction with high prediction accuracy is also needed. 

Another quite important topic is the investigation of on-site instantaneous wind characteristics. It lies 

in the center of risk analysis for crosswind stability of vehicles. Its threshold-exceeding probability 

distribution needs to be studied.  
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In regard to the regulation rule, overturning probability or side slip probability in the certain windy 

section can be obtained and thus corresponding permitted vehicle speed be determined for each kind 

of accident. However, the total accident probability including overturning, side slip and yawing 

rotation is necessary, which should also be based on the on-site probability distribution of different 

vehicle type. The regulation rule determined by this kind of total accident probability is suggested to 

be further studied. In addition, more rational and applicable rule for traffic regulation time is also 

desired. 

With respect to the CWCs, the critical wind velocity is based on the simple conditions that: for CWCs 

of overturning, the critical wind velocity is defined as the one that make reactions on the upstream 

tires be zeros; for CWCs of side slip, the critical wind velocity is defined as the one make the wind-

induced total friction force of four tires equal to the total friction resistance of the vehicle. However, 

more rational and complicated condition for calculation of CWCs is suggested to be developed. 

Finally, the study here is based on the simplified model without considering the response of the driver 

to the accident. However, a more complicated model incorporating the driver model into the risk 

analysis is suggested to be developed. 
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