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Abstract 
Drivers are vulnerable to inclement weather such as heavy rainfall and severe waterlogging. This is a safety concern since rainfall and waterlogging increase the traffic accident risk according to the field survey, while a thorough investigation of drivers’ behavior in the scenarios of rainfall and waterlogging is the basis on which reasonable driving advice and effective countermeasures to unsafe drivers’ behavior could be proposed. A driving simulator study is conducted to investigate the influence of rainfall and waterlogging on drivers’ behavior where 30 groups of scenarios with different rainfall intensity and the depth of water are included. Two-way Analysis of Variance (Two-way ANOVA) is used to analyze the characteristics of the driving parameters in different scenarios of rainfall and waterlogging. The results show that rainfall, waterlogging, and their interaction effect significantly influence drivers’ acceleration/deceleration behavior in free acceleration period and forced deceleration period. Rainfall and waterlogging also significantly influence the headway distance when drivers are in the car following period.
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The relevant data shows that the frequency and intensity of extreme weather such as heavy rainfall are increasing year by year due to climate change (Su, 2017). With the rapid development of cities, the factors of urban hydrological effect and rain island effect, the change of urban underlying surface, insufficient water storage capacity in urban underground space, and insufficient function of urban drainage system aggravate the waterlogging problem . The problem of heavy rainstorm and subsequent waterlogging has been a dilemma for many cities (Cheng et al., 2020), and sometimes one of the particularly serious urban emergency issues, because rainfall and waterlogging can cause large environmental, socioeconomic repercussions, and even casualties (Liu et al., 2017). At the same time, the adverse weather and environmental conditions, including rainfall and waterlogging, have strong impact on traffic operations and safety (Mitra, 2014). It is pointed out that the impact of the adverse weather and environmental conditions on drivers’ behavior is the main reason for the change of traffic operations and safety (Zhao et al., 2019). Therefore, it is necessary to study the influence of rainfall and waterlogging on drivers’ behavior in order to put forward more scientific and reasonable countermeasures.
The common approaches to study the drivers’ behavior include roadside observation survey (Kidd and Chaudhary, 2019; Riguelle et al., 2016), driving simulator method (Chen et al., 2020; Huang et al., 2019; Karimi et al., 2020; Yadav and Velaga, 2020; Zhang et al., 2020), questionnaire investigation method (Su et al., 2015; Zhu et al., 2018). The time cost of roadside observation survey is very high and it involves the personal privacy authorization when collecting picture or video data of strangers. There is intrinsic difficult in the adoption of this method in China. As to the questionnaire investigation method, there are also inherent difficulties hard to overcome. One difficult is that only static pictures describing the environment can be given by questionnaire, while there is a great difference between the visual perception of static pictures and that of dynamic scenes in the real world. Another difficult is that relevant studies based on questionnaire investigation need to default that drivers are particularly sensitive to their driving behavior, such as driving speed value itself, and can accurately estimate the values of particular kinematic parameters. In fact, it is difficult to guarantee. A specific value some driver provides in a questionnaire may be seriously deviated from the actual value. Relatively, driving simulator is a powerful tool to study drivers’ behavior and has the advantages of rich customized scenes and high controllability (Shariff et al., 2016).
Nowadays, the focus on driving simulator study can be mainly divided into two categories: one focuses on the analysis of the drivers’ psychological characteristics and furtherly studies the characteristics of individual driving behavior based on the psychological characteristics; the other focuses on the direct analysis of the driving behavior characteristics of vehicle drivers. In the aspect of the analysis of drivers’ psychological characteristics, electrocardiosignal (ECG) (Koh and Lee, 2019; Martensson et al., 2019; Wang et al., 2018; Wei et al., 2018), electrooculogram (EOG) (Martensson et al., 2019; Wang et al., 2018) and electroencephalogram (EEG) (Martensson et al., 2019; Wang et al., 2018) are mainly used to analyze the psychological state of drivers. Most studies will furtherly investigate the fatigue driving degree, drowsiness degree, acceleration, speed, headway and other parameters related to individual driving behaviors through the analysis of ECG, EOG, or EEG signals. In the aspect of direct analysis of drivers’ individual driving behavior characteristics, the current research mainly focuses on the influence of drivers’ internal factors and external factors on the driving behavior. The internal factors usually include visual status (Zhang et al., 2020), emotional state (Abele et al., 2020), degree of drunkenness (Yadav and Velaga, 2020), and a variety of distracted behaviors (including the use of mobile phones) (Chen et al., 2020; Li et al., 2020; Zhang et al., 2020) , etc. The external factors usually include violation alarm system (Banerjee et al., 2020), traffic signs (Huang et al., 2019), etc.
Despite that driving simulator may be the best approaches for drivers’ behavior study in rainfall and waterlogging scenarios, unfortunately, there is little relevant research in this field. Huang et al. use UC-win/road to simulate the car following behavior in a city under the condition of rainfall, and then analyze the risk level of the car following behavior (Huang et al., 2020). Although the work above is a good try to study the drivers’ behavior in the condition of rainfall, the authors directly give hypotheses of the vehicles’ velocity as 45 km/h, 41 km/h, and 37 km/h respectively in light rain, moderate rain, and heavy rain. The influence of rainfall on the drivers’ behavior is still unclear. Zhao et al. conducted a driving simulator study based on AutoSim. The characteristics of vehicles’ kinematic parameters such as headway, headway amplitude, speed difference in car following period and acceleration are analyzed (Zhao et al., 2019). However, the authors only paid attention to the car following period while didn’t take into consideration other driving scenarios such as free acceleration or forced deceleration. Most of all, it can be found that the relevant research above only focus on rainfall while no scholar has paid attention to the waterlogging coupling with rainfall.
This paper aims at investigating whether and how the factors of rainfall and waterlogging influence drivers’ behavior. A driving simulation experiment in dozens of scenarios of rainfall coupling with waterlogging was conducted based on UC-win/road and Forum 8 driving simulator. In this context, the effect of various factors including gradient of road, width of lanes, number of lanes, isolation mode of opposite lanes, settings of curb height, and speed limit that may also affect driving behavior is controlled for. The main contribution of this paper is that this is the first time, to the best of the authors’ knowledge, a driving simulator experiment is conducted where the factors of rainfall and waterlogging could be considered simultaneously. Moreover, both the rainfall intensity and the depth of water are calibrated accurately. Section 2 introduces the experiment. Section 3 presents the methodology of two-way ANOVA used in this study. Section 4 reports and discusses the results. Section 5 introduces the post hoc analysis to figure out the stealthy influencing factors. At last, Section 6 concludes the paper with a summary of the main findings.
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2.1. Software and hardware
UC-win/road is a real-time virtual reality software developed in 2000. Up to now, it has been widely used in 3D urban scene modeling and driving simulation. UC-win/road (Ultimate version) software is utilized to construct the urban scene and different scenarios of rainfall and waterlogging in this study.
Forum 8 driving simulator (PR-L-AW-AT-200-3X version) is used as the driver cabin in this study. This driving simulator is composed of a cockpit system (300 kg, 220V AC, 0.5 kW, 50/60 Hz) and a three-DOF motion platform system (655kg, 220V AC, 2.5 kW, 50/60 Hz), as shown in Fig. 1a. The cockpit system furtherly includes the key components of a real vehicle, such as accelerator pedal, brake pedal, steering wheel, handbrake, gear control device, seat, etc. Data acquisition module for input/output signal control, power control module and a loudspeaker box are also embedded in the cockpit system. The three-DOF motion platform system furtherly includes the basic framework, rod end bearing, three-axis servo driver of sliding crank type, servo control device, etc.
The driving simulator is connected with the host computer equipped with UC-win/road software. The specific scenarios in the experiment provided by UC-win/road is presented by three monitors, as shown in Fig. 1b. The sound of the scene, such as the sound of raindrops beating the windshield, the sound of the wiper working, and the sound of the vehicle engine, etc., is played through the loudspeaker box in the driving simulator and the volume will change with the change of rainfall intensity. The simulated driver is an open body. In order to create a more realistic driving atmosphere for the drivers, the side and rear of the driving simulator are separated by curtains.
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b)
Fig. 1. The hardware utilized in the experiment
2.2. Participants
A total of 50 subjects with motor vehicle driving licenses of People's Republic of China and healthy physical conditions were recruited to participate in the experiment. Finally, three subjects among them were excluded from the effective subjects because of dizziness and discomfort during the experiment, or poor command of the driving simulator even after a long test driving. The relevant data from the above three subjects were not further analyzed. Therefore, the effective number of subjects in this study is 47.
Considering that the major group of vehicle drivers in cities is still non-professional drivers, all the participants in this experiment are non-professional drivers. The participants have at least 0.5 years’ driving experience and the highest 9.5 years. This study does not focus on the impact of gender on driving behavior, and will not further analyze this aspect. It is assumed that both male and female drivers are qualified and close to each other. Therefore, no equal proportion of male and female subjects were recruited: 41 males and 6 females. The visual acuity or corrected visual acuity of the subjects should reach 1.0 or above. At the same time, all subjects reported no color blindness and hearing problems. In the past year, all subjects had no traffic violations. In the past three years, all subjects had no traffic accidents.
2.3. Scenario design
2.3.1. Raining scene
The realization of raining weather in the driving simulator is mainly based on the particle effect in VR technology. The rainfall intensity can be adjusted in UC-win/road by a percentage knob to be a certain percentage of the maximum rainfall intensity while the maximum rainfall intensity presented by UC-win/road has not been accurately calibrated. The intensity of virtual rainfall in the driving simulator needs to be calibrated first in order to march the corresponding actual rainfall intensity. Referring to other related research (Zhao et al., 2019), cooperative intensity scoring method by a group of subjects is used to conduct the calibration.
The first step of calibration is to find an actual raining scene with already known rainfall intensity. The standard to choose a suitable actual raining scene for calibration is that the rainfall intensity during that rain is relatively stable. After comparing several rainfall events in the study area, the rainfall from 14:00 p.m. to 14:30 p.m. on 12th, August, 2020 was selected as the actual rainfall scene. There is a heavy rain in Beijing-Tianjin-Hebei region on that day. According to the meteorological records in Haidian District Station in Beijing, the rainfall presented a very distinct characteristic. There was a short-term heavy rainfall lasting for about half an hour from 14:00 p.m. to 15:00 p.m., and the heaviest rainfall concentrated at night (see Fig. 2).
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Fig. 2. The hourly rainfall in Haidian, Beijing (China Ground Meteorological Station No.: 54399) on 12th, August, 2020
It can be found that the rainfall intensity from 14:00 p.m. to 15:00 p.m. is very big but we cannot tell the specific process of rainfall change from Fig. 2. In addition to data of rainfall intensity from the specific meteorological station, the whole process of the rainfall event was recorded by other two ways including street view monitoring and in-car recorder monitoring, in order to depict the rainfall process in detail. From street view monitoring and in-car recorder monitoring, it was found that the rainfall intensity in is very large and basically stable from 13:55 p.m. to 14:30 p.m. The rainfall suddenly reduced to a point where it almost stopped due to unknown meteorological reasons at 14:30 p.m. Then it remained “almost no rain” state from 14:30 p.m. to 17:00 p.m. (see Fig. 3).
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	a) Heqing Road, Haidian, Beijing at 14:25, by street view monitoring
	b) Heqing Road, Haidian, Beijing at 14:31, by in-car recorder monitoring
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	c) Heqing Road, Haidian, Beijing at 15:26, by in-car recorder monitoring
	d) A branch of Heqing Road, Haidian, Beijing at 15:36, by street view monitoring


Fig. 3. Several screenshots of street view monitoring and in-car recorder monitoring
The rainfall intensity from 14:30 p.m. to 15:00 p.m. was estimated approximately according to the rainfall intensity from 15:00 p.m. to 16:00 p.m. and it was approximately considered that the rainfall intensity from 14:00 p.m. to 15:00 p.m. is relatively stable. Then the ainfall intensity from 14:00 p.m. to 15:00 p.m. can be calculated by the following equation.
	
	(1)


The second step of calibration is to invite dozens of subjects to do cooperative intensity scoring. Twenty volunteers were invited to participate in the cooperative intensity scoring work. Each volunteer need to compare the virtual raining scene in UC-win/road and the videos taken by street view monitoring and in-car recorder monitoring, and then adjusted the percentage knob until the volunteer thought that the rainfall intensity of the virtual raining scene is the same as the rainfall intensity in the videos. The screenshots of the virtual raining scene in UC-win/road are shown in Fig. 4. In Fig. 4,  denotes the ratio of the rainfall intensity of the current virtual raining scene () to the maximum rainfall intensity of the virtual raining scene UC-win/road is able to present ().
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	a) Screenshots of the virtual raining scene at 
	b) Screenshots of the virtual raining scene at 


Fig. 4. Typical screenshots of the virtual raining scene in UC-win/road in the cooperative intensity scoring work
The calibration results of twenty volunteers are shown in Table 1.  denotes the ratio of the final rainfall intensity of the virtual raining scene by volunteer  () to the maximum rainfall intensity of the virtual raining scene UC-win/road is able to present ().
Table 1
The calibration results of the cooperative intensity scoring work.
	Volunteer No.
	（%）
	Volunteer No.
	（%）
	Volunteer No.
	（%）
	Volunteer No.
	（%）

	1
	83
	6
	86
	11
	60
	16
	70

	2
	70
	7
	83
	12
	79
	17
	69

	3
	70
	8
	82
	13
	78
	18
	80

	4
	83
	9
	89
	14
	82
	19
	72

	5
	74
	10
	72
	15
	81
	20
	60


 can be calculated based on Table 1 by:
	
	(2)


Rainfall intensity is a continuous variable. Rainfall intensity is discretized in this study to reduce the total number of driving simulation experiments. Raining scene with the following rainfall intensities is designed in this study, as shown in Table 2.
Table 2
The rainfall intensities of the raining scene in this study.
	Level of rainfall intensity
	
	 (mm/h)

	1
	0%
	0

	2
	20%
	6.8

	3
	40%
	13.6

	4
	60%
	20.4

	5
	80%
	27.2

	6
	100%
	


2.3.2. Waterlogging scene
The water in urban waterlogging scene is often turbid because of soil erosion caused by raindrop splash and surface runoff. It is necessary to find a suitable color for water in UC-win/road to make it close to the actual color of real water in urban waterlogging. The opacity of the water should also be taken into consideration since it is difficult for the drivers and pedestrians to see the guide signs on the road clearly when the water reaches a certain depth. At the same time, it is necessary to set ripple vibration on the surface of the water to make the visual perception of the virtual water close to real water. Finally, the “Edit Lake” button was used to design the waterlogging scene in UC-win/road and the key parameter settings in “Edit Lake” are shown in Table 3.
Table 3
The key parameter settings in “Edit Lake” to design the waterlogging scene.
	Settings
	Values

	Opacity of the water
	95%

	Color of the water
	R：146；G：136；B：101

	Ripple length of the water
	1.00 m to 5.00 m

	Highlight algorithm of the surface 
	Ward

	The range of reflection coefficient
	10% to 50%


The comparison between the actual waterlogging scene and the virtual waterlogging scene by UC-win/road is shown in Fig. 5.
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	a) The actual waterlogging scene
	b) The virtual waterlogging scene by UC-win/road (depth of water: 6 cm)


Fig. 5. The comparison between the actual waterlogging scene and the virtual waterlogging scene by UC-win/road
Similar to rainfall intensity, the depth of waterlogging is also a continuous variable. The depth of waterlogging is discretized to reduce the total number of driving simulation experiments. Waterlogging scene with the following depth is designed in this study, as shown in Table 4.
Table 4
The depth of the waterlogging scene in this study.
	Level of water depth
	 (cm)

	1
	0

	2
	6.0

	3
	12.0

	4
	18.0

	5
	24.0


In the experiment, the subjects can tell the difference between raining scenes with different rainfall intensity easily by vision and hearing perception. However, it is difficult for the subjects to judge the depth of the water when they are faced with different waterlogging events because of the high opacity. Therefore, some auxiliary markers are necessary which will help drivers to judge the depth of water (see Table 5). This is consistent with the real life since vehicle drivers often need to judge the depth of water according to auxiliary markers in real driving.
Table 5
Auxiliary markers to help drivers to judge the depth of water in the experiment
	Name of the marker
	Diagram of the marker 
	Size of the marker (m)

	
	
	X
	Y
	Z

	Vehicle on the road（model in UC-win/road：Coupe_LHD）
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	1.91
	1.34
	4.00

	Bicycles on curb
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	2.42
	1.19
	4.87

	Pedestrian on curb
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	0.67
	1.72
	0.35


2.3.3. Parameter settings of road attributes
According to the related research, some factors may become potential factors affecting drivers’ behavior. These factors include the gradient of road, the width of lane, the curbs, the speed limit, etc. (Chen et al., 2019; Yang et al., 2013). Considering that there are already many groups of experiment for each participants based on the combination of different rainfall intensity and depth of waterlogging, it is not suitable to investigate the influence of the above potential factors, otherwise the groups of experiment will be too many and the experiment duration will be too long for the participants. In this study, other potential influencing factors are set as constants (as shown in Table 6). The influence of these potential factors could be furtherly studied in the near future.
Table 6
Settings of the potential influencing factors in this study.
	Potential factors
	Values

	Gradient of road
	0.00

	Width of lanes
	3.15 m

	Number of lanes
	Bi-directional and four lanes

	Isolation mode of opposite lanes
	Curb higher than the lanes

	Settings of curb height
	10 cm

	Speed limit
	70 km/h


2.3.4. Overall scenario design
The number of scenarios for one participant in the experiment is 30 (rainfall intensity 6×depth of water 5) according to Table 2 and Table 4. The driving distance of each scenario is from 325 m to 475 m. The vehicle drivers will speed up from zero speed when switching scenarios with different depth of water. The driving distance is set as 475 m in this situation. The vehicle drivers do not need to speed up from zero speed when switching scenarios with different rainfall intensity. The driving distance is set as 325 m in this situation. There is a transition interval whose length is 25 m between two adjacent scenarios.
In order to fully and comprehensively understand the impact of rainfall and waterlogging on drivers’ behavior, three different driving periods are set in each scenario, including free acceleration period, forced deceleration period and car following period. Taking three periods of the scenario “rainfall intensity=0 mm/h, depth of water= 0 cm” of No. 1 subject as an example, the situation of speed change during this scenario is shown in Fig. 6.
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Fig. 6. Three different driving periods in each scenario
The overall scenario design is shown in Fig. 7. For each participant, the total driving distance is 11.125 km. During this journey, the participant will experience 30 scenarios where the rainfall intensity and waterlogging differ from each other in different scenarios. In each scenario, every participant needs to go through three driving periods, including free acceleration period, forced deceleration period and car following period.
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Fig. 7. The overall scenario design of the experiment
2.4. Procedures of the experiment
The procedures of the experiment include the following four parts: (1) questionnaire investigation after the participants arrive at the laboratory; (2) preparation before the formal experiment; (3) formal experiment; (4) questionnaire investigation after the experiment.
(1) Questionnaire investigation after the participants arrive at the laboratory. After the participants arrive at the laboratory and sign in, they will be asked to fill in a questionnaire, mainly including basic personal information, driving experience and driving tendency in rainy days.
(2) Preparation before the formal experiment. After the participants complete the questionnaire successfully, the organizer of the experiment let them enter the cockpit, and the participants need to fasten their seat belts. The organizer introduces the basic components and operation methods of the driving simulator to the participants, and then the participants enter the "test driving" procedure for about ten minutes. When the participants think that they are fully familiar with the equipment and have no simulator adaptation syndrome, the organizer will introduce the background setting of the experiment to the participants: the participants try to drive to the work destination according to their own driving habits in a city road in the morning or evening rush hour. At the same time, the participants will be clearly informed of the speed limit and "no lane change and overtaking" regulations. Finally, the participants are prepared for the formal experiment.
(3) Formal experiment. Each participant experiences a total of 30 different scenarios. In each scenario, the participant experiences three periods, as shown in Fig.7 above.
(4) Questionnaire investigation after the experiment. After the experiment, the participants are asked to fill in a questionnaire to evaluate their impression of driving speed in different scenarios and vote for the main reasons that influence their driving behavior. At the same time, the subjects will be asked to fill in a fidelity assessment questionnaire to evaluate the fidelity of the experiment.
2.5. Data from the experiment
A set of data record is exported by the data acquisition module embedded in the system at a frequency. The interval between two adjacent records depends on the computing speed of CPU at that time. Therefore, the interval is note a constant, but mostly in the range of 0.01 s to 0.02 s. A set of data record includes time, the IDs and locations of experiment vehicle and surrounding vehicles, vehicles’ direction, vehicles’ speed, vehicles’ acceleration, etc.
3. Methodology
Referring to the classic textbook about variance analysis (Xin, 2002), two-way Analysis of Variance (two-way ANOVA) is used to analyze the characteristics of the driving parameters in different scenarios of rainfall and waterlogging. The factors of two-way ANOVA mainly include rainfall intensity  and depth of water . The level number of  is . The levels include 0 mm/h, 6.8 mm/h, 13.6 mm/h, 20.4 mm/h, 27.2 mm/h, 34.0 mm/h, respectively denoted by . The level number of  is . The levels include 0 cm, 6 cm, 12 cm, 18 cm, 24 cm, respectively denoted by . Sometimes, the rainfall intensity and depth of water are not independent of each other, but have a combined influence or effect on drivers’ behavior. This is called interaction effect and the interactive influencing factor is denoted by “rainfall intensity×depth of water” or “”. Here “×” is the sign of interaction, instead of multiplication symbol.
3.1. Method of data description
The number of repeated experiments in the scenario  is denoted by . Obviously,  in this study. There are  records in total for a particular parameter  that we are interested in. A typical data record table for the parameter  is shown in Table 7.
Table 7
A typical data record table for a parameter .
	

	
	
	…
	

	
	
	
	…
	

	
	
	
	…
	

	…
	…
	…
	…
	…

	
	
	
	…
	


Referring to the classic textbook about variance analysis (Xin, 2002), the following notations are introduced to facilitate subsequent data analysis.
: denotes the sum (average) of data records (number of data records) in the scenario , usually called sum (average) at condition .
: denotes the sum (average) of data records (number of data records) when , usually called sum (average) at level .
: denotes the sum (average) of data records (number of data records) when , usually called sum (average) at level .
: denotes the sum (average) of all the data records (number of data records).
The notations above can be calculated by the following equations.
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	(6)

	
	(7)

	
	(8)

	
	(9)

	
	(10)


3.2. Decomposition method of the sum of square of deviance (SD) and its degree of freedom (DOF)
If the total square of deviance is set as ,  can be calculated by:
	
	(11)


 can be decomposed as follows:
	
	(12)


In the expansion of Eq. 12, there are six cross terms which are all equal to zero. Therefore, we have:
	
	(13)


If the components in Eq. 13 are recorded as below, 
	
	(14)

	
	(15)

	
	(16)

	
	(17)


We have the following decomposition formula for .
	
	(18)


In Eq. 18,  denotes the square of deviance (SD) caused by different levels of .  denotes the SD caused by different levels of .  denotes the SD caused by interaction of rainfall intensity and depth of water .  denotes the SD caused by experimental error. When the interaction of rainfall intensity and depth of water is not significant,  and  need to be merged into one term , which denotes the SD caused by experimental error.
Degrees of freedom (DOF) of each square of deviance are as below.
	
	(19)
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	(23)


3.3. Steps of two-way ANOVA
The purpose of two-way ANOVA is to investigate whether rainfall intensity, depth of water, or their interaction effect have influence on drivers’ behavior. The steps of two-way ANOVA in this study is as below.
Step 1: Put forward the null hypothesis and alternative hypothesis.
Null hypothesis , which means rainfall intensity, depth of water, and their interaction effect have no significant influence on the results from the experiment. 
Alternative hypothesis  The mean values in all conditions are not completely equal. This contains several possibilities.
 The depth of water has a significant influence on the results from the experiment.
 The rainfall intensity has a significant influence on the results from the experiment.
 The interaction of rainfall intensity and depth of water has a significant influence on the results from the experiment.
Step 2: Calculate mean square error (MSE).
The calculation of MSE is based on the calculation of SD and DOF by Eq. 13 to Eq. 23. The equations to calculate MSE are shown below.
	
	(24)

	
	(25)

	
	(26)

	
	(27)

	
	(28)


Step 3: Construct statistics F.
The statistics can be calculated by the following equations.
	
	(29)

	
	(30)

	
	(31)


Step 4: Judge the null hypothesis and alternative hypothesis.
For a given significant level , the following sub cases should be discussed.
When any of  or  or  holds, the null hypothesis  is rejected, which means the values in all conditions are not completely equal. At least one factor of rainfall intensity, depth of water, and their interaction effect has significant influence on the results from the experiment. Otherwise,  is accepted, which means rainfall intensity, depth of water, and their interaction effect have no significant influence on the results from the experiment.
When  holds,  is accepted, which means different levels of the depth of water have significant influence on the results from the experiment.
When  holds,  is accepted, which means different levels of rainfall intensity have significant influence on the results from the experiment.
When  holds,  is accepted, which means the interaction effect of rainfall intensity and the depth of water  has significant influence on the results from the experiment.
In the above analysis, the significance test of  should be firstly carried out. When  holds, The influence of  on the results from the experiment is judged as insignificant, and it should be classified into experimental error  together with original experimental error . The main effect of the depth of water  and the rainfall intensity  should be determined by , instead of . In this case, Eq. 29 and Eq. 30 are modified as follows based on the definition of  shown in Eq. 28.
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	(33)


Step 5: Analyze the results based on ANOVA table.
The final ANOVA tables could be one of the following two forms. One is the ANOVA table when the interaction effect is significant (see Table 8). The other is the ANOVA table when the interaction effect is not significant (see Table 9).
Table 8
ANOVA table (when the interaction effect is significant).
	Source of the variation
	SD
	DOF
	MSE
	Statistics
	
	Sig.

	
	
	
	
	
	
	

	The depth of water 
	
	
	
	
	
	

	The rainfall intensity 
	
	
	
	
	
	

	The interaction effect 
	
	
	
	
	
	Significant

	Error 
	
	
	
	
	
	

	Sum
	
	
	
	
	
	


Table 9
ANOVA table (when the interaction effect is not significant).
	Source of the variation
	SD
	DOF
	MSE
	Statistics
	
	Sig.

	
	
	
	
	
	
	

	The depth of water 
	
	
	
	
	
	

	The rainfall intensity 
	
	
	
	
	
	

	The interaction effect 
	
	
	
	
	
	Not significant

	Error 
	
	
	
	
	
	

	Error 
	
	
	
	
	
	

	Sum
	
	
	
	
	
	


4. Results
Drivers’ behavior is a compound conception which could be characterized by different kinematic parameters of vehicles. These kinematic parameters usually include the vehicle’s speed, the vehicle’s acceleration, the vehicle’s deceleration, and the headway distance during the car following procedure. In this study, the selected kinematic parameters are shown in Table 10.
Table 10
The selected kinematic parameters to characterize the drivers’ behavior in this study.
	Period
	Kinematic parameter of vehicle 
	Notation

	The whole period
	Speed
	

	Period 1: Free acceleration
	Average acceleration
	

	Period 2: Forced deceleration
	Average acceleration
	

	Period 3: Car following
	Time average of headway distance to the front car 
	


The definitions and calculation methods of the kinematic parameters shown in Table 10 are as follows.
	
	(34)

	
	(35)

	
	(36)


In the equations above,  and  respectively denote the beginning time and end time of the period  for the experimental vehicle .  and  respectively denote the vehicle’s speed at the beginning time and end time of the period  for the experimental vehicle .  and  respectively denote the location of the experimental vehicle  and the front vehicle.  denotes the length of the vehicle. In this study, the lengths of the experimental vehicle and the surrounding vehicles in the system are all the same. Among the equations above, , .
4.1. Characteristics of speed during the whole period
The speed of experimental vehicles can directly reflect the overall impact of the rainfall intensity and the depth of water on the drivers’ behavior. The average speed of all the vehicles during the whole period is shown in Fig. 8a. It can be seen from Fig. 8a that the average speed of the experimental vehicles in free acceleration period, forced deceleration period, and car following period has decreased with the increase of rainfall intensity (depth of water) in the condition of the same depth of water (rainfall intensity). From Fig. 8a, it can be found that only when the rainfall intensity is 0 mm/h and the depth of water is 0 cm, the experimental vehicles can accelerate rapidly and the speed of the vehicles approaches the speed limit in the free acceleration period. It shows that both rainfall and waterlogging have significant weakening effect on vehicles’ velocity.
The standard deviation of the speed of all the vehicles during the whole period is shown in Fig. 8b. Fig. 8b shows difference of the influence of rainfall and waterlogging on the driving speed of different drivers. It can be found from Fig. 8b that:
(1) In free acceleration period, the standard deviation of the speed of all the vehicles is neither too big nor too small. At the same time, the relationship between the standard deviation of the speed of all the vehicles and rainfall intensity or the depth of water is not intuitive. It shows that there is a certain difference in the driving speed among different drivers during the whole period while the difference seems not to be significantly influenced by the rainfall intensity and the depth of water.
(2) In forced deceleration period, the standard deviation of the speed of all the vehicles generally shows a decreasing trend when the rainfall intensity increases with the same depth of water, or the depth of water increases with the same rainfall intensity. It means that heterogeneity of the driving speed of different drivers decreased as the increase of rainfall intensity and the depth of water. Drivers tend to adopt the similar deceleration strategy in heavier rainfall and more severe waterlogging.
(3) In car following period, the standard deviation of the speed of all the vehicles generally keeps the same when the rainfall intensity increases with the same depth of water, which means that different rainfall intensities do not have significant influence on the heterogeneity of the driving speed of different drivers. The standard deviation of the speed of all the vehicles generally shows an increasing trend when the depth of water increases with the same rainfall intensity. It means that the heterogeneity of the driving speed of different drivers in car following period increases with the increase of the depth of water. Especially after a certain distance from the beginning point of the car following period, the speed difference between different drivers is more obvious when the depth of water is bigger.
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a) Average speed of all the vehicles during the whole period
[image: ]
b) Standard deviation of the speed of all the vehicles during the whole period
Fig. 8. Characteristics of speed during the whole period
4.2. Characteristics of acceleration in the free acceleration period
The 3-D fitting curve of the average acceleration of all the vehicles in the free acceleration period is shown in Fig. 9. It can be seen from Fig. 9 that the average acceleration of all the vehicles in the free acceleration period decreases with the increase of the rainfall intensity and the depth of water. It means that the drivers tend to adopt more conservative acceleration strategies when encountering stronger rainfall and more severe waterlogging.
[image: ]
Fig. 9. The average acceleration of all the vehicles in the free acceleration period
The ANOVA table of the influence of rainfall intensity and the depth of water on the average acceleration of all the vehicles in the free acceleration period is shown in Table 11. In terms of the depth of water  and the rainfall intensity , Both of the P-values are smaller than the significant level, which means the average accelerations of all the vehicles in the free acceleration period have significant difference in the conditions of different depth of water and different rainfall intensity. In terms of the potential influencing factor of the interaction effect , the P-values is smaller than the significant level, which means the influence of the interaction of rainfall and waterlogging on the average acceleration of all the vehicles should not be neglected.
Table 11
The ANOVA table of the influence of rainfall intensity and the depth of water on the average acceleration of all the vehicles in the free acceleration period.
	Source of the variation
	SD
	DOF
	MSE
	Statistics
	Sig.

	
	
	
	
	
	

	The depth of water 
	11.349
	4
	2.837
	176.437
	0.000*

	The rainfall intensity 
	10.398
	5
	2.080
	129.322
	0.000*

	The interaction effect 
	4.996
	20
	0.250
	15.533
	0.000*

	Error 
	22.192
	1380
	0.016
	
	

	Sum
	48.935
	1409
	
	
	

	*P-value < significant level 0.05


The interaction of rainfall and waterlogging can be avoided by simple effect analysis where the level of rainfall intensity (the depth of water) is fixed and only the influence of the depth of water (rainfall intensity) on the average acceleration of all the vehicles is analyzed by comparing the influence results by different levels of rainfall intensity (the depth of water). The simple effect analysis of the influence of the depth of water (rainfall intensity) on the average acceleration of all the vehicles in the free acceleration period to a fixed rainfall intensity (depth of water) are shown in Table 12 (Table 13). The results in Table 12 and Table 13 show that P-values are always smaller than the significant level. It means that there are significant differences in the average acceleration of all the vehicles in the free acceleration period under different depths of water and the same rainfall intensity, or different rainfall intensity and the same depth of water.
Table 12
The simple effect analysis of the influence of the depth of water on the average acceleration of all the vehicles in the free acceleration period to a fixed rainfall intensity.
	Source of the variation
	SD
	DOF
	MSE
	Statistics
	Sig.

	
	
	
	
	
	

	Depth of water (rainfall intensity: 0 mm/h) 
	9.31
	4
	2.33
	144.77
	0.000*

	Depth of water (rainfall intensity: 6.8 mm/h) 
	2.89
	4
	0.72
	44.96
	0.000*

	Depth of water (rainfall intensity: 13.6 mm/h) 
	2.20
	4
	0.55
	34.21
	0.000*

	Depth of water (rainfall intensity: 20.4 mm/h)
	1.26
	4
	0.31
	19.51
	0.000*

	Depth of water (rainfall intensity: 27.2 mm/h)
	0.41
	4
	0.10
	6.41
	0.000*

	Depth of water (rainfall intensity: 34.0 mm/h)
	0.27
	4
	0.07
	4.24
	0.002*

	*P-value < significant level 0.05


Table 13
The simple effect analysis of the influence of the rainfall intensity on the average acceleration of all the vehicles in the free acceleration period to a fixed depth of water.
	Source of the variation
	SD
	DOF
	MSE
	Statistics
	Sig.

	
	
	
	
	
	

	Rainfall intensity (depth of water: 0 cm) 
	11.13
	5
	2.23
	138.39
	0.000*

	Rainfall intensity (depth of water: 6 cm)
	1.58
	5
	0.32
	19.60
	0.000*

	Rainfall intensity (depth of water: 12 cm) 
	1.51
	5
	0.30
	18.82
	0.000*

	Rainfall intensity (depth of water: 18 cm)
	0.74
	5
	0.15
	9.19
	0.000*

	Rainfall intensity (depth of water: 24 cm)
	0.44
	5
	0.09
	5.47
	0.000*

	*P-value < significant level 0.05


Furtherly, the homogeneous subset analysis could be utilized to find which level (levels) of the influencing factor brings (bring) the significant difference. Based on the results in Table 12 and Table 13, 13 groups of homogeneous subsets could be figured out. Here we only take the homogeneous subsets in the condition of different rainfall intensity when the depth of water is 0 cm as an example (see Table 14) in order to save the layout space of this paper. Readers can calculated other groups of homogeneous subsets themselves.
Table 14
Homogeneous subsets of the average acceleration of all the vehicles in the free acceleration period in the condition of different rainfall intensity when the depth of water fixed to 0 cm.
	Depth of water
	Rainfall intensity
	Cases
	Homogeneous subsets

	
	
	
	1
	2
	3
	4

	0 cm
	34.0 mm/h
	47
	0.075
	
	
	

	
	27.2 mm/h
	47
	0.107
	
	
	

	
	20.4 mm/h
	47
	
	0.223
	
	

	
	13.6 mm/h
	47
	
	0.292
	0.292
	

	
	6.8 mm/h
	47
	
	
	0.339
	

	
	0 mm/h
	47
	
	
	
	0.67781

	Sig.
	/
	0.360
	0.050
	0.181
	1.000

	Remark: Significant level=0.05


When the depth of water is 0 cm, the six levels of rainfall intensity are divided into four homogeneous subsets. The values in homogeneous subsets denote the average acceleration of all the vehicles in the free acceleration period in certain conditions of rainfall intensity and depth of water. If the values are divided into the same homogeneous subset, there is no significant difference between the influence of different levels the above values corresponding to on the average acceleration. However, there are significant differences among the different levels in different homogeneous subsets. From Table 14, it can be seen that the average accelerations have no significant difference when comparing the rainfall intensity of 6.8 mm/h and 13.6 mm/h, the rainfall intensity of 13.6 mm/h and 20.4 mm/h, or the rainfall intensity of 27.2 mm/h and 34.0 mm/h. It can be seen that the average acceleration when the rainfall intensity is 0 mm/h is the biggest if compared to the values in other conditions and significantly different from the values in other conditions. The results in Table 14 also reflect that driver's perception of rainfall intensity is not strictly sensitive. For some adjacent levels of rainfall intensity, the accelerations of vehicle drivers in free acceleration period is close to each other.
4.3. Characteristics of acceleration in the forced deceleration period
The 3-D fitting curve of the average acceleration of all the vehicles in the forced deceleration period is shown in Fig. 10. The average acceleration value when the rainfall intensity is 0 mm/h is not considered in Fig. 10. The reason is that the depth of water has just been changed in the scenario design when the rainfall intensity is 0 mm/h and the driving distance in that scenario is 475 m while the driving distances in the scenarios with the rainfall intensity bigger than 0 mm/h equal 325 m. It is not suitable to compare the deceleration in different scenarios when the driving distances are not controlled to be the same. It can be seen from Fig. 10 that the absolute values of the average acceleration (the acceleration is negative in the forced deceleration period) of all the vehicles in the forced deceleration period decreases with the increase of the rainfall intensity and the depth of water. The drivers tend to adopt more conservative deceleration strategies when encountering stronger rainfall and more severe waterlogging, which is similar to the results of the acceleration in the free acceleration period.
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Fig. 10. The average acceleration of all the vehicles in the forced deceleration period
The ANOVA table of the influence of rainfall intensity and the depth of water on the average acceleration of all the vehicles in the forced deceleration period is shown in Table 15. In terms of the depth of water  and the rainfall intensity , Both of the P-values are smaller than the significant level, which means the average accelerations of all the vehicles in the forced deceleration period have significant difference in the conditions of different depth of water and different rainfall intensity. In terms of the potential influencing factor of the interaction effect , the P-values is smaller than the significant level, which means the influence of the interaction of rainfall and waterlogging on the average acceleration of all the vehicles should not be neglected.
Table 15
The ANOVA table of the influence of rainfall intensity and the depth of water on the average acceleration of all the vehicles in the forced deceleration period.
	Source of the variation
	SD
	DOF
	MSE
	Statistics
	Sig.

	
	
	
	
	
	

	The depth of water 
	176.253
	4
	44.063
	118.331
	0.000*

	The rainfall intensity 
	56.541
	5
	11.308
	30.368
	0.000*

	The interaction effect 
	28.359
	20
	1.418
	3.808
	0.000*

	Error 
	513.874
	1380
	0.372
	
	

	Sum
	775.027
	1409
	
	
	

	*P-value < significant level 0.05


The simple effect analysis of the influence of the depth of water (rainfall intensity) on the average acceleration of all the vehicles in the forced deceleration period to a fixed rainfall intensity (depth of water) are shown in Table 16 (Table 17). The results in Table 16 show that P-values are always smaller than the significant level. It means that there are significant differences in the average acceleration of all the vehicles in the forced deceleration period under different depths of water and the same rainfall intensity. The results in Table 17 show that P-values when the depth of water smaller than 24 cm are smaller than the significant level while P-value when the depth of water is 24 cm is bigger than the significant level. It means that there are significant differences in the average acceleration of all the vehicles in the forced deceleration period when the depth of water is not deep enough. In other words, the influence of different rainfall intensity is not significant and drivers’ deceleration behavior is mostly influenced by the depth of water, instead of rainfall, when the waterlogging is very severe.
Table 16
The simple effect analysis of the influence of the depth of water on the average acceleration of all the vehicles in the forced deceleration period to a fixed rainfall intensity.
	Source of the variation
	SD
	DOF
	MSE
	Statistics
	Sig.

	
	
	
	
	
	

	Depth of water (rainfall intensity: 0 mm/h) 
	37.29
	4
	9.32
	25.04
	0.000*

	Depth of water (rainfall intensity: 6.8 mm/h) 
	61.74
	4
	15.44
	41.45
	0.000*

	Depth of water (rainfall intensity: 13.6 mm/h) 
	52.83
	4
	13.21
	35.47
	0.000*

	Depth of water (rainfall intensity: 20.4 mm/h)
	27.21
	4
	6.80
	18.27
	0.000*

	Depth of water (rainfall intensity: 27.2 mm/h)
	14.13
	4
	3.53
	9.49
	0.000*

	Depth of water (rainfall intensity: 34.0 mm/h)
	11.40
	4
	2.85
	7.66
	0.002*

	*P-value < significant level 0.05


Table 17
The simple effect analysis of the influence of the rainfall intensity on the average acceleration of all the vehicles in the forced deceleration period to a fixed depth of water.
	Source of the variation
	SD
	DOF
	MSE
	Statistics
	Sig.

	
	
	
	
	
	

	Rainfall intensity (depth of water: 0 cm) 
	42.39
	5
	8.48
	22.77
	0.000*

	Rainfall intensity (depth of water: 6 cm)
	16.37
	5
	3.27
	8.79
	0.000*

	Rainfall intensity (depth of water: 12 cm) 
	16.70
	5
	3.34
	8.97
	0.000*

	Rainfall intensity (depth of water: 18 cm)
	7.09
	5
	1.42
	3.81
	0.002*

	Rainfall intensity (depth of water: 24 cm)
	2.34
	5
	0.47
	1.26
	0.281

	*P-value < significant level 0.05


4.4. Characteristics of the headway distance in the car following period
The 3-D fitting curve of the time average of headway distance to the front car of all the vehicles in the car following period is shown in Fig. 11. It can be seen from Fig. 11 that the correlation between the time average of headway distance and the depth of water is stronger than the correlation between the time average of headway distance and the rainfall intensity. When the depth of water is relatively small, the time average of headway distance increases a little with the increase of the rainfall intensity. When the depth of water is relatively big, the time average of headway distance seems to be only significantly affected by the depth of water, instead of the rainfall intensity. The results are consistent with our experience. When the depth of water is relatively small, the greater the rainfall intensity is, the vision of drivers is increasingly blurred and usually the drivers’ sense of danger is stronger. In this situation, the drivers tend to adopt a larger headway distance in the car following period. When the depth of water is relatively big, it seems that the drivers’ sense of danger is mostly caused by the waterlogging. In this situation, different levels of rainfall intensity seem to have no significant influence on drivers’ headway distance choice.
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Fig. 11. The time average of headway distance to the front car of all the vehicles in the car following period
The ANOVA table of the influence of rainfall intensity and the depth of water on the time average of headway distance to the front car of all the vehicles in the car following period is shown in Table 18. In terms of the depth of water  and the rainfall intensity , Both of the P-values are smaller than the significant level, which means the time averages of headway distance to the front car of all the vehicles in the car following period have significant difference in the conditions of different depth of water and different rainfall intensity. In terms of the potential influencing factor of the interaction effect , the P-values is bigger than the significant level, which means the influence of the interaction of rainfall and waterlogging on the time average of headway distance to the front car of all the vehicles could be neglected. The depth of water  and the rainfall intensity  can be considered as independent factors.
Table 18
The ANOVA table of the influence of rainfall intensity and the depth of water on the time average of headway distance to the front car of all the vehicles in the car following period.
	Source of the variation
	SD
	DOF
	MSE
	Statistics
	Sig.

	
	
	
	
	
	

	The depth of water 
	76107.496
	4
	19026.874
	109.713
	0.000*

	The rainfall intensity 
	3240.272
	5
	648.054
	3.737
	0.002*

	The interaction effect 
	877.404
	20
	43.870
	0.253
	1.000

	Error 
	239324.367
	1380
	173.423
	
	

	Error 
	240201.771
	1400
	171.573
	
	

	Sum
	319549.539
	1409
	
	
	

	*P-value < significant level 0.05


Because the interaction of rainfall and waterlogging has no significant influence on the time average of headway distance, multiple comparison test can be conducted to find which level (levels) of the influencing factor brings (bring) the significant difference. The results of the multiple comparison test based on Least Significant Difference (LSD) method for the depth of water is shown in Table 19. The homogeneous subsets of the time average of the headway distance of all the vehicles in the car following period in the condition of different depth of water are shown in Table 20. It can be seen from Table 19 and Table 20 that the influence of the depth of water on the time average of the headway distance of vehicles presents an obvious stepped classification. The headway distance increases with the increase of the depth of water.
Table 19
The results of the multiple comparison test of the headway distance based on LSD method for the depth of water (the values in the table are calculated by I-J, the values in the brackets are the P-values).
	The depth of water (I, cm)
	The depth of water (J, cm)

	
	6
	12
	18
	24

	0
	-0.771 (0.487)
	-2.832 (0.011*)
	-10.878 (0.000*)
	-19.247 (0.000*)

	6
	—
	-2.061 (0.063)
	-10.107 (0.000*)
	-18.477 (0.000*)

	12
	—
	—
	-8.046 (0.000*)
	-16.415 (0.000*)

	18
	—
	—
	—
	-8.369 (0.000*)

	*P-value < significant level 0.05


Table 20
The homogeneous subsets of the time average of the headway distance of all the vehicles in the car following period in the condition of different depth of water.
	Depth of water (cm)
	Cases
	Homogeneous subsets

	
	
	1
	2
	3
	4

	0
	282
	21.268
	
	
	

	6
	282
	22.038
	22.038
	
	

	12
	282
	
	24.099
	
	

	18
	282
	
	
	32.145
	

	24
	282
	
	
	
	40.515

	Sig.
	/
	0.487
	0.063
	1.000
	1.000

	Remark: Significant level=0.05


The results of the multiple comparison test based on Least Significant Difference (LSD) method for the rainfall intensity is shown in Table 21. The homogeneous subsets of the time average of the headway distance of all the vehicles in the car following period in the condition of different rainfall intensity are shown in Table 22. Despite Table 18 above shows that the time averages of headway distance to the front car of all the vehicles in the car following period have significant difference in the conditions of different rainfall intensity, it can be seen from Table 21 and Table 22 that the influence of the rainfall intensity on the time average of the headway distance of vehicles does not present a linear characteristic. At the same time, despite the headway distance when the rainfall intensity is 34.0 mm/h is the biggest while the headway distance when the rainfall intensity is 6.8 mm/h is the smallest, there are no significant difference in the time averages of the headway distance in the conditions of rainfall intensity equaling 0 mm/h, 6.8 mm/h, 13.6 mm/h, 20.4 mm/h, 27.2 mm/h, or in the conditions of rainfall intensity equaling 0 mm/h, 20.4 mm/h, 27.2 mm/h, 34.0 mm/h. Overall, the number of the homogeneous subsets for the rainfall intensity is smaller than that for the depth of water, which means that the depth of water presents a stronger characteristic of stepped classification than the rainfall intensity. This result is in consistence with the results in Fig. 11.
Table 21
The results of the multiple comparison test of the headway distance based on LSD method for the rainfall intensity (the values in the table are calculated by I-J, the values in the brackets are the P-values).
	Rainfall intensity (I, mm/h)
	Rainfall intensity (J, mm/h)

	
	6.8
	13.6
	20.4
	27.2
	34.0

	0
	1.958 (0.107)
	1.862 (0.126)
	0.870 (0.474)
	-1.295 (0.287)
	-2.083 (0.087)

	6.8
	—
	-0.096 (0.937)
	-1.089 (0.370)
	-3.253 (0.008*)
	-4.042 (0.001*)

	13.6
	—
	—
	-0.992 (0.414)
	-3.157 (0.009*)
	-3.945 (0.001*)

	20.4
	
	
	
	-2.164 (0.075)
	-2.953 (0.015*)

	27.2
	
	
	
	
	-0.789 (0.516)

	*P-value < significant level 0.05


Table 22
The homogeneous subsets of the time average of the headway distance of all the vehicles in the car following period in the condition of different rainfall intensity.
	Rainfall intensity (mm/h)
	Cases
	Homogeneous subsets

	
	
	1
	2

	6.8
	235
	26.27340
	

	13.6
	235
	26.36970
	

	20.4
	235
	27.36196
	27.36196

	0
	235
	28.23182
	28.23182

	27.2
	235
	29.52637
	29.52637

	34.0
	235
	
	30.31511

	Sig.
	/
	0.058
	0.072

	Remark: Significant level=0.05


5. Post hoc analysis
It can be seen from Section 4 that rainfall and waterlogging have influence on drivers’ behavior while the stealthy factors behind the rainfall and waterlogging affecting drivers’ behavior are still unclear. A post hoc analysis based on questionnaire investigation has been conducted to figure out these stealthy factors. All the 47 participants need to finish a questionnaire after the experiment to check the factors that influence them the most in the experiment. According to daily experience, these stealthy factors usually refers to the psychosocial factors of the drivers. In this study, the following stealthy factors are considered when considering the effect of rainfall and waterlogging on drivers’ behavior. All the seven options are open for the rainfall intensity while only the last five options (from option 3 to option 7) are open for the waterlogging because there is no rain in the scenario of waterlogging presented by the questionnaire. 
Option 1: the rain curtain itself obstructs the line of sight and I cannot see clearly. I think it will increase the possibility of violation/accident;
Option 2: the windshield is blurred and I cannot see clearly. I think it will increase the possibility of violation/accident;
Option 3: the sound of rain interferes with my hearing and increases the sense of insecurity;
Option 4: I am worried about the waterlogging on the ground because the waterlogging could cause the car to skid and not easy to be braked;
Option 5: I am worried about the waterlogging on the ground because the waterlogging sometimes causes engine flameout;
Option 6: I am worried about exposed rainwater wells and potholes;
Option 7: I am worried about splashing water when driving at high speed and affect the surrounding vehicles or pedestrians.
The participants are asked to give a score (from 1 to 5) to each option. Score 1 represents “little or no” and score 5 represents “very much”. In addition to the preset options above, open options are also set in the questionnaire investigation for the participants to propose other potential stealthy factors. The score results of all the options when considering the effect of rainfall and waterlogging are respectively shown in Fig. 12a and Fig. 12b.
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	a)
	b)


Fig. 12. The score results of all the options when considering the effect of rainfall and waterlogging
It can be seen from Fig. 12a that the two factors that have the greatest impact on drivers’ behavior are option 1 and option 2. It is found that the most influential factors when considering the rainfall mainly come from the visual aspects. It can be seen from Fig. 12b that the three factors that have the greatest impact on drivers’ behavior are option 4, option 5, and option 6. It is found that the most influential factors are all related to the sense of insecurity caused by waterlogging. In addition to the preset options, some participants reflect that the wiper affects the line of sight a lot in heavy rainfall and some participants are worried about their vehicles contacting the lane line in severe waterlogging. Moreover, some participants are worried about other drivers’ improper driving which may affect them in heavy rainfall or severe waterlogging.
6. Conclusions
In this paper, a driving simulation experiment in dozens of scenarios of rainfall coupling with waterlogging was conducted based on UC-win/road and Forum 8 driving simulator. The aim of this experiment is to study the influence of rainfall and waterlogging on drivers’ behavior. A total of 47 participants were recruited in this experiment. Considering that the rainfall intensity and the depth of water are continuous variables, discretization is adopted in scenario design where the rainfall intensity was classified into six levels, including 0 mm/h, 6.8 mm/h, 13.6 mm/h, 20.4 mm/h, 27.2 mm/h, and 34.0 mm/h and the depth of water was classified into five levels, including 0 cm, 6 cm, 12 cm, 18 cm, and 24 cm. Therefore, 30 groups of scenarios with different rainfall intensity and the depth of water are designed in the experiment. In each scenario, the drivers underwent three different periods, including free acceleration, forced deceleration, and car following. The total distance of all scenarios was 11.125 km.
Kinematic parameters including the vehicle’s speed during the whole period, the vehicle’s acceleration in the free acceleration period and forced deceleration period, and the headway distance in the car following period were chosen to profile the drivers’ behavior. Two-way ANOVA is used to analyze the characteristics of the above driving parameters in different scenarios of rainfall and waterlogging. The results show that: (1) With the increase of rainfall intensity and the depth of water, vehicles’ speed decreases obviously. With the increase of rainfall intensity and the depth of water, the absolute value of acceleration in free acceleration period and forced deceleration period presents an obvious downward trend. Moreover, the interaction effect of rainfall and waterlogging can significantly affect the acceleration in free acceleration period and forced deceleration period, which indicates that the acceleration and deceleration behavior of vehicle drivers in the scenario of rainfall and waterlogging is affected by both rainfall and waterlogging at the same time, and the interaction effect is quite significant, so the factors of rainfall and waterlogging should not be considered separately. (2) The headway distance between the experimental vehicle and the front vehicle is significantly affected by the depth of water: with the increase of the depth of water, the headway distance increases obviously. It is worth noting that the interaction effect of rainfall and waterlogging is not significant for the headway distance, which means the headway distance is independently affected by rainfall intensity and the depth of water.
To the best of the authors’ knowledge, this study is the first time to study the influence of both the rainfall and waterlogging on drivers’ behavior based on a driving simulator platform. This study provides a deeper understanding of the impact of rainfall and waterlogging on drivers' behavior. At the same time, the results obtained in this study will furtherly provide support for other related research including car following model calibration, traffic simulation modeling, and traffic safety in scenarios of rainfall and waterlogging in the future.
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