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Abstract

Intense rainfall induced by climate warming is causing more common extreme meteorological events such as

urban waterlogging in recent years. The urban waterlogging often has a wide-ranged severe impact on urban

traffic. General intense rainfall weather makes urban transportation frequently be served in an environment with

abundant water, which not only affects its operation safety but also challenges the service life of urban asphalt

pavement. This paper presents a comprehensive survey on the influence of intense rainfall on urban transportation.

The characteristics of meteorological phenomena such as climate warming, intense typhoon and rainfall, and urban

waterlogging are firstly discussed. Then, Shenzhen, the city in south China, is chosen to analyze its historical

meteorological variation in recent years, which was recently affected by a typhoon name Ewiniar in 2018 and

caused severe waterlogging throughout entire city. Further, the operation safety of urban traffic is investigated with

an increasing depth of surface runoff in intense rainfall weather, followed by the service life of asphalt pavement

related to the moisture damage induced by dynamic pore water pressure. Finally, a series of measures to alleviate

the effects of intense rainfall induced by climate warming on urban waterlogging and long service life of asphalt

pavement are recommended.
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Introduction
Global climate warming is a fact that has been widely

recognized and accepted by various countries in the

world, while a series of climatic disasters caused by the

global climate warming is the reality that human has to

face. The occurrence of tropical cyclones and typhoons

become more frequent in recent years [1], which often

accompanied by extreme heavy precipitation. The in-

tense rainfall weather shows an increasing occurrence in

cities. When the drainage capacity of urban underground

drainage system does not match the precipitation

accumulation, it often results in severe urban waterlog-

ging. Many cities have experienced waterlogging, such as

Beijing [2] and Wuhan [3] in China, Atlanta [4] and Chi-

cago [5] in the United State, and so on. The Chinese gov-

ernment conducted a survey on the detailed number of

cities that had experienced urban waterlogging during

2008 to 2010 [6]. Among 351 cities of 32 provinces in

China, urban waterlogging occurred in 62% samples and

137 cities even experienced more than three times during

such period. Further, 78.9% samples had the flood period

longer than 0.5 h and 57 cities of which even longer than

12 h, while the flooded water depths of 74.6% samples

were larger than 50mm. As shown in Fig. 1, a severe

urban waterlogging occurred in Guangdong Province of

China in 2018 caused huge damage to cities. The
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increasing frequency of urban waterlogging induced by ex-

treme intense rainfall greatly affects the normal operation

of urban traffic and deteriorates the performance of urban

asphalt pavement.

For common intense rainfall weather, the increase in

its frequent occurrence and precipitation intensity will

affect the operation safety and service life of urban as-

phalt pavement. The increasing thickness of surface run-

off on asphalt pavement induced by intense rainfall

undoubtedly causes greater safety risks to driving. Be-

sides, the multi-field coupled dynamic response of satu-

rated asphalt pavement under vehicle loading impacts its

service life [7]. The repeated interaction between vehicle

tires and asphalt pavement with surface runoff often

generates dynamic pore water pressure. This kind of

water environment exhibits a different damage mechan-

ism on asphalt materials compared with static water

immersion and freeze-thaw environments [8, 9]. A field

survey was conducted in 2012 on the service conditions

of surface asphalt pavement for a highway with a length

of 135 km [8]. The highway is located in Hubei Province

of China and serves in a typical environment of high

temperature and rich rainfall in summer. It was found

that the main distress of asphalt pavement surface layer

in this highway was moisture damage and mainly in

form of raveling with pumping phenomenon, which

accounted for 87.9% of total distresses. The conclusion

of the field survey is one of the evidences to show the

obvious influence of moisture damage concerning dy-

namic pore water pressure on service status for asphalt

pavement. In this case, it’s inaccurate to predict the ser-

vice life of asphalt pavement to evaluate moisture

damage resistance of asphalt mixture without taking into

account of the action effect of dynamic pore water pres-

sure. Moreover, the frequent occurrence of intense rain-

fall induced by climate warming aggravates the influence

of dynamic pore water pressure on moisture damage,

which increases the adverse effect of water on service life

of asphalt pavement.

The objective of this study is to investigate the influ-

ence of intense rainfall induced by climate warming on

urban asphalt pavement. Firstly, the characteristics of

meteorological phenomena such as climate warming, in-

tense typhoon and rainfall, and urban waterlogging are

analyzed. Specially, the city of Shenzhen in south China

is chosen to analyze its meteorological variation on the

basis of historical data in recent years. Further, the im-

pacts of intense rainfall on operation safety and service

life of urban asphalt pavement are comprehensively dis-

cussed. Finally, a series of effective measures to mitigate

the impacts of intense rainfall are proposed. The frame-

work of this paper is shown in Fig. 2.

Characterization of meteorological phenomena
induced by climate warming
Climate warming

The increasing frequent occurrence of extreme climatic

weather such as typhoon, intense rainfall and urban

waterlogging in recent years is closely related to climate

warming. The greenhouse gas emissions caused by fossil

energy consumption are considered to be the main rea-

son of global climate warming [10]. Figure 3 (a) shows

temperature anomaly fluctuations of the past 139 years

for global land and sea surface based on global average

Fig. 1 Urban waterlogging caused by intense rainfall in Guangdong Province
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annual temperature from 1901 to 2000 [11]. It comes to

the conclusion that global temperature has obviously

and rapidly increased in the later period of social

modernization process. The global average temperature

in 2019 has increased by 0.95 °C and years of 2015 to

2019 are the five consecutive warmest years in the past

139 years. The temperature anomalies of central Shen-

zhen district are shown in Fig. 3 (b), which is located in

22.66°N and 114.20°E. It can be found that climate

warming mainly occurred in the 1990s and gradually in-

creased with the implementation of reform and opening-

up policy in China. The year of 2019 is the warmest year

in Shenzhen which increased by 0.89 °C. The

temperature anomaly fluctuations in central Shenzhen

district basically shown consistent tendency with that of

global land and sea surface.

Intense typhoon

Sea surface temperature is one of important influential

factors on typhoon formation. Higher sea surface

temperature is related to the increased water vapor in

the lower troposphere. The total amount of water vapor

over the global oceans has increased by 1.3 ± 0.3% per

decade since 1988 [12]. Both higher sea surface

temperature and increased water vapor tend to increase

the atmospheric convective available potential energy

(CAPE) [13], which promotes the formation of thunder-

storm and gradually develop into tropical cyclones and

typhoons. Emanuel [14] evaluated the destructiveness of

tropical cyclones since 1950 using the indicator of power

dissipation index (PDI). The PDI was defined as the inte-

gral of the total power dissipation of tropical cyclone

over its lifetime. It was found that the PDI indicator

showed an increasing tendency since mid-1970s, which

was basically the same as the tropical sea surface

temperature. Kanada et al. [15] used four 5-km mesh

models to numerically investigate typhoons’ changes be-

tween years of 1979–2003 and 2079–2099. The charac-

teristics of sudden changes in precipitation and near-

surface wind speeds were found to be appeared around

the storm center of future typhoons. Yamada et al. [16]

also simulated future changes in tropical cyclone activity

and structure using a 14-km mesh climate model, while

numerical outputs between years of 1979–2008 and

2075–2104 were compared. In the future background of

global climate warming, the occurrence frequency of

tropical cyclones was found to be reduced by 22.7%, but

intense tropical cyclones increased by 6.6% and the pre-

cipitation rate within 100 km of the tropical cyclone cen-

ter increased by 11.8%. Therefore, the global climate

warming will lead to an upward trend in tropical cyclone

destructive potential, which also accompanies by an in-

creasing occurrence frequency of intense rainfall

weather.

Intense rainfall

The intensity of rainfall process can be distinguished by

the indicator of daily precipitation (DP). The ranges of

DP for rainstorm and large rainstorm are 50–100 mm

and 100–200 mm, respectively, while extraordinary rain-

storm has a DP larger than 200mm [17]. In this study,

intense rainfall collectively refers to rainstorm, large

rainstorm and extraordinary rainstorm, while the extra-

ordinary one often appears in extreme weather of ty-

phoon. Both global climate warming and urbanization

significantly increase the frequency of heavy rainfall

Fig. 2 Article framework
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events [18]. Chen et al. [19] analyzed relationships be-

tween rainfall intensities and mean temperatures using

the Mann-Kendall trend test method for nine sites in

eastern Australia. It was found that changes in rainfall

intensity at short duration (less than 1 h) positively cor-

related with changes in the mean maximum

temperature. Trenberth et al. [20] found that rainfall in-

tensity increased by 7% when climate temperature in-

creased 1 °C. Chen [21] statistically analyzed the

variation between rainfall intensity and factors of

temperature and cloud condensation nuclei for four cit-

ies in Guangdong Province. It was found that three rain-

fall intensities increased larger than 10% and the rest

was raised even up to 24% when atmosphere

temperature increased 1 °C.

Regional climate change has become more obvious

due to the rapid development of urbanization, which is

conducive to the formation of multiple urban island ef-

fects. A schematic diagram of multiple effects of

urbanization on precipitation is shown in Fig. 4. The ris-

ing temperature of land surface induced by climate

warming accelerates the evaporation of surface water

[12], which forms a large amount of water vapor in the

lower atmosphere and provides favorable conditions for

the formation of rainstorm. The concentration of urban

high-rise buildings decreases wind speed and blocks air

circulation, which results in a long residence time of

water vapor [22]. Vehicle exhaust and air conditioning

refrigeration increase heat emissions. Nie et al. [23] sim-

ulated the influence of anthropogenic heat emissions on

urban rainfall for four short rainfall events in Beijing,

while anthropogenic heat was found to obviously in-

crease rainfall intensity over the urban area. Particulate

matter and dust exhausted from factories and vehicles

Fig. 3 Annual temperature anomalies (1881–2019) [11]
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make the air turbidity degree of central cites larger than

surrounding districts. These factors make distribution

degrees of heat, turbidity and water vapor in central

urban larger than surrounding suburb districts, both of

which create favorable conditions for the formation of

urban intense rainfall [24].

The rainfall distribution in each month within a year

is not uniform. Annual period from June to September

is usually called as flood season, which has a relative

high occurrence frequency of hydrological and meteoro-

logical disasters. Fang et al. [25] analyzed rainfall charac-

teristics in Shanghai over nearly 40 years, and it was

found that almost 60% of the heavy rain and 84% of the

rainstorm throughout 1 year were concentratedly oc-

curred in flood season, especially in August. The average

annual rainfall intensity in Shanghai increased at a rate

of 50.9 mm per 10 years, but the number of rain days

significantly decreased at a rate of 3 days per 10 years

[25]. Frich et al. [26] proposed ten indicators to monitor

change in climatic extremes world-wide. It was found

that the world has become both warmer and wetter,

while heavy rainfall events would become more frequent

in the future. Most disastrous intense rainfall, which are

usually caused by typhoons, have the characteristics of

high rainfall intensity, high frequent occurrence, short

duration [27, 28], while the resulting disaster of urban

waterlogging often has a wide-ranged severe impact.

Urban waterlogging

Urban waterlogging refers to the phenomenon that

precipitation accumulation of continuous intense rain-

fall exceeds the drainage capacity of urban drainage

systems and finally results in water flooding disasters

in cities. The intense rainfall induced by climate

change and extreme weather event is the direct in-

ducement of urban waterlogging. Besides, the urban

rapid development impacted on urban water systems

in several aspects such as the reduction of river flood

discharge capacity and rainwater storage capacity, the

destruction of water circulation system, and the

changes of surface runoff [6], all of which also greatly

affected the formation of urban waterlogging. The de-

structive behaviors that turn lake and river regions

into hardening roads and buildings by urbanization

process greatly reduce the flood storage capacity of

these regions. Gao et al. [3] analyzed the distribution

of lakes in Wuhan, while it was found that 89 lakes

were disappeared and one third lake area was reduced

after 20 years of urbanization, which was thought to

be one of main inducements for frequent urban

waterlogging in Wuhan. The lagging urban rainwater

pipe network and the reducing greenbelt vegetation

coverage are non-negligible factors related to urban

waterlogging. The surface runoff coefficient in Shen-

zhen increased by 32% from 1980 to 2015 [29], which

meant an increased amount of rainfall flow and

greatly burdened the urban drainage system. Chap-

man et al. [30] numerically analyzed the impact of

vegetation cover loss on the heat island effect in a

subtropical city of Australia. It was found that no

vegetation cover made the mean maximum increase

in urban temperature up to 3.8 °C during a wide-

spread extreme heat events, which was considered be-

ing beneficial for urban rainfall formation.

Fig. 4 A schematic diagram of multiple island effects of urbanization on precipitation
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Urban geographic information with high precision is

often used to quantitatively evaluate severity of urban

waterlogging [31]. Sun [32] statistically analyzed histor-

ical data of waterlogging and land use of central Beijing

district. It was found that the river network density and

the average slope of urban land surface were linearly

positively correlated with urban waterlogging degree,

while vegetation cover ratio showed a linear negative

correlation. Zhang et al. [33] proposed the criteria and

classification to quantitatively evaluate urban waterlog-

ging, as shown in Table 1. Only three criteria of depth,

scope and period were met simultaneously could the

stagnant water be defined as urban waterlogging. Li

et al. [34] simulated the dynamic diffusion of pluvial

flash flood in the traffic network in Shanghai and evalu-

ated its influence on transportation for the commuting

group. It was found that the travel demand in a rain-

storm and flood weather would be reduced by 20%,

while vehicles trapped in severely flooded regions would

be delayed at least one to 3 h.

Analysis of Shenzhen case

Shenzhen, which is located on the southern coast of

Guangdong Province in China, has a subtropical marine

climate. The typhoon named Ewiniar landed Shenzhen

in June 2018 and caused three consecutive days of in-

tense rainfall with a citywide wind of level seven [1]. The

maximum and mean DPs were 318.3 mm and 260.7 mm,

respectively, both of which reached the level of extraor-

dinary rainstorm. Water accumulated in 226 places

throughout the city, most of which had water depths of

30–50 cm, while some were 70–100 cm and the extreme

maximum water depth could reach 1.5 m. The severe

waterlogging greatly impacted the traffic throughout the

entire city. The severity of intense rainfall regions is

highly related with the typhoon’s track. The mean DP

distribution at the distance of 500 km from typhoon cen-

ter can decrease exponentially by 80% compared with

that at the distance of 100 km [35]. There were eight ty-

phoons in total entered the 500 km range circle of Shen-

zhen in 2018, while four of which obviously affected

meteorology of Shenzhen. The track of Ewiniar almost

reached the 100 km range circle and was closer to the

central Shenzhen district compared with other typhoons.

Although Ewiniar was not the strongest typhoon in

2018, it induced the heaviest precipitation on Shenzhen

since 2013.

Historical data of meteorological variation in Shenzhen

from years of 2008 to 2018 [1] are summarized in Fig. 5.

As shown in Fig. 5 (a), the number of typhoons which

entered 500 km range circle of Shenzhen and induced

obvious rainfall show no clear relationship with

temperature anomaly, while typhoons with severe impact

show an obvious increase since 2009. Similarly, the rela-

tionship between the duration of both regional and city-

wide rainfalls with DPs larger than 50mm and

temperature anomaly is not clear, as shown in Fig. 5 (b),

which may be induced by the combined effects of

urbanization, climate warming and extreme weather of

typhoon. Further, the citywide rainfalls with DPs larger

than 100mm show an increasing tendency since 2011.

The number of typhoons with severe impact and the

duration of citywide rainfalls with DPs larger than 100

mm together prove the fact that typhoons induced by

climate warming show an increasing destructive poten-

tial and often accompanied by extreme intense rainfall.

The indicator of comprehensive annual index of typhoon

impact (CAITI), reflecting the combined impacts of rain-

fall, wind and others induced by all typhoons in a year,

is adopted to evaluate severity degree of the loss related

to typhoon on Shenzhen. As shown in Fig. 5 (c), the

CAITIs show an overall increasing tendency since 2013,

which is consistent with the variation of the duration of

citywide rainfalls with DPs larger than 100 mm. Spe-

cially, the CAITI of 2018 reached 76.8 which indicated

the severest impact induced by typhoons on Shenzhen

since 2008.

Influence of intense rainfall on operation safety
and service life of asphalt pavement
Characteristics of water film thickness for asphalt

pavement

In intense rainfall weather, the residual convergent run-

off on the surface of asphalt pavement adversely affects

driving safety and intensifies with water film thickness.

It is of great significance to investigate characteristics of

water film thickness and surface runoff on asphalt pave-

ment in intense rainfall weather, which is not only

Table 1 Criteria and classification of urban waterlogging for typical regions [33]

Criteria Classification

Regions Depth H /cm Scope S / m2 Period t / min Mild Medium Severe

Normal straight road ≥15 ≥300 ≥60 15≤ H < 25 25 ≤ H < 40 H ≥ 40

Crossroads ≥15 ≥100 ≥30 15≤ H < 25 25 ≤ H < 40 H ≥ 40

Concave bridge ≥27 ≥100 ≥30 27≤ H < 35 35 ≤ H < 45 H ≥ 45

Subway entrance ≥25 ≥50 ≥15 25≤ H < 35 35 ≤ H < 65 H ≥ 65

Underground garage entrance ≥15 ≥100 ≥30 15≤ H < 25 25 ≤ H < 30 H ≥ 30
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Fig. 5 Meteorological variation in shenzhen from years of 2008 to 2018 [1]
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beneficial to ensure the normal and safe operation of as-

phalt pavement, but also lays research foundations to

optimize drainage forms of asphalt pavement structure

design.

There are mainly two types of prediction models of

water film thickness for asphalt pavement, which are

mathematical physics model and regression model. The

mathematical physics model such as the Saint-Venant

equation considers water film as a shallow water wave

with stable water flow and can describe its basic motion

characteristics. However, the analytical solution of slope

flow is often obtained from the simplified mathematical

physics model according to the actual conditions of the

road’s surface runoff [36]. The regression model uses a

large amount of experimental data to calibrate model

parameters among variables of hydrological phenomena

and obtains mathematical functions via regression

methods. The main factors affected the depth of water

film d mainly include drainage length L, rainfall intensity

I, slope gradient S, and average texture depth TD. Efforts

had been made to observe water film thickness and rele-

vant empirical models were obtained, as shown in

Table 2.

The Road Research Laboratory (RRL) model (1) and

the Anderson model (4) are in the same form with only

difference in coefficient values. The Gallaway model (2)

and the Wambold model (3) are also similar in form,

but the latter was only suitable for the case with drain-

age length of 11 m. Ji et al. [41] measured water film

thickness and regressed an empirical model based on

195 tests, which were conducted on three field test roads

constructed by three different types of asphalt mixture

and three slope gradients, respectively. Compared with

the Anderson model (4), the regression model (5) took

the texture depth TD into account and could predict the

measured field data with a correlation coefficient of 0.96.

Luo et al. [42] also conducted water film thickness ob-

servation experiments using full-scale prefabricated as-

phalt pavement specimens, which had a dimension of 6

m × 3m and took three types of asphalt mixture and

geometric parameters into account. It was found that

both the RRL model (1) and the Gallaway model (2) had

the least difference from the proposed regression model

(6), while the prediction accuracies of regression models

were higher than Manning formula. Since the observed

water film thicknesses used in calibration of regression

models were easily affected by experimental conditions,

differences unavoidably existed in parameters of each re-

gression model. Luo et al. [42] emphasized that the

water film which affected the variation of friction coeffi-

cient of road surface layer should be characterized by

average water film thickness, which took surface macro-

structure thickness into account. The method of artifi-

cial neural network suggests constructing prediction

model of water film thickness [43], for the purpose of

making full use of previous research data and conduct-

ing as few trials as possible.

Risk of driving safety in intense rainfall weather

There are four interaction states between vehicle tires

and pavement surface layer when a vehicle drives on the

asphalt pavement with surface runoff. There is no con-

tact between tires and pavement surface layer existing in

front of tire regions due to the backwater phenomenon

[44]. In the incomplete contact region between tires and

pavement surface layer, free water flow has been

squeezed out, while the water flow inside space between

tire tread patterns and macro structure of surface pave-

ment layer will be canalized and also drained as much as

possible. The confined cavity formed by complete con-

tact between tires tread patterns and pavement surface

layer will be further compressed, which drives water flow

to hydraulically scour asphalt binder film on the inner

wall of connected void channels. Finally, a certain vac-

uum degree formed behind tires will pump water flow

out of connected void channels. Lei et al. [45] measured

the dynamic pore water pressure generated inside as-

phalt pavement using a designed sensor device, and a

maximum positive pressure of 0.115MPa and a max-

imum negative pressure of − 0.073MPa were obtained

under a vehicle speed of 100 km/h. The tread patterns of

vehicle tires are often designed to combine patterns with

different directions according to the characteristics of di-

verse driving environment, as shown in Fig. 6.

When the thickness of surface runoff on asphalt pave-

ment is small, water can be drained in time by tread

grooves to ensure enough friction between vehicle tires

and pavement surface layer. However, when the thick-

ness of surface runoff induced by intense rainfall is too

large to be drained in time, vehicle tires will be lifted by

water flow and not contact tightly with pavement surface

layer, the resulting aquaplaning phenomenon will ser-

iously do harm to operation safety of urban roads. Dong

et al. [47] established a road-tire finite element model

under the condition of pavement surface runoff based

on computational fluid dynamics theory to investigate

aquaplaning phenomenon of vehicle tires. It was found

that the lifting force of tires increased obviously with

Table 2 Prediction models for water film thickness

Authors Models No.

Ross and Russam [37] d = 0.017 × (L ⋅ I)0.47S−0.2 (1)

Gallaway [38] d = 3.38 × 10−3 × (TD0.11
L
0.43

I
0.59

S
−0.42) − TD (2)

Wambold [39] d = 5.979 × 10−3 × TD
0.11

I
0.59

S
−0.42

− TD (3)

John Anderson [40] d = 0.15 × (L ⋅ I)0.5S−0.5 (4)

Ji et al. [41] d = 0.1258 × L
0.6715

S
−0.3147

I
0.7786

TD
0.7261 (5)

Luo et al. [42] d = 0.068 × L
0.32

S
−0.31

I
0.41

TD
1.17 (6)
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vehicle speed larger than 60 km/h, as shown as Fig. 7.

Dynamic pore water pressure increased slowly with ve-

hicle speed when water film thickness was less than tire

tread depth, but water pressure increased parabolically

once water flow exceeded the drainage capacity of tire

tread patterns. The critical aquaplaning state is emerged

when the external generated dynamic pore water pres-

sure gradually increases and equals to the tire’s inner

pressure. Li et al. [48] numerically simulated the aqua-

planing phenomenon for a tire with the tread depth of 7

mm. It was found that the critical driving speeds for

water film thicknesses of 8 mm and 12 mm were 120

km/h and 100 km/h, respectively.

Liu et al. [49] built an asphalt pavement model with

macro texture features and a tire model with tread pat-

tern to numerically calculate the contact force variation

curve and the critical hydroplaning speed. It was found

that the increase of the complexity of tire tread patterns

could decrease the lift force of water flow to tires, while

the increase of the tire inflation pressure and the de-

crease of water film thickness could increase the contact

force and the critical hydroplaning speed. The open

graded friction course (OGFC) pavement with high

mean profile depth (MPD) was found to have relatively

good ability to prevent hydroplaning than asphalt

concrete (AC) and stone matrix asphalt (SMA) pave-

ment. Therefore, measures should be taken to ensure

enough drainage capacity of canalized channels com-

posed of tire tread patterns and surface macro structure

to relieve the aquaplaning phenomenon, such as timely

replacement of worn tires [50] or preventive mainten-

ance of enough macro-structure recovery on pavement

surface.

The water mist splashed by vehicle tires is also a non-

negligible factor, as shown in Fig. 8, which reduces the

visibility of rear vehicles and seriously affects driving

safety. The decreased vehicle speed and increased driv-

ing safety interval also reduce the operational efficiency

of urban traffic. Billot et al. [51] investigated the influ-

ence of three different rain intensities on traffic capacity

and the decreases from 18.5% to 21% were obtained re-

spectively. Agarwal et al. [52] analyzed the relationship

between rainfall intensity and traffic flow based on mea-

sured field data. It was found that traffic flow would de-

crease 1% to 3% when rainfall intensity was smaller than

0.25 mm/h, while the decrease extent would be 5% to

10% as rainfall intensity was 0.25 mm/h to 6.35mm/h.

Compared with dry weather, Zhang et al. [53] found that

Fig. 6 Different tire tread patterns [46]

Fig. 7 Relation between lifting force and vehicle speed [47] Fig. 8 Water mist splashed by vehicle tires

Wang et al. Journal of Infrastructure Preservation and Resilience             (2020) 1:4 Page 9 of 14



the average driving speed in the urban freeway system

would decrease 4.7%, 9.8% and 16.1% in light, medium

and heavy rain weather, respectively. The environment

light in rainy weather is weak and thus results in dark vi-

sion, which makes it hard for drivers to quickly make a

correct judgment on actual conditions of road traffic

[54, 55]. In case of emergency circumstances, the severe

brake action of vehicles with a relative high driving

speed may cause dangerous accidents such as rear-end

collision or side-slip. Black et al. [56] analyzed statistic

data of rainfall and vehicle crashes from years of 1996 to

2010 for six U.S. states, while an overall increase in

crashes of 51% was concluded during days with more

than 50mm of rainfall.

Influence of intense rainfall on service life of asphalt

pavement

The increasing frequent occurrence of intense rainfall

induced by climate warming increases the interaction

between water and asphalt pavement. The increased

water film thickness induced by the intensified rainfall

results in larger dynamic pore water pressure generated

inside asphalt pavement under vehicle loads. The dy-

namic water flow, which is formed by the repeated alter-

native processes of squeezing and pumping action

driven by tires, continuously scours surface layer of as-

phalt pavement. Figure 9 shows a schematic diagram of

dynamic hydraulic scouring induced by repeated loading

of vehicle tires on asphalt pavement with surface runoff.

This dynamic hydraulic scouring will gradually split as-

phalt binder film and finally develop into moisture dam-

age in forms of raveling or potholes [8], which makes

entire service properties and service life of asphalt pave-

ment subject to be challenged.

Moisture damage of asphalt materials induced by dy-

namic pore water pressure exhibits a totally different

damage mechanism compared with that induced by

static water immersion and freeze-thaw [9, 57, 58]. A

series of water conditioning devices were developed [59–

62] to simulate the environment of dynamic pore water

pressure and evaluate the service life of asphalt mate-

rials. Multi-scale experiments were correspondingly con-

ducted to investigate moisture damage issues [59, 63,

64]. Service properties of asphalt mixture such as mech-

anical strength, high temperature stability, low

temperature cracking resistance and fatigue resistance

were affected by environmental parameters of dynamic

pore water pressure, which included magnitude, fre-

quency, water temperature and duration [65]. At

present, there is no standard microscopic experimental

methods based on dynamic pore water pressure condi-

tioning for moisture damage evaluation of asphalt mix-

ture yet. It is still necessary to develop conditioning

experimental devices which can really simulate actual

service environment that combined factors of dynamic

mechanical loading, pore water pressure and

temperature together for service life evaluation of as-

phalt pavement.

Pervious pavement has a high permeability due to its

characteristic connected void channels. As an important

part of sponge city construction, the runoff features of

pervious pavement play an important role on manage-

ment of intense rainfall for urban transportation infra-

structure. Zhang et al. [66] simulated the interaction

process between intense rainfall runoff and pervious

pavement. It was found that average flow velocity and

shear velocity in surface runoff regions increased with

permeability of pervious pavement. The inflow rate of

surface layer also increased with rainfall intensity which

shortened time consumption for lower layers of pave-

ment structure to reach saturation state [67]. Under the

combined effects of vehicle load, water and temperature,

dynamic response on asphalt pavement structure would

make properties of seepage, fatigue and cracking be

challenged, which increased the possibility of asphalt

binder film being stripped and reduced overall service

life of asphalt pavement [68].

Water of urban waterlogging disasters induced by in-

tense rainfall is often mixed with silt. The dirty water

spreads everywhere causing pollution on asphalt pave-

ment surface layer, which will decrease the permeability

of pervious pavement as its pore structure is clogged.

Cui et al. [69] simulated intense rainfall process by

spraying sodium chloride (NaCl) solution on permeable

concrete specimens, and evenly sprinkled sand onto

specimens’ top side to simulate blockage process caused

by intense rainfall mixed with silt. It was found that the

pore clogging process of pervious pavement consisted of

three stages, namely quick clogging, temporary of clog-

ging and progressive clogging. The conductivity change

of pervious specimen could accurately reflect the clog-

ging degree of its pore structure. Zhou et al. [70] con-

ducted a dust clogging test to investigate the decay law of

permeability performance for porous asphalt pavement. It
Fig. 9 Hydraulic scouring induced by a moving vehicle
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was found that the residual rate of permeability coefficient

was linearly related to dust particle’s quality, while the

decay rate of permeability coefficient was proportional to

the initial porosity.

After urban waterlogging, it is essential to clean

blocked regions on asphalt pavement surface layer in

time to recover its water-permeable function. As shown

in Fig. 10, there are mainly two kinds of urban road

cleaning methods which are high-pressure water spray-

ing type and sweeping suction type. As water immersion

gradually weaken bond strength inside asphalt materials,

road cleaning may bury a potential risk of particles shed-

ding which put forward a high requirement on scouring

resistance of asphalt materials in pavement surface layer.

Mitigation measures
To deal with impacts of a series of climatic disasters on

human life, Paris Climate Agreement was adopted in

December 2015 [71] and many countries are taking steps

to control carbon emissions based on their own national

situations. Measures to deal with global warming mainly

include two categories of carbon dioxide removal and

solar radiation management [72]. The former mainly

tries to remove carbon dioxide content in atmosphere

by the artificial means, which includes carbon dioxide

capture and storage, biomass carbon capture, land use

management and so on [73]. The latter mainly directly

cools earth surface by influencing solar radiation, which

mainly includes stratospheric aerosol injection, setting

space mirrors, desert greening, white roofing and whit-

ening of ocean clouds to change the surface albedo [74].

In order to investigate China’s control of carbon dioxide

emissions in its rapid urban industrialization, Shan et al.

[75] compiled lists of carbon dioxide emissions on city-

scale and then analyzed characteristics of carbon dioxide

emissions. It was pointed out that different emission re-

duction strategies of low-carbon development paths

should be proposed respectively according to different

industrialization stages of cities in China.

To deal with urban waterlogging disasters, the State

Council of the Chinese Government officially promulgated

a notification in March 2013 [76] to make clear require-

ments and deployment on urban waterlogging prevention

and control on the national level. Maintaining and restoring

vegetation cover is a key consideration in mitigating the

urban heat island [30], which can reduce the impact of

urbanization on intense rainfall formation. The concept of

the sponge city [77], which is consisted of pervious pave-

ment, roof greening, infiltration ditch, storage tank and so

on, has a good ability to adjust and control water flow of in-

tense rainfall. It is a complex and systematic project to solve

the problem of urban waterlogging [78], which not only re-

quires a reasonable city construction planning and an up-

grading of drainage network system, but also needs

sufficient attention to be paid on some important aspects

as shown below:

� Carry out reasonable modeling and analysis of urban

waterlogging forecast to provide the basis for

government decision-making.

� Improve the accuracy of weather forecasting for

early warning of urban waterlogging.

� Build up supporting policies and regulations for

urban waterlogging prevention.

To mitigate the impact of intense rainfall with fre-

quent occurrence on urban asphalt roads, the most im-

portant and direct measure is to deal with atmospheric

precipitation timely and minimize the influence of stag-

nant water on traffic operation and road service condi-

tions. Road drainage facilities should be well designed

and constructed for urban pavement or highway to di-

gest atmospheric precipitation as fast as possible and

avoid forming stagnant layer on pavement surface [48].

It is feasible to ensure safe and effective operation of

urban transportation in intense rainfall weather by con-

trolling traffic flow parameters such as driving speed and

safety interval. The increasing frequent occurrence of in-

tense rainfall increases the possibility of moisture damage

on asphalt pavement and results in service performance

degradation induced by dynamic pore water pressure with

positive and negative alternation, which is quite different

Fig. 10 Two ways to clean asphalt pavement
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from moisture damage processes induced by freezing ex-

pansion or static water immersion. Therefore, it is neces-

sary to make further research on moisture damage

mechanisms of asphalt pavement induced by dynamic

pore water pressure and propose the design system of as-

phalt pavement with high service performance and long

service life under the background of climate warming.

Conclusions
The study reviewed the characteristics of intense rainfall

induced by climate warming and its influence on urban

asphalt pavement. The following conclusions can be

drawn as below:

1) Global climate warming accompanied by the

accelerating water evaporation of land and sea

surface in recent years promotes the formation of

typhoons. The power dissipation index (PDI) of

tropical cyclone indicates an upward trend in

destructive potential and is followed by an

increasing occurrence frequency of extreme rainfall

weather. The intense rainfall with the daily

precipitation (DP) index larger than 50 mm is

highly related to climate warming and multiple

island effects of urbanization such as heat, turbidity

and water vapor. The intense rainfall weather in

flood season often has the features of high rainfall

intensity, high frequent occurrence and short

duration.

2) The urban waterlogging induced by extreme intense

rainfall often has a wide-ranged severe impact on

urban transportation. Both the reducing rainwater

storage capacity and the hysteretic urban construc-

tion of rainwater pipe network are non-negligible

factors causing urban waterlogging. Specially, the

severity of intense rainfall is highly related with the

distance between urban regions and the typhoon

center according to the analysis of Shenzhen case.

The indicator of comprehensive annual index of ty-

phoon impact (CAITI) can well evaluate the impact

degree of extreme rainfall weather and urban water-

logging induced on urban regions.

3) General intense rainfall weather increases water

film thickness on asphalt pavement surface layer

and reduces frictional resistance between vehicle

tires and pavement surface layer. The prediction

models of water film thickness which take more

factors of asphalt roads’ features into account often

have relatively good accuracies. The resulting

aquaplaning phenomenon not only has adverse

impacts on driving, but also decreases operation

efficiency of urban transportation and causes safety

risks.

4) The dynamic response of saturated asphalt

pavement and the generated dynamic pore water

pressure aggravates moisture damage to asphalt

materials. The dirt water of urban waterlogging

pollutes asphalt pavement surface layer, which will

decrease road’s permeability as its pore structure is

clogged. Specially, urban road cleaning also raises a

potential risk on bonding failure of asphalt

materials’ particles.

5) Measures are proposed in aspects of carbon

emissions control, sponge city, and improvement of

road drainage facilities to mitigate the influence of

intense rainfall induced by climate warming. It is

feasible to control traffic flow parameters to ensure

driving safety and traffic operation efficiency.

Further efforts need to be made in the future to

improve design system of asphalt pavement

considering the factor of dynamic porewater

pressure.
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