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Abstract: This research investigates the effect of heavy rain on highway traffic volume and average
speed, and proposes a recharging well harvesting system as an alternative freshwater source in the
context of climate change. The Cairo Autostorad highway was taken as a case study. The highway
climate data were collected, and traffic was measured using Metrocount equipment during the period
from 2008 to 2020. The results show that the studied road is about 12 km long, and about 40 water
ponds exist along the route. Each pond has an estimated water volume of 300 m3, and a 30 cm
recharging well, with a maximum recharging capacity of 25 m3/h with satisfactory performance, is
recommended to be constructed for rainwater harvesting. The recharging wells will clear the ponding
volume within 2.5 to 3.5 h after the rainfall has stopped. The design incorporates a 1.2 safety factor
against blockage inside the well. In addition, a model was established between the average rainfall
depth and the average measured highway speed for the period (2008–2020) during rainy months,
indicating an exponential function with a determination factor R2 = 0.7076. The present rainfall (2020)
and the representative concentration path (RCP) for 4.5 and 8.5 emissions scenarios were used to
simulate the rainfall for future years: the 2040s, 2060s, 2080s, and 2100s. The results show that in
the winter season for the current scenario (2020), the average rainfall depth was 45 mm, and the
highway speed was 78 km/h. For the RCP 4.5 emission scenarios for the 2040s, 2060s, 2080s, and
2100s, the rainfall depths were 67.8, 126.4, 131.2, and 143.9 mm, and the corresponding reductions
in the highway speeds were 23, 34, 35.3, and 36.9%, respectively, compared to the baseline scenario
(2020). On the other hand, the RCP 8.5 emission scenarios show a reduction in the highway speed of
23, 34.5, 36.9, and 36.9% for the years 2040, 2060, 2080, and 2100, respectively, due to rainfall depths of
68.7, 128.4, 143.9, and 143.9 mm, respectively. This study helps policymakers to make wise decisions
regarding sustainable water resource management and highway traffic problems related to rainwater
depths in the context of climate change.

Keywords: climate change; rainwater harvesting; highway traffic; recharging well; highway speed

1. Introduction

Climate change is expected to influence urban living conditions and challenge the
ability of cities to adapt and mitigate climate change [1]. The lifelines of socioeconomic and
sustainable development in metropolitan areas are water and roads. Road transportation
is a necessary component part of a nation because it is utilized to support social and
economic activity more than any other mode of transportation; infrastructure is sometimes
referred to as its socio-economic lifeline [2]. A road transportation system is made up
of facilities and activity zones. When the sky is covered in smoke, dust, rain, snow, or
fog, driving becomes more difficult [3]. Due to the varied driving styles of drivers in

Sustainability 2022, 14, 9656. https://doi.org/10.3390/su14159656 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14159656
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su14159656
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14159656?type=check_update&version=2


Sustainability 2022, 14, 9656 2 of 20

diverse weather circumstances, weather conditions have had a considerable influence on
the functioning of the road network since the middle of the 20th century [4]. The coupled
Model Intercomparison Project (CMIP) is used by the World climate Research Program
(WCRP), the working group responsible for modeling the Intergovernmental Panel on
climate change (IPCC) [5]. These intercomparisons look at a large number of models from
a variety of modeling centers throughout the world, examining a wide range of model
behaviors and evaluating each model’s strengths and flaws through controlled tests. These
tests aid in the detection of faults that are exclusive to a single model or that may necessitate
a broad theoretical modification. In experiments, “near-term” trends over a 10- to 30-year
time frame and “long-term” patterns over a 100-year time horizon are examined [6]. The
IPCC’s most recent report employed an ensemble of fifty-five distinct climate models
from the fifth phase of the CMIP, or CMIP5. A significant advancement in the prediction
methodology used by the CMIP5 project is the categorization of future scenarios in terms
of radiative forcings [7,8]. This idea, known as representative concentration pathways
(RCP), defines four estimated greenhouse gas emission scenarios based on the social and
political factors of implementing mitigation methods. The most optimistic criterion, RCP
2.6, assumes that annual global greenhouse gas (GHG) emissions will peak between 2010
and 2020, after which they will begin to decline. RCP 4.5 predicts a peak in emissions
around 2040, followed by a decline. The RCP 8.5 results from insufficient efforts to cut
emissions and is an example of how warming cannot be stopped by the year 2100. At
the International Institute for Applied Systems Analysis (IIASA), Austria, the MESSAGE
modeling team and the IIASA Integrated Assessment Framework produced the RCP 8.5 [9].
The RCP 8.5 represents scenarios that result in high greenhouse gas concentration levels and
is defined by increasing greenhouse gas emissions over time. The RCP 4.5 and 8.5 emissions
pathways are described in Table 1. The two scenarios have the radiative forcing topping at
4.5 and 8.5 Wm−2 by 2100, respectively.

Table 1. The representative concentration pathways description.

Name CO2 Equivalent
(ppm)

Temperature
Anomaly (◦C) Radiative Forcing Pathway

RCP 4.5 650 2.4 4.5 Wm−2 post 2100
Stabilization

without overshoot
RCP 8.5 1370 4.9 8.5 Wm−2 in 2100 Rising

Egypt’s main source of water is the Nile River [10]. Therefore, any alterations in its
flow are extremely crucial. The Nile River loses a considerable amount of water due to
evaporation during its 3000 km length through arid northern Sudan and Egypt [11]. As a
result, fluctuations in temperature and precipitation have a significant impact on the water
supply. Mostafa et al. [12] determined in their analysis that due to the impact of climate
change on water demand and withdrawals, groundwater supplies in Egypt’s Nile valley
and delta may be diminished. Changes in precipitation and runoff, as well as changes in
use and withdrawal, have led to a reduction in surface and groundwater supplies in many
places. Climate change, water, and agriculture may have a substantial interaction. Climate
change might have a wide range of effects on water resources. Changes in precipitation
amount and patterns are among these dimensions [12]. Extreme weather occurrences, such
as floods and droughts, may also have an impact on water resources. Droughts and drier
soils are likely in West Africa and the Amazon between the months of June and August,
and in the Asian monsoon region during the months of December through February. These
changes could have a significant impact on agricultural production and food security
around the world [13]. In old cities, the quantities of rainfall will flow into the sewerage
networks that are designed to drain only limited amounts of rainfall. In extreme rain events,
the sewerage networks may be flooded, which may lead to ecological and economic hazards.
Rainwater must be completely separated from the sewage networks because the influx of
rainwater causes a burden on the sewage treatment plants, as well as a large loss of electrical
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energy during treatment, in addition to causing road traffic problems. Some coastal cities in
Egypt have witnessed many cases of drowning, and every year, the rains always constitute
a burden on the sewage stations. Rainwater harvesting (RH) is the collection, storage,
distribution, and use of rainwater for a range of purposes, including drinking and domestic
uses, irrigation, industry, and livestock grazing, as well as for reducing the load on sewage
treatment plants [14–16]. RH in urban environments can be performed by using rainwater
sewer networks to collect the rainwater from large surfaces and rooftops and store it in
under- or aboveground tanks [17,18]. The construction cost of these tanks is extremely high,
and the tanks require a significant amount of space and a complicated pumping system.
Without RH, several negative consequences can occur, such as (i) decreased road efficiency
and reliability [19], (ii) various pollutants (sediments, toxic chemicals, debris, nutrients,
and litter) may be moved to nearby residential areas [20], (iii) anthropogenic pollutants,
heavy metals, bird droppings, and animal waste can be transferred from roads and roofs
into downstream water [21,22], and (iii) flows of stormwater runoff over urban impervious
surfaces can cause flooding, traffic problems, and heavy casualties [23]. Accordingly, the
life of urban dwellers, the aquatic environment, and hydrology can all be impacted [24]. In
Egypt, however, there has been little research on rainwater harvesting in the coastal regions
and the rain-related road conditions and driving behavior during severe weather. Despite
the lack of studies on traffic flow characteristics and performance analyses in Egypt, the
majority of traffic management strategies, traffic control techniques, and traffic designs
for severe weather are developed and modified based solely on personal experience. This
method is inefficient, since it requires a traffic operator to alter settings manually in the
field, which has a significant impact on the traffic system’s dependability and efficiency.
Floods are one of the most hazardous natural catastrophes, since they may devastate any
mode of transportation. Different flood effects on traffic flow characteristics may be noticed
when floodwater blocks a portion of a route network, such as communication interruptions,
traffic congestion, increased traffic volume, lowered speeds, and increased travel time [25].
Figure 1 shows the effect of rainfall on the road, and as a result, every effect on the route
network can be viewed as a possible threat to the various characteristics of traffic flow.
As a result, a solution to the problem of flooding must be devised by establishing an
information system (IS) capable of visualizing the interaction between flood dimensions
and route networks. Accordingly, it may be possible to comprehend the flood impact on
an object, because flooding impact can be defined as the probability of contact between
flood dimensions and real-world objects [26]. Furthermore, the system should be able to
identify, classify, and evaluate the various levels of flood impact on the route network, as
well as show them in both two and three dimensions [27]. This could allow for qualitative
analysis and visualization of the physical impact of a flood on a route network. The system
might be used to visualize the flood impact on traffic flow characteristics (traffic volume,
journey time, speed) in both qualitative and quantitative ways because the flow of traffic
(activities domain) is based on the availability of a route network. The information above
could help to support decision-making processes aimed at reducing the impact of flooding
on road transportation systems. As a result, the article details the creation of such a system
as part of an advanced software life cycle [28]. The primary goal of this study is to assess
the climatic changes in road traffic due to the excess rainfall and the harvesting of rainfall
spatially in the coastal regions to solve traffic problems and increase freshwater resources
in Egypt. To achieve the study objectives, (i) the previous work regarding the effect of
climatic changes on road efficiency and rainfall intensity is reviewed, (ii) a case study for
the Greater Cairo Metropolitan Area (GCMA), specifically the El Monib road intersection
with the ring road, is analyzed, (iii) climate data for the current 2020 status and the RCP 4.5
and 8.5 emissions were collected for the 2040s, 2060s, 2080s, and 2100s, (iv) the Metrocount
tool is used to measure the saturation flow rate, traffic volume, and road travel speed,
(iv) data analyses and comparisons of road speed and volume under different weather
conditions were carried out, (v) the identification of water pond was completed and sites
maps were developed, and (vi) a method regarding rainwater harvesting is presented.
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Figure 1. Some indicative photos of the road after a rainfall.

2. Materials and Methods
2.1. Study Area

More than one-fifth of Egypt’s population lives in the Greater Cairo Metropolitan
Area (GCMA), which is home to more than 28.7 million people. The GCMA contributes
significantly to Egypt’s economy in terms of GDP and employment. By 2027, the GCMA’s
population is anticipated to reach 40 million, indicating that the region will also become
more economically significant. Traffic congestion is a big problem in the GCMA that has
a severe impact on both the economy and the standard of living. Congestion consumes
time that could be spent performing more beneficial activities, raises harmful emissions,
decreases air quality, boosts corporate transportation costs, and deters businesses and
industries from investing in the GCMA. The ring road in Cairo, which connects the city’s
heart to outlying areas, is an eight-lane free-for-all, with automobiles, buses, and heavy
trucks flowing in and out at fast speeds. The data used in this study are obtained from
the El Monib road to the intersection of the ring road with the Autostorad highway. This
highway has 4 lanes, and its design speed is 90 km/h; the speed was observed using the
Metrocount tube traffic flow collection system. The device can continuously observe traffic
flow parameters, including flow, velocity, and density of the highway during the survey
time period. Figure 2 illustrates the study area.
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Figure 2. The study area.

2.2. Climate Change Models

Weather data regarding the road were collected from the Egyptian Meteorological
Authority and www.tutiempo.net/clima RSMc-Cairo (http://web.civilaviation.gov.eg/
companies/Meteorology) (assessed on 20 June 2022) for the period from 2008 to 2020. In
addition, a number of climate models used are non-selective, i.e., we use as many models
as are currently available to us, as listed in Table 2. We focus on RCP 4.5 and RCP 8.5,
which are correspondingly medium-low and high radiative forcing scenarios. For the
overconfidence of the lone model, multi-model joint projections are also created, as this
comprises information from all contributing models. It is also supposed that multi-model
ensembles are desirable to single models.

Table 2. The CMIP5 models used in this study.

Model Model Institution Resolution Reference

CMCC-CMS Centro Euro-Mediterraneo per I Cambiamenti
Climatici, Italy 1.9◦ × 1.9◦ [29]

ACCESS1-0
Commonwealth Scientific and Industrial

Research Organization/Bureau of
Meteorology, Australia

1.9◦ × 1.3◦ [30]

CCSM4 National Center for Atmospheric
Research 0.9◦ × 1.25◦ [31]

CNRM-CM5 Centre National de Recherches
Meteorologiques 1.4◦ × 1.4◦ [32]

CSIRO-Mk3 Australian Commonwealth Scientific and
Industrial Research Organization 1.9◦ × 1.9◦ [33]

CanESM2 Canadian Centre for Climate Modeling
and Analysis 2.8◦ × 2.8◦ [34]

GFDL-CM3 Geophysical Fluid Dynamics Laboratory 2.5◦ × 2◦ [35]
HadGEM2-CC Met Office Hadley Centre, UK 1.9◦ × 1.3◦ [36]
HadGEM2-ES Met Office Hadley Centre, UK 1.9◦ × 1.3◦ [37]

IPSL-CM5A-LR Institute Pierre-Simon Laplace, France 3.8◦ × 1.9◦ [38]

2.3. The Metrocount of Surveying Traffic

The Metrocount tool was established in Australia over 25 years ago aim to deliver the
most reliable and sustainable technology for monitoring road traffic, bicycles, and people.

www.tutiempo.net/clima
http://web.civilaviation.gov.eg/companies/Meteorology
http://web.civilaviation.gov.eg/companies/Meteorology
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Metrocount traffic data is renowned for its accuracy, flexibility, and variety [39]. This
device has been used by over 115 countries across the globe to solve traffic problems and
obtain traffic monitoring solutions with a wide range of portable and permanent systems,
remote access add-on, and free analysis software. The most popular traffic monitoring
system uses two pneumatic tubes, and records every axle to give vehicle volume, speed,
and classification data [40]. All Metrocount traffic survey systems are a co-dependent,
intelligent combination of robust hardware and world-leading software. MTE™ software
plays a crucial role during the initial set-up of the counter classifier, as well as later on,
when verifying the system’s performance and analyzing the collected data [41]. Figure 3
shows the equipment of Metrocount.

Figure 3. Metrocount equipment.

2.4. Rainfall Harvesting Methods

Instead of letting rainfall flow off, rainwater harvesting involves gathering it and
storing it for later use on-site. These retained liquids are used for a variety of tasks,
including irrigation and gardening. Broadly, there are two ways of harvesting rainwater:
rooftop rainwater harvesting and surface runoff harvesting. Surface runoff harvesting
is applied in the urban area, where rainwater flows away as surface runoff. This runoff
could be caught and used for recharging aquifers by adopting appropriate methods. On
the other hand, rooftop rainwater harvesting is a method of catching rainwater where it
falls. In this method, the roof of the house or building serves as the catchment area, and
the rainwater is collected from there. It can be either diverted to an artificial recharge
system or kept in a tank. If used correctly, this technology, which is less expensive and
very successful, contributes to raising the local groundwater level. This technique works
best in an urban setting, where rainwater that is collected and stored during rainstorms
flows along the ground. To store the surface runoff, the flow of tiny tributaries of rivers or
reservoirs is changed. The surface runoff is held in ponds, tanks, and reservoirs designed
for this purpose. Effective water conservation techniques are used to store rainwater while
lowering evaporation. To maintain clean and healthy water, several steps are taken [42]. In
this paper the rational equation for runoff is applied as:

Q = 0.0028 × A × c × I (1)
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where Q = quantity of storm water in m3/s (0.0028 is the conversion constant to convert
FPS units to SI), c = coefficient of runoff (0.35–0.9), according to the type of surface (road
pavement) = 0.9, I = intensity of rainfall in mm/h, and A = drainage area in hectares. Time
of concentration (Tc) [43] is the amount of time needed for water to flow from the farthest
point in the area to the outlet once the soil has become saturated and small depressions
have filled, or it is the lag (the amount of time that passes between the start of runoff from
a rainfall event over a watershed and when runoff reaches its peak). For design reasons,
the duration of a storm at any particular intensity that is expected to occur at any given
moment corresponds to the time of concentration. The Kirpich formula [44] is frequently
used to compute Tc as a function of slope and slope length:

Tc = 0.0195L0.77S−0.385 (2)

where S is the watershed gradient (m/m), which is derived as the difference in elevation
between source and outflow divided by length, Tc is the time of concentration (min), and L
is the maximum length of flow (m). In order to use surface runoff in irrigation or domestic
uses, harvesting rainwater by well recharging is applied according to the equation. The
design of the recharge well was created based on three key points, i.e., (i) to the well
location, (ii) the available space, and (iii) the design discharge (Q), the value of Q was
calculated using Equation (1), given that the length of the road is 12 km, and the width is
3.65 m. In this study, for a Tc = 15 min, rainfall intensity of 75 mm/hr, and the total runoff
volume collected at the ponding site is 300 m3 (the pond area is 1200 m2).

Artificial Aquifer Recharge

Gale [45] goes into great detail explaining a variety of artificial aquifer recharge
techniques. In essence, it depends on the technique being used for recharging, as well as
the geologic and geographic features of the region. The key restriction, for instance, is the
adequacy of the aquifer in terms of permeability, hydraulic conductivity, storage capacity,
transmissivity, and water quality for deep infiltration via boreholes and wells that pump
water into a deep aquifer. For deep infiltration, physical geography is far less crucial; the
same strategy can be applied wherever there is the terrain. In this study, the recharging
well flow (QW) obtained by a constant head recharge on a bore well is given by:

QW = 2.75 × d × h × k (3)

where k is the coefficient of permeability. In this study, the current k is 45 m/d, but a
factor of safety of 120% was considered; therefore, the design k = 36 m/d, h is the depth
of the pervious sand layer measured from the ground level (20 m), and d is the recharge
well (m) = 0.3 m. Based on Equation (3), QW = 25 m3/hr.

3. Results
3.1. Effect of Climate Changes on Road Traffic

As indicated in Figure 4, which serves as the baseline, a statistical analysis was
conducted to determine the average monthly rainfall rates in the research area for the years
2008 to 2020. Figure 5 depicts January rainfall scenarios for RCP 4.5 for the years 2024, 2060,
2080, and 2100 with values of 50, 90, 102, 104, and 110 mm/day, respectively. However, for
the RCP 8.5 emission for January, the average daily rainfall is 51, 90, 102.5, 105, and 110 mm
for the years 2020, 2040, 2060, 2080, and 2100, respectively.
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Figure 4. Average data of rainfall depth and temperature in the study area for the period from 2008
to 2020.

Figure 5. Global average rainfall depth indices over land as simulated at stations in the study area,
(A) RCP 4.5, and (B) RCP 8.5.
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3.2. Effect of Rainfall on Traffic Flow

Table 3 shows the average daily (7 a.m. to 5 p.m.) traffic characteristics under the
influence of various weather conditions, particularly the effect of rain on the speed of cars
and road density, as well as free flow. The data showed that rain lowered the capacity
by 2–32%, even if the mean speed decreased. Capacity declines with increases in rainfall
intensity. In addition, when the severity of the rain increases, speed diminishes, and the
change in speed with respect to dry conditions is 30.8%.

Table 3. Measured Metrocount average daily (7 a.m. to 5 p.m.) traffic characteristics under the
influence of various weather conditions.

Condition
Traffic
Count

(Vehicles)

Average
Volume
(veh/h)

Capacity
(pce)

Mean
Speed

(km/hr)

Free Flow
Speed

(km/hr)

Change in Speed
(%) with Respect
to Dry Condition

Dry condition 7430 630 1375 65 70 -
Wet condition 4670 657 1230 45 55 30.8

Veh, vehicle; pce, passenger car equivalents.

3.3. Speed Analysis
Travel Speed in Rainy Conditions

To assess the travel speed in rainy conditions, in our case study (Cairo Autostorad
highway), we compared the average speed in km/hr and associated traffic volume per hour
(veh/h) for the normal weather conditions on 28 October 2016 and heavy rain conditions
on 20 January 2017. Due to the changing nature of rainfall intensity, the observation
period was repeatedly extended. Three time periods were considered: morning peak hours,
evening peak hours, and off-peak hours. Table 4 summarizes the features of the traffic
flow of the Cairo Autostorad highway under various weather situations. Therefore, the
results show that the average speeds are 30, 34, and 50 km/h during the heavy rains in
the morning, evening, and off peaks times, respectively. Compared to dry conditions, a
decrease of 40, 38, and 28.6% in the average speed is detected for the morning, evening,
and off-peak hours, respectively. In addition, the corresponding traffic volumes are 1002,
1350, and 900 veh/h during the heavy rains in the morning, evening, and off-peaks times,
respectively, compared to dry conditions, which is a decrease of 70.7, 68, and 59.5% in the
average traffic volumes detected for the morning, evening, and off-peak hours, respectively.
Figure 6 shows the average depth of rainfall and the speed distribution. in the winter
season; the recorded speed distributions are 40, 48, 55, and 60 km/h in January, December,
February, and November, respectively. On the other hand, in the dry months of April,
May, June, July, August, September, and October, the speed distribution ranges between
65–80 km/h. The relationship between the average speed of the vehicles and the average
depth of the rainfall for the Autostorad Cairo Highway in the period from 2008 to 2020
in the winter season is shown in Figure 7. Therefore, the trendline shows an exponential
function for rainfall depth and the traffic speed as

y = 143.12 e−0.015x (4)

where y is the speed in km/h and x in the rainfall depth in mm, with a determination factor
of R2 = 0.7076.

Table 4. Features of traffic flow of the Cairo Autostorad highway under various weather situations.

Time Period Morning Peak Evening Peak Off-Peak

Weather
condition Heavy rain Dry condition Heavy rain Dry condition Heavy rain Dry condition

Average speed
(km/h) 30 50 34 55 50 70

Volume per
hour (veh/h) 1002 3425 1350 4220 900 2225
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Figure 6. Cairo Autostorad highway average depth of rainfall and speed distribution.

Figure 7. The relationship between the average rainfall depth and the average speed during the
period (2008–2020) during the rainy months.

Using Equation (2) and the given depth of rainfall for the years 2040, 2060, 2080, and
2100 for RCP 4.5 and RCP 8.5, the computed speeds are summarized in Table 5. The results
show that the speed of the vehicles decreased and the efficiency of the road consequently
decreased, compared to the average of the year 2020. The annual loads summarized in this
paper were selected from a database of the General Authority for Roads, Bridges, and Land
Transport. Figure 8 shows the monthly average daily traffic (MADT) during the period
2008 to 2020; therefore, the monthly average daily traffic (MADT) is recorded in February,
January, December, and November at values of 13821, 14123, 14225, and 15,100, respectively.
On the other hand, in the dry months (April, May, June, July, August, September, and
October) the MADT ranged between 17,260 and 30,325.
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Table 5. Rainfall depth and speed for the different scenarios, current 2020, RCP 4.5, and RCP 8.5 for
the 2040s, 2060s, 2080s, and 2100s.

Scenario Year
Rainfall Depth (mm/day) Speed (km/h)

Jan. Feb. Mar. Nov. Dec. Jan. Feb. Mar. Nov. Dec.

Current 2020 50 55 10 19 30 68 63 123 108 91

RCP
4.50

2040 90 88 12 24 49 37 38 120 100 69
2060 102 100 12.2 29 88 31 32 119 93 38
2080 104 102 10 25 90 30 31 123 98 37
2100 110 100 11 28 99 27 32 121 94 32

RCP
8.50

2040 90 88 12 24 49.8 37 38 120 100 68
2060 103 101 13 30 89 31 31 118 91 38
2080 105 102 10 26 91 30 31 123 97 37
2100 110 100 11 26 99 27 32 121 97 32

Figure 8. Monthly average daily traffic (MADT) during (2008–2020).

Figure 9 shows the winter season average rainfall depth and highway speed relation-
ship for the current scenario, A: RCP 4.5, and B: RCP 8.5 for the years 2040, 2060, 2080,
and 2100. In comparison to the baseline scenario (current), the RCP 4.5 emission scenarios
for the years 2040, 2060, 2080, and 2100 predict rainfall depths of 67.8, 126.4, 131.2, and
143.9 mm, with corresponding reductions in highway speed of 23, 34, 35.3, and 36.9%. On
the other hand, for the years 2040, 2060, 2080, and 2100, respectively, the RCP 8.5 emission
scenarios show a reduction in the highway speed of 23, 34.5, 36.9, and 36.9% due to rain-fall
depths of 68.7, 128.4, 143.9, and 143.9 mm, respectively.

3.4. Traffic Flow Reduction at Various Rainfall Densities

According to Figures 6 and 9A,B, rainfall has a significant impact on highway traffic
flow characteristics, resulting in varying degrees of speed reductions. Variable rainfall den-
sities, on the other hand, result in varying percentages of reduction. Therefore, we collected
data from the same detectors on 28 November 2016, with medium rainfall (roughly 5 mm)
and 13 April 2016, with normal weather, as well as on 1 January 2017, with light rainfall
(roughly 0.7 mm), and on heavy rainfall day on 27 January 2017. The decrease coefficients
of traffic flow characteristics by light, medium, and heavy rainfalls were calculated using
detector data collected along the route on many rainy days with varying rainfall densities.
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Figure 9. Rainfall depth and highway speed relationship for the current scenario and (A): RCP 4.5;
(B): RCP 8.5 for the years 2040, 2060, 2080, and 2100. (A) RCP 4.5 emission scenarios; (B) RCP 4.5
emission scenarios.

3.5. Coefficient of Reduction in Heavy Rain

On the day of the rain on 27 January 2017, Cairo was hit by heavy rainfall of more
than 18 mm. Comparing the data from the rainy day with the data from the usual day on
28 October 2016, the data from the normal day was used. On both days, the spot speed
reductions were investigated using the same volume level data. Because the rainy day
occurred on a weekend, the entire day’s travel demand was significantly reduced, as a
result of the heavy rain, with varying degrees of reduction in different places, due to the low
travel demand. In the incomplete dataset, flow rates decreased by 40–60%, demonstrating
that users of these highway road portions were highly sensitive to weather conditions, and
that the travel demand on these road sections was highly elastic. On the other hand, the
volume loss in the other half of the observed routes in the cities was roughly 15% to 25%,
indicating a large demand for travel on these route segments. The average reduction in
traffic volume was about 40%, which was slightly lower than that of the previous road
segments. In addition, using various sets of data with comparable traffic flow levels, the
researcher performed a contrast analysis to analyze speed reductions under heavy rain
conditions on both days. The data analysis produced the following conclusions: (1) speed
reductions vary based on traffic flow levels; (2) the lower the traffic volume, the greater the
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speed reduction; (3) speeds fell from 15 to 40%, with an average speed loss of about 28%
under heavy rain.

3.6. The Subsequent Day after Rain

The traffic performance was calculated using data collected on the next day, following
a heavy downpour on numerous roads; there was rain, and the situation had become worse
that day because it was a work day, and most passengers had pressing needs to travel
for work; therefore, the traffic volume decrease was somewhat smaller than that on the
weekend, at 20–50%. Between the peak and off-peak hours, there was little, if any, difference
in volume, with both experiencing a 40% decrease. At the same time, the congestion on
the highway was reduced. Based on previous data analysis, we may expect the traffic flow
characteristics on a heavy rainfall day to have a major impact; however, the highway’s
traffic conditions do not appear to be substantially worse the next day. Compared to a
typical workday, driving speed did not appear to be affected. Based on previous data
analysis, we may expect the traffic flow characteristics on a wet day to have a big impact,
yet the expressway’s traffic conditions do not appear to be substantially worse the next day.
The average speed fell by about 28% on a wet day, but only by about 5% the next day.

3.7. Coefficient of Reduction in Lighter Rain

Between November 2016 and January 2017, data was gathered on days with varied
rain concentrations to show the diverse impacts on highway traffic flow. The following are
the results of the data analysis: (i) drivers will lower their travel demand in the case of bad
weather (rainfall greater than 60 mm); (ii) the impact of rain on highway traffic flow is minor
with moderate rainfall (precipitation greater than 2.5 mm but less than 10 mm) and light
rain (precipitation less than 2.5 mm); (iii) with heavy rainfall (precipitation greater than
60 mm), the impact of rain on highway traffic flow is significant, and the volume and speed
of traffic are frequently reduced (see Table 5). Therefore, decreased coefficients of traffic
flow characteristics in Egypt may be proposed under various rain densities. Under severe
rain, moderate rain, and light rain, the volume reductions on the highways are 40%, 15%,
and 5%, respectively, while the average speed reductions are 25, 8, and 0%, respectively.

3.8. Identification of Ponding Sites

To solve the problem of collecting rainwater on the road, which causes disruption to
traffic, a survey of the road site was carried out and the places where the water collects were
determined, as shown in Figure 10. Figure 11 shows the solutions to this problem, as the
water was collected at the lowest level on the road. It was proposed to make a well at these
sites to collect rainwater. According to the survey, there are 40 depressed locations that
create ponding areas when it rains. However, it is clear from the survey done during the
rainy season that there are many important ponding locations in Cairo’s commercial and
densely populated areas that need to be harvested when it rains. At total of 40 ponds were
identified during a survey (Figure 10). This method revealed the longitudinal elevation
profile (Figure 11) showing the differences in elevation of the depressed regions. As seen
in Figure 10, these low-lying regions flood during periods of severe precipitation. The
longitudinal elevation profile analysis became helpful for the verification of ponding depth
at identified ponding locations.

3.9. Recommended Recharging Wells

Based on Equation (3) and values of the parameters, the recharging capacity of the
well was estimated as 25 m3/h. At the 40 pond locations, a 30 cm recharging well is
recommended to be constructed for rainwater harvesting. The recharging wells will clear
the ponding volumes within 2.5 to 3.5 h after the rainfall stops. The layout view of recharge
wells is shown in Figure 12. Moreover, the installation of a filter in the well to infiltrate
the harvested rainwater to improve its quality is an important issue; the recommended
filter thickness is 45 cm, comprised of 30 cm of gravel (size range: 15–25 mm), and 20 cm



Sustainability 2022, 14, 9656 14 of 20

of fine gravel of (size range: 6–12 mm). The filter should be tested in the field to check
its efficiency.

Figure 10. Location of ponding sites and ponding depth.

Figure 11. Longitudinal profiles of roads collecting rainwater in Egypt.
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Figure 12. Typical design of a recharge well used for rainwater harvesting.
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4. Discussion
4.1. Rainfall–Depth–Vehicle Speed Relationship Compared with Literature

Equation (2) computes the rainfall and vehicle travel speed distribution; the average
speeds of 30, 34, and 50 km/h during the heavy rains in the morning, evening, and off-peak
times indicate a decrease in the vehicle travel speed by 40, 38, and 28.6%, respectively. In
addition, the corresponding traffic volumes decreased by 70.7, 68, and 59.5%, respectively.
These results are compatible with the previous literature by [46–48]. According to Luo
and Wang [46], the results of the effects of rainfall on the characteristics of freeway traffic
flow show that, as the intensity of the rain grows, it has a higher impact on the maximum
highway volume and free flow speed. In addition, for light, moderate, and heavy rainfall
weather conditions, the maximum traffic flow rate reduces by 15.7%, 19.1%, and 32.5%,
respectively, and the free flow speed decreases by 4.4%, 7.3%, and 10.6%, respectively
compared to normal weather. When Aksoy and Öğüt [47] looked into how the discharge
flow rate changed when it rained on Istanbul’s urban motorways, they discovered that
there was a difference between sunny and rainy conditions of up to 37% in discharge flow.
Rain was shown to have a greater impact on motorway sections with higher free flow
speeds (FFS), and the discharge flow reduction was greater in the higher FFS sections than
it was for areas with the lowest FFS. For 1 mm/m2/h of precipitation, when FFS is 84 km/h,
the discharge flow is predicted to be 1719 pcu/h/lane, and if FFS is 104 km/h, it is expected
to be 1560 pcu/h/lane. In addition, the impact of rainfall intensity on the heteroscedastic
traffic speed dispersion on urban highways in Hong Kong was modelled by Jian et al. [48].
They concluded that the speed dispersion of vehicular traffic was measured using the
coefficient of variation of speed (cVS), and the investigation demonstrates that, at various
traffic densities and rainfall intensities, the empirical values of cVS typically vary from 0.05
to 0.2, and that the exponential function offers a good match to the traffic speed data in both
dry and wet situations. In addition, according to [49–51], the reduction in speed caused by
rainfall is 77, 40, and 37 km/hr for rainfall depths of 78, 116, and 125 mm, respectively.

4.2. Rainwater Harvesting by Recharging Wells

The proposed harvesting rainwater system using a researching well is a new technol-
ogy, and careful consideration should be taken in order to create a successful system, as
reported by Salameh et al. [52]. In Jordan’s managed aquifer recharge (MAR) design and
implementation: (1) The purpose of the managed aquifer recharge includes (i) the seasonal
or long-term storage of water, (ii) the building or augmenting of reserves, (iii) recharge as
a means of additional water quality treatment, (iv) the prevention of aquifer subsidence,
(v) the improvement of water quality by dilution, (vi) the prevention of saltwater intrusion
and groundwater salinization; (2) The availability of suitable water for recharge includes:
(i) The timing and reliability of supply quantity, (ii) the distance and elevation change
from areas of water use, and (iii) the water quality of the supply; (3) The conditions in the
receiving aquifer includes: (i) available land in locations with suitable physical conditions,
(ii) the quality of recharge water after pretreatment, (iii) the potential geohydro-chemical
interactions, and (iv) the rechargeability and withdrawal of well yields; (4) The facility con-
ditions involves: (i) access to roads, energy, and communications, and (ii) the institutional
capacity to control the site; (5) MAR infrastructure required as part of the pre-recharge pro-
cess includes: (i) filtration, (ii) sediment removal, and (iii) chemical conditioning, (iv) other
recharge methods, such as wells, surface spreading, recharge pools, or channels, and (v) ex-
tractions methods, such as wells, galleries, flow to a stream or spring, and post-extraction
treatment needs; (6) socioeconomic conditions, including: (i) end-user acceptance of wa-
ter, (ii) economic conditions, (iii) institutional capacity to design, construct, operate, and
maintain the MAR project, and (iv) the availability of alternative supplies or storage and
treatment options. A significant problem with mapping MAR is combining various datasets
with geographic information systems (GIS). A multi-criteria decision analysis (McDA) is
frequently employed for difficult judgments, including various aspects identified by Mal-
czewski and Rinner [53]. The methods remain highly arbitrary and depend on expert
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judgement, but the scoring and weighting of various factors are formalized so that they
can be easily expanded and updated as new information becomes available, factors are
added, or circumstances change to the point where scores and weights need to be replaced.
In order to choose locations for rainwater collection, Ibrahim et al. [42] identified potential
locations for rainwater conservation and the construction of nine dams in appropriate
places; potential sites for rainwater conservation in the Dohuk governorate were identified
using remote sensing data and the generated GIS-based suitability model.

5. Conclusions and Recommendations

The expected climate change will have a detrimental effect on the economy, increase the
frequency of flooding, and endanger public safety. Traditional road assessment techniques
were deemed ineffective due to complete flooding; hence no adequate investigation was
carried out. This study assessed the reduction in traffic flow characteristics on the highway
due to rainfall depth in the winter season, and proposed a design approach for rainwater
harvesting by researching wells to solve the traffic problems and convert the runoff to
a groundwater resource that can be utilized in irrigation and domestic uses. The Cairo
Autostorad highway in Egypt was taken as a case study. The studied road is about 12 km
long, and about 40 water ponds exist on the road; for each pond, a 30 cm recharging
well, with a maximum recharging capacity of 25 m3/h with satisfactory performance,
is recommended to be constructed for rainwater harvesting. The recharging wells will
clear the volume of the ponds within 2.5 to 3.5 h after the rainfall stops. The design
incorporates a 1.2 safety factor against the recharging well blockage. In order to restore
the recharge rate before the winter season, the well must also be developed by surging or
jetting. Additionally, for optimum infiltration of rainwater, recharge chambers must be
regularly operated and maintained. Moreover, the findings indicated that the relationship
between the average rainfall depth and the average speed measured by the Metrocount tool
during the period 2008–2020 during rainy months is modeled by an exponential function
of a determining factor of R2 = 0.7076. For the current scenario (2020), the average depth
of the winter rainfall was 45 mm, and the average highway speed was 78 km/h. In the
future, compared to the baseline scenario (current), the RCP 4.5 emission scenarios for the
years 2040, 2060, 2080, and 2100 predict rainfall depths of 67.8, 126.4, 131.2, and 143.9 mm,
respectively, with corresponding reductions in highway speeds of 23, 34, 35.3, and 36.9%,
respectively. On the other hand, for the years 2040, 2060, 2080, and 2100, respectively, the
RCP 8.5 emission scenarios show a reduction in the highway speed of 23, 34.5, 36.9, and
36.9%, respectively, due to rainfall depths of 68.7, 128.4, 143.9, and 143.9 mm, respectively.
The results of the study’s comparison of rainfall depth and corresponding reductions in
traffic speed to the results in the literature show a good level of agreement. This study
identified that rainwater harvesting using recharging wells is an alternative freshwater
source for sustainable water resource management, as well as a method for solving the
traffic problems in urban areas.
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