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Abstract
Rainwater runoff from building facades is a complex process governed by a wide range of urban, building,
material and meteorological parameters. Given this complexity and the wide range of influencing parameters, it
is not surprising that despite research efforts spanning over almost a century, wind-driven rain and rainwater
runoff are still very active research subjects. Accurate knowledge of rainwater runoff is important for
hygrothermal and durability analyses of building facades, assessment of indirect evaporative cooling by water
films on facades to mitigate outdoor and indoor overheating, assessment of the self-cleaning action of facade
surface coatings and leaching of particles from surface coatings that enter the water cycle as hazardous
pollutants. Research on rainwater runoff is performed by field observations, field measurements, laboratory
measurements and analytical and numerical modelling. While field observations are many, up to now, field
experiments and modelling efforts are few and have been almost exclusively performed for plain facades without
facade details. Field observations, often based on a posteriori investigation of the reasons for differential surface
soiling, are important because they have provided and continue to provide very valuable qualitative information
on runoff, which is very difficult to obtain in any other way. Quantitative measurements are increasing, but are
still very limited in relation to the wide range of influencing parameters. To the knowledge of the authors,
current state-of-the-art hygrothermal models do not yet contain runoff models. The development, validation and
implementation of such models into hygrothermal models is required to supplement observational and
experimental research efforts.
Keywords: Wind-driven rain; driving rain; wind flow; facade surface soiling; runoff leaching; urban heat island
1. Introduction
1.1. Wind-driven rain and related building pathology
"All buildings, whatever shortcomings they may have, are required to possess two fundamental
characteristics. They should be structurally sound and they should exclude moisture." (Marsh 1977 [1])
The co-occurrence of wind and rain causes wind-driven rain (WDR). WDR or driving rain is rain that is given a
horizontal velocity component by the wind, that falls obliquely and that is driven against the windward facade of
buildings. WDR is one of the most important moisture sources affecting the hygrothermal performance and
durability of building facades [1-5]. Consequences of its destructive properties can take many forms. Moisture
accumulation in porous materials can lead to rain penetration [1,3,6-17], frost damage [3,4,17-20], moistureinduced salt migration [4,17,18] discolouration by efflorescence [3,4,17], biological and chemical degradation of
the building material and building components [21-34] and structural cracking due to thermal and moisture
gradients [17], to mention just a few. When rain penetration occurs, WDR also becomes a moisture source for
the building interior, possibly damaging interior surfaces and furniture (e.g. cultural heritage in historical
buildings).
The problem of rain penetration can occur in masonry load bearing walls and cavity walls (also referred to as
veneer-clad walls) as well as in curtain wall systems. Matthews et al. [35] state that about half of 1980s era e
curtain wall buildings suffered leaks and that one third deteriorated unacceptably before the end of their design
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life. These failures have required costly repairs and in 1991, an entire building had to be reclad [36]. Apart from
rain penetration, WDR impact and runoff is also responsible for the appearance of surface-soiling patterns on
facades, which have become characteristic for so many of our buildings [5,17,21,25,37-50]. As an example,
Figure 1 displays the facade of the Royal Festival Hall in London, before and after a few years of exposure to
atmospheric pollution and WDR. Although these issues have been widely and for a long time recognised as
major building problems, damage claims and huge repair and replacement costs are still on the rise [5,36,51].
Three reasons are feeding the persistence of these problems. First, there is the increasing use of innovative
design features, building technologies and materials in present-day construction, knowledge on the hygrothermal
performance of which has not yet been fully attained. Second, the designs of many modern architects do not shed
water from their facades in the way that pre-modern era buildings have done for centuries. Instead, in their strive
for plane and smooth building facades with a minimum of details, many modern architects tend to abandon
adequate facade detailing with cornices, ornated sills, parapets etc, which is essential for protection against WDR
and rainwater runoff. Third, unlike most requirements of buildings where the design data can be expressed in
quantitative terms, appropriate quantitative design data for WDR and rainwater runoff are lacking.
WDR and rainwater runoff are also important as part of indirect evaporative cooling by water films on
exterior building surfaces that can reduce the required cooling load for the indoor environment and mitigate
indoor and outdoor heat stress and the urban heat island effect [52-54]. WDR and runoff also contribute to the
self-cleaning action of facade surface coatings and glass surface coatings [55,56]. On the other hand, the
development and application of these coatings has also incited serious concerns about the leaching of (nano)particles by WDR and rainwater runoff, by which these particles enter the water cycle as hazardous pollutants
[57-60].
Knowledge on WDR and rainwater runoff is essential for the adequate design of building facades. WDR and
rainwater runoff are essential boundary conditions for the study of the hygrothermal performance and durability
of building facades with Heat-Air-Moisture (HAM) transfer models, for the analysis of indirect evaporative
cooling and for the assessment of the self-cleaning action and leaching of facade surface coatings.
1.2. The two parts in wind-driven rain research
"But the question how to design our buildings so that no rain will penetrate can only be answered if the
amount of water we have to resist is known." (Vos 1974 [61])
The study of WDR in building research and building physics consists of two parts: (1) assessment of the
impinging WDR on vertical building walls (before raindrop impact) and (2) assessment of the response of the
building walls to the impinging rain (after raindrop impact) (Fig. 2). The first part of WDR research comprises
the study of the movement and distribution of raindrops as they fall from the clouds and are carried by the wind
in the atmospheric boundary layer until they impinge on the building facade. The impinging WDR intensity is
governed by a wide range of parameters: urban geometry, building geometry, facade geometry, facade detailing,
position on the building facade, and all relevant meteorological parameters such as wind speed, wind direction,
rainfall intensity and raindrop-size distribution. The complex interaction of these parameters yields distinct
WDR patterns across facades [5,17,38-41,46-50,62-109]. The second part of WDR research consists of the
micro-scale physical processes that occur at and after impact of WDR at the building facade. It includes surface
phenomena such as splashing, bouncing, adhesion, spreading and absorption of raindrops, film forming, runoff,
evaporation, film absorption and the distribution of the moisture in the wall (wetting-drying) (Fig. 2b and Fig. 3).
These processes are also governed by all parameters that influence the impinging WDR intensity but also by
additional parameters such as material properties and material surface characteristics including roughness,
surface tension and surface soiling. At the scale of an individual raindrop, also the diameter, impact velocity and
impact angle of each individual drop constituting the WDR are important parameters [110-112]. The wide range
of influencing parameters indicates the complexity of the physical processes involved in rainwater runoff on
building facades.
By far most research efforts on WDR in the past have focused on the first part of WDR assessment using
three categories of methods: (1) measurements; (2) semi-empirical methods; and (3) numerical simulation based
on Computational Fluid Dynamics (CFD). An extensive literature review on these methods and related previous
research efforts was provided by Blocken and Carmeliet [5]. Later, in 2010, also a detailed comparison study of
different semi-empirical and numerical (CFD) assessment methods was published [104], with applications for
generic building configurations [105] and a real complex building for which a comparison with full-scale
measurements was made [107].
Much less attention has been given to the second part of WDR research. This is not surprising, because
research on the first part of WDR research is still in full development, while being an essential input to the
second part of WDR research. This was already clearly stated by Couper in 1972 [113] in his paper on “Drainage
from vertical surfaces”, and to a large extent, this statement is still valid today:
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“More knowledge is needed about the distribution of driving rain, and especially the intensity of driving
rain both in free air conditions and in its onslaught upon buildings…. A considerable amount of
research work will be required before these data are available.”
Nowadays, state-of-the-art hygrothermal analyses of building envelope systems are conducted with 1D, 2D
or – exceptionally – also 3D HAM-models, and most of these models include WDR as a boundary condition.
Examples are WUFI and WUFI ORNL/IBP [114,115], CHAMPS-BES (formerly called DELPHIN) [116,117],
HYGirc [118-120] and HAMFEM [121]. To develop these models, several research efforts investigated the
absorption and redistribution of WDR in porous building materials by measurements and/or simulations with
HAM models (e.g. [110,111,114-138]). In some cases these HAM models have been equipped with WDR
boundary conditions based on detailed CFD simulations of WDR on building facades [121,136-138]. However,
to the best of our knowledge, currently none of the existing HAM models takes into account rainwater runoff.
Nevertheless, several important research efforts on contact and surface phenomena have been made. Spreading,
splashing and bouncing on building surfaces have been investigated by Couper [139], Abuku et al. [110,111] and
Erkal et al. [112]. Abuku et al. [110,111] also analysed the differences between the so-called traditional approach
of WDR in HAM simulations, in which the WDR intensity is applied as a uniform flux to a certain surface area,
and the discrete approach, in which individual drops are allowed to impinge on the facade. Additionally, drop
impact on impervious and porous solid surfaces was studied extensively in other research areas [140-169].
1.3. Scope and contents of the review
Given the complexity of WDR and the wide range of urban, building, material and meteorological parameters
involved, it is not surprising that despite research efforts spanning over almost a century, WDR is still an active
research subject in building physics and a lot of work remains to be done. Recent research efforts show that this
includes both the first part (e.g. [106,107,170,171]) and the second part of WDR research (e.g.
[50,112,172,173]). The present paper intends to contribute to ongoing research on the second part of WDR
assessment by providing a detailed review of research on rainwater runoff on building facades. The review
mainly focuses on the process of runoff itself. It starts with the definitions of rainfall, wind-driven rain and
runoff and with information on wind flow around buildings and WDR impingement patterns, which is an
essential prerequisite to understand and interpret rainwater runoff studies. Next, the review addresses the
different assessment methods used in runoff research: field observations, field and laboratory experiments and
analytical and numerical modelling. The review does not attempt to include the very large body of very valuable
research efforts on the topic of water droplets impacting on surfaces and on the topic of rainwater absorption by
porous building materials. It also does not focus on the topic of rain penetration through joints in masonry walls
and curtain walls. The review will also not specifically focus on research topics where runoff is
applied/involved, such as indirect evaporative cooling, self-cleaning action of surface coatings and leaching of
surface coatings. However, it is important to note that the review does provide basic information on the boundary
conditions necessary for studies of all these topics.
2. Definitions
2.1. Rainfall intensity and wind-driven rain intensity
We adopt the term “rain-intensity vector” from the literature on hydrology and earth sciences. It is defined as the
vector of which the magnitude is the rainfall intensity (in L/m²h or mm/h) and the direction is that from which
the rain is coming. In general, “WDR intensity” refers to the oblique rain vector. From the viewpoint of the
interaction between rain and vertical building facades however, the term “WDR intensity” takes on the narrower
meaning of “component of the rain vector causing rain flux through a vertical plane”. The latter definition was
adopted by the CIB (International Council for Building Research) [174] and is used in this paper. The other
component of the rain-intensity vector, that causes rain flux through a horizontal plane, is termed (horizontal)
rainfall intensity. Figure 4 clarifies the definitions of the rain-intensity vector, WDR and horizontal rainfall
intensity. In Figure 4a, a homogeneous wind-flow field is considered. This means no disturbance of the flow
field and -the same vertical profile of mean horizontal wind speed at every position. Let us assume that the rain
behaves as if all drops were of the median size d50. As a result of the homogeneous wind field, the raindrop
trajectories are parallel (assuming a steady-state wind field). Two raindrop trajectories form a stream tube, the
entrance and the exit of which are shown in the details 1 and 2. At a certain height above ground, the rainintensity vector is R 1 . At the ground, it is R 2 . Mass conservation is expressed as:
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R1 ⋅ A h

= R 2 ⋅ Ag

(1)

where “.” denotes the scalar product of the rain-intensity vector and the surface vector, Ah is the area of a
horizontal surface at a certain height above ground and Ag is the area of the rain-gauge orifice. As the areas Ah
and Ag are equal (parallel trajectories), following Eq. (1), the vertical components of both rain-intensity vectors
are also equal and the flux Rh.Ah is measured by the rain gauge. Rh is called the horizontal rainfall intensity
(because it is measured by a gauge with a horizontal orifice; the definitions of measured rain intensity in
hydrology are generally related to the gauge, not to the direction of the rain-intensity-vector component that is
measured).
In Figure 4b, a building disturbs the wind flow. The wind field is no longer homogeneous and the raindrop
trajectories are no longer parallel to each other. Mass conservation in the stream tube yields:

R1 ⋅ A h

= R 3 ⋅ Af

(2)

where Af is an area on the building facade. According to the definition given above, the WDR intensity Rwdr is
the horizontal component of the vector R 3 (which causes the flux through the vertical plane). It is calculated
from:

R h Ah

= R wdr A f

(3)

The rain amount is indicated by the symbol S (sum of rainfall in L/m² or mm). Several definitions have been
used to describe the WDR intensity and the WDR sum on building facades. In this paper, we use the catch ratio
η, which is defined as:

η (t) =

R wdr (t)
R h (t)

(4)

Combining Eqs. (3) and (4), the catch ratio can be calculated based on the geometry of the stream-tube – again
assuming a steady-state wind-flow field:

η (t) =

Ah
Af

(5)

This is called the “stream-tube” method. It is important to note that Rh(t) is an “unobstructed” horizontal rainfall
intensity, i.e. occurring outside the wind-flow pattern that is disturbed by the building (i.e. the rainfall that would
be measured by a rain gauge placed in open field, as shown in Fig. 4a). In practical applications, the catch ratio
will be measured and calculated for discrete time steps [tj, tj+∆t] and is then redefined as:
t j + ∆t

η (t j ) =

∫tj

t j + ∆t

∫tj

R

wdr (t)

dt
=

R h (t) dt

S wdr (t j )

(6)

S h (t j )

where Swdr(tj) and Sh(tj) are the WDR sum and the unobstructed horizontal rainfall sum during time step [tj, tj+∆t]
The catch ratio is a complex function of the following parameters [5]: (1) urban geometry; (2) building
geometry; (3) facade geometry; (4) position on the building facade, (5) wind speed, (6) wind direction, (7)
horizontal rainfall intensity and (8) (horizontal) raindrop-size distribution. The parameters wind speed (m/s) and
wind direction (degrees from north) are usually given as their values at 10 m height in the undisturbed flow (U10,
ϕ10) and are then called reference wind speed and reference wind direction. U10 is the mean streamwise
horizontal wind speed and ϕ10 is the direction from which the wind is coming. The parameter horizontal
raindrop-size distribution fh(d) (m-1) refers to the raindrop-size distribution falling through a horizontal plane (in
the undisturbed flow field) [5].
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2.2. Contact and surface phenomena including rainwater runoff
Part of the impinging WDR intensity on the building facade can be lost by splashing or bouncing (Fig. 2b and 3),
while another part can evaporate, can spread on the surface, can be absorbed if the material is porous or remain
stuck to the building facade by adhesion (e.g. [110,141]). Several droplets, especially if spreading occurs, can
coalesce and eventually form a film. As the size of the coalesced droplets or the film thickness increases, gravity
forces will eventually exceed surface tension forces, allowing the film to run down along the facade. Film runoff
can be discontinuous, i.e. narrow streams of water running down, or continuous, i.e. the film has a width and
length that are several orders of magnitude larger than the film thickness. Water running down or water pooling
on quasi-horizontal surfaces can enter cracks or faulty junctions into the building envelope system, which is
generally referred to as rain penetration. All these processes are accompanied by evaporation. In summary, the
mass balance of a rain droplet is schematically represented in Figure 2b and expressed by Eq. (7):

Vdrop

= Vsplash + Vevap + Vabs + Vadh + Vrunoff

(7)

indicating that the volume of an impinging raindrop can undergo splashing, evaporation, absorption,
adhesion and/or runoff.
3. Wind-driven rain impingement patterns and the wind-blocking effect
Knowledge of WDR impingement patterns on building facades is an essential prerequisite to study rainwater
runoff. The literature review on the first part of WDR research [5] indicated that field measurements, windtunnel measurements and CFD simulations show a distinct WDR impingement pattern with large spatial
gradients across the windward facade of a building. The top corners and the top edge of the windward facade
receive the largest amounts of WDR. Later research work identified the wind-blocking effect as the main cause
for the large WDR impingement gradients across the windward facade [100]. In this section, this effect is
explained based on the results of previously performed CFD simulations of wind flow and WDR. These
simulations were based on detailed grid-sensitivity analysis and were successfully validated with reduced-scale
wind tunnel measurements [175] and field WDR measurements on two full-scale test buildings [97,98,100-103].
The CFD simulations were performed for four isolated buildings of different geometry (Fig. 5): (1) a low-rise
cubic building (L x W x H = 10 x 10 x 10 m³); (2) a medium-rise wide slab (L x W x H = 100 x 10 x 20 m³); (3)
a high-rise slab (L x W x H = 50 x 10 x 60 m³); and (4) a tower building (L x W x H = 20 x 20 x 80 m³). The
simulations were performed for wind direction perpendicular to the wide/windward facade. First, the wind-flow
pattern around the building was calculated by solving the 3D steady Reynolds-averaged Navier-Stokes (RANS)
equations in combination with the realizable k-ε model by Shih et al. [176]. Next, raindrops with a wide range of
diameters (0.3 mm – 6.0 mm) were injected in the calculated wind-flow pattern and their trajectories were
obtained by solving the raindrop equations of motion (Lagrangian particle tracking). Finally, the catch ratios (η)
were calculated from the raindrop trajectories using the “stream-tube method” (see section 2). Figure 6 shows
particle trajectories of 1 mm raindrops in the U10 = 10 m/s flow field. Figure 7 displays the catch ratio contours
across the windward facades, for U10 = 10 m/s and horizontal rainfall intensity Rh = 1 mm/h. Note that the catch
ratio takes into account the whole spectrum of raindrop diameters [177]. More results can be found in [100]. For
all buildings, the highest catch ratios are found at the top corners and top edge. However, the distribution of the
catch ratio across the facade is quite different for each building. The reason is the so-called wind-blocking effect.
For isolated buildings and for WDR, the term “wind-blocking effect” refers to the upstream disturbance of
the wind-flow pattern by the presence of the building and the associated decrease of the upstream streamwise
wind-velocity component (wind-speed slow-down) [100]. As the streamwise wind speed decreases, so does the
streamwise horizontal raindrop speed, which results in lower WDR intensities at the facade. The higher and the
wider the building, the stronger this effect will be. Therefore, the wind-blocking effect also refers to decreased
WDR exposure due to increased building dimensions (width and height). The low-rise cubic building A presents
the least obstruction to the flow field, and therefore the raindrop trajectories are not much influenced by the local
flow pattern around the building, as shown in Figure 6a. This results in high catch ratios at the top corners but
also in high average catch ratio across the facade (Fig. 7a). The low-rise wide building B introduces a larger
amount of wind-blocking, yielding more deflection of raindrop trajectories (Fig. 6b) and lower η-values,
especially at the lower part of the facade (Fig. 7b). The high-rise wide building C presents the largest obstruction
to the wind flow. The raindrop trajectories are to a large extent diverted away from the facade by the local windflow pattern (Fig. 6c). This large wind-blocking effect yields lower catch ratios at the top corners, but also very
low catch ratio values at the lower part of the facade, which remains almost dry (Fig. 7c). Finally, the tower
building D, although higher, is also much narrower, and the wind-blocking effect is present, although less
pronounced as for building C (Figs. 6d, 7d). Note that the wind-blocking effect is not only found by CFD
simulations but has also been confirmed by detailed WDR measurements on a building facade [100].
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The wind-blocking effect is responsible for the counter-intuitive observation that the WDR exposure of a
low-rise, cubic building (h = 10 m) can be larger than the WDR exposure of a high-rise building slab (h = 60 m)
or even a high-rise tower building (h = 80 m). These observations appear to be in contrast to the general notion
that the WDR exposure at the top of a building increases with the building height. This notion stems from the
fact that the (free-field) wind speed increases with height and that higher wind-speed values yield higher WDR
amounts. However, from an analysis of the simulated wind-flow patterns [100], it is clear that a wider and higher
building represents a larger obstruction to the wind-flow pattern (wind blocking) which in turn can cause a lower
WDR exposure, even at the top edge of the facade. On the other hand, it must be noted that the simulations were
conducted for buildings without surrounding obstructions. In real built environments, buildings seldom stand
alone. If we consider a typical European city with many low- and medium-rise buildings and with only a few
high-rise buildings, the low-rise buildings will generally be sheltered from wind and rain by the surrounding
buildings, while the few high-rise buildings will not be substantially sheltered. Therefore, the general notion that
high-rise buildings are most exposed to WDR is in an urban context not necessarily wrong.
The wind-blocking effect has some important consequences for rainwater runoff. Runoff will start at the
positions with the highest catch ratio. If the isolated buildings in Figure 5 are placed at the same location under
the same meteorological conditions, rainwater runoff will occur first on the low-rise cubic building, next on the
medium-rise wide slab and the tower building, and last on the high-rise slab. In addition, for the low-rise cubic
model, the entire facade receives quite a large amount of WDR, which will promote rainwater runoff all along
the wall down to the lowest part. For the high-rise slab, significant WDR impingement is only present near the
top edge of the facade, and thus the rainwater film that would form at the top edge and run down would meet dry
wall areas where mechanisms like adhesion and absorption can slow or stop the film progression, resulting in the
absence of runoff usually observed at the foot of tall buildings. This knowledge on WDR impingement patterns
and the wind-blocking effect will be used in the next sections to interpret results of rainwater runoff.
4. Field observations related to rainwater runoff
“Let us give back to our buildings the organs necessary for their defence against the weather: cornices,
string-courses, architraves and mouldings, which allow a facade to remain what the artist intended it to
be, in spite of the rain.” (Perret in 1934, as cited by Collins in 1965 [178])
In 1968, Sexton [179] published a pioneering study on “building aerodynamics” at the Building Research
Station, following a presentation at the CIB Symposium on “Weathertight Joints for Walls” in Oslo in 1967.
While most previous studies on building aerodynamics had focused on the assessment of wind loads (as part of
“Structural Wind Engineering”), this particular study focused on air flow to support the analysis of rain
penetration (as part of “Environmental Wind Engineering”). Figure 8 shows smoke injected into the airstream
from small orifices in the windward face of a smooth-surfaced model in a wind tunnel. The figure shows that the
flow spreads radially from the stagnation region. Based on this figure, Sexton [179] stated that it is likely that
both rain drops in flight and water already deposited on the surface of a building will be carried by these surface
airstreams, and that therefore surface details may have considerable effects on rain penetration of joints.
Concerning raindrops in flight, this statement is in line with the CFD results in section 3 and has also been
confirmed by many other studies of WDR [62-107]. Concerning the already deposited water (runoff water), this
statement is supported by at least the measurements of rain penetration of joints in concrete panels by Bishop
[180] and Bishop et al. [181], who showed that a large portion of water entering the joints flowed roughly
horizontally across the panels. Rain penetration could therefore be reduced by providing projections at the
vertical edges of the panels to prevent cross-flow of runoff water [179]. Other authors mentioning lateral flow of
runoff water are Ritchie and Davison [182], Sasaki [183], Couper [113], Isaksen [184], Herbert [185], Robinson
and Baker [186], Bielek [187], Baker [188] and El-Shimi et al. [189].
One of the first detailed written reports on observations of rainwater runoff and its consequences was
provided by Couper [113] in 1972. Based on observations of buildings in Melbourne, Australia, he reported that
runoff seldom occurs uniformly across the face of a building but rather in streams. The location of these streams
appeared to vary from building to building, but most commonly occurred at the edges of the building and the
surfaces of columns or other vertical discontinuities of the facade. He also stated that the uneven nature of the
surface of any building naturally leads to the channelling of the rainwater runoff, and that this is assisted by the
action of wind upon the building facade, which in turn may lead to transverse or even upward movement of the
surface runoff. He stressed the importance of rainwater runoff by mentioning that, unfortunately, in most cases
the runoff streams are located in areas where the risk of water penetration is high, such as vertical construction of
expansion joints and the edges of window frames and sashes. His observations indicated that surface runoff at
ground level did not occur on buildings of 10 or more storeys. Couper expected this to be caused by the fact that
large volumes of water were either shed or absorbed and held by the buildings during rainstorms [113]. From the
analysis in section 3 and from Figure 7, as explained above, it is clear that for such tall buildings, the wind-
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blocking effect is pronounced and that it plays an important role in limiting runoff water from the facade.
In 1975, Robinson and Baker delivered an extensive report on the weathering of buildings based on a
literature survey and on observations of buildings in Ottawa, Canada [186]. This report provides many important
insights in rainwater runoff, and several of these are discussed below. Figure 9 (based on Fig. 12 from [186])
clearly shows the relationship between the WDR impingement patterns – as explained in section 3 – and the
resulting rainwater runoff, also described in section 3. Robinson and Baker [186] also provided an interesting
historical perspective related to changes in architectural design and their consequences for the weathering of the
designed buildings due to rainwater runoff. They stated that, in the past, buildings were designed based on the
knowledge of traditional, inherited practices in architecture, but that many modern architects, in their strive for
plane, smooth building facades, chose to omit such details. In their enthusiasm in developing Modern
Architecture, they have actually condemned old construction practice, without understanding that some of these
traditions were actually beneficial from a building physics point of view. Evidence of this transition is not only
based on observations of weathering of historical and contemporary building facades, but also on past
publications. In 1908, Adolf Loos wrote an article called “Ornament and Crime”, which was an assault on
building facade details [190]. In addition, Le Corbusier in 1923 [191] defended the simplicity of forms (purism).
Such points of view were rapidly taken on by developers after the Second World War. In too many cases,
modern building design and construction have lead and – even today – continue to lead to buildings that in short
periods of time show unacceptable surface soiling, weathering and decay. One example is the Royal Festival
Hall shown in Figure 1. To counter this bleak picture, one should note that Modern ideas did not sweep all
rational thinking. Auguste Perret, who was a much an architect as a constructor, provided the following reply to
a questionnaire of 1934 entitled “For or Against Ornament” [178]:
“Let us give back to our buildings the organs necessary for their defence against the weather: cornices,
string-courses, architraves and mouldings, which allow a facade to remain what the artist intended it to
be, in spite of the rain”.
Clearly, part of the construction community realised that abandoning rain control by building facade design
could be detrimental to the performance of their buildings. However, in the 70’s, Robinson and Baker [186]
stated that many modern designers were still not sufficiently aware of how natural forces act on their creations
and could not predict with any certainty the results of their design decisions. They illustrated:
“… the ways in which the intentions of their designers had been negated, usually by the deposition of
atmospheric dirt and its dispersal, often random, over wall surfaces by rain water.” (Atkinson 1977
[192]).
Unfortunately, this statement is almost equally valid today. In every city, buildings can be found that have
suffered facade disfigurement by lack of control of rainwater runoff across the facade.
Robinson and Baker [186] correctly stressed that surface geometry such as horizontal and vertical projections
or the sculpturing of the building panels, is the main means of controlling flow of runoff water, and that
uncontrolled runoff will produce uneven weathering of building facades. While atmospheric deposition of dirt
causes a fairly even degree of soiling, runoff can locally rinse away deposited dirt, causing light stains and
streaks (“white washing”) on the soiled surface. At other locations, this runoff water containing dirt particles can
be absorbed, and this dirt will remain at least partly at the surface causing dirt stains and streaks (“dirt washing”)
(Fig. 10). The combination of white washing and dirt washing leads to the so-called “differential surface
soiling”, as shown in Figure 1 and Figure 10.
Related to the control of runoff water, Robinson and Baker [186] also provided information on the ability of
runoff films to adhere to the underside of horizontal returns due to surface tension. Observations for a smooth
granite facade showed that, at low rates of flow, a water film flows round the edge and along the underside of the
horizontal return, and then on the adjacent vertical surface (Fig. 11). As the flow rate increases, the water begins
to bead and drops from the underside of the return [186]. At higher flow rates, the momentum of the water film
is sufficiently large to break the surface tension at the edge and to fall free [186]. In this perspective, the authors
highlighted the importance of the drip and other design details with the same functionality, illustrating different
design solutions to provide free dripping of runoff water (Fig. 12). One of the most common reasons for dirt
marking on building facades is indeed “the omission of drips from projecting horizontal elements or the
provision of inadequate or incomplete drips.” [186]. This allows water to flow along the underside of horizontal
surfaces and possibly on the adjacent vertical surfaces, resulting in an irregular flow pattern with associated
irregular surface wetting and surface soiling (Fig. 1 and 10). A summary of the extensive report by Robinson and
Baker [186] was provided by Baker [188].
It is important to note that the drip detail dates back to at least the Romans. In his “Dictionnaire raisonné de
l'architecture française du XIe au XVIe siècle” (Dictionary of French Architecture from the 11th to the 16th
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Century), the French architect Viollet-le-Duc (1814–1879) [193] provides a careful explanation of the drip detail
accompanied by design drawings (Fig. 13). He defines the drip as “a profile that forms a band or upper member
of a cornice, and is intended to protect the facades by disposing the rain water away from the walls”. Figure 13
shows the drip of the Roman cornice, which leads the rainwater along the slope ab, around the edges bc and cd,
and subsequently along the vertical face e, where it is then thrown off the wall. The absence of this detail allows
the water to flow along the profiles without any obstruction and to reach the facade below. This effective detail
drip has been used for centuries.
With the advent of new scientific knowledge, new materials and technology in the 19th and especially the 20th
century, the fields of architecture and engineering began to separate, with some architects increasingly focusing
on aesthetics at the expense of the technical aspects of building design. This is clearly illustrated by the
abandonment of the drip detail by many architects in Modern Architecture at the turn of the 20th century, and by
the above-mentioned article “Ornament and Crime” by Adolf Loos.
In 1980, El-Shimi et al. [189] published a detailed report of on-site observations of soiling patterns on
buildings in downtown Montreal, Canada, addressing the relation between facade panel geometry and runoff and
soiling patterns. A distinction was made between plain, moderately sculptured and heavily sculptured panels. For
each panel type, the runoff behaviour was distilled from the observed soiling patterns. Also these authors
provided several recommendations to limit surface soiling, several of which are directly linked to controlling
runoff streams. Examples are avoiding horizontal sideways movement of rainwater and assuring continuous
vertical flow by vertical dams and/or guided channels (Fig. 14), incorporating drips in soffits of horizontal
projections, sideways and vertical draining of runoff from windows, etc.
In the last 20 years, rainwater runoff has continued to be studied. In their 1994 article on “Architectural
detailing, weathering and stone decay”, Mulvin and Lewis [194] stressed that 18th facade construction employed
classical detailing for both decorative and utilitarian, protective functions, such as water flow control, where a
considerable part of the rainwater was thrown off the building and one part of the building was sheltered by
another. As a result, water penetration within the core fabric of the construction was minimized and the
degradation of the materials upon which strength and structural integrity depends was lessened. Also more recent
publications have confirmed the importance of facade detailing for controlling rainwater runoff and limiting
facade surface soiling. Maurenbrecher [195,196] provides illustrations of frost damage, efflorescence and
staining due to concentrated runoff on masonry walls due to faulty or absent detailing. He discusses how
appropriate copings, sills with drips and flashings could have avoided these problems. Huberty and De Smet [43]
addressed the surface soiling of concrete facades, Verhoef [44] reported on cleaning and soiling of building
facades and Verhoef and Cuperus provided design guidelines for masonry facades [45]. Etyemezian et al. [46],
Davidson et al. [47], Tang et al. [48] and Tang and Davidson [49] analysed surface soiling on the Cathedral of
Learning, Pittsburg, based on measurements and CFD simulations of WDR impingement patterns. Chew and
Tan [197] provided an overview of cases of rainwater runoff and the associated facade staining and also stressed
the importance of controlling runoff flows to control staining and facade disfigurement.
A noteworthy fact is that many historical buildings not only display much less surface soiling due to the
presence of water flow control features, but that surface soiling on their facades, when it does occur, is perceived
as less disturbing by the human eye. This is attributed to the many protrusions and recessions of the facade
details which cast a multitude of shadows across the facade that interact with and to some extent mask the soiled
areas, see e.g. Figure 15a-c. Conversely, the abandonment of heavy detailing in modern architecture and the
preference for plain and sometimes light-coloured surfaces and straight lines provides a perfect background to
highlight differential surface soiling, as shown in Figure 15d-f.
On the related issue of wetting patterns, Küntz and van Mier [198] reported field observations of rainwater
runoff on several small vertical concrete walls, focused on the development of the wetting front of water films
running down from a top horizontal collecting surface. The horizontal surfaces were directly exposed to rainfall,
as shown in Figure 16a, and horizontal rainfall was stated to largely predominate over WDR. As a result, the
moisture flow along the concrete structures was essentially a 2D gravity-driven flow. The observations showed
that the runoff wetting front may propagate in an unstable way by developing well defined and quite regularly
spaced vertical finger-like features (Fig. 16b-c). These features are important because they allow a fast and largedistance runoff along these paths, resulting in heterogeneous distributions of moisture content across the wall
and possibly large spatial deterioration gradients. Based on a brief theoretical analysis, Küntz and van Mier [198]
stated that the development of an instable wetting front is driven by gravity but stabilized by capillary action.
Figure 16b shows long and narrow “fingers” on a wall where capillary action is lower, while Figure 16c shows
shorter and wider “fingers”, suggesting that capillary action is more pronounced here. Note that the presence of
these “fingers” is also clear from the photographs in Fig. 15d-f.
In summary, this section has shown that the rugged surface of traditional buildings, with their cornices and
other apparently decorative features, has actually been shedding water and thus reducing the water load on the
surface of thick loadbearing masonry walls which also provided, due to their absorption capacity, some buffering
to rain penetration. The developments of Modern Architecture and the search for less expansive, thus lighter
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construction systems coincided to generate a breed of sleek facades where junctions were often faced-sealed, a
tactic that did not provide adequate water management. This section also has provided a non-exhaustive – but
nevertheless representative of the literature – overview on the types of observations that have been made on
rainwater runoff, often accompanied with a posteriori investigation of the reasons for differential surface soiling.
These observations, mainly on damages and soiling, are important because they have provided and continue to
provide very valuable qualitative, although indirect, information on runoff, which is very difficult or impossible
to obtain in any other way, given the very wide range of influencing parameters.
5. Experiments of rainwater runoff
5.1. Field experiments
While the earliest WDR measurements on buildings can be traced back to Holmgren in 1937 in Trondheim,
Norway [5], the first references – to the best of our knowledge – to runoff measurements on building walls are
the reports by Ritchie and Davison [182] (National Research Council Canada, 1969), Harrison and Bonshor
[199] (Building Research Station, UK, 1970) and Cronshaw [200] (Building Research Station, UK, 1971).
Ritchie and Davison [182] provided a brief and mainly qualitative report on measurements with WDR gauges
and “run-off” gauges on two buildings, one in a continental climate (Ottawa, Ontario) and one in a maritime
climate (Halifax, Nova Scotia). The walls of the Ottawa building were constructed of hollow clay tiles with an
exterior finish of painted stucco, while the walls of the Halifax building were faced with sandstone slabs. The
run-off gauges were thin rectangular metal boxes 305 mm (12 in.) long, 13 mm (½ in.) wide and 102 mm (4 in.)
deep with an open top. They were attached and sealed to the wall with the long dimension horizontal. Water
flowing down the wall surface entered the open top of the gauge, and was drained through a plastic tube into a
collection bottle. The authors mentioned that the run-off measurements reflected the differences in wetting which
occurred across the width of the facades and also indicated that a considerable portion of the rain was absorbed
by the wall before it could flow down the surface and enter the gauge. Other quantitative information was not
provided.
In 1970, Harrison and Bonshor [199] reported research focused on weatherproofing of joints, stressing the
need for information about the “microclimates of joints” and the parameters for testing joints. Their report
mentions a project by the Building Research Station (BRS) to measure runoff amounts on several buildings clad
with different materials and equipped with “collecting gutters” and to relate these amounts to WDR
measurements with traditional plate-type gauges. They also mentioned measurements at the Plymouth test rig of
the BRS, to record the amount and spread of water penetrating into and through openings of various shapes and
dimensions. The purpose of the Plymouth tests was to better understand and evaluate the principles of weather
protection. While Harrison and Bonshor [199] did not present quantitative measurement results, they mentioned
that the runoff amounts measured were considerably smaller than those used in runoff simulations in laboratory
tests.
In 1972, Isaksen [184] very briefly mentioned the existence of field measurements on a column of 26 m high
and 0.2 m width, but also this author provided no detailed information.
Cronshaw, in 1971 [200], provided some more information on the same BRS project as reported by Harrison
and Bonshor [199]. He mentioned that the experiments were set up because of differences of opinion about
runoff from wall surfaces. In particular, the project aimed at investigating the influence of surface textures and
their effect on rainwater runoff. Measurements of WDR and runoff were made on four different walls. WDR was
measured at 1 m below the top and 3 m above ground level, and runoff was measured only at 3 m above ground
level. All positions were centrally in the width of the wall. The equipment to measure runoff was a rain
collection gutter of 1 m length (Fig. 17). No other information and no quantitative results were reported, but the
author emphasized that “such simple studies can only be used to build up a very general picture of the situation,
since there are many influences very difficult to identify accurately at the microscale”. From the experiments,
Cronshaw [200] concluded that under conditions of moderate exposure, the run-off down the face of the wall is
considerably less than the volume of WDR striking the wall, even when the latter is saturated.
To the knowledge of the authors, the most extensive field measurements of rainwater runoff were reported in
1976 by Beijer and Johansson [39] in a Swedish report that was briefly summarised in the English paper by
Beijer [40] in 1977. Their intention was to provide information to explain surface soiling of facades due to
rainwater runoff. For four buildings at four different locations in the Stockholm area, on-site measurements were
made of impinging WDR intensities and of the resulting runoff amounts. Figure 18 shows one of the runoff
gauges used. Some results for the building at the Södermalm site are discussed here. The building is located on a
street in a central urban area, therefore the wall is somewhat sheltered from WDR. It is 20 m high and the facade
exterior consists of concrete panels (Fig. 19a). No detailed information on the building geometry or on the
surrounding buildings was provided. For the concrete panels, Beijer and Johansson [39] mentioned a value of the
capillary absorption coefficient in dry conditions of 0.020-0.040 kgm²s0.5. However, they reported that, due to
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initial moisture content, the actual values should be changed to about 0.007-0.020 kg/m²s0.5 [39]. The positions of
the WDR gauges and the runoff gauges are shown in Figure 19a and c. WDR was measured at five heights and
runoff at four heights. Figure 19b shows the measured profiles of WDR intensity at the four sites. While Beijer
and Johansson [39] reported several difficulties and problems associated with the measurements, there was one
particular rain spell that was quite exceptional and also well recorded. This was the spell on 29th of September,
1973 : “the driving rain exemplified had – and this was unusual – a fairly constant and considerable intensity for
over an hour” [39]. The corresponding WDR profile for the Södermalm site is indicated in Figure 19b. The
measured WDR intensity, Rwdr, was 1 mm/h at a height of 18.5 m. Figure 19b clearly shows that the top of the
facade receives most WDR, which is consistent with the information in Section 3 and with the “white washing”
at the top of the facade as shown in Figure 19a and c. Figure 19d shows the measured (cumulative) runoff sum Q
at different heights at 18, 36 and 72 min. after the start of the rain. As the top of the facade receives most WDR,
runoff will start first at this position. As runoff accumulates on its way down, a maximum runoff rate is found at
a certain distance from the top (Figure 19d), after which it decreases to zero, at the point where the surface is not
yet capillary saturated and no runoff film has yet developed. Measured runoff was between 1-10 L/(mh), which
indicates the volume of water passing a horizontal line of 1 m length, per hour. Note that Figure 19d also shows
some calculation results, which will be addressed in Section 6 of this paper.
A different type of field experiments consists in simulated WDR and runoff on actual (on-site) building
facades [12-14]. In addition, also laboratory experiments have been performed, which are briefly described in the
next section.
5.2. Laboratory experiments
Laboratory experiments of rainwater runoff have been almost exclusively focused on testing rain penetration of
different types of horizontal and vertical joints.
Sasaki [183] (1971) discussed the importance of laboratory tests for evaluating enclosure elements in terms
of rain penetration. He addressed two water-leakage test methods used in North America: the static test and the
dynamic test. An important requirement for a good rain penetration test is that it should simulate the lateral
deflection of runoff water across the facade – as mentioned in section 4 – and its accumulation in vertical joints.
While the static test cannot simulate these features, the dynamic test can reproduce pressure variations and lateral
runoff flows. Wind is generated by a large fan that blows a high-velocity stream of air against the specimen
surface. WDR can be simulated by injecting water drops into this air stream. Large water quantities will cause
runoff. Runoff water can also be released at the top of the specimen. The lateral air streams cause lateral
deflection of runoff water. Ishikawa [201] (1974) performed tests with a set-up similar to that of Sasaki [183].
Isaksen [184] (1972) reported the characteristics and the different development stages of the artificial wind
and WDR chamber at the Norwegian Building Research Institute (NBRI) in Trondheim. The set-up included a
side wind device, which applied gusts of horizontal wind parallel to the specimen surface, to study its effects on
the lateral movement of runoff water. This NBRI set-up with side wind parallel to the facade was also used by
Bielek [187] in 1977, who tested the lateral deflection of runoff water at a facade specimen with two protruding
vertical nibs of different geometry. The results were converted into a chart, from which the optimal nib height
can be extracted, as a function of wind speed, geometrical shape and surface texture.
A different type of laboratory test was reported by Couper [139] in 1974, who investigated the shedding of
runoff water from various projection shapes. The amount of water shed was found to be a function of the shape
and size of the projection and the velocity of the runoff water striking it.
Many other valuable laboratory experiments for rain penetration have been reported, only a few of which are
mentioned here: Day et al. (1955 [202]), Skeen (1971 [203]), Vos and Tammes (1976 [204]), Beaulieu et al.
(2001 [205]), Lacasse et al. (2003 [206]), Lacasse (2003 [207]) and Derome et al. (2007 [208]).
Baskaran and Brown (1995 [209]) examined three research facilities for – among others – rain penetration
testing. Sahal and Lacasse (2008 [210]) provided an overview of water penetration test standards.
Apart from field measurements, Beijer [40] also performed laboratory tests of runoff on vertical surfaces of
concrete, similar to those in the field experiments. He suggested Eq. (8) for the mean velocity of the film (v) in
m/s:

v = 13 q1

(8)

where q1 is the runoff rate in m³/(ms), and Eq. (9) for the film thickness in mm:

d = 0.04 q 2

(9)

where q2 is the runoff rate in L/(mh). These equations show that the maximum measured runoff amount of 10
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L/(mh) corresponds to a local averaged runoff velocity of 80 m/h (0.022 m/s) (averaged over the height of the
water film), and a runoff film thickness of about 0.12 mm. Note that these values are very small.
Finally, a few relatively new full-scale testing facilities for rainwater penetration testing facilities are
mentioned (in alphabetical order): the Dynamic Wall Testing Facility of NRC-IRC [211], the Hurricane
Simulator and High-Flow Loading Actuator at the University of Florida [212-215], the Insurance Institute for
Business & Home Safety (IBHS) Research Center [216] and the Wall of Wind at Florida International
University [217]. Some of these facilities are used for – among others – hurricane WDR research. In addition,
the Insurance Research Lab for Better Homes at the University of Western Ontario [218-220] allows detailed
investigation of the spatial variation of wind pressure and the development of naturally cracked wall panels and
interfaces, which are important for WDR penetration research.
6. Analytical and numerical modelling of rainwater runoff
Only a limited number of analytical and numerical models for runoff have been developed in building
engineering and building physics. They are generally combined with a water absorption model, because on many
building facades absorption and runoff are coupled processes.
6.1. Analytical models of rain absorption and runoff
Analytical models of rain absorption and runoff were reported by Beijer and Johansson in 1976 [39], Beijer [40],
El-Shimi et al. in 1980 [42], Hall and Kalimeris in 1982 and 1984 [122, 221] and Hall and Hoff in 2002 [131]. In
1976, Beijer and Johansson [39] proposed a simple analytical model for absorption, which is identical, as
explained below, to the sharp front model described in detail by Hall and Hoff [131]. Beijer and Johansson [39]
and Beijer [40] mentioned that the model is based on Eq. (10):

G abs

= A t

(10)

where Gabs is the amount of water taken up by capillary action per surface unit (kg/m²), A is the capillary
absorption coefficient (kg/ms0.5) and t the time. However, care should be taken concerning the application of Eq.
(10). Beijer and Johansson [39], Hall and Kalimeris [122, 221] and Hall and Hoff [131] correctly mention that
Eq. (10) is only valid for free water uptake (in one direction into a homogeneously porous material), i.e. “full
water provision” or “infinite water reservoir”, where the absorption flux is determined by the absorptive capacity
by the material. However, especially for dry or nearly dry walls, the WDR intensity will generally be lower than
the momentary absorptive capacity. In that case, all the impinging rainwater will be absorbed and this will
continue until the WDR intensity exceeds the absorptive capacity. Note that this absorptive capacity decreases
over time due to rainwater uptake, but that this decrease is not described by Eq. (10). This is in contrast to the
model by El-Shimi et al. [189] that incorrectly assumes Eq. (10) to be valid during rainwater uptake, even at low
WDR intensities.
The simplified WDR absorption by Beijer and Johansson [39] and Hall and Hoff [131] is briefly described
below. It is based on the sharp front model in combination with a two-stage absorption process for walls wetted
by WDR. Note that pressure infiltration, where wind or gravity pushes the film into the porous medium, is not
considered here. Note that the capillary diffusivity Dw of most porous materials varies so strongly with liquid
content that the capillary absorption profiles are often very steep-fronted [131], which justifies representing the
wetted front region by a rectangular profile. This is the so-called Sharp Front (SF) approximation, which is
essentially the Green-Ampt model of soil physics [222-224]. The SF model allows relatively simple analytical
descriptions of many wetting processes, such as those of walls subjected to a constant WDR intensity. The basic
assumption is that the wetted region can be considered as having a uniform and constant water content (i.e. the
capillary water content wc). Note that the validity of this model depends on the material type and that more
complex models exist [114-138].
The first stage in the two-stage absorption process consists of WDR absorption by the wall with a constant
flux boundary condition. As long as the moisture content at the wetted surface is below the capillary moisture
content wc, the absorption flux gabs is equal to the supplied flux gwdr, on condition that the supply flux is
sufficiently small, which is generally the case for WDR and a relatively dry wall:

g abs

= g wdr

(11)

For a constant WDR rate gwdr, the cumulative amount of absorbed water at time t is:

G abs (t ) = g wdr t

(12)
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When wc is reached, a water film is formed and the capillary uptake is similar to that from a liquid water surface.
The time to film formation tf depends on the WDR intensity and on the hydraulic properties of the material
[131]:

tf

A2
2 g 2wdr

=

(13)

Where A is the capillary absorption coefficient (kg/m²s0.5). Starting from this moment, the boundary condition
switches to a capillary saturation boundary condition. The WDR flux is then divided into two components: a part
that is absorbed and a part which is in excess, and that runs off. At time tf, the cumulative amount of absorbed
water is:

G abs (t f ) = g wdr t f

=

A2
2 g wdr

(14)

Hall and Hoff [131] indicate that, since SF water content profiles are always rectangular, the state of the system
at tf is identical with that which would be obtained if the surface had been put in contact with a free water
reservoir (as in a sorptivity test) at some earlier time τ. The cumulative amount of absorbed water at that time is
then given by [131]:

G abs (τ ) = A τ

(15)

Combining Eq. (14) and Eq. (15) yields:

τ =

A2
4 g 2wdr

=

tf
2

(16)

The origin of the time scale in the SF model is therefore situated halfway between t = 0 and tf. The absorption
flux for t > tf is:

g abs

=

A

(17)

 t 
2 t - f 
2


Note that the time t in Eq. (17) is the time from the start of the WDR event. Eq. (17) provides a continuous
transition of the absorbed flux from Eq. (11) to Eq. (17). Some important limitations of this simplified model are
mentioned:
1) The model assumes that, at the start of the rain event, the material is initially dry. If this is not the case, initial
moisture content can be taken into account by lowering the capillary moisture coefficient A. This is the
approach as used by Beijer and Johansson [39], Beijer [40] and Blocken and Carmeliet [50].
2) The model does not take limited material thickness into account. It assumes that, before and after surface
saturation, the moisture front can freely penetrate into the material. Note however that this thickness is often
very limited. Blocken and Carmeliet [50] found a maximum moisture front penetration depth of only 1.6 mm
when simulating the experiments by Beijer and Johansson [39] for concrete panels (Figure 19).
3) The model assumes that capillary absorption itself is a 1D process, perpendicular to the wall surface, while in
reality, some 2D effects will be present, although these have been shown to be limited for plane
homogeneous walls [225].
For taking into account runoff, the 1D SF model needs to be extended with a 2D mass balance. This implies
taking into account the rainwater runoff flux coming from higher facade parts in every calculation node or
control volume on the facade. This can simply be done by adding the runoff flux qrunoff to the impinging WDR
intensity gwdr. The mass balances then allow calculating the film thickness h at every point along the wall.
Beijer and Johansson [39] compared this model to their rainwater runoff measurements (Fig. 19c). For the
high initial moisture content prior to the measurements in Figure 19, laboratory measurements indicated A to be
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0.007 kg/(m2s0.5). Using this model in combination with the WDR measurements in Figure 19b and the adjusted
value for A, they obtained a good agreement between calculations and measurements for this particular rain spell
with the quite steady WDR impingement rate (Fig. 19d).
Beijer [40] also used this model and the measured WDR intensity profiles (Fig. 19c) to develop a diagram
that allows a rough estimate of the conditions for occurrence of rainwater runoff and the occurrence of rainwater
runoff reaching the ground (bottom of the wall) (Fig. 20).
6.2. Numerical models for rain absorption
Already in 1982, Hall and Kalimeris [122] applied a dedicated finite element model to the unsaturated flow
equation to determine absorption rates and runoff rates. The runoff was calculated based on the mass balance:

dh
dx

=

R wdr − g abs
u

(18)

where h is the film thickness (m), x the distance along the wall surface (downwards; m) and u the mean film
velocity parallel to the surface. Based on this model, they found that runoff films are normally 0.1-0.3 mm thick
with a mean runoff velocity of 0.025 to 0.25 m/s (90 to 900 m/h). Note that this corresponds to WDR intensities
between 4 and 80 mm/h. These values agree well with those by Beijer [40] mentioned in section 5.2: local
averaged runoff velocity of 0.022 m/s (80 m/h) (averaged over the height of the water film) and a runoff film
thickness of about 0.12 mm. Hall and Kalimeris [221] also compared the absorption rates and runoff rates
calculated by the finite element model with those obtained by the SF model, showing a close agreement.
Note that many other finite element or control volume models for rainwater absorption in porous materials
were developed in the past decades [114-138]. These models reflect the current state of the art in modelling the
combined heat, air and moisture transfer in porous building materials and building components and were listed
above. However, at the time of writing this paper and to the best of our knowledge, none of these models include
runoff models. In some of the models however, runoff is calculated to be removed from the rain load at the
location of WDR impingement, although the runoff amount is not used as a supply term for lower facade parts.
6.3. Numerical model for runoff
In 2012, Blocken and Carmeliet [50] published their implementation of a simplified numerical model for
rainwater runoff from building facades in combination with the simplified SF absorption model. The runoff
model is represented by a first-order hyperbolic partial differential equation with the film thickness as primary
variable. It was derived from the continuity equation, to which the WDR intensity and the capillary absorption
flux by the wall are added as source and sink terms, and from the adoption of the parabolic velocity profile of the
Nusselt solution as the film flow velocity profile (Fig. 21):

u(y) =

gr
sinβ 2h N y − y 2
2ν

(

)

(19)

In this equation, y is the coordinate perpendicular to the wall, gr the gravitational constant (m/s²), ν the kinematic
viscosity (m²/s), β the angle to the horizontal) and hN the film thickness according to the Nusselt solution. The
derivation of the Nusselt solution from the Navier-Stokes equations can be found in the literature (e.g. [226]).
Strictly, the Nusselt solution is only valid for the thin film flow of an isothermal Newtonian liquid with constant
density ρ and kinematic viscosity ν down an inclined plane under the action of gravity, where the flow is steady
and parallel (laminar) and the film thickness is constant in space (no undulatory behaviour). It is assumed that
the liquid surface is uncontaminated and that the air friction on the liquid surface is negligible. In addition, the
spanwise gradients are assumed to be negligible, reducing the problem to 2D. The Nusselt solution therefore
represents the flow of a film, with in-plane dimensions that are much larger than the film thickness. Eq. (19) was
used to develop a transient equation describing the film thickness h as a function of the distance down the wall x
and time t (Fig. 22, Eq. 20):

∂h
∂t

+

g r h² ∂h
ν ∂x

=

g wdr − g abs
ρ

(20)

Eq. (20) is a non linear, first order, hyperbolic partial differential equation with the film thickness h(x,t) as
primary variable. Two major assumptions underlie this model: (1) the adoption of the Nusselt solution for
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statistically-steady, developed films, in spite of actual wave behaviour, and (2) the adoption of the Nusselt
solution for transient, developing films, in spite of the actual moving contact line complexity. Indeed, as opposed
to the Nusselt conditions, the film thickness will generally not be constant and the flow will generally not be
steady. It is expected that the Nusselt solution is most violated for developing films and for films with strong
undulatory (wavy) behaviour. Both above-mentioned simplifications are directly related to surface tension
effects and discussed in detail in [50].
Concerning the first assumption, strictly, the Nusselt solution is only applicable at very low Reynolds
numbers (e.g. Re < 5). At higher Reynolds numbers, experiments as well as simulations by many authors (e.g.
[227-236]) have shown that the flow is hydrodynamically unstable. In spite of the presence of waves, many
authors have theoretically and experimentally confirmed that the Nusselt solution quite accurately describes the
time-averaged film characteristics, such as the mean thickness and the mean velocity of the film, even though
instantaneously, large deviations can occur [228,233-237]. It was shown that the Nusselt solution is a good
approximation for representing the time-averaged properties of thin film flow, up to film Reynolds numbers of
1000. The relationship ReN = qN/ν implies that the Nusselt solution can thus be used up to runoff rates of qN =
4705 L/mh, which is a very high threshold unlikely to be exceeded except for very exceptional WDR events.
Concerning the second assumption, it is unlikely that the Nusselt solution is valid at the moving film front of
developing films. Because detailed experimental laboratory data on developing films could not be found in the
published literature, Blocken and Carmeliet [50] performed a comparison study in which the results of the entire
runoff model (including Nusselt solution and simplified SF absorption model) were compared with the
experiments by Beijer and Johansson [39]. While it is recognized that these experimental data are not so
comprehensive that this effort could be called “model validation”, it was – at present and with the limited
amount of available experimental data – considered a valuable effort in terms of at least model evaluation. The
results in Figure 23 show a satisfactory agreement, taking into account the significant uncertainties involved in
modelling the complex real-life runoff process. In addition, it is mentioned that the model is an integral model, in
which at any time, mass is conserved. The calculated film thicknesses with this model also agreed well with the
values measured by Beijer [40]: for Qrunoff = 1 L/mh: hN = 0.041 mm versus hBeijer = 0.048 mm; for Qrunoff = 10
L/mh: hN = 0.104 mm versus hBeijer = 0.128 mm. The above-mentioned facts therefore suggest that also the
general downward movement of the film is predicted with fairly good accuracy
The results of the numerical model were also used to provide some insights in the runoff and absorption
processes. Figure 24a repeats the profile of WDR intensity from the experiments by Beijer and Johanson [39].
Figure 24b illustrates the variation of the film thickness with time. Film formation only starts after about 3 min
(see Eq. 13 with A = 0.006 kg/m²s0.5 and gwdr = 1.15 L/m²h at height 20 m), after which the film thickness
continues to grow and the film travels down the wall. Film thickness growth is most pronounced during the first
12 minutes. The maximum film thickness during the rain spell is 0.077 mm. It was also found that at about 25
minutes after the start of the rain spell, the mean velocity of the film front decreases, due to the combined effect
of larger absorption rates (larger A values) and lower WDR intensity at lower parts of the wall. The film does not
reach the bottom part of the wall, not even after 72 minutes of uninterrupted WDR. Figure 24c shows the
(cumulative) runoff sum Q and Figure 24d shows the (cumulative) sum of absorbed water Qabs at different time
steps. As long as runoff does not occur, the boundary condition at the wall is a flux boundary condition: all
WDR is taken up by absorption; gabs = gwdr. This explains the similarity between the profiles of gwdr and Gabs for
the first few minutes. When runoff occurs, the boundary condition switched from a constant flux to a constant
moisture content condition. The available supply of water for potential absorption is provided by both the
impinging WDR and the runoff water from the higher part of the wall. The excess water – which is not absorbed
– is added to the runoff sum Q.
Finally, note that another simplified model, for raindrop adhesion and runoff on non-porous material surfaces
on a drop-by-drop basis, was developed and applied by Blocken and Carmeliet [238], and later extended by
Carmeliet et al. [239] to include droplet evaporation. This model was used to study rainwater adhesion and
runoff from window glass surfaces, to provide boundary conditions for glass staining. It was also used to assess
the accuracy of WDR measurements by plate-type gauges, and to assess the evaporation of the impinged WDR
raindrop from the gauge collection area [238].
7. Discussion
The intention of this paper was to provide a detailed review mainly focused on the process of runoff itself. It did
not attempt to include the large body of research work on the topic of water droplet impact on surfaces or on the
topic of rainwater absorption by porous building materials. It also did not focus on the topic of rain penetration
through joints in masonry walls and curtain walls. The review did also not address research topics where runoff
is applied and/or involved, such as indirect evaporative cooling, self-cleaning action of surface coatings and
leaching of surface coatings. However, it is important to note that the review did provide basic information on
the boundary conditions necessary for studies of these topics. Below, some additional considerations are
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provided, as well as some directions for future research.
The information provided in this review paper serves to answer a frequently asked question amongst
researchers and facade designers about runoff: “When WDR hits a (non-porous) curtain wall of a high-rise
building, when it subsequently runs down the wall and accumulates on its way down, why are large streams of
rainwater run-off not observed at the bottom part of the facade (at street level)?” Several answers have been
suggested in the past, ranging from ‘‘evaporation’’ to ‘‘splashing of rainwater running down the wall off the wall
by small facade details’’. Based on the present review of the state of the art, we believe that the right answer to
this question is the combination of the type of WDR wetting pattern and the surface tension by which WDR
water adheres to the walls. Concerning the wetting pattern, earlier research has indicated that it is highly nonuniform and that the top corners and top edges of building facades receive the highest WDR intensities.
Moreover, recent research [100] has shown that especially for high and wide buildings, the lower facade parts
receive much less WDR due to the wind-blocking effect. When runoff occurs on a facade with uniform material
characteristics across the facade, it will generally start at the positions of highest WDR intensity, i.e. the top
corners and top edges. The rainwater film that forms at these positions will then run down and meet dry wall
areas where mechanisms like adhesion (and absorption for porous material surfaces) and evaporation can slow or
stop the film progression.
Without attempting to be complete and focusing on the larger-scale process of runoff itself, which has also
been the topic of this paper, the following main tasks for the future can be defined:
• Establishing high-quality experimental data sets of WDR impingement and WDR runoff on building facades
composed of different materials. These data can be used to gain further insight in the processes of WDR
impingement and runoff and to validate numerical models of runoff and rainwater absorption. To be suitable
for validation, not only an assessment of measurement accuracy (and measurement errors) but also
completeness of the data and complete reporting of the experimental conditions are essential. Completeness
of the data refers to the fact that not only WDR and runoff on the facade need to be measured, but also
reference wind speed, wind direction, horizontal rainfall intensity, temperature and relative humidity.
Complete reporting of the experimental conditions refers to urban and building geometry, facade geometry,
facade material characteristics, etc.
• Integrating runoff models in state of the art HAM codes. A particular challenge in this respect is the wide
range of time scales that need to be covered in such simulations. While HAM transfer simulations (without
WDR) are typically conducted at time steps of an hour (corresponding to the resolution of standard
meteorological data), WDR uptake needs to be modelled with much smaller time steps, down to a few
seconds [121]. Earlier runoff simulations [50] were based on time steps down to 0.01 s, although it should be
mentioned that these were based on explicit rather than implicit discretisation. Nevertheless, efficiently
addressing the wide range of time scales is an important challenge for implementation of runoff in HAM
models. As a first step, the relatively simple runoff model presented in section 6.3 can be inserted into HAM
codes. More complex runoff models including the effects of surface tension have been developed and applied
in other research areas such as chemical and process engineering, and these models could also be integrated
into HAM models. This will allow modelling the instability of wetting fronts and the formation of fingers, as
shown in Figure 15d-f and Figure 16. However, it should be noted that the disciplines and situations in which
these models have been applied so far are often subjected to much less influencing parameters than is the
case for rainwater runoff on building facades. The very large number of influencing parameters for rainwater
runoff and the resulting complexity and uncertainly could be an indication that less complex runoff models
should be preferred, and that maybe the simple runoff model based on the Nusselt solution could be
sufficient to extend state of the art HAM models with rainwater runoff.
• Investigating the importance of atmospheric parameters such as temperature and relative humidity on the
rainwater runoff process, because these parameters can have a very large influence on the resulting moisture
content of the wall.
8. Summary and conclusions
Rainwater runoff from building facades is a complex process governed by a wide range of urban, building,
material and meteorological parameters. Given this complexity and the wide range of influencing parameters, it
is not surprising that despite research efforts spanning over almost a century, wind-driven rain (WDR) and
rainwater runoff are still very active research subjects. Accurate knowledge of rainwater runoff is important for
hygrothermal and durability analyses of building facades, assessment of indirect evaporative cooling by water
films on facades to mitigate outdoor and indoor overheating, assessment of the self-cleaning action of facade
surface coatings and leaching of particles from surface coatings that enter the water cycle as hazardous
pollutants. Research on rainwater runoff is performed by field observations, field measurements, laboratory
measurements and analytical and numerical modelling.

16

Most research on rainwater runoff was based on field observations, which most often consisted of a posteriori
investigation of the reasons for differential surface soiling. These observations have shown that runoff generally
starts at the top of the facade, where WDR intensities are highest. Although it has been reported that runoff tends
to occur in streams, the images of surface soiling patterns on facades generally seem to indicate a quite uniform
wetting front, in which instabilities are visible as fingers but these do not extend down from the top of the
facade. Field observations are very important because they have provided and continue to provide very valuable
qualitative information on runoff, which is very difficult to obtain in any other way.
Only very little quantitative experimental information is available. The few quantitative field experiments
that have been reported provide valuable information, but much more experimental data is needed to gain more
insight in runoff processes and for validation of numerical models. In particular, given the very wide range of
influencing parameters, it is important that future experimental campaigns give special attention to completeness
of the data and experimental reporting, in which all relevant urban, building, facade and meteorological
parameters are measured, documented and reported. Laboratory experiments allow reducing the number of
influencing parameters, and can therefore provide important data for the initial understanding of runoff processes
and for the initial validation of numerical models. However, a full validation study of numerical models should
be based on field experiments, in which the models can be tested under the full range of influencing parameters.
Analytical and numerical modelling of runoff has so far been restricted to relatively simple models based on
the Nusselt solution. More complex runoff models exist and have been developed and applied in other research
areas such as chemical and process engineering. However, the situations in which these models have been
applied are often subjected to much less influencing parameters than is the case for rainwater runoff on building
facades. The very large number of influencing parameters for rainwater runoff and the resulting complexity and
uncertainly could be an indication that less complex runoff models should be preferred, and that simplified
models based on the Nusselt solution could be sufficient to extend state of the art HAM models with rainwater
runoff. To the knowledge of the authors, current HAM models do not yet contain runoff models. The
development, validation and implementation of runoff models into HAM models is an important task for the
future.
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FIGURE CAPTIONS

Figure 1: Royal Festival Hall, London. (a) After building completion. (b) After a few years of exposure to
atmospheric pollution and wind-driven rain deposition and runoff across the facade (from [37], reproduced with
permission).

Figure 2: Schematic representation of the two parts in wind-driven rain research: (a) assessment of the impinging
wind-driven rain intensity (before raindrop impact) and (b) assessment of the response of the building wall (at
and after raindrop impact).

Figure 3: Schematic representation of spreading, splashing and bouncing of a raindrop on a solid and dry surface
(from [110], reproduced with permission).
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Figure 4: (a) Definition of horizontal rainfall intensity. The rain falls to the ground in homogeneous wind
conditions and the raindrop trajectories are parallel to each other. (b) Definition of wind-driven rain intensity on
a building. Raindrop trajectories are not parallel to each other.

Figure 5. Building configurations and dimensions for study of the wind-blocking effect: (a) Low-rise cubic
building: LxBxH = 10x10x10 m³; (b) Wide medium-rise building slab: LxBxH = 100x10x20 m³; (c) High-rise
building slab: LxBxH = 50x10x60 m³; (d) Tower building: LxBxH = 20x20x80m³ (based on [100], reproduced
with permission).
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Figure 6. Trajectories of 1 mm diameter raindrops in the U10 = 10 m/s wind flow pattern in a vertical plane
through the centre of the building (based on [100], reproduced with permission).
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Figure 7. Spatial distribution of the catch ratio across the windward facade for the four building configurations,
for reference wind speed U10 = 10 m/s and horizontal rainfall intensity Rh = 1 mm/h (based on [100], reproduced
with permission).
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Figure 8. Smoke visualization test in a wind tunnel. Smoke is injected into the airstream from small orifices in
the windward face of the slab illustrating the division of the flow (from [179], reproduced with permission)

Figure 9. Artist impression of observed rainwater runoff on a windward building facade (from [186]).

Figure 10. Differential surface soiling by white-washing (WW) and dirt-washing (DW). Dirt washing is
preceded by runoff over surfaces with dirt accumulation (DA) (from [186]).
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Figure 11. Vertical cross-sections with indication of surface tension effects for (a) low, (b) moderate and (c) high
runoff flow rate (from [186]).

Figure 12. Design details for free dripping of runoff water at a discontinuity: (a) inclined soffit; (b) drip detail;
(c) flashing; (d) T-mullion (from [186]).

Figure 13. Modified design drawing of drip detail by Viollet-Le-Duc (Dictionnaire raisonné de l'architecture
française du XIe au XVIe siècle, Tome 6) (modified from [193]).
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Figure 14. Example of a recommended profile type for vertical guidance of runoff streams by El-Shimi et al
(from [189], reproduced with permission).
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Figure 15. Surface soiling on historical and contemporary buildings: (a-b) City Hall, Leuven. (c) Central
Railway Station, Antwerp. (d-f) Contemporary buildings with very visible soiling patterns. Dark colours indicate
soiled areas, light colours indicate areas that have been cleaned by runoff (Fig. f from [189], reproduced with
permission).
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Figure 16. (a) Schematic representation of small vertical walls in study by Kuntz and van Mier [198]. (b-c)
Wetting patterns with front instability (“fingers”): (b) less capillary action yielding long and narrow fingers; (c)
more capillary action yielding shorter and wider fingers. The patterns correspond to wetting, not soiling. Dark
colour indicates wetted areas and light colour indicates dry areas (from [198], reproduced with permission).
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Figure 17. Gauges for measurement of wind-driven rain (plate-type gauge on the left) and runoff (collection
gutter on the right) (from [200]).

Figure 18. Runoff gauge used by Beijer and Johansson (from [39]).
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Figure 19. Measurements of wind-driven rain impingement and rainwater runoff by Beijer and Johansson (1976)
on a concrete building facade in the Stockholm area [39]. (a) Photograph of building facade with indication of
balconies and positions of gauges. (b) Measured wind-driven rain intensity profile at four buildings, including
the building in Fig. a. (c) Schematic representation of building facade, surface soiling pattern and position of
gauges. (d) Measured and calculated runoff sums on September 29, 1973, at 18, 36 and 72 min. after the start of
the rain (from [39]).
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Figure 20. Diagram with maximum capillary water absorption coefficient C1 for occurrence of rain runoff (Aaxis) and for rain runoff reaching the ground (B-axis) for various wind-driven rain amounts and durations (t in
hours) The single lines indicate the time after which A or B will take place during “unusual rain”. The triple lines
indicate the time after which A or B will occur during “extremely unusual rain” (from [40]).

Figure 21: Schematic representation of thin film runoff down an inclined wall. Note: figure not to scale (from
[50], reproduced with permission).
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Figure 22. Schematic presentation and symbols for thin film runoff along a vertical wall with the wind-driven
rain intensity and the capillary absorption flux as source and sink (from [50], reproduced with permission).

Figure 23. Comparison of numerical and experimental results for the runoff sum at 18, 36 and 72 minutes after
the start of the rain (from [50], reproduced with permission).
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Figure 24. (a) Wind-driven rain intensity during the 72 min. rain event. (b-d) Corresponding numerical results
for the 20 m high wall at different time steps for (b) film thickness; (c) runoff sum and (d) sum of absorbed water
(from [50], reproduced with permission).
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