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3.1 | INTRODUCTION 
 

In previous chapters the state of the art of rear-ventilated façades and the state of the art of the study of wind-

driven rain, either the assessment of the impinging wind-driven rain onto the building enclosure or either the 

response of the façade to these wind-driven rain, have been described. These studies have been undertaken aiming 

to determine the moisture loads to which a building enclosure will be subjected during its service life. However, 

these laboratory and field research did not measure the drainage or storage capabilities of real wall systems [286]. 

The most straightforward way to determine these moisture loads are the watertightness tests. 

Currently, there are a variety of watertightness tests for façades [155]. These tests all adopt the same principle: the 

outer surface of a full-scale façade model (in the case of laboratory tests) or a section of the façade (in the case of 

field tests) is subjected to exposure conditions that simulate wind-driven rain (by means of a constant water spray 

rate) and simultaneous wind pressure or driving rain wind pressure (by means of pressure differentials), then the 

inner surface is inspected for any water leakage [204]. Considering water leakage as “the water that is uncontrolled, 

exceeds the resistance, retention or discharge capacity of the system, or causes subsequent damage or premature 

deterioration” (e.g. ASTM E2128 [258]). The maximum pressure difference that the design withstands without 

allowing water to pass to the interior face of the model characterises its watertightness. The test specimen is thus 

subjected to simulated wind-driven rain conditions for specified periods of time, which are supposed to replicate 

the main features of rain events extending over the broad geographical region of Europe or America or Australia, 

depending on the standard procedence.  

However, several studies have shown that the test parameters prescribed by the standards might be unrealistic 

depending on the façade and climatic conditions [155, 204, 362]. Further, watertightness test standards do not 

properly reproduce the relationship between precipitation and simultaneous wind speed as in actual exposure, 

increased wind speeds are translated into increased WDR and DWRP values at a constant precipitation, whereas 

in watertightness test parameters increasing pressure differential values are simulated with a constant spray rate at 

the test specimen [193]. As an example, Pérez-Bella [75] calculated the exposure conditions for the city of Jerez 

de la Frontera (Spain) for a return period of 50 years based on the model of Straube and Burnett [200]. As a result, 

it was obtained a wind-driven rain value of 90.88 mm and a simultaneous driving rain wind pressure of 207,617 

Pa at 10 m high. (Note that these were deduced from weather data recorded every 10 minutes). He also transformed 

these values into watertightness test parameters obtaining two possible combinations: (i) an applied pressure 

difference of 207.01 Pa at a water spray rate of 0.6227 L/min·m2 and (ii) an applied pressure difference of 111.01 

Pa at a water spray rate of 3.851 L/min·m2. Further, the assumption that extreme rainfall with lower wind speeds 

may create the same demand on the test specimen as high wind speeds with low rainfall is intuitively reasonable, 

but that supposition is not addressed in watertightness test standards [359]. 

In the same way, the wind-driven rain (WDR) and driving rain wind pressures (DRWP) can vary significantly 

throughout the territory (e.g. the studies carried out for Spain by Pérez-Bella et al. [193, 360]; refer to Fig. 3.1 and 

3.2). It is due to the fact that WDR and DWRP exposures change by storm event and location and depend on the 

rainfall intensity and concurrent wind velocity [81, 193, 204, 360-364]. Other aspects, such as the building 

geometry, height or surrounding terrain, also influence the quantity of water and wind pressure received by each 

point of the building enclosure [80, 129-131, 200, 203, 207, 208, 212].  
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Figure 3.1. Daily wind-driven rain index map of Spain. The estimation of the daDRI index is based on the 
classification proposed by Lacy [365] and deduced from the daily average values for rainfall intensity and 

wind speed [360]. 
According to the ranking established by Lacy [365], daDRI > 3 m2/s represents "sheltered exposure", 3-7 m2/s 

represents "moderate exposure", 7-11 m2/s represent "high exposure" and >11 m2/s represents "severe 
exposure". 

 

 
 

Figure 3.2. Daily driving rain wind pressure map of Spain for a return period of 50 years [360]. 
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In addition, while the water-penetration testing attempts to simulate wind-driven rain, it has some significant 

limitations in ist ability to replicate what actually occurs during actual in-service wetting conditions [204, 359]. 

Results from field studies have shown that water penetration and infiltration in building envelopes are more prone 

to occur at interfaces such as wall-window junctions rather than within the fabric of the envelope itself [257, 259, 

362]. Windows are key building enclosure components which have a wide range of functional requirements. The 

heat loss and air leakage must be controlled, water ingress prevented, and applied structural loads must be resisted. 

Note that the construction of window openings in the wall is mainly based on the solution of the construction detail 

of the lintel, the sill, the reveal and the joint connecting those points to the window frame. Therefore, the design 

of the window wall‐interface and the installation of the fenestration product in the building enclosure are main 

areas of concern, which shall be evaluated through implementation of a variety of water‐penetration‐resistance 

test methods. In Europe, there is no test standard to assess the watertightness performance of window-wall 

interfaces and the primary laboratory tests used to evaluate the watertightness of a façade are the EN 12865 [78] 

and EN 12155 [247] standards [193], whereas to evaluate the watertightness of window frames is used the EN 

1027 [358]. In addition, there is no single test standard that is suitable for all types of wall systems according to 

Chew [310].  

However, when pursuing a new test standard, the purpose of the test must govern the test protocol [359]. Despite 

of no having a standardized procedure to evaluate the watertightness performance of window-wall interfaces, 

several authors have attempted to test them [157, 255, 264, 367, 368-373…] As a result of their research works, 

they have related bad practices such as not leaving a gap between the sill cavity and the window component to 

allow drainage of the infiltrated water or cutting the wall sheathing when placing the damp proof course to 

moisture-related problems [320, 374, 375]. Other related defects could be a missing portion of sealant at the 

junction of two components [175]. Thus, one of the bunch of questions arosen is: should standard specifications 

concerning performance assessment of window-wall interfaces provide the possibility to put randomly chosen 

defects or flaws in the window assembly to test? According to Van den Bossche [376], too often while a grade A 

window is delivered to the laboratory, poor quality is the general practice. If the answer to the previous question 

is yes, like is the common practice in the water infiltration tests aimed at defining moisture loads (e.g. Teasdale et 

al. [158], Bomberg et al. [246]; Lacasse et al. [235]), which defects should be considered? There are a large number 

of variations that describe envelope defects, and these cannot be averaged or evaluated in a stochastic type of 

analysis [175]. For the purposes of water infiltration research, it is, therefore, difficult to reproduce a “typical” 

defect and quantify the infiltration characteristics [175]. 

Although more and more standards, mandatory guidelines and performance assessment criteria arise, the overall 

quality of a building remains predominantly the responsibility of the architect and the (sub)contractors and 

windows and window to wall interfaces continue to be major contributors to moisture problems in buildings [377]. 

As no two buildings are identical, every product needs to be adjusted and fine-tuned to fit the design of the 

architect. In order to have some kind of control on the products that are placed on the marked and to create free 

trade in construction elements, the European Community created the European product standard: the Construction 

Product Directive (Council Directive 89/106/EEC) (CPD), which was repealed and replaced by the Regulation 

(EU) No 305/2011 on 9th March 2011. This standard establishes harmonised regulations (ZA Annex) about how 

to define the performances of the construction products in relation to the essential characteristics included in the 

standardization request and the product CE- mark. 

https://en.wikipedia.org/wiki/Regulation_(EU)_No_305/2011
https://en.wikipedia.org/wiki/Regulation_(EU)_No_305/2011
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The stages of product life during which testing principally occurs are: (1) product design and development; at the 

time of construction utilizing a “mock‐up”, (2) recently installed products or (3) during their useful service life. In 

the early life stages of the fenestration product, testing is done to determine performance limits and to establish 

certification levels by means of an induced leakage (laboratory tests). In the middle‐life stages, prior to the issuance 

of the building occupancy permit and no later than six months after the installation of the component, testing is 

for quality assurance. In the later life‐stages, on‐site components that are older than six months, testing is intended 

to reproduce actual leakage that has been observed during the in‐service life of the installed fenestration product 

[359]. 

 

 

3.2 | OVERVIEW OF EXISTING WATERTIGHTNESS TEST STANDARDS 
 

In the following section a brief overview of the currently available watertightness test standards will be undertaken 

considering whether they are executed on field or in laboratory conditions and whether they are addressed to 

window units, wall units or the connections within window‐wall interfaces. It is worth mentioning that the field of 

application is often not plainly stated in the scope despite the importance of clearly indicate to which elements is 

addressed the standard. 

Moreover, the terms water infiltration, water penetration, water leakage, and incidental water are often used 

indiscriminately but in fact have different meanings [175]. According to ASTM E2128 [258], these are their 

definitions: 

• water infiltration: “a process in which water passes through a material or between materials in a system 

and reaches a space that is not directly or intentionally exposed to the water source. 

• water penetration: “a process in which water gains access into a material or system by passing through 

the surface exposed to the water source.”  

• water leakage: “water that is uncontrolled, exceeds the resistance, retention or discharge capacity of the 

system, or causes subsequent damage or premature deterioration.”  

• incidental water: “unplanned water infiltration that penetrates beyond the primary barrier and the flashing 

or secondary barrier, or such limited volume that it can escape or evaporate without causing adverse 

consequences.” 

Then, water infiltration and penetration refer to the method of entry through an envelope component or system, 

whereas water leakage and incidental water refer to the result or the effect of the water entry [175]. 

 

 

3.2.1 | FIELD TEST STANDARDS 
 

Field watertightness tests can be used to test windows, roofs, rainscreens, walls and curtain wall systems for 

quality assurance and/or quality control (in a middle stage) or for forensic in-service performance (in a later stage) 
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[359]. In the former case (e.g. ASTM E1105 [378]), it is assessed whether the manufacturing and installation of 

the component has not affected the performance of the system on the completed building (that is to evaluate the 

impact of site workmanship and variations in the manufacturing process). According to Gonçalves [379] the 

evaluation of the performance of installed windows and curtain walls in the pre-construction and construction 

phase is essential in order to avoid undesirable and costly problems during the service life of the building. A 

minimum of three tests sequences should be foreseen as a quality control measure: at the very beginning of the 

project, midway through the project and near the end of the project. In the latter (e.g. ASTM E2128 [258] for 

forensic in-service performance), it is intended to reproduce actual leakage that has been observed during the in-

service life in order to accurately determine the source of water penetration. Then, it is required that testing is 

performed under real-life circumstances as closely as possible. 

 

Table 3.1. Overview of the currently available European and American field test standards [380]. 

 
Product 

stage Test method Test Standard Addressed component 

Middle 
stage 

 
 
 
 
 

Static hose testing 

AAMA 501.02 
[2005] 

metal storefronts, curtain walls and 
sloped glazing systems. 

CWCT-Section 9 
[2006] 

curtain walls, rainscreen claddings, 
composite panel systems, sloped 
glazed systems and window wall 
interfaces. 

Spray bar testing 

CWCT-Section 
10 [2006] 

curtain walls, rainscreen claddings, 
composite panel systems, sloped 
glazed systems and window wall 
interfaces. 

EN 13051:2001 curtain walls. 
UNE EN 

85247:2011 
doorsets and windows. 

Combined 
air and water 

testing 

static AAMA 501.3 
[1994] 

windows, curtain walls and doors. 

static AAMA 503 
[2014] 

storefronts, curtain walls and sloped 
glazing systems. 

static CAN/CSA-
A440.4 [2005] 
(appendix D) 

Window and door installations 

Static (P. A) AAMA 502 
[2012] fenestration products. cyclic (P. B) 

static (P. A) ASTM E1105 
[2015] 

windows, skylights, doors and 
curtain walls. cyclic (P. B) 

Later 
stage 

Static AAMA 511 
[2008] 

fenestration products. 

static (P. A) ASTM E2128 
[2012] building walls. cyclic (P. B) 

static ASTM C1601 
[2014] 

masonry walls. 

static ASTM C1715 
[2015] 

masonry wall drainage systems. 

 
 

Chew [310] presented a review of the on-site watertightness tesst for masonry walls. Nonetheless, in this Ph.D-

work, the focus of the review has been extended to every type of façade system and/or façade component. In Table 

http://bdg-usa.com/astm-2128.html
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3.1 is given an overview of the currently available European and American field test standards, the product stage 

to which they belong, the test method they propose and the addressed components in each case [380]. The test 

protocol usually involves the spraying of water at a section of the façade at a specified rate using a specific 

apparatus and monitoring the test sample to ensure water does not penetrate through the enclosure system 

while checking all elements and components of the sample (e.g. if the specimen has window components the 

inspection includes frame, seals, opening and closing sashes). Therefore, most of them are testing standards that 

provide with qualitative results (the result is a water penetration performance level) since the satisfactory response 

of the test area depend upon the appearance or not of leaks (the result or the effect of the water entry within the 

façade).  

It is noteworthy that in the static hose testing method (e.g. AAMA 501.02 [381] and CWCT-Section 9 [382]) the 

section of façade is not subjected to the exposure conditions which simulate the effect of wind-driven rain (WDR) 

and the simultaneous wind pressure (driving wind rain pressures or DWRP), as the section of façade is wetted by 

a concrete spray rate and the effect of the wind pressure relies upon the weather conditions of the day, in which 

the test takes place. In addition, it is intended to determine the resistance to water penetration of only those joints 

in the building envelope which are designed to remain permanently closed and watertight, and is not applicable to 

joints between very porous components since they may become unrealistically saturated. 

Conversely, the spray bar testing method (e.g. EN 13051 [313] and CWCT-Section 10 [382]) is suitable for open-

jointed systems since the flow rate and pressure is controlled to give a continuous film of water to the face of the 

test specimen, not forcing water into the joints. Besides, water is sprayed onto the uppermost horizontal joint of 

the test area, unlike the on-site static hose testing, where water is directed at the joint (perpendicular to the face of 

the envelope) and the nozzle is moved at a rate of approximately 1.5 m back and forth along the joint for a certain 

period of time. 

Finally, combined air and water testing (e.g. AAMA 501.3 [381], AAMA 502 [384], AAMA 503 [385] and ASTM 

E1105 [386]) are supposed to measure water resistance in extreme weather conditions, in both, openable and 

closed joints. To create a pressure differential across the test specimen in order to simulate wind pressure, a test 

chamber is typically erected on the interior side of the test specimen or on the exterior side when exterior access 

is difficult. Since the air pressure at the outdoor face shall be higher than the pressure at the indoor face, in the 

former there will be a pressure chamber and in the latter, a suction chamber. While the suction chamber method is 

effective, it is very expensive and very elaborate in setting up. In certain cases, it may be possible to use high-

power blower doors installed within a confined space.  

Regarding the test standards for forensic in-service performance a distinction might be done within the tests that 

provide resources for drainage testing from the ones that test the water penetration [286]. For instance, AAMA 

511 [387] aims to identify the leak paths through simulation of the weather events that produced the reported water 

penetration. Besides, AAMA 511 [387] details a specific fenestration test that is not mentioned in the ASTM 

E2128 [258], the optional Sill Dam Test. The Sill Dam Test is used when the source of the leak is thought to be 

related to a detective fenestration product. In that type of tests, it is very important to identify the real pressure 

differences that originated the leak and thereby, a procedure for calculating the approximate differential air 

pressures is established in the standard AAMA 511 [387]. It considers important to reproduce as close as possible 

the conditions that originated the leak since when elevated pressure differences are applied at field testing, they 
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may result in new leaks and conceal defects which produced the original ones [387]. Nonetheless, this standard 

does not address the assumption that extreme rainfall with lower wind speeds may create the same demand on the 

fenestration system as high wind speeds with low rainfall [359]. On the other side and somehow in line with the 

last remark, ASTM E2128 [258] states that testing under controlled and reproducible conditions to recreate leaks 

can be divided into two broad categories: (1) methods that simulate surface flow (water flows down the face of a 

wall by gravity); and (2) methods that simulate wind-driven rain (wind-driven rain produces leaks because of the 

kinetic energy of the rain drops and the differential pressure caused by the wind). The former is intended to deliver 

a continuous water film to the test area, rather than to simulate a particular rain event. Hence, the spraying system 

consists in a matrix of uniformly spaced spray nozzles that deposit a full film of water. In the latter, it is required 

the use of a chamber to simulate the effect of differential air pressure. Alternatively, the test area can be confined 

and flooded, and the height of the water head correlated to a static differential pressure. In this way, a hydrostatic 

head is used to simulate differential pressure, but these type of testing may not simulate all of the effects of 

differential pressure or the ability of air moving through cracks or openings to transport water by percolation. 

Under both circumstances, a matrix of spray nozzles is used to deposit a uniform flow of water onto the exterior 

surface and the effect of kinetic energy is simulated by a calibrated nozzle operating at a prescribed pressure at a 

specific distance from the test surface.  

ASTM C1601 [388] is a non-destructive test method that aims to quantitatively determine the surface penetration 

of water at a single location on a masonry wall. Unlike the test method provided by ASTM E514 [248] (a static 

laboratory test standard that provides resources for drainage testing), where the water that has penetrated into and 

through the masonry specimen is collected and measured, ASTM C1601 [388] determines the water penetration 

at the surface. Hence, it is not designed to determine the overall water penetration and leakage of a masonry system. 

This standard also provides alternate test conditions which take into account local climatological data (wind speeds 

and rainfall intensity). Contrarily, ASTM C1715 [389] provides resources for drainage testing and is applicable to 

wall systems that contain an exterior masonry wythe with a drainage zone on the interior face of the exterior wythe 

and it is not applicable to single-wythe drainage walls. 

 

 

3.2.2 | LABORATORY TEST STANDARDS 
 

Whereas field tests are useful to check the performance of on-site workmanship, laboratory tests are useful to 

evaluate the design of the component (e.g. detecting design faults such as blocked drainage pathways and wrong 

detailing of joints). They are applied on the first stage of the product life to rate it with a performance class, 

typically prescribed as a direct function of peak wind pressure on the building (or as performance levels in respect 

to the ultimate limit state for resistance to wind loads). Besides, testing in a laboratory setting is performed under 

ideal, controllable conditions in which it is possible to determine the optimal performance limits of the test 

specimen [359], unlike in field watertightness tests. An overview of laboratory test standards was presented by 

Sahal and Lacasse [2008]. Based on the previous authors, a new review of European, American and Australian 

available laboratory watertightness test standards has been conducted. The results are given in Table 3.2 [380].  
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Table 3.2. Overview of the currently available European, American and Australian laboratory test standards 
[380]. 

 

Product stage Test method Test Standard Addressed component 

Early life 
stage 

Static 

CWCT Section 6 [2006] 
curtain walls, rainscreen claddings, 
composite panel systems, sloped glazed 
systems and window wall interfaces. 

ASTM E331 [2009] 
windows, skylights, doors and curtain 
walls. 

ASTM E2273 [2003] Exterior insulation and finish systems 
(EIFS) clad wall assemblies. 

EN 12155:2000 curtain walls (fixed and openable). 
EN 1027:2000 windows and doors. 

SNZ AS/NZS 4284-
Method A [2008] 

building façades. 

SS 381 [1996] aluminium curtain walls. 
AAMA/WDMA/CSA 

101/I.S. 2/ A 440 [2008] 
(performance grade) 

windows, skylights, doors and tubular 
daylighting devices. 

AS 4420.Part 1 and 5 
[1996] 

windows, doors and window walls. 

NZS 4211 [2008] windows and doors. 
ASTM E514 [2014] masonry walls. 

NT BUILD 488:1998 roof tile underlays. 

Cyclic 

ASTM E547 [2009] 
windows, skylights, doors and curtain 
walls. 

EN 12865:2001 wall elements. 
UNE 85-229:1985 windows and doors. 

SNZ AS/NZS 4284-
Method B [2008] 

building façades. 

AAMA/WDMA/CSA 
101/I.S. 2/ A 440 [2008] 

(performance grade) 

windows, skylights, doors and tubular 
daylighting devices. 

NT BUILD 421:1993 roofs. 

NT BUILD 116:1980 
windows, window-doors, external doors, 
façades. 

Dynamic 
(aircraft propeller) CWCT Section 7 [2006] 

curtain walls, rainscreen claddings, 
composite panel systems, sloped glazed 
systems and window wall interfaces. 

Dynamic 
(ducted fan) CWCT Section 8 [2006] 

curtain walls, rainscreen claddings, 
composite panel systems, sloped glazed 
systems and window wall interfaces. 

Dynamic 
(aircraft propeller) 

AAMA 501.1 [2005] windows, doors and curtain walls. 

Dynamic 
(ducted fan) 

ENV 13050:2001 curtain walls. 

Dynamic 
(ducted fan) 

ISO 15821:2007 windows and doors. 

Wind Tunnel FprEN 15601:2009 roof coverings. 
 

In the table, the laboratory test standards are related to the test method they propose and the addressed elements 



Watertightness test standards | 89 
 

or façade systems.  

Existing laboratory watertightness test methods can be categorized into four distinct clases: static, cyclic, dynamic 

and wind tunnel testing. The first three test methodologies provided in laboratory test standards use a similar 

approach: wind and rain are decoupled and treated independently [263]. Wind effects are represented by pressure 

differences generated by a fan, and rain is provided by means of a water spray system in front of the specimen. 

Then, the test specimen is subjected to a supply of water (water spray rate) and to different pressure differences 

during a given interval of time, and there should not be any water leakage on the inner surface of the test specimen.  

Therefore, most of the laboratory watertightness test standards are qualitative as the result they provide with is a 

water penetration performance level (e.g. EN 1027 [358], CWCT [382], EN 12155 [247], AS 4420 [390] amongst 

others). There are some exceptions. For instance, quantitative results can be obtained from EN 12865 [78] or 

FprEN 15601 [366] or NT BUILD 488 [391]. Other watertightness test standards such as ASTM E514 [248], 

ASTM E331 [392] and ASTM E2273 [393] can be used as resources for drainage testing [286]. 

The fourth method (wind tunnel testing) although is based on an integrated approach in a wind tunnel [263]. In it, 

water droplets are introduced into a high velocity air stream far enough from the test specimen which allows the 

droplets to achieve the required velocity prior to impact and to simulate raindrops trajectories. Consequently, this 

is the most realistic effect of the actual weather conditions that may act over a wall or roof element. An example 

is FprEN 15601 [366]. This standard describes a test protocol where the interior side of the specimen is 

depressurized, with a fan system capable of generating a horizontal or inclined wind flow over the test specimen. 

Finally, the document FprEN 15601 [366] has the status of technical document: the final vote of the draft was 

unsuccesfull because of the implicit low reproducibility of the test results. Watertightness test standards based on 

that approach are out of the scope of the present work. 

 

 

3.3 | COMPARISON OF LABORATORY WATERTIGHTNESS TEST STANDARDS 
 

In this section, the important features of the test setup, the testing procedures and the test criteria within the 

different laboratory test standards are thoroughly compared and discussed. It should be taken into account that the 

laboratory conditions tend to eliminate all influencing parameters but two variables for water-penetration testing: 

water application (which in itself is to be calibrated and set within certain boundary conditions) and the air pressure 

difference between the interior and exterior surfaces of the test specimen [359]. These have a great impact on the 

water penetration performance of the building component since the kinetic energy of water drops and the pressure 

difference across the building component (some of the acting forces in support of water infiltration) are largely 

sensitive to them. Both test parameters simulate climatic parameters that are most influential in the penetration of 

water through a façade under actual operating conditions: wind-driven rain and simultaneous wind pressure 

(driving rain wind pressure) on the façade.  

These parameters have very different influences on the penetration of water within the wall system depending on 

the size of the opening in the wall and the porosity of the wall material [204, 235]. However, several authors have 

established that pressure difference is one of the most important parameters to test the watertightness of building 
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components [155, 235, 260-262, 310, 394, 395-397]. The effect of the intensity of water spray rate on the results 

of watertightness testing of building components is an ambiguous situation [398]. According to Sacré [399], the 

spray rate will not be a determining factor as to whether or not a component is watertight, but it will indeed affect 

the quantity of water that enters into the construction once infiltration is established. The amount of water deposited 

onto the test specimen can thus have a significant effect in constructions where the drainage capacity determines 

the performance. Whether or not the raindrop trajectories have a significant effect is currently unclear [398]. 

Maerker [400] conducted some research on the effect of droplet velocity although his studies offered inconclusive 

information regarding the importance of raindrop trajectories on watertightness. 

 

 

3.3.1 | CONDITIONING OF THE LABORATORY AND THE TEST SPECIMEN 
 

Most standards do not comprise specific requirements in respect to the conditioning of the laboratory and neither 

the specimen (e.g. ISO 15821 [401], AS 4420 [390], NZS 4211 [402], NT BUILD 488 [391], CSA A 440 [403], 

ENV 13050 [249], AAMA 501 [381], ASTM E331 [392], ASTM E547 [404], EN 12155 [247], SNZ AS 4284 

[405], SS 381 [406]). When some laboratory conditioning is considered, the regarded parameters are: the 

temperature of the water, the surface tension of the sprayed water, the temperature of the laboratory and the relative 

humidity of the laboratory.  

If the temperature of the water is taken into account in the laboratory watertightness test standards, these usually 

determine a range from 4°C to 30°C (e.g. EN 1027 [358], CWCT [382]). Regarding the surface tension of the 

sprayed water, these suggest a value below 60·10-3 N/m [407]. In respect to the relative humidity of the laboratory, 

the standards suggest a range within 55±25% [248]. Finally, in terms of temperature of the laboratory, the 

prescribed values are more diverse. On the one side FprEN 15601 [366] establishes a values range between 5°C 

and 35°C. On the other side, the values range changes to 23±5°C according to EN 12865 [78] or 24±8°C according 

to ASTM E514 [248]. Nonetheless, it shall be notted that (i) higher temperatures and contained (ii) salts and/or 

(iii) soap reduce the surface tension of the water droplet, becoming easier to wet the elements and get into pores 

and fissures rather than bridging them and thereby, increasing the leaks in the test specimen. Out of the three, soap 

has the most lowering effect. Salts also lower the surface tension of the water droplet, but after a point it stops 

influencing the surface tension. Figure 3.3 provides a graph of the surface tension as function of the temperature. 

 

 
Figure 3.3. Surface tension of water as function of the temperature. Source: 

http://www.engineeringtoolbox.com/water-surface-tension-d_597.html. 
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Another parameter is the amount of time a test specimen should be stored in laboratory at those conditions prior 

testing. With the exception of EN 1027 [358], the standards do not prescribe any time spell when are addressed to 

curtain walls, window or door sets as these are impervious materials generally. Note that EN 1027 [358] establishes 

at least four hours of conditioning at specific laboratory conditions before testing. Nevertheless, the standards 

addressed to absorptive materials such as masonry walls or roof tiles suggest a time spell of storage of the materials 

(at least five days) and the built test specimen (fourteen days) under particular conditions [248]. Note that research 

undertaken by the Portland Cement Association [408] showed lower water infiltration if walls were cured in humid 

conditions. 

 

 

3.3.2 | APPARATUS 
 

Although several standards recommend specific models of nozzles manufactured by particular companies (e.g. 

AAMA 501.2 [381] and NZS 4211 [402]), the normal practice is to suggest some guidelines in the devices required 

to conduct the watertightness tests depending upon the type and goal of the test. Usually, a standard comprises 

restrictions for the maximum tolerance in respect to producing airflow, water flow and pressure difference (see 

Table 3.3) and the maximum measurement uncertainty of the measuring devices. 

 

Table 3.3. Overview of the prescribed accuracies for the apparatus in the standards worldwide. 
 

 American Standards European Standards 
pressure difference ±2% or 2.5Pa ±5% (exception: ENV 13050*) 
airflow 5% - 
water flow ±2% or 0.1m3/hr ±10% 
 
*Suggests a means of measure the applied test pressures with an accuracy of ±1%. Dynamic test. 

 

Other considerations in the standards are the calibration of the water flow and the cleaning of the nozzles prior to 

testing. The ability of the water spraying system to meet the required spray rate is checked by using a catch box, 

the open face of which is located at the position of the face of the test specimen [381, 382, 390, 392, 402, 404, 

406]. 

 

 

3.3.3 | SETUP  
 

3.3.3.1 | Test specimen 
 

All standards determine that the sample shall be representative in both size and shape (usually the largest standard 

assembly or element in the product range), and has to undergo the same method of construction in laboratory as it 
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will do in reality. The standards addressed to evaluate façade systems determine also that the materials of the test 

specimen shall have the same constructive detail, flashing and anchorage as the building façade.  

The test specimen may be built in a frame, which does not absorb water and have at least the same air permeability 

rate as the test specimen, without visible twists or bends induced by the fixing. The perimeter joints between the 

frame and the specimen shall be properly sealed. In addition, the necessity of the sample’s surfaces to be clean and 

dry when testing is stressed, and the proper cure of sealants and drying of materials should also be considered. 

 
 

3.3.3.2 | Spraying system 
 

The most common practice is to propose a grid of nozzles equally spaced to evenly distribute a minimum spray 

rate across the exterior surface of the test specimen (e.g. ASTM E331 [392], ASTM E2273 [393], NZS 4211 [402], 

CSA A 440 [403], ENV 13050 [249], SS 381 [406], EN 12155 [247], CWCT [382], ASTM E547 [404], ISO 

15821 [401]). However, spray water at a constant rate to form and mantain a continuous flow of water runoff 

distributed over the outermost surface of the test specimen does not attempt to mimic kinetic energy of wind blown 

rain since increased wind speeds are translated into increased WDR and DWRP values at a constant precipitation 

[204]. In addition, the supply of water required depends on the porosity, roughness and saturation state of the 

material, joints and irregularities [193].  

Amongst the beforementioned standards, some provide more detailed information on the technical features of the 

water spraying system and the nozzles (e.g. NZS 4211 [402], ENV 13050 [249], SS 381 [406], EN 12155 [247], 

CWCT [382]). Some of these suggested technical features are: (i) the distance to the most exterior surface of the 

test specimen, (ii) the spacing between nozzles, (iii) the direction of the nozzle spray, (iv) the wetting pattern of 

the nozzle, (v) the spraying angle of the nozzle, (vi) the working pressure of the nozzle and (vii) the water flow 

rate. A summary of the technical specifications of the spraying system and nozzles provided in laboratory 

watertightness test standards is given in Table 3.4. Nonetheless, the influence of such parameters on the penetration 

of water through the tested wall system or façade component is still uncertain.  

 

Table 3.4. Technical specifications of the spraying system and nozzles in standards. 

 
  American New 

Zealand/ 
Australia 

European 

spraying 
system 

distance to the most exterior 
surface of the specimen (d) 

Uniform 
 

90 cm 25 cm 
40 cm 

 spacing between nozzles Uniform 
 

180 cm 
max. 

If d=25, 40 cm 
If d=40, 70 cm 

 direction of the nozzle spray - - 24 (+2)° 
nozzles wetting pattern  - Solid cone Full cone 
 spraying angle - Wide angle Wide angle 
 working pressure - - 2-3 bar 
water flow rate 3.4 L/min 3 L/min 2 L/min 
 



Watertightness test standards | 93 
 

Research by Hoigard and Kudder [90] has shown that as the nozzle distance from the test surface decreases, the 

water pressure impinging on the test surface increases. By consequence, the water droplets acquire more kinetic 

energy and are able to reach longer infiltration distances.  For instance, at the 30.5 cm-range, the pressure is about 

7.0 psf (335.16 Pa), while at a distance of 10.16 cm, the pressure can reach 45 psf (2154.61 Pa). In addition, high 

impact velocities of water drops yield splashing and repeating rebounds, whereas spreading is obtained at low-

speed impacts [144, 269]. In this sense, angling the nozzle with respect to the test surface to focus on a glazing 

seal at a protruding mullion, for example, will increase the pressure at the intersection of the two test-surface 

planes [90]. If the nozzle is angled to fous on an open joint instead, the more severe the infiltration will be given 

that water droplets might have more velocity, greater flow and a shorter trajectory. The distance between the 

nozzles in the grid may be determined based on the desired spray pattern (see Fig. 3.4) and water deposition over 

the surface of the specimen, which in turn depends on the type of nozzles used in the grid. Lechler 

(www.lechlerusa.com) recommends an overlap by about 1/3 to 1/4 of the spray cones for full cone and hollow 

cone nozzles. The offset arrangement of the spraying system is only suggested in ISO 15821 [401], wheras the 

square arrangement is proposed in most of the standards (e.g ENV 13050 [249]). 

 

 
            
                (a)                                                                 (b) 

 
Figure 3.4. Grid arrangement of full cone nozzles. (a) Square arrangement. (b) Offset arrangement.  

 

Regarding the technical specifications of the nozzles, Spraying Systems Co. (www.spray.com) states that the 

higher the working pressure of the nozzle, the greater the spray impact force on the outermost surface of the wall 

and the smaller the drop diameter. Note that impact is considered the measure of the force imparted on a surface 

by a spray pattern at a given distance. Besides, drop velocity is dependent on drop size. Small drops may have a 

higher initial velocity, but velocity diminishes quickly. Larger drops retain velocity longer and travel further. Then, 

smaller drop sizes and greater impact forces will yield to higher kinetic energy of water drops. It should also be 

taken into account that lower flow nozzles produce the smallest drops and higher flow nozzles produce the largest 

drops. Full cone nozzles, the ones suggested in most laboratory watertightness test standards (e.g. ASTM E331 

[392], ASTM E547 [404], CWCT [382], EN 12155 [247], EN 1027 [358], SS 381 [406], ENV 13050 [249], NZS 

http://www.lechlerusa.com/
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4211 [402], NT BUILD 488 [391]), have the largest drop size. So, for the same drop size range, what would define 

the worst case scenario: to spray water at a higher velocity (high working pressure) with a lower volumetric flow 

rate or to spray water at a lower velocity (low working pressure) with a higher volumetric flow rate? Would each 

one promote different kind of failures to the sealing elements of the window-wall interface? It is rather difficult to 

control the velocity of the water. The only thing that can be chosen is the type of nozzle, which in accordance with 

the water spray rate will have a working pressure that will provide the water droplets with a specific kinetic energy 

load. The greater the working pressure, the bigger the kinetic energy load is.  

On the other hand, other European standards (e.g. EN 12865 [78], NT BUILD 116 [383], NT BUILD 421 [407] 

and FprEN 15601 [366]) make a distinction between the device used for spraying runoff and the device for 

applying wind-driven rain. For instance, NT BUILD 116 [383] and NT BUILD 421 [407] recommend a horizontal 

row of nozzles spraying evenly above the top of the test specimen, to simulate the run-off water and a movable 

bar with nozzles producing air jets carrying drops of water coming from a water head 240 mm above, to apply 

wind-driven rain. Conversely, EN 12865 [78] proposes one row of wide angle flat spray nozzles to produce the 

runoff water and a grid of full circular cone nozzles to create wind-driven rain. In addition, a different water flow 

rate is suggested at each case, but the same rate in the three watertightness test standards: the runoff rate is 1.2±0.3 

L/min per linear meter and the wind-driven rain is 1.5±0.3 L/min·m2 [78, 383, 407]. Nonetheless, there is an 

exception. EN 1027 [358] recommends a bar of nozzles if the specimen’s height is 2.5 m or fewer, and suggests 

adding a row of nozzles every 1.5 m when the height of the specimen is greater than 2.5 m. 

Therefore, if both spraying methods are applied, the final result will be a regular grid of nozzles in which the first 

row will have a different water flow rate and spray pattern from the following rows of nozzles. In line with the 

standards, Lacasse et al. [409] studied the water deposition onto the outermost surface of a test specimen and 

clearly distinguished two methods for applying the water load:  

(i) Full spray configuration and  

(ii) Cascade mode.  

The full-spray configuration, depicted on the left of Figure 3.5, results in water being deposited evenly across the 

height of the specimen. However, the resulting water load due to migration downward along the outermost surface 

of the test specimen increases in proportion to the wall height, the maximum effective load being located at the 

base of the wall. The load on the wall at any given height can be estimated from knowledge of the average spray 

rate over the wall and the wall height: water deposition load Sr(x) at height, x, from top of wall, Sr(x) = (x/h)·2Sr; 

where: h = height of the wall and Sr = average spray rate (L/min·m2). Certain types of test specimens have non-

absorptive surfaces and water quickly accumulates on the surface and runs down its face. For test specimens having 

a porous surface, water first needs to saturate the surface of the test specimen sufficiently for a film of water to 

form; thereafter, water naturally cascades down the test specimen. Alternatively, water applied in a cascade mode 

is accomplished by providing for a supply of water at the head of the specimen (illustrated in Figure 3.5 on the 

right). In cascade mode, specimens with non-absorptive cladding are not exposed to cumulative water loads at 

lower locations on the specimen, (as would be the case in full-spray mode). In cascade mode, the water load on 

specimens with non-absorptive claddings is, in principle, independent of vertical location on the specimen [409].   

With regard to spray rates, all European standards use a uniform static water spray rate of 2 L/min∙m2 in laboratory 

watertightness testing procedures. This value likely represents the most severe wind-driven rain intensity 
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conditions over a return period of 30 years [260, 261]. Nonetheless, Australian and New Zealand standards 

prescribe 3 L/min∙m2 and American standards determine a spray rate of 3.4 L/min∙m2. The effect of the intensity 

of water spray rate on the results of watertightness testing of building components is an ambiguous situation [398]. 

Some research has been conducted to study the influence of the water spray rate on the infiltration rate within wall 

systems (e.g. Mayo [260, 261] studied it for curtain walls, Sahal and Lacasse [252] for hardboard sidings and 

Selvarajah and Johnston [243] for masonry brick walls). According to Sacré [399], the spray rate will not be a 

determining factor as to whether or not a component is watertight, but it will indeed affect the quantity of water 

that enters into the construction once infiltration is established. The amount of water deposited onto the test 

specimen can thus have a significant effect in constructions where the drainage capacity determines the 

performance [398]. 

 

 
 

Figure 3.5. Difference in relative water load along height of test specimen when applying full-spray as 
compared to cascade water deposition loads on the outermost surface [409]. 

 

 

 

3.3.4 | TEST PROCEDURE  
 

3.3.4.1 | Type of test 
 

The resistance of wall elements to wind-driven rain can be determined with 4 types of watertightness test methods: 

static, cyclic, dynamic and wind tunnel testing. Up to now, there is only one draft standard that refers to the latter 

(FprEN 15601 [366]); refer to (c) in Fig. 3.6. The existing variety in the manner of applying pressure differences 

for the test influences the severity of the exposure [204]. It is yet not clear which type of test procedure renders 

the most realistic, or the most severe test conditions. Whether or not dynamic and cyclic conditions are more severe 

for window frames or curtain walls compared to static boundary conditions is unclear [315]. Certain studies 

Actual nominal water deposition rate along height of wall, h 

Sr Sr 

Water load due to vertical migration 

Water Spray Rate (L/min.-m2), simulating 
rainfall deposition 

h 

Water Spray - Cascade Water Spray – Full Spray 
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suggest that moste severe test condition are created when there is a cyclic and dynamic variation in the applied 

pressure [260, 261]. Conversely, Van den Bossche [263] suggested that different failure mechanisms require 

different test protocols underscoring that static test conditions are more suitable to evaluate the drainage capacity 

of the façade systems, whereas cyclic test pressures are more suitable to assess the watertightness of face-sealed 

façade systems. Not in line with the previous author, Brown et al. [264] measured higher drainage rates in test 

specimens made of EIFS with cavity (a drainage system) under dynamic pressure conditions. In this sensee, Sasaki 

[241] stated that an important requirement for a good rain penetration test is that it should simulate the lateral 

deflection of runoff water across the façade 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. 

 

 
 

Figure 3.6. Types of test procedures suggested in laboratory watertightness test standards. (a) Cyclic test 
procedure [78]. (b) Dynamic test procedure [401]. (c) Wind tunnel test [366]. 

 

Static pressure test methods prescribe a constant flow rate and a static pressure difference for a period of time, 

which is stepwise augmented to assess the performance level of a component (e.g. CWCT Section 6 [382], ASTM 

E331 [392], ASTM E2273 [393], EN 12155 [247], EN 1027 [358], SNZ AS 4284 Method A [405], SS 381 [406], 

AS 4420 [390], NZS 4211 [402], ASTM E514 [248], NT BUILD 488 [391]). Cyclic pressure test methods subject 

the test specimen to rapid pressure pulses (e.g. ASTM E547 [404], EN 12865 [78], UNE 85-229 [410], SNZ AS 

4284 Method B [405], CSA A440 [403], NT BUILD 421 [407], NT BUILD 116 [411]), but always wetting the 

specimen first at ΔP = 0 Pa; refer to (a) in Fig. 3.6. The pressure fluctuation of these pulses is typically either a 

rectangular function or a sine-wave function. Finally, there are the dynamic laboratory watertightness test 

standards (e.g. CWCT Section 7 [382], CWCT Section 8 [382], AAMA 501.1 [381], ENV 13050 [249], ISO 15821 

[401]). Contrary to the cyclic test methods, where the pressure fluctuation is carefully prescribed, the dynamic test 

protocols use an axial flow wind generator installed close enough to the test specimen to generate a turbulent flow 

(a)

(b)

(c)
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field, while water droplets with kinetic energy are sprayed over the surface [398]; refer to (b) in Fig. 3.6. These 

attempt to create more realistic conditions, although no publications which assess their representability and 

reproducibility have been found [398]. According to the standards, the turbulent flow can be generated by means 

of (i) an aircraft propeller (CWCT-Section 7 [382], AAMA 501.1 [381]) or by (ii) a ducted fan (CWCT-Section 8 

[382], ENV 13050 [249], ISO 15821 [401]). In (i) the wind flow is reproduced by a wind stream, whereas in (ii) 

pressure difference pulses are applied as well. 

Hence, there are reservations concerning all of the currently available watertightness tests, and research is needed 

on the principles and requirements of dynamic testing [412]. Very interesting and promising research on new 

dynamic test methods has been published [413-415], although these have typically focus on hurricane risk 

mitigation, and it remains to be determined whether these test methodologies are too complex to be viable for 

routine testing of building components [398]. 

 

 

3.3.4.2 | Applied pressure difference 
  

In any laboratory watertightness test standard, a constinuous flow of runoff water over the outermost surface of 

the test specimen is ensured. Meanwhile, the pressure difference acts as the main test paremeter [193]. 

In static test methods, some standards require only one pressure difference level (the performance level) 

throughout the entire test (ASTM E514 [248], ASTM E331 [392], CSA A440 [403], SNZ 4284 [405]), whereas 

in other standards, the pressure differential is stepwise augmented (CWCT Section 6 [382], EN 12155 [247], EN 

1027 [358], AS 4420 Part 1 and 5 [390], SNZ 4211 [402]). In the latter type, the most common protocol in the 

European standards (e.g. CWCT Section 6 [382], EN 12155 [247], EN 1027 [358]) is to increase the pressure 

difference in steps of 50 Pa until 300 Pa, from which on in steps of 150 Pa. Alternatively, the Australian standards 

(AS 4420 Part 1 and 5 [390], SNZ 4211 [402]) start the applied pressure difference from 150 Pa and continue 

applying pressure steps at 200, 300 and 450 Pa approximately. 

In cyclic test methods, (i) the pressure difference steps and (ii) their corresponding lower and upper limits of 

pressure for a pulse are provided in the standards. There are two differentiated trends regarding (ii). Some standards 

establish the pressure pulses from 0 Pa up to the desired pressure differential, ΔP, (e.g. ASTM E547 [404], EN 

12865 [78], UNE 85-229 [410], NT BUILD 421 [407], NT BUILD 116 [411]); whereas others start from a value 

different to 0 Pa and go to the desired ΔP (AS 4284 Method B [405]). In the latter, three stages are prescribed, 

which go from 0.15·Ws (where Ws refers to the positive serviceability test pressure) to 0.3·Ws in the first stage, 

from 0.2·Ws to 0.4·Ws in the second and from 0.3·Ws to 0.6·Ws in the third. Referring to (i), the American 

standards propose a single pressure differential step (ASTM E547 [404]), whereas the Australian standards 

propose 3 steps (SNZ AS/NZS 4284 [405]). The most common practice amongst European standards is to propose 

at least one step every 150 Pa (EN 12865 [78], UNE 85-229 [410], NT BUILD 421 [407], NT BUILD 116 [411]). 

The few dynamic test methods found, only demand one pressure level throughout the entire watertightness test 

regardless of how they generate the turbulent wind flow. Only an exception was found. ISO 15821 [401] 

recommend a sequence of median values for the pressurization phases as follow: 100, 150, 250, 350, 500, 750 Pa. 
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3.3.4.3 | Duration of the test 
 

The set exposure duration also affects the exposure severity [204]. The same exposure situation during a rain event 

recorded over a longer time interval tends to reduce the value of its maximum intensity. Conversely, the same 

WDR and DRWP values maintained for a longer period in the watertightness tests represent a greater exposure 

than would occur if these values were maintained for a shorter period of time [204]. The selection of a short- or 

long-term exposure duration depends on the objectives of the experiment [175]. To assess the watertightness 

performance of windows, roofs, rainscreens, walls and curtain wall systems, the tests simulate short exposure 

intervals (5-20 min) and therefore, represent high-intensity exposure parameters [204]. Hence, the consideration 

of longer return periods leads to an expectation of less frequent exposure situations and thereby, a more severe 

exposure. Some studies (e.g. Mayo [260, 261], Sahal and Lacasse [155]) have suggested ensuring tightness in 

relation to test exposure conditions (spray rates and pressure differentials) that correspond to return periods 

associated with the service life of a wall, that is 30 years. Lacasse et al. [394] proposed to base the water penetration 

tests parameters on return periods of 10 years or more to assess the effectiveness of window-wall interfaces to 

manage rainwater intrusion. However, the horizontal rainfall intensisties which have been being recorded in Spain 

in the last rain events (e.g. the 13th. of Mars of 2017 in Alicante) had not happened for 50 years. In this line, Pérez-

Bella et al. [204] considered that the determination of testing parameters for real exposure conditions ought to be 

the result from the combination of WDR and DRWP with higher return periods, and not from the individual return 

periods associated with each exposure parameter (WDR and DRWP). 

In static test methods where the specimen is subjected to a single pressure level, the common practice is to wet the 

test specimen during 15 minutes at no pressure difference and subsequently, to impose a spell of another 15 

minutes with the prescribed pressure difference. However, in the case of standards addressed to masonry walls 

(ASTM E514 [248], ASTM C1601 [388], ASTM C1715 [389]) and roof tile underlays (NT BUILD 488 [391]) 

the duration of the test increases to at least 4 hours. This time interval was found reasonable by Chew [310]. He 

found that leakage rates generally started to stabilise from 3.5 h onwards when testing masonry walls.  

 

Table 3.5. Summary of the time spells prescribed in the American, Australian and European standards with 
cyclic test methods. 

 

 Cycle duration Total time spell for each ΔP 
American 4 min with ΔP + 1 min with ΔP=0Pa 23 min 
Australian/New Zealand 3-5 sec 5 min 
European 15 or 20 sec 10 min 

 

Regarding the cyclic test methods, two variables are set out: (i) the duration of the cycle (or the duration of the 

pressure pulse, which includes four stages: a rising pressure stage, a maximum pressure stage, a falling pressure 

stage and a zero pressure stage) and (ii) the time spell of each pressure differential (see Table 3.5). Analysing the 

former, a clear difference can be observed among the standards on the three continents, which sometimes can 

imply huge differences in the conception of the test method. In addition, the Australia/New Zealand standard (SNZ 

AS 4284 [405]) demand to undertake a static test method prior to the cyclic. 
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In dynamic test methods, a 10 to 15 minutes’ pressure level duration is usually prescribed when using an aircraft 

propeller (CWCT Section 7 [382], AAMA 501.1 [381]). In the case of using a ducted fan to create the dynamic 

pressures, whereas ENV 13050 [249] determines that the duration of each pulse to be within 5±1 seconds, ISO 

15821 [401] prescribes pressure cycles at intervals of 2 s to 4 s and 10 minutes as the pressurization spell. AAMA 

509 [416] proposes a static penetration test prior to the dynamic one. 

Therefore, each watertightness test defines exposure situations with different return periods even when using 

identical spray rate and pressure differential as the duration of the test varies amongst each other [204]. 

 
 

3.3.4.4 | Duration of the inspection for leakages 
 

In watertightness test standards, the overall duration of the inspection for leakages is typically the same as the 

duration of the wetting period. In field tests, it can be at most half an hour longer after the wetting period has 

ended. However, there is an exception. ASTM E514 [248], which is addressed to masonry walls, specifies an 

inspection duration of 4 hours at 30 minutes’ intervals. Nevertheless, there is no such time inspection specification 

for the inspection for leakages in the corresponding European standard EN 12865 [78], which is addressed to 

façade systems. 

It is recommended to make a distinction in the inspection period when testing water repellent materials (e.g. 

fenestration products) compared to absorptive materials (e.g. masonry walls), as American standards do, since in 

capillary materials, the moisture uptake by the materials may hamper the instantaneous infiltration of water.  

 

 

3.3.5 | CRITERIA 
 

Up to now, all standards have a pass/fail criterion unless they aim at other purposes (e.g. discover the water leakage 

pathways in the case of AAMA 511 [387], evaluate and determine the causes of water leakages in the case of 

ASTM E2128 [258] or evaluate and determine the hygrothermal performance in the case of EN 12865 [78] and 

FprEN 15601 [366], or determine the drainage capability in the case of ASTM C1715 [389],  ASTM E514 [248], 

ASTM E331 [392] and ASTM E2273 [393]). Hence, they are expected to provide with some quantitative results.  

The pass/fail criterion is a qualitative result which is based on the appearance or not of incidental water. When 

testing, it is observed whether or not damp areas or water leakages appear within the test specimen. If these appear, 

it is considered that the test specimen has failed the watertightness test. Then, what is considered as water leakage? 

The common practice is to define water leakage at the beginning of the standard as water (i) at the inside face of 

the specimen or (ii) in any parts intended to remain dry or (iii) water not drained out or (iv) water causing damage 

to adjacent materials. However, there is a clear trend in American standards (AAMA 503 [385], AAMA 501 [381]) 

when assessing the performance level of windows, to define the amount of infiltrated water through the window 

frame, usually 15 gr. within 15 min. In such a case, when the collected water during that time period is above 15 
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gr, the specimen has failed the test. This trend is followed by European standards addressed to roof elements (NT 

BUILD 488 [391]). 

 

 

3.3.6 | APPLICABILITY OF TEST RESULTS 
 

Only CSA A440 [403] and SNZ 4211 [402] establish guidelines regarding the validity of the test results to other 

sample sizes of the same family of windows or door sets. The test results (watertightness performance levels) are 

usually valid when they are applied to elements of smaller size (exceptions: when windows are compounded of 

sheets of different sizes) and to some extent to slightly larger windows. Conversely, in European standards, 

manufacturers are forced to check the statements set in the CE marking Standards of such elements (EN 13830 

[417] and EN 14351 [418]), to look at the applicability of the obtained test results. These CE marking Standards 

allow to extend the validity of the performance level for similar elements of smaller size, and 50% larger at most. 

 

 

3.4 | DISCUSSION 
 

The comparison and discussion of the different watertightness test standards has shown a wide diversity of aspects 

and features to analyse carefully, studying the influence they will have on the watertightness test results in terms 

of reliability and repeatability. The needs of the industry have been also balanced in the analysis since the proposal 

of new test procedures for watertightness standards should be practical, simple and as quick as possible. In 

addition, the representativeness of the current procedures for the real ‘as-built’ behaviour of components and 

systems has been dealt, relating the considerations for real exposure conditions to the watertightness test 

parameters (water spray rate, applied pressure differences and time spell) in order to reflect as close as possible 

the expected performance in the field.  

The studied standards are addressed indifferently to evaluate elements (windows, doors and skylight units) and 

façade systems (storefronts, curtain walls, rainscreen systems, composite panel systems, masonry walls and 

window wall interfaces). Many of them do not make a difference when testing to watertightness either elements 

or façades systems. Nevertheless, others are focused on only one type. In addition, the consideration of the 

window-wall interface as an element or system is not clearly established among them. Some standards (AS 4420 

[390]) list them as elements; some (CWCT [382]) as façade systems and others (the majority) do not mention these 

type of connections. 

The standards do not generally consider the durability of water penetration resistance of the window assembly 

[419] neither of the façade system. There are no requirements with respect to service life expectations presented 

to the building and interface designers either through codes or by the owners of the building [377]. For example, 

it is not the initial water penetration performance that differentiates between the performance of face seal and 

rainscreen window types. Rather, it is the more durable service life expectations of rainscreen window that make 

it typically ‘better‘ than a face seal window. Therefore, why not conducting an ageing test prior to the laboratory 
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watertightness tests as part of the testing procedure. It is expected that rainwater infiltrates because of deficiencies 

in the window components or within the wall systems, either inherent or after the window has “aged.” In addition, 

weathering forces such as water, temperature fluctuations, and UV light might have an adverse effect on sealants 

and gaskets. 

Regarding the conditioning of the test specimen in the laboratory, why do not follow the trend of American 

standards instead of the European standards when proposing a new watertightness test standard? In absence of 

relevant product specifications, to apply some guidelines like the conditioning of the masonry and associated 

materials in the laboratory conditions at least 5 days before use (ASTM E514 [248]) seems to be appropriate. 

However, there is no need to propose any kind of precondition of other materials, such as ETICS or wood as there 

is no European, American or Australian standard that demands it. In addition, propose the precondition of the 

finished test specimen by storing it for at least 7 days in laboratory environment before undertaking the testing 

appears to be suitable in order to let the materials (such as: sealants, gaskets, caulking, polyurethane foams, 

cementitious materials, coats…) achieve their proper state of cure and dry out.  

In reviewing the different watertightness test standards, it can be stated that the water spray rate is held constant, 

the pressure difference is varied, and of the first three test methods (static, cyclic and dinamic) the interaction of 

rain and wind is simplified by spraying water from close range onto the test specimen. Therefore, it has been 

clearly established that pressure difference is one of the most important parameters to test the watertightness of 

building components [155, 235, 260-262, 310, 394, 395- 397]. Nonetheless, is it like that for every type of wall 

assembly or façade system? 

Regarding the water spraying system, some technical specifications ought to be considered in the following:   

• A grid arrangement with nozzles equally spaced is the most common solution when wind-driven rain and 

rainwater runoff wants to be simulated in watertightness tests.  

• Up to now, there is no literature about the spacing between nozzles, the direction of the nozzle array and 

the distance of the spraying device to the most exterior surface of the specimen. 

• The most suitable type of nozzle to be used in each case (runoff and wind-driven rain) in the spraying array 

is not clear so far. Moreover, suggesting a particular nozzle would not be feasible and fair for the industry. 

It would imply changing the test facilities in many qualified laboratories, without perfectly knowing 

whether this would imitate real rain events better. Further research is required to study the impact on the 

water intrusion within the test specimen of the technical features related to the type of nozzle. Note that 

kinetic energy of water drops depends upon the sweep rate of the nozzle for the same working pressure and 

distance. On the other hand, the higher the working pressure, the greater the kinetic energy of water drops. 

So, for the same drop size range, what would define the worst case scenario: to spray water at a higher 

velocity (high working pressure) with a lower volumetric flow rate or to spray water at a lower velocity 

(low working pressure) with a higher volumetric flow rate? Would each one promote different kind of 

failures to the sealing elements of the window-wall interface? 

• Further research is also necessary to establish real rain patterns on façades on-site to be compared with the 

ones produced in laboratory with different types of nozzles and water spraying arrangements. 

• In none of the studied standards is information provided on droplet velocity. There is a need to assess 

whether the degree of wind, rain and the interaction between wind and rain is of importance to the results 
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of watertightness testing [398] in order to set properly the water flow rate and the pressure differences to 

which the test specimens should be subjected. So, the performance of the test specimen is assessed under 

real conditions of exposure. Note that the numerical simulation of WDR undertake by Abuku et al. [62] at 

the façade of a tower concluded that the impact speed of all the raindrops is spatially rather uniform 

regardless of the airflow speed around the building. 

• The effect of the intensity of water spray rate on the results of watertightness testing of building components 

is an ambiguous situation [398]. According to Sacré [399], the spray rate will not be a determining factor 

as to whether or not a component is watertight, but it will indeed affect the quantity of water that enters 

into the construction once infiltration is established. The latter assumption was confirmed for, e.g., curtain 

walls [262], hardboard sidings [Sahal and Lacasse 2005] and masonry brick walls [243]. The amount of 

water deposited onto the test specimen can thus have a significant effect in constructions where the drainage 

capacity determines the performance [263, 398]. 

Finally, the choice of the test method and the setting of the corresponding variables has been studied. Which test 

method would represent the worst case scenario for a watertightness test of a window-wall interface? And for a 

rear-ventilated façade? It is important to bear in mind that any draft of a new standard should describe a generic 

test protocol applicable to all types of window-wall interfaces and materials when it is addressed to window-wall 

intefaces for instance. On one hand, the idea of a dynamic test procedure could be rejected considering that only 

few standards address it, and the required setup is more complicated and expensive than in the cyclic and static 

test procedures. On the other hand, there is not a lot of literature, and the few existing standards are quite 

contradictory.  

To assess which type of test procedure (cyclic or static) will subject the specimen to more demanding conditions 

is not yeat clear. Therefore, in any new test standard proposed, the following test procedure could be 

recommended:  

(1) air permeability test,  

(2) ageing test,  

(3) air permeability test,  

(4) watertightness test under static conditions and  

(5) watertightness test under cyclic conditions.  

Between the static and the cyclic watertightness tests, at least 24 hours would be waited, with the setup closed. 

The arrangement of the tests has been suggested based on the time required for the appearance of the infiltration 

problems. Water leakages are more prone to appear immediately after the test in cyclic test conditions, whereas in 

static test methods it is required more time to observe water leakages. They can easily appear the following day. 
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4.1 | HYPOTHESIS  
 

The research field of the present Ph.D is framed during the wetting process of the building façade (the response of 

the building walls during the impinging rain). That is the phase in the study of wind-driven rain during raindrop 

impact and inmediately after it. More specifically, it is studied the rainwater infiltration by means of laboratory 

observations and measurements. These laboratory measurements allow the quantitative assessment of the water 

that infiltrates within rear-ventilated façades through open vertical and horizontal joints and the amount of water 

that reaches the back wall. This approach takes up the suggestion of Vos [113], who stated: 

"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”. 

So, it is possible to quantify the water management performance of rear-ventilated façades to the combined action 

of wind-driven rain and driving rain wind pressures and to the rainwater runoff by measuring the amount of 

rainwater that infiltrates through the open joints of the rainscreen and reaches the diverse layers within the wall 

system. 

 

 

 
Figure 4.1. Expected performance of rear-ventilated façades against wind-driven rain (WDR) and driving rain 

wind pressures (DRWP). 

 

Rear-ventilated façades are a construction typology where complete pressure moderation takes place. Thereby, it 

is expected that the cladding of rear-ventilated façades deflects the largest portion of the wind-driven rain that 

impinges on the exterior surface and only a minimal portion infiltrates through the open joints. In addition, it is 
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likely that a portion of this infiltrated water reaches the exterior surface of the thermal insulation layer. The water 

runing down at the exterior surface of the thermal insulation might be driven inwards the inner leaf through cracks 

and voids. Further, it is supposed that the water that remains in the cavity is either drained at the bottom of the 

wall, temporarily stored in materials, or dries out to the exterior and in some instances to the interior; refer to Fig. 

4.1. In this way, the air gap of ventilated façades as well as being a capillary break for rainwater, acts as a channel 

for drainage of infiltrated rainwater. So, the joints between panels must be designed to minimize water penetration 

caused by all the forces acting to cause water ingress, allow the contraction and expansion of panels due to 

temperature effects, and offer little resistance to airflow thereby promoting pressure equalization across the 

cladding. 

 

 

4.2 | PARTICULAR GOALS 

 

It is the ambition of the present Ph.D-work to obtain a better understanding of the watertightness test parameters 

(WDR and DRWP), the rainwater runoff film, the mechanisms acting in support of rainwater penetration and the 

water management features of rear-ventilated façade systems in order to develop a reliable test protocol that 

enables the quantification not only of the rainwater that infiltrates through the open joints of rear-ventilated 

façades, but also the amount of water that reaches the exterior surface of the inner leaf (back wall) in relation to 

climate loads. Such test protocol is expected to be generic in nature, but the first application will be to evaluate the 

response to WDR and DRWP of two types of rear-ventilated façade systems. In addition, the impact of the test 

parameters and the cladding arrangement on the water infiltration rates within the wall system is analysed and 

disussed. Some consequences from the conducted research work will be the deduction of some guidelines on the 

water management characteristics of rear-ventilated façades in order to prevent rain-related failures and undesired 

surface soiling patterns. Besides, this study will enable the presentation of some implementations to the evaluated 

rear-ventilated façade systems and to the existing watertightness test protocols.  

 

In order to carry out the ambition of the research the following goals should be achieved: 

1. Acquire a fundamental insight of: 

a. Wind-driven rain and driven rain wind pressures. 

b. Water runoff film. 

c. Mechanisms acting in support of rainwater penetration through joints and/or openings. 

d. Existing watertightness tests. 

2. On-site assessment:  

a. Description and characterization of the construction details of 10 buildings with rear-

ventilated façades in the city of Madrid. 
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b. Inspection and detection of the problems arosen in the façades due to improper 

construction details and/or execution flaws. 

c. Execution of micro runoff tests in horizontal joints to characterize the surface runoff. 

d. Development of a water management hypothesis of each rear-ventilated-façade. 

e. Comparison of the observed damages with the water managene hypothesis developed. 

3. Proposal of a new methodology to classify the rainwater pathways (rainwater management 

characteristics) within rear-ventilated façades, which adopts a holistic approach to the enclosure system and 

can be used in every type of rear-ventilated façade. 

4. Design of a test procedure to evaluate and quantify the response to wind-driven rain (WDR) and driving 

rain wind pressure (DRWP) of rear-ventilated façade systems.  

5. Implementation and validation of the new methodology to classify the rainwater pathways within rear-

ventilated façades by means of the execution of watertightness laboratory tests of full-scale tests specimens. 

6. Analysis of the parameters influencing the water infiltration into the diverse rainwater pathways in rear-

ventilated façades. 

7. Proposal of some guidelines for the design of the construction details of rear-ventilated façades. 

 

 

4.3 | METHODOLOGY  
 

Phase 1 _ Bibliographic research 

• Step 01: State of the art of rear-ventilated façades. 

• Step 02: State of the art of the following concepts: wind-driven rain and driving rain wind pressures, 

rainwater runoff, rainwater penetration within wall systems and the mechanisms that originate it... 

• Step 03: Review of the existing watertightness tests standards.  

• Step 04: Initial approaches. Establisment of the starting point and definition of the context and goals.  

• Step 05: Development of a model for studying the response to wind-driven rain and driving rain wind 

pressures of rear-ventilated façades. 

Phase 2 _ Technical research 

• Step 06: Study and analysis of the diverse rear-ventilated façade systems already on the market.  

• Step 07: Field work. Selection, characterization and monitoring of the case-studies. 

• Step 08: Field work. Inspection and detection of moisture-related damages in the façades of the case-studies. 

• Step 09: Field work. Depelopment of the water management hypothesis for every case-study. 
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• Step 10: Comparison between the observed damages in the case-studies and their correspondence with the 

water management hypothesis developed. 

• Step 11: Elaboration of the overall approach and work methodology (stages approach).  

Phase 3 _ Experimental research on site. Evaluation of horizontal joints and characterization of the surface runoff. 

• Step 12: Fine tuning of the micro runoff test. 

• Step 13: Execution of the micro runoff tests in ech case-study.  

• Step 14: Analysis of findings and drawing of the conclusions. 

Phase 4 _ Experimental research in laboratory. Evaluation of vertical joints.  

• Step 15: Reach a colaboration agreement with a manufacturing company to get the materials and samples of 

rear-ventilated façades.  

• Step 16: Design of the test specimen: Mock-up 01.  

• Step 17: Design of the watertightness test procedure. 

• Step 18: Analysis and selection of the test parameters for evaluation. Development of the water entry 

programs for the test specimen.  

• Step 19: Assembly of the test specimen.  

• Step 20: Fine tuning and verification of the correct operation of the test specimen.  

• Step 21: Execution of the watertightness tests. 

• Step 22: Analysis of findings and drawing of the conclusions. 

Phase 5 _ Experimental research in laboratory. Evaluation of the combined action of vertical and horizontal joints. 

• Step 23: Design of the test specimen: Mock-up 02.  

• Step 24: Analysis and selection of the test parameters for evaluation. Development of the water entry 

programs for the test specimen.  

• Step 25: Assembly of the test specimen.  

• Step 26: Fine tuning and verification of the correct operation of the test specimen.  

• Step 27: Execution of the watertightness tests. 

• Step 28: Analysis of findings and drawing of the conclusions. 

Phase 6 _ Drawing main conclusions.  

• Step 29: Comparison and discussion amongst the results obtained from the laboratory tests of mock-up 01 

and mock-up 02.  

• Step 30: Comparison and discussion between the outcomes from laboratory tests and from the on-site 

assessment.  

• Step 31: Drawing of the general conclusions. 

Phase 7 _ Presentation and dissemination of the research results.  
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• Step 32: Writing of the Ph.D-work.. 

• Step 33: Dissemination of the research results. 
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5.1 | INTRODUCTION 
 

Rear-ventilated façades conceived as screened and drained wall systems with pressure moderation across the 

cladding. The aerodynamic behaviour of rear-ventilated façades (a type of double skin façades, DSF) is very 

different from the aerodynamic response of traditional façades [117] such as the cavity walls. This results from 

the presence of three possible surfaces subjected to wind pressure: the exterior surface of the outermost leaf, the 

interior surface of the outermost leaf and the exterior surface of the inner leaf [178] and consequently, all three 

exposed to the combined action of rainfall and wind (wind-driven rain). Conversely, only one surface is subjected 

to wind pressures in traditional façades and thereby, to wind-driven rain, the outermost surface. This circumstances 

make that the response in rear-ventilated façades to rainfall are diverse although. Unlike traditional walls, there 

are a lot of possibilities when a raindrop collides with a rear-ventilated facade. It can splash on the panel, on a 

vertical joint or on a horizontal one. It can run down clinging to a surface or it can infiltrate through the open joints 

in a direct or indirect way. It can also remain stagnant between joints or being absorbed by the cladding panles; 

refer to Fig. 2.3 of chapter 02. 

Regarding the response to wind driven rain, rear-ventilated façades are not watertight systems [49]. (It is 

understood that they refer to the cladding kits). The degree of watertightness of the façade is generally assessed 

by appraisal of design, taking account of the characteristics of the materials used and the geometry of external 

cladding element and joints. So, rear-ventilated façades incorporate water management features into the design 

and construction (drained and screened walls), unlike perfect barrier systems (e.g. most exterior insulation finish 

systems, EIFS) and traditional construction (e.g. mass buffering walls or vented walls). Nevertheless, the 

watertightness performance of rear-ventilated façades is still too vague [51]. There is a lack of knowledge 

concerning both the basic principles of their water management features and reliable quantitative data that validates 

these principles. The claddings of rear-ventilated façades will normally contribute to durability providing enhanced 

protection from the effect of weathering. They are not intended to ensure the airtightness of the building structure 

[49]. It is the interior leaf which should be made airtight in order to have a good pressure equalization [263, 281, 

320, 332].  

The most important causes of anomalies in exterior walls are related to the responses of the materials to external 

actions, its mineralogical and physical–mechanical characteristics, the fastening system used, atmospheric agents, 

design and execution errors, and the care taken after installation (maintenance and cleaning) [59].  It is extremely 

easy to detect design and execution errors in buildings with rear-ventilated façades as there are little construction 

guidelines [5, 51, 354-357] or sector documents [4, 14, 66], unlike for ETICS, brick cavity walls or for flat roofs.  

No publications are known to the authors where water infiltration problems on rear-ventilated façades are reported 

in a systematic way. However, this does not necessarily indicate that no problems are found in practice, and as 

observed in the on-site assessment of the case-studies. Several papers have already reported some pathological 

lesions caused by environmental actions (wind, rain and sunshine): corrosion problems of the fixing system due 

to water entry [18, 181, 281, 341], stone panels rupture and falling off [18, 281, 342, 343], longitudinal and 

transverse fractures of stone panels [342, 343], stone panel flacking and scaling [281, 343, 344], stains, 

efflorescence and soiling damages in stone panels by design features that hinder runoff flow [18, 141, 344-346]; 

or by salts migration [181, 281, 341, 344] or by biological colonization [347, 348]; problems with wind pressures 
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due to the use of linear connections between panels and substructure [180, 181], cracking and spalling close to 

anchorage systems [18, 178, 281, 342, 344], etc. Furthermore, Neto and Brito [59], proposed a classification 

system for anomalies in natural stone claddings in which it is assessed that the most important causes are the 

environmental factors, design errors and execution errors. 

Thus, this chapter will analyze and discuss the water management characteristics of open horizontal and vertical 

joints in rear-ventilated façades. To this end, a field study has been conducted on eight buildings with rear-

ventilated façade systems in the city of Madrid. Based on the on-site assessment, a methodology comprising a 

range of stages has been developed to characterize the water management features of every rear-ventilated façade 

typology. Afterwards, an analysis of the rainwater flow pathways in several types of rear-ventilated façade systems 

has been carried out based on the state of the art and on site tests of micro-runoff, resulting in a discussion about 

the relationship between the external observed damages and the cladding kits performance in the enclosure. 

 

 

5.2 | FIELD WORK 
 

The field study was conducted on eight buildings with rear-ventilated façade systems in Madrid. The aim of the 

study was to provide an understanding of the performance of the cladding kits of rear-ventilated façade systems 

to the water runoff film, through the relationships and interactions within the constructive detail of the façade 

system and the preferential rainwater pathways. The selection of the buildings followed a typological criterion 

which took into account the secondary structure and the fixing system of the rear-ventilated façade system. So, 

most types of rear-ventilated façade were covered by the study. In addition, the moisture-related problems and the 

surface soiling patterns arosen due to inadequate water management features in the design of the connections 

within the cladding kits in the eight case-studies have been highlighted and discussed based on visual observation 

criteria. The contribution of Arce et al. [18] has already presented four of the reported study-cases in regard with 

the horizontal and vertical joint assembling. On the other side, Arce et al. [188] presented the results of a window-

wall connection of a different study-case. 

 

 

5.2.1 | TEST METHOD AND STAGE APPROACH 
 

To carry out the on-site assessment of the eight case-studies and acquire a more detailed knowledge on the water 

penetration mechanisms acting on horizontal joints, on-site tests of micro-runoff (see Fig. 5.1) were designed and 

undertaken. These micro-runoff tests promoted the development of a new methodology to classify the rainwater 

pathways within the rear-ventilated façade system. This methodology comprises a range of Stages from I to VII 

to represent these waterways. Afterwards, the methodology is experimentally implemented and validated in the 

next chapter (chapter 06). For it, a test procedure has been designed in order to quantify the response of rear-

ventilated façades to wind-driven rain and driving rain wind pressures. Subsequently, water entry test programs 
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have been developed to conduct the watertightness test procedures over the several test specimens, which have 

been built mimicking the façades of two case-studies. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 5.1. Photos showing the execution sequence of a micro-runoff test over a horizontal joint. 

 

The procedure of the on-site tests of micro-runoff consisted in pouring a known amount of water over the same 

point above the horizontal joint in the panel with a syringe. Then, it was observed:  

 (i) how was the pathway that the water droplets created,  

(ii) the size of the wetted surface in the panels,  

(iii) how long the rivulet took to reach the lower border of the panel and to drip over the adjacent one, 

and  

(iv) how was the wetting pattern in both lips of the horizontal joint. 

In Figure 5.2 is given a scheme of the parameters measured in the micro-runoff tests. In this type of test procedure, 

no pressure was applied in the way of falling out the water over the surface of the panel and nor over the rivulet 

created. Therefore, it might just provide a qualitative approach over the preferential rainwater pathways and the 

extent of the water droplets trajectory without any exterior forces acting over them (the wetting pattern of the 

façade material). That is, the water management performance of Stage I (rainwater runoff along the exterior surface 

of the covering) and Stage III (stagnant water in the top face of the panel). These simple tests have not only enabled 

the differentiation within Stage I, Stage II and Stage III, but also have allowed to characterize the surface runoff 

over the panels and the rainwater flow in horizontal joints leading to more generic insights in the water 

management of the different systems.  

Thus, a methodology has been proposed for the evaluation of the water management features of rear-ventilated 

façades, which adopted a holistic approach to the enclosure system. In the methodology, the possible pathways 

within rear-ventilated façade systems are differentiated and classified by means of wetting stages ranging from I 

to VII. This classification scheme is supposed to be used for every type of rear-ventilated façade system and not 

only enables a more systematic means to evaluate how water is managed in the wall system, but also allows the 
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identification of the risky rainwater pathways prone to cause moisture-related damages. This identification of the 

risky stages in the whole building enclosure might enable the prevention of moisture-related damages by adopting 

strategies to reduce the amount of rainwater that reaches them.  

 

 

 
 

 
 

 
 

Figure 5.2. The image on right shows a scheme of the observed variables in a micro-runoff test, whereas the 
image on the left is a photo of a test conducted over a limestone cladding. 

 

 

 
 

Figure 5.3. Implementation of the water stages in a rear-ventilated façade system of suspended ceramic tiles. 

 

An example of its implementation in a façade is depicted in Fig. 5.3. Note that the proposed stages are closely 

related to the constructive details of the façade, that is the type of fixing system of the panels and the secondary 
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Stage II

Stage IV

Stage III

Stage VII

Stage V

Stage VI
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structure, which attaches the covering to the interior leaf. So, Stage I (S I) comprises the rainwater runoff along 

the exterior surface of the cladding; Stage II (S II), the rainwater runoff or drainage in vertical joints; Stage III (S 

III), the stagnant water on the top face of the panel; Stage IV (S IV), the rainwater runoff along the interior surface 

of the cladding; Stage V (S V), the stagnant water collected in horizontal rails, when present; Stage VI (S VI), the 

rainwater runoff along the exterior face of the vertical profiles and lastly Stage VII (S VII), the rainwater runoff 

along the exterior surface of the thermal insulation layer. If water running down along Stage VII could infiltrate 

into the backside of the thermal insulation layer, that would be Stage VIII (S VIII) and if it is able to reach the 

backside of the inner leaf (e.g. the interior side of the brick masonry wall), that would be Stage IX (S IX). 

 

 

5.2.2 | CASE-STUDIES 
 

From the forty-five case-studies analysed, only eight will be presented and discussed due to length constraints of 

the Ph. D work and not be repetitive. The eight exhibited case-studies will be representative of the others and will 

have different secondary structure and fixing system to cover as much typologies of rear-ventilated façades as 

possible. In every case-study: the typology (secondary structure + fixing system), the water management 

hypothesis and the observed damages are described in section a, b and c respectively. These decriptions are based 

on visual inspections of the exterior of the buildings. When posible, the interior side of the façades has been 

inspected as well. In a rear-ventilated façade, the exterior surface of the cladding (Stage I) plays the role of the 

water shedding surface; the air cavity (Stage IV, V and VI) is the drainage plane; the exterior surface of the thermal 

insulation layer (Stage VII) acts as water-resistive barrier and the interior layer of the inner leaf is supposed to be 

the air barrier (Stage IX). Since the failures in screened systems tend to occur because drainage has not been 

provided, either through a design or construction failure [283, 286], during the visits to the buildings, special 

attention was paid to the bottom border of the façade in the porch areas to evaluate whether the drainage of the 

infiltrated water into the air cavity has been foreseen or not. Besides, the façades were also inspected for other 

externally visible damages (panel cladding, secondary structure and fixing system) and surface soiling patterns. 

The diverse components of the rear-ventilated façade have been measured in order to draw the constructive details 

of the study-cases. 

 

 

5.2.2.1 | Case-study 01: Sanitary centre 
 

This case-study is a sanitary centre that was renovated and enlarged in 2005 (see Fig. 5.4). Part of the renovation 

consisted in the addition of a rear-ventilated façade system to the existing rendered brick masonry walls (see (a) 

in Fig. 5.4). This building was abandon in 2008 and since then it has been closed. It is composed of a single 

building of five floors, whose four façades are exposed to the weather conditions. The cladding is made of polymer 

concrete plaques of 45 cm long, 90 cm tall and 1.3 cm deep in grey colours. These tiles are arranged in the façade 

creating a grid of 0.5 cm wide horizontal and vertical joints (see Fig. 5.5). The borders of the plaques are 
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completely grooved on the top and bottom sides to allow the fixing of the pieces to the secondary steel frame. 

Conversely, the edges are plane on the lateral sides of the plaques (see Figs. 5.6 and 5.7). The plane of the cladding 

is separated from the inner leaf (the old rendered brick masonry wall) around 13 cm, leaving an air cavity 

inbetween of approximately 8 cm including the width of the vertical and horizontal profiles. Note that the air cavity 

is interrupted when the vertical profiles appear. The thermal insulation layer is made of 5 cm thick polyurethane, 

which is not covered by a weather resistive barrier (WRB). 

 

 
            (a) 

 
   (b) 

 
Figure 5.4. General view of the building before (a) and after (b) the renovation process. 

 

   
 

Figure 5.5. Joint pattern of the 
façade 

 
Figure 5.6. Construction detail 

of the façade. 

 
Figure 5.7. Vertical and 

horizontal joint connection. 

 

a. Description of the secondary structure and fixing system: 

The polymer concrete plaques are linearly supported and retained by means of horizontal profiles made of 

aluminium. These profiles are screwed down on its top and bottom part with self-tapping screws to vertical square 

profiles made of aluminium, which are mechanically fixed to the inner wall by means of aluminium brackets (see 

Figs. 5.8 and 5.9). Polypropylene spacers are inserted in the horizontal profiles in order to control the horizontal 

movement of the panels along the rails. 
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Figure 5.8. Construction detail of the 
horizontal joint (vertical section). 

 
Figure 5.9. Construction detail of the vertical joint (horizontal 

section). 

 

b. Water management of the façade: 

The entry of wind-driven rain in the cavity through the horizontal joints between panels is rather unlikely since 

the horizontal aluminium profile blocks its pathway (see A in Fig. 5.10). Contrarily, the kinetic energy of wind-

driven raindrops will allow water entrance through the vertical ones easily (Stage II; Fig. 5.11). However, whether 

water will reach the thermal insulation layer (Stage VII; B in Fig. 5.11) or only come into contact with the 

horizontal profile (Stage V; B in Fig. 5.10 and A in Fig. 5.11) and the vertical profile (Stage VI; C in Fig. 5.10) is 

uncertain. The rainwater that collides with the horizontal profile (see B in Fig. 5.11) will run down and accumulate 

at the bottom part (Stage V; A in Fig. 5.11) by gravity. Albeit, if it comes into contact with the screws it might be 

forced through the gap to the rod of the screw and / or the backside of the vertical profile by means of wind pressure 

and capillary suction (see D in Fig. 5.10).  

 

 

 

 
 

Figure 5.10. Water management over 

the vertical section of the façade. 

 
Figure 5.11. Water management over the horizontal section of the 

façade. 

 

The rainwater impinging on the exterior surface of the vertical profile (Stage VI; C in Fig. 5.10) will trickle down 

by gravity until it reaches the top border of the horizontal profile. Then, it can flow down through the contact 
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interface between the profiles (Stage VI; E in Fig. 5.10) or it can be held in the horizontal profile (Stage V; F in 

Fig. 5.10). If the stagnant rainwater reaches the connection between two horizontal profiles by local air currents 

and / or wind pressure, it might leak and run down either the inner surface of the panel (Stage IV) or the vertical 

surface of the horizontal profile (Stage V; G in Fig. 5.10). Finally, the rainwater that collides with the panel (Stage 

I; H in Fig. 5.10) will run down by gravity until it reaches the lower border, where it might flow sideways by 

surface tension and drip down in Stage III by gravity. Note that whereas the water flowing along the lower face of 

the panel (Stage I) might infiltrate in the anchor gap by capillary suction, the water flowing in Stage III might drip 

in the gap by gravity (see I in Fig. 5.10). 

 

c. Observed damages over the façades: 

Table 5.1 summarises the existing stages in the façade, which are shaded in grey, and the stages in which rainwater 

might be present during a rain event, which are shaded in light blue. The table also provides a list of the observed 

damages based on the visual inspection of the building. Note that the freezing of the infiltrated rainwater inside 

the groove of the polymer concrete plaques might cause the spalling of the panel on these areas (see Fig. 5.13). In 

addition, red and black stains were spread away over the polymer concrete plaques (see Fig. 5.14). Moisture stains 

over the bottom border of the façade have been identified during the inspections as well (see Fig. 5.12). 

 

Table 5.1. Summary of the existing stages in the façade of case-study 01 showing which of these stages 
rainwater is able to reach. Below a list of the observed damages is presented. 

 

Existing stages I II III IV V VI VII 

Water management I II III IV V VI VII 

Observed damages 1- Moisture stains on the bottom border of the façade (beneath the cavity). 2- Runoff 
stains (black and red). 3- Local interior moisture stains likely due to water infiltration 
from the façade. 4- Plaque spalling on the areas near the horizontal profile and on the 
borders. 5- Plaque falling on the ground. 6- Corrosion of metallic elements. 

 

 

   
 

Figure 5.12. Corrosion of 
metallic elements. 

 
Figure 5.13. Spalling of the panel. 

 
Figure 5.14. Red runoff stain. 
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5.2.2.2 | Case-study 02: Church 
 

 
 

 

The church was built in Madrid in 2012 (see Fig 5.15). The building is 
divided in two parts, the church and the dwelling of the priest in charge 
of it. The south and west façades of this building are built using the 
rear-ventilated typology. The cladding of them is made of porcelain 
tiles of 89.5 cm long, 49.5 cm tall and 1.1 cm deep in beige colour. 
These tiles are arranged in the façade creating a grid of 1.1 cm wide 
horizontal joints and 0.3 cm wide vertical joints (see Figs. 5.16 and 
5.17). The borders of the tiles are grooved a length of 15 cm 
approximately on the top and bottom corners (see Fig. 5.18) to allow 
the suspending of the pieces on the secondary steel frame, being the 
edge plane in the middle part, like on the lateral sides of the tiles. The 
plane of the cladding is separated from the inner leaf (a brick masonry 
wall) around 8 cm, leaving an air cavity inbetween of 5 cm in the areas 
where there are no vertical profiles. The thermal insulation layer is 
made of 5 cm thick glass wool, which is not covered by a weather 
resistive barrier. 

Figure 5.15. General view of the 
building. 

 

   
 

Figure 5.16. Grid-joint pattern of 
the façade. 

 

Figure 5.17. Vertical and 
horizontal joint connection. 

 

Figure 5.18. Groove of the 
cladding tiles in the top and 

bottom corners. 

 

   

 
 

 
 

 
 

 

 
 

Figure 5.19. Construction detail of the 
horizontal joint (vertical section). 

 
Figure 5.20. Construction detail of the vertical joint (horizontal 

section). 
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a. Description of the secondary structure and fixing system: 

The porcelain tiles are pointly supported and retained by means of clamping plates made of galvanized steel. These 

clamping plates are screwed down by two points to vertical square profiles made of aluminium with self-tapping 

screws. The vertical aluminium profiles are placed every 104 cm and are attached to the inner leaf by means of 

two aluminium brackets, which are screwed together shaping a “z” (see Figs. 5.19 and 5.20). 

 

b. Water management of the façade: 

In this case, wind-driven rain is able to reach and wet the thermal insulation layer (Stage VII) when it infiltrates 

through horizontal joints, as has been detected during a visual inspection after a heavy downpour. The direct 

rainwater infiltrating through vertical joints might collide with the outermost surface of the vertical profile (Stage 

VI) and will trickle down until it reaches a hole. Then, it will drip over the lower border by gravity and continue 

its downward path along the exterior surface and / or the backside of the profile, or it can be driven into the inner 

area of the vertical squared profile by wind action. The direct entry of wind-driven rain into the inner area of the 

vertical squared profiles is also possible since they have exposed holes in the outermost side (Stage VI) every 

certain distance, which coincide with the open vertical joints. These holes have been predrilled to allow the 

connection of the vertical profile to the brackets placed behind. So, rainwater droplets carried by the kinetic energy 

of the wind can pass through the holes of the profiles and reach the screws on the rear surface. Then, wind action 

and capillary forces might force the water droplet through the gap to the backside (Stage VII), which might give 

rise to the wetting of the glass wool. (Note that as the glass wool is a waterproof material prone to allow the fast 

creation of water droplets, rainwater might reach the backside of the thermal insulation layer through the brackets 

by means of surface tension and wind pressures). Rainwater running down in Stage VI will come into contact with 

the clamping plates creating a capillary film within the two contact surfaces. Wind pressure forces and capillary 

suction might force these capillary water through the gap of the screws, which attach the plates to the profiles, to 

the inside of the vertical squared profile where it might flow down by gravity clinged to the interior surface of the 

profile.   

 

 
 

 
Figure 5.21. Water management over 

the vertical section of the façade. 

 
Figure 5.22. Water management over the horizontal section of the 

façade. 
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The rainwater impinging on the panel will run down by gravity until it reaches the lower border (Stage I), where 

it might flow towards the inside by surface tension and drip down in Stage III by gravity. Then, it might flow 

sideways and remain stagnant over the horizontal plane forming a film of 3 or 4 mm height (Stage III) by surface 

tension and adhesion forces between water molecules until wind action forces the film to drip off over both the 

exterior surface of the panel (Stage I) and the backside (Stage IV). Nevertheless, if the rivulet is located close to 

the borders of the panels, rainwater dripping off from Stage I might flow into the slit of the panel (Stage III) and 

leave through the sides of the panels (Stage II) as these slits are short and thin. Thus, is rather difficult that rainwater 

remains stagnant there; refer to Figs. 5.21 and 5.22. 

 

c. Observed damages over the façades: 

Table 5.2 shows that in this type of façade there is no Stage V, as there is no horizontal profile, and rainwater is 

supposed to reach all the other stages. Most of the water that is infiltrated within the wall system flows along the 

secondary structure and the fixing system, in places where initially it is not expected (as the interior of the squared 

vertical profiles). Besides, it also remains stagnant as capillary water within contact surfaces. This might be the 

reason why so many corrosion and rusting damages in metallic elements have been detected during the several 

visits to the building (see Figs.5.24 and 5.25).  

 

Table 5.2. Summary of the existing stages in the façade of case-study 02 showing which of these stages 
rainwater is able to reach. Below a list of the observed damages is presented. 

 

Existing stages I II III IV V VI VII 

Water management I II III IV V VI VII 

Observed damages 1- Runoff stains (black and red) over the tiles surface. 2- Tiles fracture on the backside 
border close to the clamping plate. 3- Corrosion pits in the clamping plates. 4- 
Corrosion of the vertical profiles. 

 

   
 

Figure 5.23. Water collected in a slit 
of the porcelain tile during a drizzle. 

 
Figure 5.24. Corrosion pits 

on the clamping plates. 

 
Figure 5.25. Red stains spread over 
the vertical profiles coming from the 
corrosion of the metallic elements. 

 

Fig. 5.23 exhibits the water collected in a slit of the porcelain tile during a drizzle. If these water freezes there, it 

migh give rise to the spalling of the panel in that area. (Note that the common practice along the cladding elements 
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of the façade is to have these slits open at the borders to drain the infiltrated water, as shown in Fig. 5.18). In 

addition, it has been observed that the selected material for the cladding elements keeps water droplets long time 

after the rain event has finished. The porcelain tiles have been superficially treated by a hygrophobic material. 

 

 

5.2.2.3 | Case-study 03: Cultural centre 
 

 

The third case-study is given in Fig. 5.26. It is a cultural centre built in 
Madrid in 2007. It has three floors and the four façades are exposed to 
the weather conditions. However, in this case, the rear-ventilated 
façade typology used has no secondary structure. The cladding is 
composed of limestone plaques of 120 cm long, 80 cm tall and 3.3 cm 
deep in earthly tones. These limestone plaques are positioned in 
herringbone (see Fig. 5.27) creating horizontal joints of 0.7 cm wide 
and 0.1 cm wide vertical joints (see Fig. 5.28). The four edges of the 
plaques are plane. Nevertheless, four dowel holes are predrilled at the 
top and bottom edges of the stone plaques (see Fig. 5.29). The plane 
of the cladding is separated from the inner leaf (a brick masonry wall) 
around 8 cm, leaving an air cavity inbetween of approximately 3 cm 
thick. The thermal insulation layer is made of 5 cm thick glass wool, 
which is not covered by a weather resistive barrier. 

 
Figure 5.26. General view of the 

building. 

 

   
 

Figure 5.27. Joint pattern of the 
façade. 

 
Figure 5.28. Vertical and horizontal 

joint connection. 

 
Figure 5.29. Point anchor with 

dowel mechanism. 

 

a. Description of the secondary structure and fixing system: 

The limestone plaques are directly attached to the inner leaf by means of stainless steel point anchors (see Fig. 

5.29). These anchors work with a dowel mechanism and are inserted in the predrilled holes on the top and bottom 

edges of the plaques. The plaques are hold in place by four points. The restraint anchors are located at the lower 

two positions of the plaque while the load-carrying anchors are located at the upper two positions. The holes of 

the load-carrying points are filled with mastic paste whereas a plastic sliding tube (nylon bush) is inserted in the 

restraint points. The distance between the central axis of the point anchor and the plaque edge is 22.5 cm 

approximately (see Figs 5.30 and 5.31). 
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Figure 5.30. Construction detail of the horizontal 

joint (vertical section). 

 
Figure 5.31. Construction detail of the vertical joint 

(horizontal section). 
 

 

b. Water management of the façade: 

Unlike vertical joints, the width and edge profile of horizontal joints enables the direct entry of wind-driven 

raindrops into the cavity and onto the thermal insulation layer (Stage VII; see A in Fig. 5.32 and 5.34). Rainwater 

impinging on the stone plaques will run down on its exterior surface by gravity (Stage I) until it reaches the lower 

edge. Note that the limestone is a porous material that will absorb some of the water contained in the rivulet (see 

B in Fig. 5.32), unlike in case-study 02. Then, water might flow sideways along the border and the lower face of 

the plaque by surface tension (see A in Fig. 5.33). When the water bubble formed is big enough to enable the 

superiority of gravity action over surface tension, rainwater might drip in the top face of the adjacent panel (Stage 

III), where it can remain stagnant or flow sideways or leak down the inner surface of the plaque by gravity (Stage 

IV; C in Fig. 5.32).  

 

  

 

 
 

Figure 5.32. Water 
management over the vertical 
section (through the middle of 
the stone plaque) of the façade. 

 
Figure 5.33. Water management 
over the vertical section (through 

the anchorage system) of the 
façade. 

 
Figure 5.34. Water management over 

the horizontal section. 

 

The rainwater running down in Stage I can also bridge the gap of the horizontal joint and continue its downward 

flow along the adjacent plaque (Stage I; D in Fig. 5.32). If the rivulet is located near the anchorages, rainwater 
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coming from Stage I and flowing sideways along the lower face of the plaque might infiltrate into the gap by 

capillary forces (Stage I; B in Fig. 5.33). In contrast, the water retained in Stage III might drip into the gap by 

gravity creating some kind of tank (see C in Fig. 5.33). In both cases, a continuous source of moisture is provided 

to the plaques in these points, becoming critical points. Wind pressure might force the occluded water within the 

horizontal joint to drip down the threaded rod of the anchor (Stage VII) or the inner surface of the plaque (Stage 

IV; D in Fig. 7). Bear in mind that the absorved water by the plaque can leak out everywhere below in the plaque 

as water can be transported throught the porous structure of the material by capillary suction and gravity. This 

phenomenon was detected during the micro-runoff tests. On the other hand, rainwater infiltrates in vertical joints 

by means of capillary suction (Stage II) since the stone plaques are placed side by side in horizontal rows. Then, 

vertical joints are capillary pathways, in which water can be driven to the backside of the plaques by wind forces 

and by pressure differences (Stage IV; B in Fig. 5.34). Note that both horizontal and vertical joints can get easily 

occluded, leading to an airtight exterior leaf, corresponding poor pressure equalisation, and in turn high pressure 

differences over the cladding causing water to infiltrate more quickly into the cavity.  

 

c. Observed damages over the façades: 

Since in this type of rear-ventilated façade system the cladding is directly attached to the interior wall, no secondary 

structure is required, and consequently, there are no Stage V and Stage VI (see Table 5.3). Rainwater might be 

able to reach all the other existing stages and thereby, has to be carefully considered in the construction detail.  

 

Table 5.3. Summary of the existing stages in the façade of case-study 03 showing which of these stages 
rainwater is able to reach. Below a list of the observed damages is presented. 

 

Existing stages I II III IV V VI VII 

Water management I II III IV V VI VII 

Observed damages 1- Moisture stains on the bottom border of the façade (beneath the cavity). 2- Runoff 
stains (black and white). 3- Panel spalling close to the anchorage areas and borders. 4- 
Reported problems of leaks inside the building due to water infiltration through the 
façade. 

 

A repeated damage along the façades observed during the inspection of the building was the spalling of the plaques 

in the anchorage points (see Fig. 5.35). Since the infiltrated rainwater in the dowel holes is not drained and has 

difficulties in being evaporated, it might cause the spalling of the plaque in that area when it freezes. Runoff stains 

in red, black and white were spread over the whole façades due to the herringbone arrangement of the cladding 

plaques. In addition, the moisture stains at the bottom border of the façade in window headers and starting points 

demonstrate that water flows down along Stage VII (see Fig. 5.36). Finally, a typical damage detected in this type 

of façade system are the transverse cracks when the cladding pieces are trimmed to fit in a particular location, as 

shown in Fig. 5.37. These cracks are due to internal tensions originated in thermal changes. 
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Figure 5.35. Stone-plaque spalling 
in the anchorage points. 

 
Figure 5.36. Moisture stains at 
the bottom border of the façade. 

 
Figure 5.37. Transverse crack in 

trimmed plaques. 
 

 

5.2.2.4 | Case-study 04: Sanitary centre 
 

 

 
 

 

The fourth case-study is a sanitary centre built in Madrid in 2007 (see 
Fig 5.38). Five of the six exposed façades of the “L” shaped building 
have been built using the rear-ventilated façade typology. The building 
has two floors and covers all the orientations. The cladding of the 
façades consist of zinc cassettes carried out from simple bending of the 
sheet. The thickness of the sheet of zinc is 0.08 cm. The zinc cassettes 
are 150 or 300 cm long, 25 cm tall and 2 cm deep in dark grey colour. 
They are horizontally positioned in herringbone in the façades, 
resulting in 2 cm wide horizontal joints and 1.2 cm wide vertical joints 
(see Figs. 5.39 and 5.40). The panels are made up of four folds: two 
horizontals (lowermost or female and uppermost or male, see Fig. 
5.41) and two side verticals of 2 cm wide. Thereby, horizontal joints 
are overlapped and vertical joints are plane. The plane of the cladding 
is separated from the inner leaf around 8 cm, leaving an air cavity 
inbetween of 3 cm including the secondary structure. The thermal 
insulation layer is made of 5 cm thick polyurethane foam, which is not 
covered by a weather resistive barrier. 

 
Figure 5.38. General view of the 

building. 

 

  
 

 

 
Figure 5.39. Joint pattern of the 

façade. 

 
Figure 5.40. Vertical and 

horizontal joint connection. 

 
Figure 5.41. Cassettes male-female 

overlap. 
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a. Description of the secondary structure and fixing system: 

The zinc cassettes are hold in place by two load-carrying points at the lowermost fold and by a linear restraint 

connection at the uppermost fold. The lowermost fold is screwed down on its middle part to vertical omega profiles 

made of aluminium by means of drilling stainless steel screws. Locking pins are located in the restraint 

connections, which are screwed down to the omega profiles. The omega profiles are mechanically connected to 

the inner leaf by aluminium angle brackets (see Figs. 5.42 and 5.43). 

 

 

 

 

 
Figure 5.42. Construction detail of the 

horizontal joint (vertical section). 

 
Figure 5.43. Construction detail of the vertical joint 

(horizontal section). 
 

 

b. Water management of the façade: 

 

 

 
 
 

 

 
 
 

 
 

 
Figure 5.44. Water 

management over the vertical 
section of the façade. 

 
Figure 5.45. Water management 

over the horizontal section. 

 
Figure 5.46. Water leaking out 

and into the folds of the cassette. 

 

In this type of metallic coverings, the direct entry of wind-driven raindrops in the cavity is rather unlikely because 

the horizontal joints between panels are overlapped (see A in Fig. 5.44) and in the vertical ones, the vertical profile 
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prevents it (see A in Fig. 5.45). So, when rain droplets collide with the zinc cassettes water will run down along 

its exterior surface (Stage I) by gravity until it reaches the lower edge (see B in Fig. 5.44). Then, water might drip 

in the horizontal joint (Stage III), where it can remain stagnant or can flow along the horizontal plane by wind 

forces (see C in Fig. 5.44). Note that surface tension allows water to flow sideways along the lower face of the 

cassette (Stage III). If this water reaches the overlap, there might be some capillary uptake. However, it might not 

be enough to reach the top of the overlap and drip in the backside of the overlap (see D in Fig. 5.44). When water 

flowing along Stage III reaches the corner of the cassette, it might infiltrate inside through its border opening and 

trickle down adhered to its inner surface by gravity (Stage IV; Fig. 5.46 and F in Fig. 5.44) unless it overflows the 

border opening of the cassette and continues its downward flow (Stage II). Note that there is a risk of wetting the 

bolt (see E in Fig. 5.44). Infiltrated rainwater (Stage IV) that reaches the inside bottom of the cassette remains 

stagnant until it is drained away through the openings on the corners of the cassette returning to Stage III again 

(see Fig. 5.46). Note that the shape of the overlap prevents water from reaching Stage VI in this pathway (see G 

in Fig. 5.44). On the other hand, the rainwater that collides with vertical joints (see Fig. 5.45) drains away along 

the exterior surface of the omega profiles (Stage VI; B in Fig. 5.45). Nevertheless, rainwater near the panel edges 

might infiltrate through the contact interface between the cassette and the vertical profile (Stage VII; C in Fig. 

5.45), which is not sealed, by capillary forces or by wind pressure or by hydrostatic pressure. Infiltrated rainwater 

may be collected at the top of a panel, run down at the back and fall on the next panel, causing a splash, projecting 

water droplets onto the insulation (Stage VII).  

 

c. Observed damages over the façades: 

As given in Table 5.4, this type of rear-ventilated façade does not present Stage V since the secondary structure 

does not have horizontal profile. In addition, rainwater is supposed to reach all the other existing stages. In this 

case, the interior side of the façades have been inspected as well the exterior of the building. The visual inspection 

of the exterior side has corroborated the expected wetting pattern. The dark stains around the upper and lower 

borders of the cassettes, shown in Fig. 5.47, trace the places where rain droplets combined with dirt particles have 

remained by surface tension. The flow of rainwater through the folds of the casettes has given rise to corrosion in 

the folds where raindrops have remained by surface tension (see Fig. 5.48). Moreover, the moisture stains at the 

bottom border of the façade demonstrate that rainwater has infiltrated until Stage IV and has flown down in the 

cavity (see Fig. 5.49). However, the greatest amount of damages have been observed in the interior façades, where 

several rainwater leaks through window-wall interfaces have been detected in the inner linings.  

 

Table 5.4. Summary of the existing stages in the façade of case-study 04 showing which of these stages 
rainwater is able to reach. Below a list of the observed damages is presented. 

 

Existing stages I II III IV V VI VII 

Water management I II III IV V VI VII 

Observed damages 1- Moisture stains and detachment of the paint on the bottom border of the façade 
(beneath the cavity). 2- Runoff stains (black). 3- Corrosion of bolts. 4- Local corrosion 
on horizontal surfaces of the cassettes (white stains). 
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Figure 5.47. Black runoff stains. 
 

Figure 5.48. Cassettes 
corrosion on the folds.  

 
Figure 5.49. Moisture stains at the 

bottom border. 
 

 

5.2.2.5 | Case-study 05: Residential compound 
 

Continuing with claddings made up of cassettes, a residential compound built in Madrid in 2010 is studied the 

next (see Fig 5.50). It has six floors and the four façades are exposed to the weather conditions, thus covering all 

the orientations. The cladding of the façades consist of aluminium composite cassettes, which are assembled from 

the trimming of a panel sheet. The trims define four tabs, which are later bent. The corners of the mounted cassettes 

are reinforced by means of screwed “L” brackets, which are placed on the interior side. The total thickness of the 

aluminium composite panel is 0.4 cm. The size of the cassettes is 265 cm long, 70 cm tall and 3 cm deep. They 

are horizontally positioned creating a grid of 1.5 cm wide horizontal joints and 1.1 cm wide vertical joints (see 

Figs. 5.51 and 5.52). Both horizontal and vertical joints have plane edges as the four tabs are identically shaped. 

The plane of the cladding is separated from the inner leaf around 11 cm (a brick masonry wall rendered with a 15 

mm width water-repellent mortar), leaving an air cavity inbetween of 7 cm approximately including the secondary 

structure.  

 

The thermal insulation layer is made of 4 cm thick polyurethane, which 

is not covered by a weather resistive barrier. It is worth mentioning that 

the vertical enclosures of this project have not been executed as they 

had initially been designed by the architect [Expert Report 2014 a]. 

Therefore, what was intended to be a rear-ventilated façade has finally 

become a botched job, where the connections have been poorly 

executed resulting in many rain-related damages. For instance, the 

secondary structure is laid ahead of the slabs in typical rear-ventilated 

façades, and it was not to be the observed case in the building. The 

brackets stand on the slabs like the vertical profiles, as shown in Fig. 

5.53. 

 
 

Expert Report 2014 a BSR Arquitectura, Dictámen Técnico, Ref. 28054/DT7310. 

 
 

Figure 5.50. General view of the 
building. 
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Figure 5.51. Joint pattern of 
the façade. 

 
Figure 5.52. Vertical and 

horizontal joint connection. 

 
Figure 5.53. The brackets stand on the 

slab as well as the vertical profiles.  

 

a. Description of the secondary structure and fixing system: 

The secondary structure of this building is composed of squared vertical profiles made of galvanized steel. These 

profiles are interrupted at every slab, where they rest, going then from floor to ceiling. They are welded to coil 

springs placed on the borders, which are connected to the slabs by stainless steel screws. Note that due to a bad 

practice in the execution process, there is a discrepancy among slabs and the framework edges are not flush. 

Consequently, there are some coil springs suspended in the air (see Fig. 5.53).  

  

 

 

 

 
Figure 5.54. Construction detail 
of the horizontal joint (vertical 

section). 

 
Figure 5.55. Construction detail of the vertical joint (horizontal 

section). 

 

Every aluminium composite cassette is factory-assembled to two different horizontal profiles made of aluminium 

by means of rivets. Then, at the bottom border of the cassette an “S” profile is installed while at the top border it 

is a “Z” profile. When there is a vertical joint, the “Z” profile (at the uppermost edge of the cassette) is mechanically 

attached to the vertical profiles at the corners of the cassettes by means of additional brackets. Conversely, it is 

directly screw down to the vertical profile in the middle part of the cassette. In this way, the cassette is linearly 
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suspended on the “Z” horizontal profile and lineraly retained at the uppermost border by the “S” profile of the 

preceding cassette (see Figs. 5.54 and 5.55). 

 

b. Water management of the façade: 

In this executed rear-ventilated façade, the direct entry of wind-driven raindrops into the air cavity or the thermal 

insulation layer (Stage VII) through horizontal and vertical joints of the cladding is rather unlikely. As the opening 

is blocked by the squared vertical profiles in the case of vertical joints and by the “Z” horizontal profiles in the 

case of horizontal joints. Then, when rainwater droplets infiltrate through vertical joints, they might collide with 

the sides of the cassettes (Stage II) or with the exterior surface of the vertical profile (Stage VI). In both cases, 

rainwater will trickle down adhered to the surface by the combined action of gravity and surface tension. However, 

wind action might direct the rainwater droplets running down in Stage II inwards, standing a chance of dripping 

on: the top surface of the adjacent cassette (Stage III) and / or the horizontal “Z” profile (Stage V) and / or the side 

of the following cassette (Stage II). If rainwater reaches the attachment flanges of the cassette (Stagel III) or the 

rivets, it will infiltrate through the openings by gravity and fill the contact surface between the cassette and the 

horizontal “Z” profile by capillary action. Then, wind action and gravity might force it to leak inside the cassette 

(Stage IV), where it might run down adhered to the back surface. Nevertheless, rainwater infiltrating inside the 

cassette (StageIV) through the gaps of the rivets might drip in the lower part of the cassettes (Stage IV), causing a 

splash and projecting water droplets onto the vertical planes of the horizontal “S” profile and /or the thermal 

insulation layer (Stage VII). The rainwater collected on the lowermost part of the cassette (Stage IV) might remain 

stagnant, flow inwards by pressure differences or flow sideways by local air currents or by tilting of the cassette. 

If it reaches the gaps of the rivets or the attachment flanges once again, it might leak out by gravity and hydrostatic 

pressure showing up in Stage II. Rainwater running down in the exterior surface of the vertical profile (Stage VI) 

can be driven to the sides by wind action. Capillary uptake might introduce it into the contact surfaces between 

the horizontal profiles and the vertical one. Then, wind pressures might force it through the gap to the air cavity 

and to the contact surface between the bracket and the vertical profile (Stage VII). Note that pressure differences 

across the enclosure (the degree of pressure moderation is uncertain) might force water droplets to the surface of 

the thermal insulation layer (Stage VII). These might also cause that the infiltrated rainwater leaks inside the profile 

through the gap of the screw. 

On the other hand, the rainwater that infiltrates through horizontal joints will primarily impinge on the horizontal 

plane of the horizontal “Z” profile (Stage V) and / or the top face of the cassettes (Stage III). In both cases, it will 

remain stagnant or flow sideways and / or inwards by wind forces. Once again, it might leak inside the cassette 

(Stage IV) not only through the gaps of the rivets, but also through the contact surface between the horizontal “Z” 

profile and the flange of the casette. An air stream of wind and/or the kinetic energy will be capable of transporting 

the droplets till the vertical plane of the horizontal “Z” profile (Stage III). If water reaches the areas close to the 

rivets, it might fill the gap by capillary uptake and leak in the backside of the profiles by wind pressure (StageVII). 

Rainwater flowing down in Stage VI and Stage VII might accumulate on the surface of the slabs and the coil 

springs. Moreover, water droplets dripping on the slap might project water onto the thermal insulation layer (Stage 

VII) during the splash effect. Finally, the rainwater getting into contact with the aluminium cassettes will run down 

along its exterior surface (Stage I) by gravity until it reaches the lower edge. There, water might flow sideways 



Water management characteristics in rear-ventilated façades: on-site assessment | 133 
 

along the lower face of the cassette by surface tension or inwards by wind action until gravity forces are higher 

than surface tension. Then, water might drip on the top surface of the adjacent cassette (Stage III). Note that the 

direct entry of WDR into the air cavity is possible at the corners and through the openings left in the connections 

between horizontal profiles in the middle areas of the cassettes: refer to Figs.5.56 and 5.57. 

 

 

 

 
Figure 5.56. Water management over 

the vertical section of the façade. 

 
Figure 5.57. Water management over the horizontal section of the 

façade. 

 

c. Observed damages over the façades: 

This type of rear-ventilated façade presents all stages from I to VII despite the secondary structure only encloses 

vertical profiles. Besides, rainwater is able to reach all stages without exception (see Table 5.5) and might cause 

damages if the drainage of the infiltrated water into the air cavity is not foreseen.  

 

Table 5.5. Summary of the existing stages in the façade of case-study 05 showing which of these stages 
rainwater is able to reach. Below a list of the observed damages is presented. 

 
Existing stages I II III IV V VI VII 

Water management I II III IV V VI VII 

Observed damages 1- Runoff stains (black, white and red). 2- Corrosion of the metallic elements 
(galvanized profiles). 3- Galvanic corrosion between the stainless steel of the screws 
and the galvanized profiles. 4- Galvanic corrosion between the aluminium profiles 
attached to the cassettes and the galvanized profiles. 5- Breaking of cassettes at corners. 
6- Cracks at folded borders of the cassettes. 7- Excessive deflection of the lintels in 
some windows. 8- Moisture and leakage problems on the inside of the building in areas 
coinciding with the façade and windows [Expert Report 2014]. 

 

The moisture-related problems observed over the enclosure system and repeated throughout the four façades of 

the building are listed in Table 5.5, and some of them are shown in Figs. 5.58, 5.59 and 5.60. Worthy of mention 

is that rainwater reaching the surface of the slabs and the coil spring might give rise to the corrosion of the coil 
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spring. Once tit has reached that point, it might infiltrate into the inside of the building as demonstrate the several 

interior moisture damages. These damages have already been reported by the house owners and have been 

discussed in an Expert Report [2014]. 

 

   
 

Figure 5.58. Cracking of the 
cassette. 

 
Figure 5.59. Runoff stains of 

oxide (vertical profiles).  

 
Figure 5.60. Galvanic corrosion 
(screws and horizontal profile). 

 

 

5.2.2.6 | Case-study 06: Residential compound 
 

 
 
 
 
 
 
 
 
 

This case-study is a residential compound built in Madrid in 2010; refer to 
Fig. 5.61. It is composed of a single building of five floors. The four façades 
of this building are built using the rear-ventilated typology. The cladding is 
made of extruded ceramic tiles of 117 cm long, 20 cm tall and 3 cm deep in 
grey colour. These tiles are arranged in the façade creating a grid of 1.5 cm 
wide horizontal joints and 0.5 cm wide vertical joints (see Fig. 5.62). The 
borders of the tiles are shaped on the top and bottom faces to allow the overlap 
between one row and the next one (see Fig. 5.63). Conversely, the edges are 
plane on the lateral sides of the tiles. In vertical joints, a joint profile made of 
aluminium is positioned in front of the upright (see Fig. 5.64). The plane of 
the cladding is separated from the inner leaf (a brick masonry wall) around 
10 cm, leaving an air cavity inbetween of approximately 5 cm in the areas 
where there are no vertical profiles. The thermal insulation layer is made of 
5 cm thick polyurethane, which is not covered by a weather resistive barrier. 

 
 

Figure 5.61. General view of 
the building. 

 

   
 

Figure 5.62. Joint pattern of 
the façade. 

 
Figure 5.63. Vertical and horizontal 

joint connection. 

 
Figure 5.64. Plinth detail of a 

vertical joint. 
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a. Description of the secondary structure and fixing system: 

The extruded ceramic tiles are pointly supported and retained by means of fixing clips made of stainless steel. 

These clips are shaped to support the upper tile on its lower part and to retain the lower tile on its top part. They 

are attached to vertical type “T” profiles made of aluminium by means of self-tapping stainless steel screws. The 

“T” profiles are mechanically fixed to the wall by cleats, which are connected to the inner leaf by pins. The surface 

of the vertical profiles is smooth and an aluminium joint profile is installed in every vertical joint over them (see 

Figs. 5.65 and 5.66). 

 

 
 

 
 

Figure 5.65. Construction detail of the horizontal 
joint (vertical section). 

 
Figure 5.66. Construction detail of the vertical joint 

(horizontal section). 
 

b. Water management of the façade: 

The direct entry of wind-driven rain into the air cavity through horizontal joints is unlikely, since the edge profile 

of the tile prevents it. Rainwater directed through horizontal joints due to the kinetic energy provided by the wind 

can only collide with the top faces of the tiles (Stage III), where it is supposed to be driven outwards by means of 

the tilt. The direct entry of rainwater through vertical joints is prevented as well. The aluminium joint profile 

installed over every “T” profile obstructs the vertical opening. Nevertheless, rainwater can impinge on the sides 

of the tiles at vertical joints (Stage II). Then, it might run down towards the inside dripping through the holes of 

the tiles (Stage II) by a combination of gravity and wind action. It can also remain stagnant in the holes (special 

case of Stage II) by surface tension and it might come out on the next vertical joint by gravity if the tile is not 

completely lined-up. If it reaches the contact interface between the vertical joint profile and the tile (Stage II), 

capillary action will make this water fill the gap between them. Then, pressure differences and wind action will 

force it to the inside of a vertical drainage channel created by the joint profile and the backside of the tile (Stage 

II). This channel acts as a decompression chamber, where the water that infiltrates into it, might trickle down 

adhered to the backside of the tile (Stage IV) or adhered to the exterior surface of the joint profile (Stage II). Note 

that the rainwater retained in the interface between the joint profile and the panel might wet the tile at this region. 

A little portion of this water might be absorbed by the tile since it is a material with a low absorption coefficient. 

On the other hand, it is rather unlikely that this rainwater reaches the exterior surface of the “T” profile (Stage VI) 
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unless the joint profile has not been properly installed. In addition, it seems very unlikely that rainwater comes 

into contact with the fixing clip and the screw that attaches the clip to the “T” profile (Stage VI). Very high pressure 

differences will be required to drive the rainwater to these areas. The rainwater that collides with the tiles will run 

down along the exterior surface (Stage I) by gravity until it reaches the lower edge of the tile. Then, it might create 

a kind of bubble over the lower face (Stage I) and fall on the top face of the adjacent tile (Stage III) once the gravity 

action exceeds the surface tension of the water droplet. There it might spread sideways by surface tension and 

upwards by absorption (Stage III), despite the slightly outwards tilted face (see Fig. 5.69). Nevertheless, most of 

the rainwater will overflow the top face and continue its downward pathway along the exterior surface of the 

adjacent tile (Stage I). The construction details with the water management are given in figure 5.67 and 5.68.  

 

 

 
 

Figure 5.67. Water management over the vertical 
section of the façade. 

 
Figure 5.68. Water management over the horizontal 

section of the façade. 
 

c. Observed damages over the façades: 

 

Table 5.6. Summary of the existing stages in the façade of case-study 06 showing which of these stages 
rainwater is able to reach. Below a list of the observed damages is presented. 

 

Existing stages I II III IV V VI VII 

Water management I II III IV V VI VII 

Observed damages 1- Runoff stains on the tiles lower borders (white). 2- White stains on the lower surface 
of the lintels close to the joint areas. 3- Fractures of the borders of the tiles. 4- Loss of 
the lacquering of the aluminium joint profile.   

 

As happened in previous case-studies, this type of rear-ventilated façade does not have Stage V (as the secondary 

structure does not include horizontal profiles and the fixing system is a clip). Nevertheless, despite having Stage 

VI and Stage VII, rainwater is not expected to reach them, unlike in the before analyzed case-studies. This results 

from blocking the openings of both vertical and horizontal joints. Then, rainwater might only flow in Stages I, II, 

III and IV (see Table 5.6). Consequently, the number of damages detected during the visual inspection of the 
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façades are fewer and of limited relevance. However, still some problems have been observed such as: the loss of 

lacquering of the vertical joint profiles (see Fig. 5.70) and white runoff stains on the borders of the ceramic tiles 

(see Fig.5.71). Curiously, these white stains are spread across the four façades. 

 

  

 

 
Figure 5.69. Micro-runoff test 

over a horizontal joint. 

 
Figure 5.70. Loss of the 

lacquering of the joint profile. 

 
Figure 5.71. White runoff stains along 

the jamb. 
 

 

5.2.2.7 | Case-study 07: Residential compound 
 

 
 

This residential compound was built in Madrid in 2014 (see Fig.5.72). It is 
composed of two box elements of eight floors. The four façades of the 
buildings are built using the rear-ventilated typology and are exposed to the 
weather conditions. The cladding is made of fiber cement panels in dark grey 
color. The panels go from slab to slab and have a size of 293 cm tall, 34 cm 
long and 0.8 cm deep. These panels are arranged in the façade creating a 
regular grid (see Fig.5.73) of 7 cm wide horizontal joints and 1.1 cm wide 
vertical joints (see Fig.5.75). The four edges of the panels are plane. The 
plane of the cladding is separated from the inner leaf (a brick masonry wall 
rendered with water-repellent mortar) 17 cm approximately, leaving an air 
cavity inbetween of 12 cm including the width of the vertical profiles. The 
thermal insulation layer is made of 5 cm thick fiberglass, which is covered by 
a weather resistive barrier.  

Figure 5.72. General view of 
the building. 

 

 

   
 

Figure 5.73. Joint pattern of 
the façade. 

 
Figure 5.74. Construction process of the 

façade.  

 
Figure 5.75. Vertical and 

horizontal joint connection. 
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a. Description of the secondary structure and fixing system: 

The fiber cement panels are pointly attached to vertical omega profiles made of galvanized steel by means of 

stainless steel rivets. These fasteners are placed every 60 cm at both sides of the panel. The omega profiles go 

from slab to slab and are fixed to the brick masonry leaf by means of aluminium angle brackets. Behind each 

omega profile an aluminium horizontal profile is located, which is directly connected to the slab edges by 

aluminium brackets (see Figs. 5.74, 5.76 and 5.77).  

 

  
 

Figure 5.76. Construction detail of the horizontal 
joint (vertical section). 

 
Figure 5.77. Construction detail of the vertical joint 

(horizontal section). 
 

b. Water management of the façade: 

The design for the horizontal and vertical joints in the rear-ventilated façade of this building is quite original. So, 

the vertical joints are designed as pipes and, an aluminium cross-cavity flashing is installed in the horizontal joints. 

This horizontal profile collects and sheds the water drained from the omega profiles (Stage II; see B in Fig. 5.78) 

and the water that infiltrates into the air cavity. When the kinetic energy of the raindrops (provided by the wind), 

transports them across the vertical open joints (Stage II), the water can only collide with the surface of the omega 

profile (Stage VI; A in Fig. 5.79). The profile is installed in such a way that it avoids that wind-driven rain reaches 

the exterior surface of the thermal insulation layer (Stage VII). The infiltrated water through the open vertical joint 

(Stage II) flows down in the omega profile by gravity dripping down over the horizontal profile, whose slope 

divert it to the exterior (see A and B in Fig. 5.78). However, if the water adhered to the surface of the omega profile 

reaches the interface between the profile and the panel by means of wind forces, capillary suction might cause the 

penetration of rainwater in that area (see B in Fig. 5.79). This phenomenon might also occur when rainwater 

coming from Stage II reaches this contact interface by wind forces (see C in Fig. 5.79) or if water running down 

Stage I reaches this interface by surface tension (see D in Fig. 5.78). Note that this material is hygroscopic and 

capillary water within contact surfaces may give rise to premature deterioration. On the other hand, when rainwater 

impinges on the exterior surface of the panel (Stage I), it will run down until it reaches the bottom border, where 

it might drip down over the horizontal profile. Again, this water will be shed (see B in Fig. 5.78). Nevertheless, if 
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rainwater reaches the rivets (Stage I), there might be capillary uptake through the gap between the panel and the 

rivet (see D in Fig. 5.79) and the resulting soaking of the rivets and the panel in that area. Wind pressure forces 

might force the capillary water in the gap to leak on the inner surface of the omega profile (Stage VII). Regarding 

the horizontal joints, the aluminium profile divides the joint in two areas: the top and the bottom area. When 

rainwater infiltrates through the upper part of the joint (see E in Fig. 5.78), it might collide with the aluminium 

profile, which will drain it directly outside the façade. Note that whether or not the splashing caused by the drained 

rainwater colliding with the horizontal profile might be able to project water droplets onto the insulation (Stage 

VII) is uncertain. In contrast, the entry of rainwater through the lower area of the joint (see F in Fig. 5.78) is rather 

unlikely as the shape of the profile prevents it. Note that the rainwater channelled outwards by the horizontal 

profile might leak down through the connection between horizontal profiles by gravity. In addition, the connection 

of the horizontal profile with the bracket might be a critical point if the slope of the profile is not sufficient. 

Whether or not wind-driven rain will be able to reach that connection through horizontal joints is uncertain as well. 

If rainwater reaches that point it might leak down through the gap of the screw by gravity (see G in Fig. 5.78).  

 

 

 

 
 

Figure 5.78. Water management over the vertical 
section of the façade. 

 
Figure 5.79. Water management over the horizontal 

section of the façade. 
 

c. Observed damages over the façades: 

This type of rear-ventilated façade does not contain Stage V (as the secondary structure does not include horizontal 

profiles and the fixing system are rivets). Moreover, despite having Stage III, rainwater is not expected to reach it 

as the horizontal joint profile installed in horizontal joints prevents it. Then, rainwater might freely flow in Stages 

I, II, IV, VI and VII (see Table 5.7). No damages have been identified during the inspection of the building’s 

façades. Nevertheless, despite the overall good water management characteristics of the whole façade, the drainage 

of the water that infiltrates inside the air cavity has not been foreseen in the porch areas. In Figures 5.80 and 5.81 

some photos of the plinth detail are given. Whereas the photo on the left side was taken during the construction 

time, the two photos on the right side, were taken during the service life of the building some time later. In the 

latters, it can be seen the typical moisture stains that usually appear on the bottom surface when the water 

penetrating into the air cavity is not diverted outside. 
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Table 5.7. Summary of the existing stages in the façade of case-study 07 showing which of these stages 
rainwater is able to reach. Below a list of the observed damages is presented. 

 

Existing stages I II III IV V VI VII 

Water management I II III IV V VI VII 

Observed damages 1- Moisture stains in the porch, beneath the cavity (the designed system with the 
horizontal joint profile does not continue in that area). 

 

   
 

Figure 5.80. Porch view 
during construction time. 

 
Figure 5.81. Porch view during service life.  

 

 

5.2.2.8 | Case-study 08 
 

The last case-study is a little bit particular. The previous ones were references to real buildings although this one 

is not the case. Any building has been found in the city of Madrid in which the rear-ventilated façade system that 

will be studied below was used. Nonetheless, it was found interesting to complement the field work with this last 

case-study. The decision was made based on the type of wall system. It is a wall system recently developed by the 

manufacturer that is completely different to the previous studied rear-ventilated façades. Therefore, the approach 

in this last study-case is diverse. As there is no building, neither is the description of the façade and nor the observed 

moisture-realted damages. It is only characterized the basic concepts of the secondary structure and fixing system, 

for which a water management hypothesis is later developed. 

 

a. Description of the secondary structure and fixing system: 

The wall system of the last case-study is comprised of aluminium vertical “T” profiles and horizontal “C” rails as 

secondary structure, concealed clasps as the fastening system, and fiber cement panels as cladding material The 

panels are suspended on a “C” rail at the top edge and they are retained in another “C” rail at the bottom edge by 

means of built-in clasps in both cases. These rails are not shared between adjacent panels, so that the anchor points 

are not visible from outside. The panels had factory drilled undercut fastener holes in the backside. These holes 

are drilled to allocate the undercut bolts that fix the hanging hooks (buil-in clasps) to the fiber cement panels. The 
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“C” rails are screwed to “T” vertical profiles, which are fastened to the interior leaf by means of aluminium angle 

brackets. The construction details are given in Figures 5.82 and 5.83.  

 

 
 

 
Figure 5.82. Construction detail of the horizontal 

joint (vertical section). 

 
Figure 5.83. Construction detail of the vertical joint 

(horizontal section). 
 

 

b. Water management of the façade: 

Wind-driven rain will in fact directly enter the air cavity through the horizontal joints between panels. Thereafter, 

rainwater infiltrating through horizontal joints can flow freely down the interior surface of the panels inside the 

air cavity by gravity alone (Stage IV).  It is also possible that raindrops having sufficient kinetic energy could 

reach the exterior surface of the thermal insulation layer (Stage VII) as there is no single element blocking the 

openings of horizontal joints or deflecting water at that point.  Rainwater could also collide with the top border of 

the panel (Stage III), bouncing off the border and being redirected anywhere inside the cavity, or even splashing 

onto the thermal insulation layer (Stage VII). Rainwater impinging on the exterior face of the panel (Stage I) will 

trickle down by gravity reaching the lower border. Then, it might flow sideways along the lower face by surface 

tension and drip down in Stage III by gravity. The thickness of the panels is so small that most of the runoff water 

reaching the top border (Stage III) might drip off and flow down along the exterior surface of the panel (Stage I) 

or along the backside (Stage IV) by gravity. It is highly unlikely that it remains stagnant on that face. When the 

water running down the rear face of the panels (Stage IV) comes in contact with the built-in clasp, capillary suction 

might force it to fill the gaps within the bolt and the undercut anchor, providing the panels with a source of moisture 

for a prolonged period of time.  

On the other hand, the kinetic energy of wind-driven raindrops will allow water infiltration through vertical joints 

(Stage II). Whether water will reach the exterior surface of the thermal insulation layer (Stage VII) or simply 

collides with the surface of the vertical profile (Stage VI) depends upon the degree of kinetic energy of individual 

droplets and the presence of vertical profiles behind the vertical joint.  Rainwater impinging on the surface of the 
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vertical profile (Stage VI) will trickle down by gravity until it reaches the closest horizontal rail. Then, it can flow 

downward through the contact interface between the vertical and horizontal profiles by gravity (Stage VI) or it can 

get retained between contact surfaces (Stage VI) as capillary water. Rainwater can also infiltrate inside the 

horizontal rail (Stage V) through vertical joints, where it might remain stagnant or flow sideways when the rail is 

tilted or a pressure difference is applied or local air currents appear. These profiles also collect the rainwater 

flowing down by gravity at the backside of the panels (Stage IV).  If this rainwater comes into contact with the 

screws, which attach the horizontal rails to the vertical profiles, it can be forced through the gap to the rod of the 

screw by means of capillary suction, whereas wind pressure might force it to drip off on the backside of the vertical 

profile. When the rainwater that accumulates in Stage V reaches the connection between two horizontal rails by 

the action of localized air currents, or wind pressure, or indeed because of a slope, it might migrate downwards 

likely being collected by the top face of the horizontal rail located below and causing a splash effect onto another 

surface of the system. A scheme of the water management in the construction details of the façade system is given 

in Figures 5.84 and 5.85. 

 

 

 

 
Figure 5.84. Water management over the 

vertical section of the façade. 

 
Figure 5.85. Water management over the horizontal section of 

the façade. 
 

A summary of the existing stages and the water management amongst them is provided in Table 5.8. This type of 

rear-ventilated façade presents all stages from I to VII since the secondary structure encloses vertical and horizontal 

profiles. Consequently, rainwater is able to reach all stages without exception. 

 

Table 5.8. Summary of the existing stages in the façade of case-study 08 showing which of these stages 
rainwater is able to reach. 

 

Existing stages I II III IV V VI VII 
Water management I II III IV V VI VII 



Water management characteristics in rear-ventilated façades: on-site assessment | 143 
 

5.3 | DISCUSSION 
 

The damages detected during the visual inspections of the exterior and when possible interior side of the façades 

(e.g.: runoff stains in all case-studies, plaques spalling in linear anchorages in case-study 01, plaque spalling in the 

point anchorages in case-study 03, corrosion of metallic elements in case-study 01, 02, 04 and 05; and so on) are 

in line with the pathological lesions already reported by other authors. These authors reported several damages 

caused by environmental actions (wind, rain and sunshine), such as: corrosion problems of the fixing system due 

to water entry [18, 181, 281, 341], stone panels rupture and falling off [18, 281, 342, 343], longitudinal and 

transverse fractures of stone panels [342, 343], stone panel flacking and scaling [281, 343, 344], stains, 

efflorescence and soiling damages in stone panels by design features that hinder runoff flow [18, 141, 344, 345, 

346]; or by salts migration [181, 341, 281, 344] or by biological colonization [347, 348]; problems with wind 

pressures due to the use of linear connections between panels and substructure [180, 181], cracking and spalling 

close to anchorage systems [18, 178, 281, 342, 344], etc.  

 

 
 

Figure 5.86. Ledges found on façades [141]. 

 

In all of the analysed case-studies (from case-study 01 to case-study 08) rainwater reaches the four first stages, 

with the exception of study-case 07, where the cladding arrangement and the horizontal profile prevents that 

rainwater gets in contact with Stage III. The runoff flow along Stage I (exterior surface of the cladding) might not 

cause serious damages, only the fouling of the façade and the typical surface soiling patterns, unless the 

imperviousness of the cladding is vulnerable, as happens in case-studies 03 (the yellow stains in the stone cladding 

showed in Fig. 5.27) and 04 (the corrosion pits in the folds of the cassettes in Fig. 5.48), and as showed in Fig. 

5.88, with the reported halo-staining on the face of the limestone cladding [341]. Note that an improper detailing 

of the elements in the façade can yield to the formation of ledges in the façade (dirt retention in protuding or 

recessed surffaces [192]); refer to Fig. 5.86. It its a surface soiling pattern very repeated in this type of façades as 

the façade plane is very fragmented. For instance, black runoff stains appeared in the cassetes of case-study 04 

due to the warping of the cassttes (see Fig. 5.47). In addition, Chew and Tan [141] reported that the joints affect 

the runoff flow and thereby, stains appear in the areas where a file of vertical joints is broken and where joints are 
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slanted, refer to figure 5.87. This type of surface staining has been observed in most of the case-studies, specially 

in those which used the herringbone method. An example is given in Fig. 5.39 of case-study 04. 

 

 
 

Figure 5.87. Misaligned and slanted joints causing staining on the façade [141]. 
 

  
 

Figure 5.88. Characteristic forms of halo-staining on 
the face of limestone cladding. These stains appeared 

after a few months of normal weathering [341]. 

 
Figure 5.89. Building bottom, rupture by bending. 

Bordeaux Law Courts, Richard Rogers [281]. 

 

Water running down in Stagel II (along vertical joints) might likely infiltrate into the air cavity unless otherwise a 

joint profile or another element is placed there to prevent it, like in case-study 06 (see Fig. 5.70). This rainwater 

can also impinge on the exterior surface of the thermal insulation layer due to the kinetic energy of the water drops 

or being these transported in an air-stream. Rainwater flowing in Stage III (top and bottom faces of the cladding 

elements, that is horizontal joints) might give rise to the premature deterioration and/or spalling of the cladding 

element on the borders if the material is moisture-sensitive and/or the thicknes of the panel is wide enough to let 

the water remain there long time. Moreover, when the edge profile of the cladding element encloses slits or 

grooves, these can be filled with rainwater causing the spalling of the panel when this water is frozen, as seen in 

study-case 01 (see Fig. 5.13) and study-case 03 (see Fig. 5.35). Another example of damage were the corrosion 
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problems at the top of a building in Huesca (Spain) reported by Mas et al. [281], where the rainwater that infiltrated 

through horizontal joints gave rise to the corrosion of the metallic anchors (see Fig. 5.93).  

The field work demonstrated that rainwater was able to infiltrate inside the air cavity in all of the analysed case-

studies, apart from case-study 06. In case-study 06, the vertical joint profiles installed over the “T” profiles prevent 

it. They created a descompression cavity between the rear face of the cladding plane and the vertical joint profile 

(see Fig. 5.64) that drained the water infiltrated into that point. The water that infiltrated into the air cavity might 

originate damages in the façade when no drainage is provided for the runoff flow of Stage IV, Stage VI and Stage 

VII. An example of these are the typical moisture stains at the bottom border of the façade observed in case-study 

04 (refer to Fig. 5.49) and case-study 07 (see Fig.5.81) and the moisture stains at the header detail, refer to case-

study 03 figure 5.36 and case-study 06 figure 5.71. The corrosion problems detected at the metallic element placed 

at the plinth detail in case-study 01 (see fig. 5.12) are as well related to this problem. In the worst-case scenarios, 

the rainwater that infiltrates into the air cavity and is not shedded away can yield even to moisture and leakage 

problems on the inside of the building, as reported in case-study 05 [Expert Report 2014].  

 

  
 

Figure 5.90. Image of the upper area of the façade, in 
which the missing panel was severely damaged and 

fell to the ground [343]. 

 
Figure 5.91. Material loss with detachment located 

around an anchorage point [343]. 

 

The most dangerous fixing systems are those that act as horizontal channels (Stage V), where water might be 

retained corroding the metallic elements located somewhere around or causing the fracture of the elements that 

enclose the water when it is frozen, as see in study-case 01 (the red stains on the panel corner showed in Fig. 5.13), 

and as the material loss with detachment located around an anchorage point (see Fig.5.91) or along the horizontal 

support (see Fig.5.92), damages reported by Guiterrez et al. [343]. Note that the spalling and detachment of the 

panels at the anchorage borders, originated in the retention of water in Stage III and Stage V, can end up with the 

falling of the cladding element to the ground, as reported by Guiterrez et al. [343], Pérez et al. [342] and Mas et 

al. [281] amongst others. An example is given the photo of in Fig. 5.90, taken from Guiterrez et al. [343].  

Finally, the damages originated by rainwater flowing at Stage VII (rainwater reaching the exterior surface of the 

thermal insulation layer) are extremely difficult to detect since it would require the dismantling of the façade. Only 

when the problem has induced a huge damage it may come to front. 
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Figure 5.92. Material loss with detachment located 
along the horizontal support [343]. 

 
Figure 5.93. Corrosion problems at the top of a 

building in Huesca, Spain [281]. 

 

 

5.4 | CONCLUSIONS 
 

• Blocked horizontal and vertical joints prevent that rainwater passing through them reaches the exterior 

surface of the thermal insulation layer and thereby, the air barrier of the façade. Note that a poor 

workmanship of the interior leaf of rear ventilated façades can yield to significant pressure differences 

across the air barrier and, if there is water running down in this layer it might leak in the interior side of the 

inner leaf. On the other side, it is uncertain the impact on the pressure equalization across the cladding 

when the horizontal and vertical joints are blocked. 

 

• The not consideration of the drainage of the water that infiltrates into the air cavity might originate the 

typical moisture stains below the cavity, but it can yield to worst case scenarios when the façade has not 

been properly executed. 

 

• A properly design of the façade elements (such as windows) should be a must in order to avoid ledges and 

other concentrated black stains in the façade occasioned by the runoff at Stage I. Being this condition more 

demanding when the imperviousness of the cladding is vulnerable. 

 

• The most severe damages are found when there is retained water in Stage III (top surface of the cladding 

element) and Stage V (horizontal profile of the secondary structure). This rainwater can even yield to the 

falling of the cladding elements to the ground floor, when the anchorage areas are broken. Note that usually 

this cladding elements are suspended from the top edge. 

 

• If the runoff at Stage VII (exterior surface of the thermal insulation layer) causes damages, these will be 

not detectable until they have become important. 



06. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Watertightness testing. 

 

6.1. Introduction 

6.2. Watertightness testing facility 

6.3. Test protocol 

6.4. Analyzed parameters 

6.5. Test specimens 

6.5.1. Mock-up 01: fibercement panels fixed to omega profiles by means of rivets 

6.5.1.1. Mock-up 01 - Setup 01 

6.5.1.2. Mock-up 01 - Setup 02 

6.5.1.3. Mock-up 01 - Setup 03 

6.5.1.4. Conclusions: comparison of the results from the three setups of mock-up 01 

6.5.2. Mock-up 02: fibercement panels suspended on horizontal rails, which are fixed to vertical “T” 

profiles. 

6.5.3. Conclusions: comparison of the results from mock-up 01 and mock-up 02 

6.6. Discussion 

6.7. Conclusions 
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6.1 | INTRODUCTION 
 

In the earlier work a water management hypothesis has been developed for several case-studies with rear-ventilated 

façade systems based on a new methodology, which classified the rainwater waterways in stages. This 

methodology, which can be applied to every type of rear-ventilated façade, was the result of a field work and some 

on-site tests of micro-runoff. These simple tests have allowed to characterize the rainwater flow in horizontal joints 

leading to more generic insights in the water management of the different systems. As these on-site tests were not 

suitable to study the performance of vertical joints, experimental models were developed for testing in laboratory 

conditions the watertighness performance of rear-ventilated façades. The laboratory tests have enabled to study 

the impact on water infiltration rates of open vertical and horizontal joints and other wall design parameters (e.g. 

type of vertical profile, joint width, air cavity thickness…). Thus, the water management hypothesis of two of the 

before analyzed study-cases will be validated in this chapter by means of laboratory experiments. As according to 

Van den Bossche et al. [315], experimental research on watertightness can provide fundamental insights into the 

origin and development of water infiltration. Besides, watertightness evaluations determined from laboratory tests 

simulating wind driven rain events can provide a linkage to the response of façade systems to specific rain events 

for which the recurrence period is known, that is, determine the water entry over a given period for a specific 

climate region [409]. The “stack effect”, as may occur in the air cavity depending on temperature differences 

across it and characteristic of these type of façades, was not reproduced during the tests, as usually when there is 

a heavy downpour the temperature differences are slight given the reduced solar radiation on the exterior surface 

of the cladding during such type of rain events. 

This experimental approach would not only allow the implementation of the proposed classification system and 

the improvement of the product material (being a piece of advice guide to building practitioners and companies), 

but also would enhance the knowledge of boundary conditions for hygrothermal simulations. Given this data, the 

moisture load, to which the enclosure system as a whole is to be subjected during a rain event and must be capable 

of managing, has been determined for a range of wind-driven rain loads.  Such information can be readily be used 

as input to hygrothermal simulations the results of which would be used to assess the vulnerability of wall systems 

to rain water ingress. Note that hygrothermal models can use a statistical approach varying the exposure conditions 

and the material properties to undertake a risk analysis of the probability of water attaining the inner leaf (Stage 

VII) of rear-ventilated façades. In addition, the results might be a scientific approach to the design and 

implementation of watertightness test protocols as well. However, the present work is limited to evaluate the 

response of the façade system to simulated wind driven rain and water penetration. It does not address 

hygrothermal effects. Nevertheless, standards intended for assessing the hygrothermal performance of wall 

assemblies (e.g. ASHRAE Standard 160 [176]) prescribe a moisture load that is 1% of the wind-driven rain load 

deposited on the exterior surface of the wall. This moisture load would be applied to the exterior vertical surface 

of the inner layer and on the water-resistive barrier. This percentage will necessarily be affected by the results 

presented in this chapter and that are derived from laboratory testing.  

The selection of the two case-studies has followed a performance criteron on the former (mock-up 01) and a 

typlogical criterion in the latter (mock-up 02). According to the on-site assessment of case-study 7 and despite 

rainwater is supposed to reach all the existing stages in the façade (apart from Stage III, which is protected by the 
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aluminium horizontal profile), an overall good water management characteristics of the whole façade enclosure 

was expected in comparison to the rear-ventilated façade systems of the other case-tudies. The typological criterion 

considered in the selection of case-study 8 only took into account the secondary structure and fixing system of the 

façade system. It was a prerequisite to be completely different from case-study 7. Whereas case-study 7 only had 

vertical profiles as secondary structure, case-study 8 had vertical and horizontal profiles. In addition, the fixation 

mechanism of the cladding elements was done by means of rivets in the former and by means of undercut anchors 

in the latter. Bear in mind that to avoid having completely different response scenarios to WDR and WDRP of the 

cladding material, a cladding made of fiber cement panels has been used in both mock-ups (a material that only 

absorbed water by the borders, see chapter 2). In order to conduct the watertightness tests in laboratory conditions, 

full-scale mock-ups have been designed and built according to the prescriptions of the manufacturer and the 

construction details utilized in the corresponding case-studies. Afterwards, a laboratory test procedure has been 

designed to assess the watertightness performance of the several test specimens. The experimental analysis allowed 

quantifying the degree to which different components were wetted and the water management of the rear-ventilated 

façade system, which is given in percentages for ease of comparison among them. Similar water entry test 

programs have been developed for each mock-up, which tried to evaluate the effects of different design parameters 

(such as: the arrangement of vertical and/or horizontal open joints, the level of airtightness in the façade and so 

on) and the impact of the boundary conditions established in watertightness test standards (such as: the rate of 

water spray load on the test specimen, the applied pressure differential step and the manner of applying such 

pressure difference) in respect to the extent of rainwater penetration within the several wall systems. Finally, the 

comparison amongst the regarded parameters, amongst the percentages obtained in every stage and their 

implications on the watertightness and water management of the wall systems formed the primary focus of 

discussion described in this chapter. 

 

 

6.2 | WATERTIGHTNESS TESTING FACILITY 
 

All the experimental work has been conducted at the Laboratory Testing Center for Façades Elements of the 

University of Ghent. The research facility for testing building envelope elements at Ghent University has been 

testing the air- and watertightness of windows for over 30 years. As a certified lab a lot of tests are done for the 

industry according to standard procedures (watertightness, airtightness and resistance to wind loads) [396]. To 

assess the watertightness level of a test specimen, both rain and wind are simulated during a test procedure. Wind 

effects are represented by pressure differences generated by a fan, whereas rain is provided by means of water 

spraying nozzles in front of the test setup. An overview of the watertightness testing facility is presented in Figure 

6.1, and a photo of the complete installation is showed in Figure 6.5. On the right hand side of Fig. 6.1, there is an 

stainless steel frame of approximately of 196 cm by 228 cm in size and of 78 cm depth, into which the test specimen 

is built, refer to Figure 6.2. To achieve pressurization in the chamber, a stainless steel plate of 246 cm high, 214 

cm wide and 1 cm thick is placed to close the front side and a transparent acrylate sheet (PMMA) of 1 cm is 

installed on the back side (see Fig. 6.3). The PMMA sheet replaced the thermal insulation layer and inner leaf of 

the test specimen playing the role of air barrier. The steel plate has a hole in the middle with a diameter of 18 cm 
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to connect the closed chamber to the test rig. So, the pressure applied in the chamber within the test rig is the same 

as the one inside the chamber of the steel frame due to the Communicating Vessels Principle and regardless of the 

chamber size. The pressure within the chambers can be controlled by means of a variable velocity fan, which 

allows creating a static or cyclic pressure in the chamber. The air flow generated by the fan was measured by 

means of a laminar flow element and the variation of pressure difference during static testing was never greater 

than 2.8% or 2 Pa [263].  

 

 

 

 
Figure 6.1. Schematic of test apparatus and experimental setup [263]. 

 

The pressure chamber is also comprised of an adjustable spray rack onto which a water array of spray nozzles can 

be mounted (see Fig. 6.4) and drainage at the base of the chamber is achieved through a siphon to avoid air losses 

(refer to Fig 6.1). Note that the placement of such spray rack will enable the simulation of wind-driven rain and 

runoff water at horizontal joints; whereas the placement of the nozzles in the bar might reproduce win-driven rain 

or runoff water at vertical joints. During the test, the amount of water that is drained from the test specimen can 

be measured. By means of these results it is possible to, for example, test the effect of the water deposition rate 

and the pressure difference on the ingress of water through openings or intentional gaps. Pressure taps were 

installed in the pressure chamber (in front of the cladding) as well as in the air cavity between the cladding plane 

and the PMMA sheet, and each tap was connected to a pressure sensor. The error of the pressure sensors was 

limited to 4.3% of the maximum sensor scale or 5.6 Pa, whichever was greater [263]. The error on the water flow 

rate that was sprayed onto the specimen was 2.6% or 0.006 L/min [263]. 
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Figure 6.2. Steel frame into which the specimens to 
test are built with the transparent PMMA sheet at the 

back. 

 
Figure 6.3. Steel frame closed with the stainless steel 

plate at the front. 

 

  
 

Figure 6.4. Adjustable spray rack onto which a 
water array of spray nozzles spaced every 40 cm is 

mounted. 

 
Figure 6.5. Photo of test apparatus and experimental 

setup. 
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6.3 | TEST PROTOCOL 
 

The test specimens have been evaluated on its ability to drain infiltrated water from the system and that had 

migrated to different stages (Stage I to Stage VII; Fig. 5.3) based on the results obtained in a controlled laboratory 

environment. Consequently, the effectiveness of the water management features and the extent of fault tolerance 

of such systems was studied. Evaluations were made using sprayed water to simulate wind driven rain and pressure 

differences to mimic driving rain wind pressures. These parameters were set in the tests according to those 

prescribed in European watertightness test standards: EN 12865 [78], EN 12155 [247] and EN 1027 [358]. The 

specimens were thus subjected to simulated wind driven rain conditions for specified periods of time, which are 

supposed to replicate the main features of rain events extending over the broad geographical region of Europe. 

However, several studies have shown that the test parameters prescribed by the standards might be unrealistic 

depending on the façade and climatic conditions [155, 204]. In the same way, the wind driven rain and driving 

rain wind pressures can vary significantly throughout the territory (e.g. the studies carried out for Spain by Pérez-

Bella et al. [193]). For instance, Mas et al. [281] calculated a wind driven rain intensity of 12 l/m2·minute for their 

watertightness tests on a rainscreen made of stone plaques. They based this WDR intensity on the climate of 

Valencia (Spain), which is characterized by few spells with an average intensity of 4 L/ m2·minunte every year 

(“cold drop” phenomenon) and a maximum wind speed value of 13.3 m/s. 

First of all, an airtightness characterization of every setup was undertaken in relation to the air leakage conditions 

across the interior plate of the mock-up (PMMA sheet). On this basis, the airtightness of the different test 

specimens was evaluated using the laboratory test method for building components described in the standard EN 

12114 [238]. A set of 10 pressure difference steps ranging from 50 to 800 Pa were applied across the specimen 

first in over-pressure conditions and later in under-pressure conditions calculating the nominal leakage rates for 

the sealed configuration (all adjustable openings closed) and for the leaky configuration (all adjustable openings 

open) at 50 Pa. In this chapter, reference is made to the test specimen’s air barrier system as being either in the 

“sealed” configuration or the “leaky” configuration. Note that according to ATTMA [1] it is considered to be a 

good practice for residential buildings an airtightness between 1 and 5 m³/h·m2. Conversely, ASHRAE Standard 

160 [176] considers a default value for air leakage through the envelope (at 5 Pa) as inputs for hygrothermal 

simulations of 0.0576 m³/h·m2 for airtight construction and 0.302 m³/h∙m2 for standard construction. Hence, the 

airtightness levels proposed for testing at evry setup could be considered as good and worse case scenarios in terms 

of watertightness.  

Secondly, every test specimen (which reproduced a particular rear-ventilated façade system) was subjected to 

simulated conditions of wind driven rain by means of pressure differences across it and water spray onto the 

external surface of the cladding. ETAG 034 [49] proposes an artificial rain test on the cladding kit in accordance 

with EN 12865 Procedure A [78] (600 Pa maximum) when the watertightness of closed joints is needed. However, 

as the aim of the test was not to ensure the watertightness of closed joints, but to quantify the water infiltration 

through an open joint in the cladding, the testing protocol given by the EN 12155 [247] was followed when 

conducting the test under static pressure conditions. This protocol prescribes that water is sprayed on the outermost 

surface of the specimen (2 L/min.m²) without any pressure difference during the first 15 minutes of the test. So, 

the exposed surfaces of the specimen are wetted before starting to apply the presssure differences. After those 15 
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minutes, a pressure difference of 50 Pa is imposed while the spray rate remains the same. Later on, the pressure 

difference is changed every 5 minutes according to the following sequence: 0-50-100-150-200-300-450-600-750 

Pa; refer to Fig. 6.6. But, as the protocol of EN 12155 [247] is designed to provide qualitative information on the 

degree of watertightness, some modifications were done in the procedure to allow quantitative analysis of the 

results. Hence, a continuous and constant film of water was applied over the external face of the fiber cement 

panels at no pressure difference during a period of 15 minutes by means of a line of nozzles spaced every 40 cm. 

This line of nozzles comprehended five nozzles and was placed at a distance of 37.5 cm from the outemost surface 

of the test specimen wall. In this instance, this is the cascade mode of water deposition to the specimen.  The 

cascade mode was used as it is supposed that the water load on specimens with non-absorptive claddings is 

independent of the vertical location of the spray rack on the specimen [409]. Subsequently, the duration of the 

increasing pressure steps was modified to 15 minutes (instead of 5 minutes given in the standard protocol). The 

applied pressure steps were 150, 300, 450, 600 and 750 Pa in order to shorten the whole test duration and reducing 

to the minimum the loss of data. With regard to spray rates, all European standards use a water spray rate of 2 

L/min∙m2 in watertightness testing procedures. Nonetheless, Australian and New Zealand standards prescribe 3 

L/min∙m2, and North-American standards, 3.4 L/m2·min. As the impact of the spray rate was one of the parameters 

to be evaluated, the tests were done for the water spray load of 1, 2, 3 and 3.4 L/min· m2 approximately.  

 

 
 

Figure 6.6. Graph for the static pressure difference 
testing procedure. 

Figure 6.7. Graph for the cyclic pressure difference 
testing procedure [78]. 

 

The existing variety in the manner of applying pressure differences across the test specimen also influences the 

severity of the exposure [193]. In literature, there is still a discussion in respect to the worst case scenario for 

watertightness testing; i.e., should testing be conducted under static or cyclic pressure conditions? For instance, 

Mayo [260-262] suggested that more severe test conditions are created when there is a cyclic and dynamic 

variation in the applied pressure. Conversely, Van den Bossche [263] suggested that different failure mechanisms 

require different test protocols underscoring that static test conditions are more suitable to evaluate the drainage 
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capacity of the façade systems, whereas cyclic test pressures are more suitable to assess the watertightness of face-

sealed façade systems [263]. Taking it into account, the test specimens were subjected to cyclic pressure conditions 

as well. Thus in this case, the protocol described in EN 12865 Procedure A [78] was followed with some 

modifications due to some constraints in the test apparatus. Hence, the wall specimens were subjected to sprayed 

water at no pressure difference during 15 minutes, like in the static testing procedure. Afterwards, pulsating air 

pressure difference steps were applied with the same sequence of mean pressures as for the static testing procedure 

(0 to 150; 0 to 300; 0 to 450; 0 to 600 and 0 to 750 Pa) during 15 minutes each. Each pressure pulse consisted of 

four stages: a rising pressure stage of (3 ± 1) s, a maximum pressure stage of (9 ± 1) s, a falling pressure stage of 

(3 ±1) s and a zero pressure stage of (5 ± 1) s; as showed in Fig. 6.7. The total duration of a pulse was 20 s 

approximately. These rapid pressure pulses were continuously repeated for the given period of 15 minutes for each 

mean pressure. 

Rear-ventilated façades are expected to be pressure equalized systems (PER walls). According to Van den Bossche 

[263], the key parameters to obtain good pressure equalization for watertightness are:  

(i) minimize the air barrier leakage opening to rainscreen venting ratio (Aab/Ars);  

(ii) reduce the cavity volume, which increases the vent ratio (Ars/V);  

(iii) provide compartments in the cavity, specifically at the extremities of the façade, and close the cavities 

at the corners; and  

(iv) minimize the flexibility of the air barrier.  

Where Aab is the area of the openings in the air barrier (m²), Ars the area of the openings in the rain screen (m²) 

and V is the volume of the air cavity (m3). As the air cavity volume of the different setups was a fixed parameter, 

like the flexibility of the air barrier, the degree of pressure equalization across the rainscreen was studied for both 

configurations of the air barrier (leaky and sealed) under static and cyclic pressure conditions by means of the ratio 

Aab/Ars. The degree of pressure equalization is important to assess the driving forces that act on the rainwater and 

cause infiltration into the system. When the pressure equalization is 100%, the pressure in the cavity is equal to 

the pressure on the exterior side, eliminating wind pressure as driving force. Note that this also entails that the 

complete pressure difference over the façade is transferred to the interior airtight layer (PMMA sheet). Hence, it 

can reasonably be expected that good pressure equalization will reduce the infiltration rate in the system, but it 

will also increase the pressure over the interior layer [315]. The degree of pressure moderation across the rainscreen 

of the test specimen was monitored during both airtightness and watertightness tests (wet and dry conditions) by 

means of pressure taps. These pressure taps were installed in front of the cladding and inside the air cavity in the 

middle area of the specimens. They were connected to a pressure sensor, which was logged to the computer. It is 

important to prevent occlusion of the pressure taps due to drained water; otherwise capillary forces and surface 

tension of water droplets may disturb the pressure measurements. In this way, the pressure difference across the 

cladding was deduced by subtracting the values obtained at each pressure tap. Consequently, the degree of pressure 

equalization across the façade system for the studied airtightness levels was calculated and discussed based on the 

model of Killip and Cheetham [338]. These authors assumed a turbulent flow on the exterior side and a laminar 

flow on the interior side, which is found to fit better the airflow within the test specimens.  
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6.4 | ANALYZED PARAMETERS 
 

In the context of evaluating the watertightness performance of rear-ventilated façades, several watertighness tests 

have been randomly undertaken in every setup of the two built mock-ups, each of which reproduced a type of 

façade system. The effects of different design parameters and boundary conditions established in watertightness 

test standards were studied in respect to the extent of rainwater penetration within the wall system and a 

comparison was made amongst the different wetting levels and their implications on the watertightness and water 

management of every wall system. Those analysed parameters are listed below: 

a) design parameters: 

- different design of vertical joints; 

- cladding arrangement with only horizontal joints, with only vertical joints and with both 

horizontal and vertical joints; 

- the width of vertical joints; 

- the configuration of the air barrier system (PMMA sheet) and 

- the nominal pressure difference across the cladding (rainscreen element). 

b) boundary conditions prescribed in watertightness standards: 

- the water spray load on the specimen; 

- the manner of applying the presure differential and 

- the applied pressure differences in front of the cladding. 

Nevertheless, not all of the before listed parameters have been evaluated in every setup of the two mock-ups. Four 

tables with an overview of the water entry test program carried out for each specimen are provided below. In these 

tables, it is stated which are the parameters analysed in each case (refer to Table 6.1 for the water entry test program 

of Mock-up 01-Setup 01, Table 6.2 for the water entry test program of Mock-up 01-Setup 02, Table 6.3 for the 

water entry test program of Mock-up 01-Setup 03 and Table 6.4 for the water entry test program of Mock-up 02-

Setup 01). Note that the test sequence did not follow the order of the test code. The watertightness tests have been 

randomly undertaken. Note that NA means not applicable. 

 

Table 6.1. Water entry test program under static and cyclic boundary conditions for Mock-up 01-Setup 01. 

 

Test code Test type Air permeability Spray rate 
(L/min.m2) 

Joints configuration 
Sealed Leaky Vertical Horizontal 

E01 Static  х 2.2 1 cm NA 
E02 Static  х 2.2 1 cm NA 
E03 Static х  2.2 1 cm NA 
E04 Static х  2.2 1 cm NA 
E05 Static х  2.2 1 cm NA 

  

 



Watertightness testing | 157 
 

Table 6.2. Water entry test program under static and cyclic boundary conditions for Mock-up 01-Setup 02. 
 

Test code Test type Air permeability Spray rate 
(L/min.m2) 

Joints configuration 
Sealed Leaky Vertical Horizontal 

E10 Static х  1.2 1 cm 1 cm 
E11 Static х  2.2 1 cm 1 cm 

E12** Static х  2.2 1 cm taped 
E13** Static х  1.2 1 cm taped 
E14** Cyclic х  2.2 1 cm taped 
E15** Static х  2.2 1 cm taped 

E16 Cyclic х  2.2 1 cm 1 cm 
E17 Static  х 2.1 1 cm 1 cm 
E18 Static  х 2.0 1 cm 1 cm 
E19 Cyclic  х 2.0 1 cm 1 cm 

 
** indicates that the rivets were also taped with waterproof tape. 

 

 

Table 6.4. Water entry test program under static and cyclic boundary conditions for Mock-up 02-Setup 01. 
 

Test code Test type Air permeability Spray rate 
(L/min.m2) 

Joints configuration 
Sealed Leaky Vertical Horizontal 

E01 Static х  2.5 1 cm 1 cm 
E02 Cyclic х  2.5 1 cm 1 cm 
E03 Static х  2.5 1 cm 1 cm 
E04 Static  х 2.5 1 cm 1 cm 
E05 Static х  1.4 1 cm 1 cm 
E06 Cyclic х  1.4 1 cm 1 cm 
E07 Cyclic  х 1.4 1 cm 1 cm 
E08 Static  х 1.4 1 cm 1 cm 
E09 Static  х 2.5 1 cm taped 
E10 Static х  2.5 1 cm taped 
E11 Static  х 2.5 taped 1 cm 
E12 Static х  2.5 taped 1 cm 
E13 Static х  2.5 1 cm 1 cm 
E14 Static  х 2.5 1 cm 1 cm 
E15 Cyclic  х 2.5 1 cm 1 cm 

E16 Static  х 2.5 open = 1.2 cm 
closed = 0.8 cm 1 cm 

E17 Static  х 2.5 open = 1.2 cm 
closed = 0.8 cm 1 cm 

E18 Static х  2.5 open = 1.2 cm 
closed = 0.8 cm 1 cm 

E19 Static  х 2.5 open = 0.8 cm 
closed = 1.2 cm 1 cm 

E20 Static х  2.5 open = 0.8 cm 
closed = 1.2 cm 1 cm 

E21 Static  х 3.5 1 cm 1 cm 
E22 Cyclic  х 3.5 1 cm 1 cm 
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Table 6.3. Water entry test program under static and cyclic boundary conditions for Mock-up 01-Setup 03. 
 

Test code Test type Air permeability Spray rate 
(L/min.m2) 

Joints configuration 
Sealed Leaky Vertical Horizontal 

E06 Static х  2.2 1 cm 1 cm + JP* 
E07 Static х  2.2 1 cm 1 cm + JP* 
E08 Static х  2.2 1 cm 1 cm + JP* 
E09 Static  х 2.2 1 cm 1 cm + JP* 

 

JP* indicates that a horizontal joint profile is installed in the horizontal joint, which avoids the direct entry of wind 
driven rain onto the exterior surface of the PMMA sheet. 

 

  

6.5 | TEST SPECIMENS 
 

An experimental approach was adopted for implementing the proposed classification system and validating the 

described hypothesis for water management in each façade system. According to ASHRAE Standard 160 [176], 

full-scale mock-up tests of rain penetration into exterior walls should include the effect of windows, doors and 

other design details. Nonetheless, in this chapter only the wall element were evaluated. Two completely different 

full-scale mock-ups (mock-up 01 and mock-up 02) have been designed and built according to the prescriptions of 

the manufacturer and the constructive details utilized in the corresponding case-studies. Whereas mock-up 01 

reproduced the rear-ventilated façade system used in case-study 7, mock-up 02 simulated the façade system 

utilized in case-study 8 (see Chapter 05, section 5.2.2). In contrast to mock-up 02, mock-up 01 only had vertical 

profiles as secondary structure and the fixing system of the cladding kits consisted on rivets. Mock-up 02 had 

vertical and horizontal profiles as secondary structure and the fixing system was made of undercut anchors.  

 

 
(a)                                    (b)                                                                       (c) 

 
Figure 6.8. Images of the three setups built for mock-up 01: (a) setup 01, with only open vertical joints; (b) 
setup 02, with open vertical and horizontal joints, and (c) setup 03, with open vertical joints and a horizontal 

joint profile installed at horizontal joints. 
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To study the impact on water infiltration rates of the arrangement of vertical and/or horizontal open joints in the 

cladding, mock-up 01 has been built using three different setups (see Fig. 6.8):  

- setup 01 only had open vertical joints,  

- setup 02 had open vertical and horizontal joints and 

- setup 03 had open vertical and horizontal joints, although a horizontal joint profile was installed in 

horizontal joints. 

Mock-up 02 only had setup 01; refer to Fig. 6.9. Thus, the influence on the water entry rates of having open vertical 

and/or horizontal joints in the cladding arrangement was studied by taping them alternatively with waterproof tape 

during consecutive watertightness tests as shown in Figure 6.10. After each watertightness test, this tape was 

removed and replaced, when necessary. Further detailed explanations about the design and assembling of each 

setup of the two mock-ups is provided in the following sections of the present chapter. 

 

 
 

Figure 6.9. Images of mock-up 02 with its single setup during the assembling process and after completed. 
 

The wall specimens were intended to be representative of a section of a rear-ventilated façade system, except that 

instead of erecting a brick masonry wall as interior layer, a transparent acrylate plate (PMMA) of 1 cm thickness 

was installed. The PMMA sheet also replaced the thermal insulation layer, and acted as the air barrier system in 

the specimen. It allowed the visual observation of water infiltration and rivulets formation. Using actual insulation 

would perhaps affect the measurements due to absorption, and would render the visual inspection impossible. The 

wall specimens were built into a steel fame of 196 by 228 cm for the experiments (see Fig.6.2), and the perimeter 

joints were sealed with EPDM-flashings and silicone caulking. The top horizontal joint between the steel frame 

and the cladding was taped with waterproof tape in order to avoid water infiltrating at that area. A similar approach 

was adopted for the vertical joints at the borders. In addition, for each mock-up, a particular gutter system was 

designed and built in plexiglass of 3 mm-thick based on the water management hypothesis developed for the 

corresponding case-study (case-study 7 for mock-up 01 and case-study 8 for mock-up 02). These gutters were 

located beneath the specimen to collect the entry of water at every stage within the façade system. By means of 
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tubes these gutter systems discharged into buckets, which were weighed automatically every 20 seconds and 

logged for further analysis (see (c) in Fig.6.13).  

 

 
                       (a)                                                                (b) 

 
Figure 6.10. Photos showing how are taped the horizontal joints (a) and the vertical joints (b) in mock-up 02. 

 

The measurements with the weighting scales had an accuracy of 0.1 gr, which meant that measuring 10 gr involved 

1% of uncertainty. To avert any influences of the spraying rack on the weighing system, the buckets were located 

outside of the test rig. As a result, it was important to ensure that the gutter system did not affect the drainage or 

pressures in the façade system. The buckets were closed off carefully, with an additional pressure tube connecting 

the bucket to the chamber with the specimen to ensure identical pressures even when temporary occlusion of the 

drainage system would occur due to large infiltration rates. So, they had the same absolute pressure as the location 

where the water was infiltrated into the cavity. Furthermore, the infiltration rates were not affected by the 

transitions in pressure differences and the changes of buckets. 

The key to pressure equalization is a continuous air barrier on the interior surface of any pressure equalized 

component [286]. The degree of airtightness of the air barrier system will affect the degree of driving pressure 

across the wall, and consequently, the rates of water infiltration. Therefore, the inner leaf of a rear-ventilated façade 

should be airtight to limit the degree of water infiltration. However, an air leakage rate was introduced in the air 

barrier system of the specimen to simulate adequate to poor workmanship. The rate of air leakage in the façade 

system could be regulated by means of adjustable openings in the air barrier system (PMMA sheet). Three columns 

each having four 1 cm-diameter holes were bored in the centre of the PMMA sheet shaping an equilateral triangle. 

Hence, the area of the openings in the air barrier of mock-up 01 and mock-up 02 (Aab) was 3.14 cm2. In this way, 

the effect of having a range of different rates of airtightness on water infiltration rates could be studied; 12 open 

holes provided reduced airtightness and adequate to good airtightness was achieved by masking closed all 12 

holes. 
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6.5.1 | MOCK-UP 01: FIBERCEMENT PANELS FIXED TO OMEGA PROFILES BY 

MEANS OF RIVETS 
 

a) Generic description of the façade test specimen 

Mock-up 01 simulated the façade system used in case-study 7 (see Chapter 05, section 5.2.2). Three setups were 

developed for this mock-up to evaluate the extend of water ingress within the system when some of the parameters 

listed in section 6.4 of this chapter were modified. Each setup presented a different cladding arrangement, but the 

same wall system (same secondary structure and fixing system). To have more detailed information of the cladding 

arrangement of the three setups, refer to the following sections, where each setup is thoroughly described and the 

construction sections are schematically drawn. This wall system was designed and built using best construction 

practices and the installation manual of the manufacturer. It comprised, five vertical omega profiles made of 

galvanized steel (see (a) in Fig. 6.13) for the vertical joints inbetween the cladding and one “L” profile at each 

border. These vertical profiles were attached to an auxiliary wood frame through the PMMA sheet by means of 

three angle brackets. Then, each profile had two retention points at the borders and a supporting point in the middle. 

The fiber cement panels were hung on the omega profiles by means of rivets. The air gap between the cladding 

and the PMMA sheet was approximately 9.5 cm wide, including the secondary structure and the fixing system. It 

means that there was a free air cavity width of 4.5 cm. Note that the air cavity width is a fixed parameter in the 

tests, but its impact on water deposition rates will be studied in future research. Nonetheless, it is expected that the 

narrower the air cavity, the more severe the splash effect might become as water droplets might have more velocity, 

greater flow and a shorter trajectory.  

 

b) Generic descripton of the gutter system 

The water management stages to handle in the three setups of mock-up 01 are shown in blue in Table 6.5. They 

are the result of the water management hypothesis developed for case-study 7 (see Chapter 05, section 5.2.1), 

which was based on the proposed methodology to classify the rainwater pathways within a rear-ventilated façade. 

Moreover, the stages present in that type of façade system are emphasized in grey color. There is no Stage V 

because the secondary structure did not have horizontal profiles. It only had vertical ones. The water management 

of Stage III was not required as the horizontal joint profile prevented the rainwater to reach the top face of the 

fiber cement panels. In addition, the depth of these was less than 1 cm, so it was rather unlikely that rainwater 

remained there. 

  

Table 6.5. Water management stages in mock-up 01. 
 

Existing stages I II III IV V VI VII 
Water management I II III IV V VI VII 

 
 

Thus, the gutter system consited of 4 separated collection trays installed below the specimen (see Fig. 6.11), where 
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the water infiltrated within the wall system and drained along every stage was collected. This water was discharged 

into four different buckets whose weight was continuously recorded over time, enabling the measuring and 

calculation of the infiltration rates. Due to technical constraints in the measuring devices, it was only possible to 

propose four collection locations. A summary of the correspondence between the water management stages and 

the gutters for mock-up 01 is shown in Table 6.6. In this way, a longitudinal tray located below the specimen at 

the front side of the cladding and named gutter A1 was used to collect the water running down the exterior surface 

of the fiber cement panels (Stage I). A second tray referred to as gutter A2 collected the water infiltrated through 

vertical open joints, which was drained away along the omega profiles (Stage II and VI). Gutter A2 was composed 

of 5 small boxes placed below each omega profile, which were discharged to the same bucket. Another longitudinal 

tray, whose name was Gutter A3, was used to collect the water infiltrated inside the air cavity (Stage IV). This 

gutter was installed below the specimen at the rear side of the cladding. It collected the water entering into the air 

cavity through the contact surfaces between the omega profiles and the fiber cement panels and through the gaps 

of the rivets and screws. Finally, a tray referred to as gutter A5 collected the rainwater reaching the exterior surface 

of the transparent acrylate sheet (PMMA) (Stage VII).  

 

Table 6.6. Table showing in which gutter is collected every water management stage. 

 
Water management stages Gutter system 

Stage I Gutter A1 
Stage II Gutter A2 
Stage III Water not collected 
Stage IV Gutter A3 
Stage V Not present 

 
 
 
 
 

Stage VI Gutter A2 
Stage VII Gutter A5 

 

 

  
 

Figure 6.11. Scheme of the gutter system and 
the placement of the four different trays. 

 
Figure 6.12. Images of the assembling of gutter A1, 

gutter A2, gutter A3 and gutter A5. 
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The PMMA sheet replaced both, the interior leaf and the thermal insulation layer, and acted as the air barrier 

system in the setups of mock-up 01. As no water or a very small amount of it was expected to be measured on that 

location, gutter A5 was divided into two equal parts in order to shorten and facilitate the collection of the infiltrated 

water. Some potos of the assembling of gutter A1, gutter A2, gutter A3 and gutter A5 are exhibited in Figure 6.12. 

This gutter system was designed and built to evaluate the ability to drain infiltrated rainwater from the system and 

that had migrated to different stages (from Stage I to Stage VII) in the three setups of mock-up 01. Note that it has 

been modified for mock-up 02 since the water management hypothesis was different as well. 

 

 

6.5.1.1 | Mock-up 01 - Setup 01 
 

a) Cladding arrangement: only open vertical joints 

In the first cladding arrangement of mock-up 01, the fiber cement panels were hung on the omega profiles by 

means of rivets installed every 62 cm. These rivets were positioned starting at 8 cm from the top edge of the fiber 

cement panel and at 3.5 cm from the sides. According to the manufacturer’s guidelines, every panel had two fixed 

points in the middle area. The other 6 connections were sliding points. Hence, the cladding of the wall specimen 

contained six columns and one row of panels in a surface of 4.0 m2 approximately. The size of every panel was 34 

cm long, 202 cm high and 0.8 cm deep, with the exception of the last panel, whose length was 18 cm (see (b) in 

Fig. 6.13). This cladding arrangement only had vertical joints, whose width was decided to be 1 cm. The 

construction details of this first setup are shown in Figure 6.14. In the details, the main elements of the wall 

specimen are identified by numbers. 

 

 
(a)                                                        (b)                                                        (c) 
 

 
Figure 6.14. Images of setup 01 from mock-up 01. (a) Photo of the secondary structure. (b) Photo of the 
cladding arrangement. (c) Photo of the rear face of the mock-up. The collection trays are connected with 

plastic tubes to buckets placed on weighting scales which measure the water ingress. 
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It is important to highlight that in this exceptional case, the vertical joints at the borders of the cladding were not 

taped with waterproof tape. Then, the amount of water water infiltrated inside the air cavity and measured in gutter 

A3 could be unduly influenced by those vertical joints. 

 

 
(a)                                                                             (b) 

 
Figure 6.13. Drawings of the construction details of setup 01. Whereas (a) shows a vertical section across the 
omega profile, (b) presents the horizontal section. Where (1) is the wood frame, (2) the PMMA sheet, (3) the 
omega profile, (4) the fiber cement panel, (5) the angle brackets (6) the dripping horizontal profile and (7) the 

rivets. 

 

b) Results 

Five watertightness tests have been randomly conducted over the test specimen in order to assess the impact of the 

air barrier system configuration and related degree of pressure equalization on the water deposition rates at each 

stage. The different test parameters are given in Table 6.1. Initially, it was expected that most of the water 

infiltrated inside the system would be collected in the boxes beneath the omega profiles (gutter A2; Stage II). 

These profiles were supposed to play the role of vertical pipes in the designed rear-ventilated façade system. 

Conversely, no water was expected to reach the exterior surface of the PMMA sheet (gutter A5; Stage VII) as 

there were no open horizontal joints. Few amount of water was assumed to penetrate into the air cavity (gutter A3; 

Stage IV and VI). 

Results are reported in terms of water collection rates (L/min) at each particular location by means of the before 

described gutter system (gutter A1: water runoff at the exterior surface of the cladding; gutter A2: water infiltrating 

through vertical joints; gutter A3: water infiltrating inside the air cavity and gutter A5: runoff along the exterior 

surface of the PMMA sheet, see Table 6.6). To check the statistical significance of the evaluated test parameters, 

a multi-factor statistical analysis of variance (ANOVA) using “R” and “Statgraphics” software has been 

undertaken on the obtained data. As not always replicated values have been provided for the analysis, it has been 
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assumed that there was no interaction within the applied pressure differential steps in front of the cladding. In 

other words, the analysis assumed that the tests parameters had the same effect (if any) at all levels of pressure 

difference. 

 

b.1) AIRTIGHTNESS OF THE TEST SPECIMEN 

Nominal leakage rates of 0.65 ± 0.06 m³/h (0.15 m³/h·m2, as the area within the steel frame was 4.47 m2) at 50 Pa 

were achieved when all adjustable openings in the air barrier system (PMMA sheet) were closed and 25.83 ± 2.49 

m³/h (5.78 m³/h·m2) when all adjustable openings were left open. In this chapter, reference is made to the test 

specimen’s air barrier system as being either in the “sealed” configuration or the “leaky” configuration.  Note that 

it has been the single time that the set of 10 steps in pressure difference ranging from 50 to 800 Pa were applied 

across the test specimen in only over-pressure conditions. In addition, a different test rig was used for the air 

permeability tests. These might be the reasons why the measurements had so big variance and differentiated to the 

ones reported for the following test specimens. According to ATTMA [1] it is considered to be a good practice for 

residential buildings to have an airtightness ranging between 1 and 5 m³/h·m2. Hence, the airtightness levels of the 

test specimen proposed could be considered as good and worse case scenarios in terms of watertightness. 

 

b.2) PRESSURE EQUALIZATION 

When measuring the pressure difference in front of the cladding and inside the air cavity, the obtained values 

differentiated only 5 Pa at most at every pressure differential step applied during the static watertightness test 

procedures with both configurations of the air barrier (see Fig. 6.15 and Fig 6.16). Those results are fully in line 

with the values expected for pressure equalized rainscreens that Rousseau et al. [296] described in their work: 

pressure difference across the rainscreen is lower than 25 Pa under static conditions. Note that in the setup, pressure 

equalization across the cladding would not have been achieved if the vertical joints at the borders had been taped 

with waterproof tape. The omega profiles installed at vertical joints closed the openings, and consequently, offered 

great resistance to airflow thereby no promoting pressure equalization across the cladding. In reality, the horizontal 

joint designed in case-study 7 is completely open and hence, the pressure equalization across the rainscreen is 

produced.  

Delving deeper in the analysis of the obtained data, it was found that higher pressure differences across the 

cladding were reported with the leaky configuration of the air barrier of the test specimen than with the sealed 

configuration. Note that as we were working with PER walls, the pressure difference values we were dealing with 

were rather small, below 5 Pa. So, 1 Pa (which is the difference between the leaky and the sealed configuration) 

represented a 20% of the total pressure difference across the rainscreen. Apparently, leaky configurations of the 

air barrier system are supposed to yield to higher pressure differences over the rainscreen and significant air flow 

rates, which would be expected to transport water droplets across openings and into the cavity [263]. However, 

this was not observed to be the case. Given the sealed and leaky configuration of the air barrier, the leaky 

configuration acquired a ratio Aab/Ars of 0.0034 (the area of the openings in the rainscreen, 913.5 cm2, was much 

greater than the area of openings in the air barrier, 3.14 cm2), ratio that changed to 0 for the sealed configuration.  
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Figure 6.15. Water infiltration rates measured in Gutter A1 (runoff film) as function of the obtained pressure 
differences across the cladding and the air barrier system configuration for the spray rate of 2.2 L/min·m2. 

 

 

 
 

Figure 6.16. Water infiltration rates measured in gutter A2 (water infiltrated through vertical joints) and 
gutter A3 (water infiltrated into the air cavity) as function of the obtained pressure differences across the 

cladding and the air barrier system configuration for the spray rate of 2.2 L/min·m2. 

 

According to Killip and Cheetham [338] 99% pressure equalization could be achieved for instances where Ars > 

25 to 40*Aab (913.5 cm2 > a*3.14 cm2, where a ≈ 291), considering a turbulent flow on the exterior side (large 

openings in the rainscreen) and a laminar flow on the interior side (small opening in the air barrier). Hence, it was 

concluded that perfect pressure equalization was achieved as expected. Then, is quite obvious that for these type 

of façade systems and those airtightness levels, the configuration of the air barrier and the applied pressure 

differences would have not an impact on water infiltration rates. However, the pressure moderation took longer in 

the leaky configuration, which can be reflected in the more disperse results. Gutter A1 (runoff along the exterior 

surface of the cladding, Stagel I) was the collection location that presented the highest dispersion within 
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measurements for both degrees of airtightness of the test specimen, reaching higher water deposition rates within 

the range of 1 and 1.5 Pa of pressure differential across the cladding.  

On the other side, the rise in the pressure differential across the cladding displayed constant water deposition rates 

in all gutters apart from gutter A3 (Stage IV and VI), where a slight upwards trend was observed, as shown in 

Figure 6.16. Note that the highest pressure difference across the cladding was found to be close to 4 Pa. 

 

b.3) INFILTRATION RATES 

 

 
 

Figure 6.17. Water infiltration rates measured in gutter A1 (runoff film) as function of applied pressure 
differences in front of the cladding and the air barrier system configuration for the spray rate of 2.2 L/min·m2. 

 

Figure 6.17 reports the infiltration rates in gutter A1 (runoff along the exterior surface of the panels, Stage I) as 

function of applied pressure differences in front of the cladding and the airtightness of the test specimen for a spray 

rate of 2.2 L/min per m2. It seemed that constant water collection rates were recorded for increases in applied 

pressure differences. Nevertheless, when a multi-factor statistical analysis of variance (ANOVA) using “R” and 

“Statgraphics” software was carried out on the obtained data of gutter A1, a p-value of 0.0008 was obtained for 

the factor “Pressure difference”. It indicated with a 95% confidence level that this factor had statistical significant 

differences on the water infiltration rates measured in gutter A1 (Stage I) because this p-value was smaller than 

0.05. Hence, it cannot be assessed that the runoff film in Stage I was insensitive to the applied pressure differences 

in front of the cladding. It seemed that higher pressure differences applied in front of the cladding led to slightly 

smaller water depostion rates in gutter A1. Conversely, the same multi-factor ANOVA analysis provided a p-value 

of 0.2419 for the factor “Airtightness”. Thus, it could be assessed that the air barrier configuration of the test 

specimen had no influence on the water runoff at Stage I, as the curves obtained with the leaky and sealed 

configuration had no significant differences (the p-value was greater than 0.05). These results were fully in line 

with the ones expected as the higher the applied pressure difference in front of the cladding was, the higher kinetic 
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energy was provided to the water droplets, and thereby the higher splash and bounce effect was. Water droplets 

splash back when the inside pressure of the droplet exceeds the surface tension [148]. The level of airtightness of 

the test specimen had no impact on the water deposition rates in gutter A1 as there were few openings in the 

cladding in which the water flowing down on the exterior surface could be infiltrated to the air cavity. In addition, 

as it was a pressure equalized system, there was no driving pressure acting on this water. 

The findings in gutter A1 of setup 01 can be summarized in that the water deposition rates ranged from 4.19 at 0 

Pa to 4.10 L/min at 750 Pa approximately regardless of the level of airtightnesss of the test specimen. It implied 

that close to 47.60% of the sprayed water created the runoff film along the exterior surface of the cladding (Stage 

I) at 0 Pa and close to 46.63% at 750 Pa. An average value of 49.73% of the sprayed water splashed black (water 

not collected at any location).  

 

 
 

Figure 6.18. Water infiltration rates measured in gutter A2 (water infiltrated through vertical joints) and 
gutter A3 (water infiltrated into the air cavity) as function of applied pressure differences in front of the 

cladding and the air barrier system configuration for the spray rate of 2.2 L/min·m2. 

 

The water deposition rates in gutter A2 (Stage II) and gutter A3 (Stage IV and VI) in relation to the applied pressure 

differential steps in front of the cladding and the airtightness of the test specimen for the spray rate of 2.2 L/min·m2 

are poltted in Figure 6.18. Gutter A2 gathered the water infiltrated through vertical joints and drained away along 

the exterior surface of the omega profiles, which played the role of vertical pipes. It seemed that water entry rates 

slightly increased with the applied pressure difference in front of the cladding for both configurations of the air 

barrier, unlike as could be expected for a system with perfect pressure equalization (PER wall). In addition, water 

ingress in Stage II seemed to be greater with the leaky configuration of the air barrier than with the sealed 

configuration. These perceptions were in agreement with the results provided by the multi-factor statistical analysis 

of variance of the data obtained in gutter A2. The ANOVA analysis displayed a p-value of 0.0099 for the factor 

“Pressure difference” and a p-value of 0.0456 for the factor “Airtightness”. It meant that both factors had a 
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statistical significant difference on the water entry rates in Stage II (gutter A2); being these differences noticeable 

smaller when the factor “Airtightness” was considered. Therefore, water infiltartion rates where highly dependent 

on the applied pressure differences in front of the cladding and dependent to a lower extend to the level of 

arirtightness of the test specimen. It should bear in mind that the omega profiles created a separated space from 

the cavity (see Fig. 6.13), which was directly in contact with the air space where the pressure differences are 

applied. Therefore, it is possible that happened the same as for Stage I. Higher pressure differences provided water 

droplets with more kinetic energy and thereby these were able to reach longer distances. Furthermore, a stronger 

stream of airflow was produced in the leaky configuration of the air barrier, which transported more water droplets 

through the vertical open joints. 

From 0.22 L/min at 0 Pa and 0.25 L/min at 750 Pa of water infiltrated through vertical joints (Stage II) when the 

specimen had the sealed configuration of the air barrier and from 0.22 L/min at 0 Pa to 0.26 L/min at 750 Pa when 

it had the leaky configuration of the air barrier. It involved that from 2.52% at 0 Pa to 2.81% at 750 Pa of the 

sprayed water infiltrated through the 8 vertical joints of 1 cm-width and 204 cm-height with the higher level of 

airtightness of the test specimen (sealed configuration); and from 2.55% at 0 Pa to 2.96% at 750 Pa with the lower 

airtightness level (leaky configuration). These values shown the weakness of that point and the importance for a 

good design and execution.  

 

 
 

Figure 6.19. Scheme of the water infiltration 
pathways inside the air cavity (gutter A3; 

Stage IV and VI). 

Figure 6.20. Photo of the water droplets adhered to the 
PMMA sheet. Note that there is a little bit of steam spread 

over the exterior surface of the PMMA sheet. 

 

On the other hand, gutter A3 collected the water penetrating inside the air cavity (Stage IV and VI) not only 

through the gaps of the screws, which fixed the omega profiles to the brackets, but also through the gaps of the 

rivets and the contact surfaces between the panel and the wings of the omega profiles; refer to Figure 6.19. Given 

Figure 6.18, where the data obtained in gutter A3 is plotted, it seemed that water entry rates were constant for 

rising pressure differences in front of the cladding for both levels of airtightness of the test specimen. Moreover, 

the measurements obtained with the leaky configuration of the air barrier were very close to the ones obtained 

when the test specimen had the sealed configuration of the air barrier. These observations were in agreement with 

the results provided by the multi-factor statistical analysis of variance. The ANOVA analysis reported no statistical 
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significant differences on the infiltration rates for the factors “Pressure difference” (it had a p-value of 0.6824) and 

“Airtightness” (it had a p-value of 0.6276). Both p-values were much greater than 0.05, which indicated that water 

ingress rates in gutter A3 (Stage IV and VI) were not sensitive to the applied pressure differences in front of the 

cladding and the airtightness of the test specimen as could be expected for a system with perfect pressure 

equalization. Apparently, the capillary water drained along the contact surface between the panels and the wings 

of the omega profiles was not influenced by the applied pressure differential step in front of the cladding, a fact 

indicating that the gravity action was greater than either the capillary forces either the surface tension and either 

any localized driving pressure. This prevalecence of gravity action might be due to the big amount of water running 

down in that capillary pathway. 

In short, an average value of around 0.022 L/min was measured in gutter A3 (Stage IV and VI) for both 

configurations of the air barrier, leaky and sealed, regardless of the applied pressure differences in front of the 

cladding. Suprisingly, it represented that close to 0.26% of the sprayed water infiltrated inside the air cavity mainly 

through contact surfaces. 

I was not possible to quantify the water reaching the exterior surface of the PMMA sheet (Stage VII) accurately 

as the droplets remained adhered to the polycarbonate surface (see Fig. 6.20). The infiltrated water droplets were 

spread over the surface of the PMMA sheet not creating rivulets to run down. Furthermore, these water droplets 

were rather small and had very few kinetic energy. Hence, the results in Stage VII could only be considered 

qualitatively, taking into account that it was impossible to differentiate the droplets caused by infiltration from the 

droplets originated due to vapor pressure saturation inside the air cavity.  

 

c) Conclusions 

The pressure equalization in this type of façade system with such airtightness levels (leaky configuration: 5.78 

m³/h·m2 and sealed configuration: 0.15 m³/h·m2) was so good that the applied pressure differences in front of the 

cladding and the airtightness of the test specimen had not an impact on water infiltration rates. Water infiltration 

rates were not affected by these parameters because there was no driving pressure at all (it was smaller than 5 Pa) 

across the cladding. In the test specimen, pressure equalization across the cladding was achieved by means of the 

open vertical joints at the borders, whereas it is achieved by the open horizontal joint designed in case-study 7 in 

reality. However, cross currents might exist in reality if the corners of the cavities are not compartmentalized.  

The wetting stages in which the applied pressure differences in front of the cladding had an impact on the water 

entry rates were Stage I and Stage II (measured in gutter A1 and gutter A2 respectively), but not because of the 

effect of the pressure differential itself. In the case of the water runoff at the exterior surface of the cladding (Stage 

I; gutter A1), the higher the applied pressure difference in front of the cladding was, the higher kinetic energy was 

provided to the water droplets, and thereby the higher splash and bounce effect was. Consequently, rising pressure 

differences yielded to lower water infiltration rates in gutter A1 (Stage I). In the case of the water infiltrated 

through vertical joints (Stage II; Gutter A2), higher pressure differences provided water droplets with more kinetic 

energy and thereby these were able to reach longer distances. Furthermore, a stronger stream of airflow was 

produced in the leaky configuration of the air barrier, which transported more water droplets through the vertical 

open joints. Therefore, water infiltration rates in gutter A2 (Stage II) increased with the applied pressure 

differences in front of the cladding and for the rising airtightness levels of the test specimen.  
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The specimen was subjected to a water entry test program under static pressure conditions and the obtained results 

demonstrated that rainwater infiltrated through the pathways, which have been foreseen in the water management 

hypothesis of case-study 7. When the water that was sprayed onto the exterior surface of the test specimen was 

related to the amount of water collected at any given stage, it was found that 49.73% of the sprayed water splashed 

back, 47.29% created the runoff film along the exterior surface of the cladding (Stage I), 2.73% infiltrated through 

vertical joints (Stage II), 0.25% infiltrated into the air cavity (Stage IV and VI) and 0% reached the exterior surface 

of the PMMA sheet (Stage VII); refer to Fig. 6.21. 

 

(a)                                                                                       (b) 
 

Figure 6.21. Summary scheme. Drawing showing the average percentages of the infiltrated water at each 
rainwater pathway (stage) in setup 01 of mock-up 01, where (a) shows the vertical section and (b) the 

horizontal section. 

 

For the first setup it was important to get a sense of the uncertainty of the results obtained using this testing 

procedure. Hence, the error of the measurements was calculated based on three repititions of the same test. As an 

example, the variance and standard deviation have been calculated for the three watertightness tests, which were 

undertaken with the sealed configuration of the air barrier in the test specimen. These values are given in Table 

6.7 for gutter A1 and gutter A2, and in Table 6.8 for gutter A3. It was found that the repetition of the same test led 

to very small deviations in the collection trays. However, the smaller the amount of water collected, the higher the 

uncertainty became, as it was anticipated. The error in the measurements was close to 0.65% in the case of gutter 

A1, close to 6.11% in gutter A2 and 21.27% in gutter A3. 
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Table 6.7. Summary of the test results obtained in gutter A1 (runoff film) and gutter A2 (water infiltrated 
through vertical joints) with the respective relevant statistical calculations. 

 

 Gutter A1: Infiltration rate [L/min]  Gutter A2: Infiltration rate [L/min] 

ΔP [Pa] E03 E04 E05 Avera-
ge 

St. 
Dev.  E03 E04 E05 Avera-

ge 
St. 

Dev. 

0 4.212 4.170 4.164 4.182 0.026  0.205 0.233 0.226 0.221 0.014 
150 4.202 4.232 4.204 4.213 0.017  0.213 0.246 0.245 0.235 0.019 

300 4.184 4.226 4.163 4.191 0.032  0.215 0.243 0.240 0.233 0.015 
450 4.064 4.146 4.154 4.121 0.050  0.224 0.250 0.230 0.235 0.014 

600 4.146 4.168 4.147 4.154 0.012  0.232 0.255 0.237 0.242 0.012 
750 4.134 4.178 4.138 4.150 0.025  0.244 0.261 0.237 0.247 0.012 

Variance     0.006      0.061 
 

 

Table 6.8. Summary of the test results obtained in gutter A3 (water infiltrated into the air cavity) with the 
relevant statistical calculations. 

 

 Gutter A3: Infiltration rate [L/min] 

ΔP [Pa] E03 E04 E05 Avera-
ge 

St. 
Dev. 

0 0.028 0.014 0.013 0.018 0.008 

150 0.028 0.015 0.018 0.020 0.007 
300 0.026 0.018 0.019 0.021 0.004 

450 0.029 0.019 0.024 0.024 0.005 
600 0.026 0.024 0.027 0.026 0.001 

750 0.023 0.025 0.030 0.026 0.003 

Variance     0.213 
 

 

 

6.5.1.2 | Mock-up 01 - Setup 02 
 

a) Cladding arrangement: open vertical and horizontal joints 

In the second cladding arrangement of mock-up 01, the fiber cement panels were hung on the omega profiles by 

means of rivets installed every 41 cm. These rivets were positioned starting at 9 cm from the top edge of the panel 

(instead of 8 cm, so the gaps did not coincide with the previous ones) and at 3.5 cm from the sides. According to 

the manufacturer’s guidelines, every panel had two fixed points in the middle area. The other 4 connections were 

sliding points. Hence, the cladding of the wall specimen contained six columns and two rows of panels in a surface 

of 4.0 m2 approximately. The size of every panel was 34 cm long, 100 cm high and 0.8 cm deep, with the exception 

of the two last panels, whose length was 18 cm (see Fig. 6.22). This cladding arrangement had open vertical and 
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horizontal joints, whose width was 1 cm in both cases. The construction details of this second setup are given in 

Figure 6.23. In the details, the main elements of the wall specimen are identified by numbers. 

 

 
(a)                                                        (b)                                                        (c) 
 

Figure 6.22. Images of setup 02 from mock-up 01. (a) Photo of the secondary structure. (b) Photo of the 
cladding arrangement. (c) Photo of the rear face of the mock-up. The 12 holes in the air barrier system are 

opened and highlighted with a red circle. 
 

 

 
(a)                                                                             (b) 

 
Figure 6.23. Drawings of the construction details of setup 02. Whereas (a) shows a vertical section across a 

fiber cement panel, (b) presents the horizontal section. Where (1) is the wood frame, (2) the PMMA sheet, (3) 
the omega profile, (4) the fiber cement panel, (5) the angle brackets (6) the dripping horizontal profile and (7) 

the rivets. 

(1) (2) (3)

(4)

(5)

(6)

(1)

(2)

(5)

(3)
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b) Results 

Ten watertightness tests have been randomly conducted over the test specimen in order to assess the influence of 

the following parameters on the rainwater penetration within the wall system: (i) the degree of airtightness of the 

test specimen, (ii) the manner of applying the pressure differential in front of the cladding, (iii) the water spray 

load on the test specimen and (iv) the effect of having vertical and/or horizontal joints in the cladding arrangement, 

which are given in Table 6.2. This latter was studied specially for comparing the results with setup 01 since in 

setup 02, the vertical joints at both borders were closed with waterproof tape. In contrast to the results expected 

for setup 01, it was surmised that most of the infiltrated water inside the system would be collected in the boxes 

beneath the omega profiles (gutter A2; Stage II) and in the tray below the air cavity (gutter A3; Stage IV and VI). 

Furthermore, a few amount of water was supposed to reach the surface of the PMMA sheet (gutter A5; Stage VII) 

through the open horizontal joint. 

In the watertightnes tests conducted over setup 01 of mock-up 01, the water running down along the exterior 

surface of the cladding (Stage I) was collected and measured. This measurement enabled to differentiate the runoff 

from the water splattered away from the surface, which was 49.73% of the sprayed water. In the tests that followed, 

the water flowing down along the exterior surface of the cladding (Stage I) was not collected to simplify the tests 

and allow measurements at other locations. Therefore, the runoff at the exterior surface of the cladding (Stage I) 

was deduced by substraction from 100% of the percentages of water collected at gutter A2, gutter A3, gutter A5 

and the splattered water. 

Once again, results are reported in terms of water infiltration rates (L/min) at every stage. The entry of water at 

every stage was collected in the gutter system designed for mock-up 01, which was installed beneath the test 

specimen as for set-up 01. The gutter system comprehended: gutter A2, which measured the water infiltrated 

through vertical joints (Stage II), gutter A3, which measured the water infiltrated inside the air cavity (Stage IV 

and VI) and gutter A5, which measured the water that reached the exterior surface of the PMMA sheet (Stage VII); 

refer to Table 6.6. To check the statistical significance of the evaluated test parameters, a multi-factor statistical 

analysis of variance (ANOVA) using “R” and “Statgraphics” software has been undertaken on the obtained data. 

As not always replicated values have been provided for the analysis, it has been assumed that there was no 

interaction within the applied pressure differential steps in front of the cladding. In other words, the analysis 

assumed that the tests parameters had the same effect (if any) at all levels of pressure difference. 

 

b.1) AIRTIGHTNESS OF THE TEST SPECIMEN 

Nominal leakage rates of 3.881 ± 0.002 m³/h (0.87 m³/h·m2, as the area within the steel frame was 4.47 m2) at 50 

Pa were achieved when the 12 adjustable openings in the air barrier system (PMMA sheet) were closed and 32.012 

± 0.018 m³/h (7.16 m³/h·m2) when the 12 adjustable openings were left open. According to ATTMA [1] it is 

considered to be a good practice for residential buildings to have an airtightness ranging between 1 and 5 m³/h·m2. 

Hence, the airtightness levels of the test specimen proposed could be considered as good (sealed configuration of 

the air barrier) and worse (leaky configuration of the air barrier) case scenarios in terms of watertightness. 
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b.2) PRESSURE EQUALIZATION 

When measuring the pressure difference in front of the cladding and inside the air cavity, the obtained values 

differentiated only 25 Pa at most at every pressure differential step applied during the static and cyclic 

watertightness test procedures for both levels of airtightness of the test specimen. Those results are in full 

agreement with the values expected for pressure equalized rainscreens that Rousseau et al. [296] described in their 

work. Note that in setup 02, the vertical joints at the borders were closed with waterproof tape and again, the 

omega profiles installed at vertical joints closed the openings. Hence, pressure equalization across the cladding 

was achieved because the cladding arrangement had open horizontal joints. In reality, the pressure equalization 

across the rainscreen is produced through the open horizontal joints as well.  

 

b.3) INFILTRATION RATES 

As several parameters were studied in setup 02 of mock-up 01, the results obtained at each location (gutter A2, 

gutter A3 and gutter A5) are presented in a bar plot for ease of comparison. In this way, the water deposition rates 

measured in gutter A2 are given in Figure 6.24. This gutter quantified the water infiltrated through vertical joints 

and drained away along the exterior surface of the omega profiles (Stage II). In the figure, water entry rates are 

displayed as function of applied pressure differences in front of the cladding, air barrier system configuration, 

spray load on the outermost surface of the test specimen and the manner of applying the presure differential in 

front of the cladding. It seemed that the highest water entry rates were reported for the water spray load of 2.2 

L/min·m2, the sealed configuration of the air barrier and the static pressure difference conditions. Conversely, the 

lowest water ingress rates were obtained with the sealed configuration of the air barrier, the static pressure 

conditions and the spray rate of 1.2 L/min·m2, as could have been anticipated. Inbetween these values were the 

other results, which were quite similar and seemed to be constant for rising pressure differences applied in front 

of the cladding. It was not the same for the formers, where water infiltration rates seemed to decrease for rising 

pressure differences in front of the cladding. These observations were checked with the multi-factor statistical 

analysis of variance, which was undertaken over the whole data obtained for gutter A2 (Stage II). The ANOVA 

analysis reported no statistical significant differences for the factors “Pressure difference” (it gave a p-value of 

0.9815), “Test type” (it gave a p-value of 0.9136) and “Airtightness” (it gave a p-value of 0.9117) on the water 

infiltration rates in gutter A2 with a 95.0% confidence interval. Therefore, it can be infered that the obtained curves 

were horizontal in each tested configuration as the p-value for the factor “Pressure difference” was much greater 

than 0.05. Under no circumstances, water infiltration rates were significantly sensitive to the applied pressure 

differences in front of the cladding, unlike it was observed for the water spray load of 1.2 L/min·m2 (static pressure 

conditions and sealed configuration) and the water spray load of 2.2 L/min·m2 (static pressure conditions and 

sealed configuration). In addition, the curves obtained when the tests were done under static or cyclic pressure 

conditions were not different between each other. It can be assumed that the water infiltrated through vertical joints 

(Stage II) was not influenced by the way of applying the pressure differential in front of the cladding. The same 

occurred when the test specimen had the leaky or the sealed configuration of the air barrier. Both levels of 

airtightness were found not to have a significant effect on the water entry rates in gutter A2. The fact that water 

infiltration rates were not sentitive to the level of airtightness of the test specimen, the manner of applying the 
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pressure differential and the applied pressure differences in front of the cladding was something that could be 

anticipated for a wall system with almost perfect pressure equalization. 

 

 

 
Figure 6.24. Water infiltration rates measured in gutter A2 (water infiltrated through vertical joints) as 

function of applied pressure differences in front of the cladding, air barrier system configuration, spray load 
on the specimen and manner of applying the pressure differential. 

 

On the other side, the factor “Spray rate” rendered statistical significant differences in all levels of the factor (1.2 

L/min·m2, 2.0 L/min·m2 and 2.2 L/min·m2). The p-value of the factor was smaller than 0.0001. Therefore, water 

entry rates were highly dependent on the water spray load over the outermost surface of the test specimen. The 

higher the water spray rate was, the greater infiltration rates were obtained in gutter A2, but doubling the spray 

rate did not lead to double infiltration rates. Similar results can be found in previous researchs (e.g. Seo and Yoda 

[269], Lacasse et al. [235], Sahal and Lacasse [252]). These authors also expressed water infiltration rates as a 

function of spray rates. 

 

 
 

Figure 6.25. Water infiltration rates in gutter A2 (water infiltrated through vertical joints) as function of water 
spray load on the outermost surface of the test specimen. 
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The relationship between the water spray load on the exterior surface of the specimen and the infiltration rate 

through vertical joints (Stage II) was directly proportional and had a Pearson’s product-moment correlation of 

0.9658. Moreover, the best fit for this relationship was a parabolic curve as shown in Figure 6.25 instead of a 

straight line. 

An average value of 0.64 L/min of water infiltrated through vertical joints (Stage II) when the specimen was 

subjected to a water spray load of 1.2 L/min·m2, a value of 0.81 L/min when the specimen was subjected to a water 

spray load of 2.0 L/min·m2 and a value of 0.90 L/min when the specimen was subjected to a water spray load of 

2.2 L/min·m2. These results involved that 10.14% of the sprayed water infiltrated through the 8 vertical joints of 

1 cm-width and 204 cm-height when the spray rate was 2.1 L/min·m2 and 12.76% when it was 1.20 L/min·m2. 

Once again, these showed the weakness of that point and the importance for a good design.  

 

 

 
Figure 6.26. Water infiltration rates measured in gutter A3 (water infiltrated into the air cavity) as function of 

applied pressure differences in front of the cladding, air barrier system configuration, spray load on the 
specimen and manner of applying the pressure differential. 

 

The results obtained in gutter A3 (water infiltrated into the air cavity, Stage IV and VI) are given in Figure 6.26. 

The water reached this location not only through the open horizontal joint, but also through the gaps of the screws 

and rivets and through the contact surfaces between the panel and the wings of the omega profile (like in setup 

01). Apparently, the lowest water entry rates were reported for the water spray load of 1.2 L/min·m2, the sealed 

configuration of the air barrier and the static pressure difference conditions. Conversely, it was not clear which 

conditions were causing the highest water infiltration rates as the other results were quite similar. Moreover, the 

applied pressure differences in front of the cladding seemed not to have an influence on the water infiltration rates 

in none of the tests. Again, a multi-factor statistical analysis of variance was undertaken over the whole data of 

gutter A3 (Stage IV and VI). The ANOVA analysis reported no statistical significant differences for the factors 

“Pressure difference” (p-value = 0.9995) and “Airtightness” (p-value = 0,5560) on the water infiltration rates with 

a 95% confidence interval. Then, the curves obtained for gutter A3 in each test carried out for setup 02 could be 

considered horizontal since the p-value of the factor “Pressure difference” was much greater than 0.05, like 

happened in gutter A2. As could be expected for a pressure equalized wall system, the rising applied pressures in 
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front of the cladding had no impact on the water deposition rates in gutter A3. Furthermore, the curves obtained 

for the leaky and sealed configuration of the air barrier were not statistically different as well. Thus, the level of 

airtightness of the test specimen had not an impact on the ingress of water in gutter A3, as could be anticipated in 

a wall system where the driving pressure across the cladding is lower than 25 Pa.  

On the other side, the ANOVA analysis reported significant differences for the factors “Test type” (p-value = 

0.0215) and “Spray rate” (p-value <0.0001) as both p-values were below 0.05. Hence, water ingress inside the air 

cavity (Stage IV and VI) was sensitive to the manner of applying the pressure differential in front of the cladding. 

Higher water infiltration rates were obtained when the test specimen was subjected to pressure pulses (cyclic 

presure difference conditions). Apparently, the manner of applying the pressure differential influenced the forces 

acting in support of water ingress inside the air cavity through the horizontal joint. I.e. the kinetic energy provided 

to the water droplets by the airflow generated to produce the pressure difference in front of the cladding and the 

air stream generated by the fan, which transported water droplets across the horizontal joint. Note that both forces 

are strongly influenced by the changes in the air velocity. Moreover, the blowing and sucking effect produced 

under the cyclic pressure difference conditions might have caused the leaking of the capillary water retained within 

the gaps of the rivets into Stage IV in the former case and into Stage I in the latter. A similar response migh have 

had the capillary water within the contact surfaces between the fiber cement panels and the wings of the omega 

profiles under pressure pulses. Besides, water infiltration rates in gutter A3 were largely sensitive to the water 

spray load on the outermost surface of the test specimen and like in setup 01, the curves obtained for every level 

(1.2 L/min·m2, 2.0 L/min·m2 and 2.2 L/min·m2) of the factor “Spray rate” were found to have significant 

differences. Increasing the water spray load over the test specimen yielded to higher water entry rates inside the 

air cavity (Stage IV and VI). Therefore, the relationship between the water infiltration rates and the water spray 

rate was directly proportional and had a Pearson’s product-moment correlation of 0.9823. In addition, the best fit 

for this relationship was a parabolic curve as shown in Figure 6.27 and like in gutter A2. In order to compare the 

results obtained at each gutter, both are displayed in the graph of the figure. In blue colour are shown the outcomes 

from gutter A3, whereas the outcomes from gutter A2 are in green colour. 

 

 
 

Figure 6.27. Water infiltration rates in gutter A3 (water infiltrated into the air cavity; blue color) as function 
of water spray load on the outermost surface of the test specimen. 
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An average value of around 1.59 L/min was measured under static pressure conditions for the spray rate of 1.22 

L/min·m2. No tests were conducted under cyclic pressure conditions for the same water spray load on the test 

specimen. For the spray rate of 2.2 L/min·m2, a water entry rate of 2.15 L/min was measured when the specimen 

was subjected to static pressure differential steps, whereas 2.21 L/min were recorded under cyclic pressure steps. 

For the last tested spray rate, 2.0 L/min·m2, an average value of 2.05 L/min was obtained when a static pressurre 

differential was applied and 2.09 L/min when pressure pulses were applied. Accordingly, these values represented 

that 25.22% of the sprayed water infiltrated inside the air cavity (Stage IV and VI) when a water spray load of 

2.10 L/min·m2 was applied and 31.84% when the spray rate 1.2 L/min·m2. These percentages were noticeable 

higher than those obtained in gutter A3 of setup 01 (0.26% when the water spray load was 2.2 L/min·m2), which 

indicated the importance of having horizontal joints in the cladding arrangement in this type of wall systems in 

terms of water management.  

 

 

 
Figure 6.28. Water infiltration rates measured in gutter A5 (water that reached the PMMA sheet) as function 

of applied pressure differences in front of the cladding, air barrier system configuration, spray load on the 
specimen and manner of applying the pressure differential. 

 

Finally, Figure 6.28 renders the measurements obtained in gutter A5 (water reaching the exterior surface of the 

PMMA sheet, Stage VII). This water reached the PMMA sheet through the open horizontal joint and unlike in 

setup 01, it was possible to quantify it. Nevertheless, it should be noted that the accuracy of this gutter is much 

fewer than the other two gutters as the smaller the amount of water measured was, the bigger the uncertainty. This 

might be the reason why this graph displayed the most disperse and unexpected results. It seemed that water entry 

rates increased for rising pressure differences in front of the cladding when the test specimen was subjected to 

pressure pulses. Quite to the contrary, water ingress apparently decreased for rising pressure differences in front 

of the cladding when the test specimen was subjected to static pressure differences. Surprisingly, the highest water 

infiltration rates were obtained for the water spray load of 1.2 L/min·m2. A multi-factor statistical analysis of 

variance was undertaken over the whole data of gutter A5 (Stage VII) in order to verify the observations. The 

ANOVA analysis reported no statistical significant differences for the factor “Pressure difference”. It provided a 

p-value for that factor of 0.9119, which is much greater than 0.05. Hence, water ingress in gutter A5 was not 
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affected by the applied pressure difference in front of the cladding. The results of the tests were found to fit into a 

horizontal line despite the dispersion among them. The p-value of the factor “Airtightness” was 0.0729, which 

indicated that the level of airtightness of the test specimen had not an impact on the amount of water that reached 

the exterior surface of the PMMA sheet (Stage VII). Both results could be anticipated in a wall system where the 

driving pressure was not the main force acting in support of water ingress. A similar result was reported for the 

factor “Test type”. The ANOVA analysis provided a p-value of 0.2535, which meant that water entry rates in 

gutter A5 were not sensitive to the manner of applying the pressure difference in front of the cladding. In this 

regard, it should be beared in mind that the horizontal joint of the wall system was evaluated on the response to 

runoff not to wind-driven rain since the cascade mode was used to spray the test specimen. The line of nozzles 

was much higher than the horizontal opening. Therefore, the kinetic energy of the water droplets did not play a 

main role in the infiltration process. It might have been the reason why so many dispersion among results was 

obtained as well. 

Finally, the factor “Spray rate” reported a p-value smaller than 0.0001, like in gutter A2 and gutter A3. This result 

indicated that the water spray load over the outermost surface of the test specimen influenced the amount of water 

that reached the exterior surface of the PMMA sheet (Stage VII). No explanation, was found to the fact that the 

spray rate of 1.2 L/min·m2 caused the highest infiltration rates in gutter A5. Maybe, is was due to being the first 

watertightness test conducted over the test specimen. Moreover, gutter A5 showed the worst correlation between 

the water spray load over the outermost surface of the test specimen and the water entry rates at Stage VII. In this 

collection location, it was not clear that rising spray rates yielded to higher infiltration rates. In addition, a 

distinction should be done with regard to gutter A2 and gutter A3. Two homogeneous groups were identified 

within the factor. On one side, group 1 contained the level 2 L/min·m2 and the level 2.2 L/min·m2 of the factor 

“Spray rate”. On the other side, group 2 encompassed the level 1.2 L/min·m2. These meant that significant 

differences were found between the pairs 1.2 - 2.0 and 2.2 - 1.2. Thus, it seemed that the increase in the spray rate 

should be noticeable in order to have an effect on the water that reached the exterior surface of the PMMA sheet 

(Stage VII).  

An average value of 0.016 L/min of rainwater reached the exterior surface of the PPMA sheet (level VII) when 

the specimen was subjected to a water spray load of 1.2 L/min·m2 and a value of 0.003 L/min when the specimen 

was subjected to a water spray load of 2.1 L/min·m2. These values implied that 0.03% of the sprayed water reached 

the exterior surface of the PMMA sheet (Stage VII) when a water spray rate of 2.10 L/min·m2 was applied to the 

test specimen and a percentage of 0.31% when the spray rate was 1.20 L/min·m2. Nevertheless, it should be noted 

that the tray of gutter A5 was divided into two equal parts. One of the two pieces was located at the middle of the 

specimen and the other one, below the specimen with the other trays. Therefore a significant amount of water 

reaching the PMMA sheet was not collected during the tests. 

 

b.2.1) Studying the effect of having vertical and/or horizontal joints in the cladding arrangement on the 

water deposition rate at each location. 

The predominant pathways for water entry within the wall system in relation to the manner of applying the pressure 

differential in front of the cladding are analysed in the following lines. When comparing the water infiltration rates 

in gutter A2, gutter A3 and gutter A5 obtained for the spray rate of 2.2 L/min·m2 and the sealed configuration of 
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the air barrier with the ones obtained when the horizontal joint was taped and the test specimen had the same 

configuration of the air barrier and was subjected to the same water spray load, it is observed that the measurements 

are similar in the case of gutter A2. As expected, water infiltration rates in gutter A2 (Stage II) were largely 

insensitive to the appearance of horizontal joints in the cladding arrangement. However, gutter A3 and gutter A5 

did not follow the same pattern, refer to Table 6.9. As showed in the table, the impact of closing the horizontal 

joint with waterproof tape corresponded to a 97% approximately on the reduction of the infiltration rate inside the 

air cavity (gutter A3; Stage IV and VI) regardless whether the specimen was subjected to static or to cyclic pressure 

conditions. Therefore, the predominant pathway for water entry inside the air cavity was the horizontal joint. This 

result indicated that when higher infiltration rates were rendered in gutter A3 under pressure pulses, these might 

have been mainly caused by the effect of the pressure pulses on the water infiltrated across the horizontal joint. 

I.e. the kinetic energy provided to the water droplets by the airflow generated to produce the pressure difference 

in front of the cladding and the air stream generated by the fan, which transported water droplets across the 

horizontal joint. Note that both forces are strongly influenced by the changes in the air velocity. Therefore, they 

corresponded to that 97%. A similar result was found for gutter A5, more water reached the exterior surface of the 

PMMA sheet (Stage VII) when the horizontal joint was left open in the watertightness tests. However, the 

difference between infiltration rates through vertical and horizontal joints became smaller. The impact of closing 

the horizontal joint with waterproof tape corresponded to a 73.98% on the reduction of the infiltration rates under 

static pressure conditions and to a 55.39% on the reduction under cyclic test conditions. Then, the values measured 

in gutter A5 were strongly influenced by the manner of applying the pressure differential in front of the cladding 

when the horizontal joint in the test specimen was closed with waterproof tape. No further comparison can be done 

as there were not quantitative results in setup 01 of mock-up 01. Moreover, the manner of applying the pressure 

difference in front of the cladding had no effect on the infiltration rates when the horizontal joint of the test 

specimen was not taped. 

 

Table 6.9. Comparison of the average water infiltration rate between the measurements obtained when no joint 
was taped and when the horizontal joint was taped in relation to the collection location and the manner of 

applying the pressure differential for the spray rate of 2 L/min.m2 and the sealed configuration of the air barrier 
system. Where HJ refers to horizontal joint. 

 

 Static  Cyclic 

 No taped Taped HJ Diffe-
rence  No taped Taped HJ Diffe-

rence 

Gutter L/min % L/min % %  L/min % L/min % % 

A2 0,9991 11,23 0,8093 9,09 2,13  0,8071 9,17 1,0354 11,77 2,59 

A3 2,1469 24,12 0,0529 0,59 23,53  2,2126 25,14 0,0696 0,79 24,35 

A5 0,0031 0,03 0,0008 0,01 0,03  0,0041 0,05 0,0018 0,02 0,03 
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c) Conclusions 

The pressure equalization in this type of façade system with such airtightness levels (leaky configuration: 7.16 

m³/h·m2 and sealed configuration: 0.87 m³/h·m2) was so good that the applied pressure differences in front of the 

cladding and the airtightness level of the test specimen had not an impact on the water infiltration rates in any of 

the collection locations (gutter A2, gutter A3 and gutter A5). As a consequence of the complete pressure 

equalization across the cladding, the driving pressure was not anymore a force acting in support of water ingress 

within the wall system. In the test specimen, the pressure moderation was achieved through the open horizontal 

joint, like it would have happened in the reality. However, cross currents might exist in reality if the corners of the 

cavities are not compartmentalized. 

The manner of applying the pressure difference in front of the cladding (static and cyclic pressure conditions) had 

not an effect on the water entry rates in gutter A2 (Stage II) and gutter A5 (Stage VII). Nonetheless, it was not the 

case of gutter A3, where cyclic pressure conditions led to higher infiltration rates inside the cavity, but not because 

of the effect of the pressure difference itself. This effect might have been caused by the changes in the airflow 

velocity originated by the pressure pulses. The changes in the airflow velocity modified the kinetic energy of the 

water droplets and the air stream transporting them across the horizontal joint. 

 

 
(a)                                                                                       (b) 

 
Figure 6.29. Summary scheme. Drawing showing the average percentages of the infiltrated water at each 

rainwater pathway (stage) in setup 02 of mock-up 01, where (a) shows the vertical section and (b) the 
horizontal section. Whereas the values in red were calculated when the spray rate was 1.2 L/min·m2, the 

values in blue were calculated for the water spray load of 2.1 L/min·m2. 
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The water spray load over the outermost surface of the test specimen largely influenced the water deposition rates 

in every stage (gutter A2, gutter A3 and gutter A5). Increasing the water spray load over the test specimen yielded 

to higher water entry rates. Therefore, the relationship between the water infiltration rates and the water spray rate 

was directly proportional and had a very good Pearson’s product-moment correlation. In addition, the best fit for 

this relationship was a parabolic curve. Howerver, a remark should be accounted for the case of gutter A5. It 

seemed that the increase in the spray rate should be noticeable in order to have an effect on the water that reached 

the exterior surface of the PMMA sheet (Stage VII). 

When the water that was sprayed onto the exterior surface of the test specimen was related to the amount of water 

collected at any given stage, it was found that 49.73% of the sprayed water splattered away from the surface, 

14.88% created the runoff film along the exterior surface of the cladding (Stage I), 10.14% infiltrated through 

vertical joints (Stage II), 25.22% infiltrated into the air cavity (Stage IV and VI) and 0.03% reached the exterior 

surface of the PMMA sheet (Stage VII); refer to Fig. 6.29. 

The predominant pathways for water entry into Stages IV, VI and VII (measured in gutter A3 and gutter A5) were 

horizontal joints regardless of the manner of applying the pressure differences in front of the cladding. This effect 

of the horizontal joint was much greater in the case of gutter A3 (97% of the measured amount of water) than in 

gutter A5, where it implied 55% under cyclic pressure conditions and 74% under static pressure conditions.  

 

 

6.5.1.3 | Mock-up 01 - Setup 03 
 

a) Cladding arrangement: open vertical and horizontal joints, but with a joint profile in the 

horizontal joint 

The fiber cement panels of the last cladding arrangement of mock-up 01 had the same dimensions as the ones in 

setup 02 (see (c) in Fig 6.30). Nevertheless, the rivets were installed every 40 cm instead of every 41 cm (as in 

setup 02). These rivets were positioned starting at 10 cm from the top edge of the panel (instead of 8 cm from 

setup 01 and 9 cm from setup 02 so, the bores did not coincide with the previous ones) and at 3.5 cm from the 

sides. The two fixed points were located in the middle of the panel once again, leaving the other four riveted 

connections of the the panel as sliding points. Hence, the cladding of the wall specimen contained six columns and 

two rows of panels in a surface of 4.0 m2 approximately, like in setup 02. This cladding arrangement had open 

vertical and horizontal joints, whose width was 1 cm in both cases. Nonetheless, a horizontal joint profile was used 

in the horizontal joint to close the opening (see (a) in Fig. 6.30). These joint profiles made of black lacquer 

aluminium were interrupted at vertical joints, as shown in (b) of Figure 6.30. In this way, the opening of the vertical 

joint was continuous along the cladding as in setup 01 and setup 02. Then, the dimensions of the profiles were 34 

cm long, 5.7 cm high and 0.5 mm thick. The joint profiles were not drilled by rivets. They were placed inbetween 

the fiber cement panels and the omega profiles when the panels were installed. That was what ensured to hold 

them in place in the horizontal joint. As in the previous cases, 1 cm was left at vertical and horizontal joints. The 

construction details of this third setup are given in Figure 6.31. In the details, the main elements of the wall 

specimen are identified by numbers. 
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(a)                                                        (b)                                                        (c) 
 
Figure 6.30. Images of setup 03 from mock-up 01. (a) Photo of the joint profile. (b) Photo of the installation 
of the joint profile inbetween the fiber cement panel and the omega profile. It shows the interruption of the 

horizontal joint profile at vertical joints. (c) Photo of the cladding arrangement. 
 

 

 

 
(a)                                                                             (b) 

 
Figure 6.31. Drawings of the construction details of setup 02. Whereas (a) shows a vertical section across a 

fiber cement panel, (b) presents the horizontal section. Where (1) is the wood frame, (2) the PMMA sheet, (3) 
the omega profile, (4) the fiber cement panel, (5) the angle brackets (6) the dripping horizontal profile, (7) the 

rivets and (8) the horizontal joint profile. 
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b) Results 

Four watertightness tests have been randomly conducted over the specimen in order to assess the impact of the 

airtightness of the test specimen and related degree of pressure equalization on the extent of rainwater penetration 

within the wall system. The water entry test program for setup 03 of mock-up 01 is given in Table 6.3. It was 

surmised that most of the infiltrated water inside the system would be collected in the boxes beneath the omega 

profiles (gutter A2; Stage II), like in setup 02. Conversely, the amount of water measured in gutter A3 was expected 

to be smaller in setup 03 than in setup 02 since the horizontal joint was blocked by an aluminium profile in setup 

03. At the same time, this water infiltrated into the air cavity (Stage IV and VI) was supposed to be in an amount 

greater in setup 03 than in setup 01, where there was no open horizontal joint. Like in setup 01, no water was 

expected to reach the exterior surface of the PMMA sheet (gutter A5; Stage VII). 

Again, the amount of water running down along the exterior surface of the cladding (Stage I) was not measured in 

a gutter. It was deduced by substraction from 100% of the percentages of water collected at gutter A2, gutter A3, 

gutter A5 and the splattered water. The water splattered away from the surface of the cladding was obtained in a 

separated test sequence, resulting in 49.73% of the sprayed water. 

Results are reported in terms of water infiltration rates (L/min) at Stage II (rainwater infiltrated through vertical 

joints; gutter A2); Stage IV and VI (rainwater penetrated into the air cavity, gutter A3) and Stage VII (rainwater 

that reached the exterior surface of the PMMA sheet, gutter A5). The entry of water at every stage was collected 

in the gutter system designed for mock-up 01, which was installed beneath the test specimen as for set-up 01 and 

setup 02. To check the statistical significance of the evaluated test parameters, a multi-factor statistical analysis of 

variance (ANOVA) using “R” and “Statgraphics” software has been undertaken on the obtained data. As not 

always replicated values have been provided for the analysis, it has been assumed that there was no interaction 

within the applied pressure differential steps in front of the cladding. In other words, the analysis assumed that the 

tests parameters had the same effect (if any) at all levels of pressure difference. 

 

b.1) AIRTIGHTNESS OF THE TEST SPECIMEN 

Nominal leakage rates of 5.003 ± 0.003 m³/h (1.12 m³/h·m2 as the area within the steel frame was 4.47 m2) at 50 

Pa were achieved when all adjustable openings in the air barrier system (PMMA sheet) were closed and 32.012 ± 

0.001 m³/h (7.16 m³/h·m2) when all adjustable openings were left open. According to ATTMA [1] it is considered 

to be a good practice for residential buildings to have an airtightness ranging between 1 and 5 m3/h·m2. Hence, the 

airtightness levels of the test specimen proposed could be considered as good (sealed configuration of the air 

barrier) and worse (leaky configuration of the air barrier) case scenarios in terms of watertightness. 

 

b.2) PRESSURE EQUALIZATION 

When subtracting the pressure measured in front of the cladding from the pressure measured inside the air cavity, 

the obtained pressure difference across the cladding acquired values below 20 Pa at every pressure differential 

step applied during the static watertightness test procedures with the sealed configuration of the air barrier system. 

In Figures 6.32 and 6.33, water infiltration rates are given as function of the pressure difference across the cladding 

of the test specimen for both configurations of the ari barrier system. These results were within the range described 
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by Rousseau et al. [296] for pressure equalized rainscreens under static pressure conditions. Notwithstanding, there 

were some exceptions. Two out of the three watertighness tests carried out with the sealed configuration of the air 

barrier (E07 and E08, refer to Table 6.3; whose results are not plotted in the graphs) rendered pressure differences 

across the cladding above 25 Pa when the pressure steps of 450 and 600 Pa were applied. Note that in these 

watertightness tests other test parameters related to the manner of applying the water spray over the test specimen 

were evaluated.  

 

 
 

Figure 6.32. Water infiltration rates measured in gutter A2 (water infiltrated through vertical joints) and 
gutter A3 (water infiltrated into the air cavity) as function of the obtained pressure differences across the 

cladding and the air barrier system configuration for the spray rate of 2.2 L/min·m2. 

 

 

 
 

Figure 6.33. Water infiltration rates measured in gutter A5 (water that reached the PMMA sheet) as function 
of the obtained pressure differences across the cladding and the air barrier system configuration for the spray 

rate of 2.2 L/min·m2. 
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Conversely, when the test specimen had the leaky configuration of the air barrier, the pressure differences across 

the cladding were above 25 Pa most of the times, reaching values up to 90 Pa. A result fully in line with Van den 

Bossche [263], who assessed that leaky configurations of the air barrier system yielded to higher pressure 

differences over the rainscreen and significant air flow rates. Apparently, pressure moderation could not be 

completely achieved when there is an element blocking the openings in the cladding of the test specimen. In setup 

03, the horizontal profile installed at the horizontal joint and the omega profiles placed at vertical joints blocked 

the openings and offered some resistance to airflow thereby not promoting pressure equalization across the 

cladding. Given the sealed and leaky configuration of the air barrier, the leaky configuration acquired a ratio 

Aab/Ars of 0.011 (the area of the openings in the rainscreen, 294 cm2, was much greater than the area of openings 

in the air barrier, 3.14 cm2), ratio that changed to 0 for the sealed configuration. According to Killip and Cheetham 

[338] 99% pressure equalization could be achieved for instances where Ars > 25 to 40*Aab (294 cm2 > a*3.14 cm2, 

where a ≈ 94), considering a turbulent flow on the exterior side (large openings in the rainscreen) and a laminar 

flow on the interior side (small opening in the air barrier). Hence, it was concluded that perfect pressure 

equalization could be achieved as expected. However, the pressure moderation took longer in the leaky 

configuration, which can be reflected in the more disperse results and the higher pressure differences across the 

cladding.  

Another interesting point is that the pressure differences reported in setup 01 for both configurations of the air 

barrier system were much smaller (below 5 Pa) than the ones obtained in setup 03. The reduction in the pressure 

moderation between setup 01 and setup 03 might have also been caused by closing with waterproof tape the top 

horizontal joint and the two vertical joints at the borders of the cladding. 

Leaky configurations of the air barrier system are supposed to yield to higher pressure differences over the 

rainscreen and significant air flow rates, which would be expected to transport water droplets across openings and 

into the cavity [263]. However, this was not observed to be the case in any of the gutters. Higher pressure 

differences across the cladding of the test specimen did not report greater water deposition rates in none of the 

locations (gutter A2, A3 and A5). The same happened in setup 01. In addition, water infiltration rates acquired the 

highest values when the pressure difference across the cladding was within 0 and 10 Pa for both levels of 

airtightness of the test specimen, like in setup 01. Therefore, these results suggested that the pressure difference is 

not the main driving force causing water infiltration in rainscreens built with open vertical and horizontal joints, 

even if the pressure moderation across the cladding is not completely achieved. 

 

b.3) INFILTRATION RATES 

The results obtained from the watertightness tests in gutter A2 and gutter A3 are given in Figure 6.34 and the 

results of gutter A5 is given in Figure 6.35. In both graphs, the water deposition rates within the wall system are 

plotted as function of the applied pressure differences in front of the cladding and the level of airtightness of the 

test specimen for the water spray load of 2.2 L/min·m2 and the static pressure conditions. At first sight, water entry 

rates in gutter A2, gutter A3 and gutter A5 seemed to be constant for rising pressure differences in front of the 

cladding when the results at 0 Pa were neglected. Moreover, it seemed that the air configuration of the air barrier 

(sealed and leaky) had not an impact on the water infiltration rates in guter A2, gutter A3 and gutter A5 as well. 
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To verify these observations, a multi-factor statistical analysis of variance (ANOVA) using “R” and “Statgraphics” 

software was carried out on the obtained data of every gutter. 

In the case of gutter A2, which measured the water infiltrated through vertical joints (Stage II), the ANOVA 

analysis reported no significant differences for the factor “Airtightness” on the water entry rates with a confidence 

interval of 95%. The p-value of this factor was 0.3140, greater than 0.05, which meant that the curves obtained for 

each configuration of the air barrier in the test specimen were not statistically different. Hence, water infitration 

through vertical joints (Stage II) was insensitive to the airtightness of the test specimen. Conversely, the factor 

“Pressure difference” reported significant differences as the p-value was 0.0276, smaller than 0.05. The curves 

obtained in gutter A2 for both configurations of the air barrier did not fit into a horizontal line and consequently, 

water ingress was influenced by the pressure difference applied in front of the claddding. When the levels of the 

factor “Pressure difference” were studied, two homogeneous groups were identified. On the one side, there was 

the group of the pressure difference at 0 Pa and the group with the pressure differences at 150 - 300 - 450 - 600 - 

750 Pa on the other side. There were no statistically significant differences within the presure differences sharing 

the same homogeneous group. Hence, five pairs with significative differences were distinguished with a 95% 

confidence interval: 0-150; 0-300; 0-450; 0-600 and 0-750. This result is reflected in the measurements plotted in 

Figure 6.34, where the values at 0 Pa are remarkably above the values obtained for the other pressure differential 

steps. If these points were removed from the graph, a horizontal line would have likely been reported. The reason 

why higher infiltration rates were obtained at 0 Pa is unknown. 

An average value of 0.99 L/min (a percentage of 11.15% of the sprayed water) of water infiltrated through vertical 

joints (Stage II) at 0 Pa and an average value of 0.77 L/min (a percentage of 8.65% of the sprayed water) at the 

other pressure diferrential steps, when the specimen was subjected to a spray load of 2.2 L/min·m2 regardless of 

the airtightness of the test specimen. It implied that up to a 22.4% more water was collected at 0 Pa than at the 

other pressure difference steps. It seemed that the pressure difference applied in front of the cladding somehow 

negatively affected the forces acting in support of water ingress through vertical joints in setup 03. This results 

were not repeated in setup 01 and setup 02, where the factor “Pressure difference” had no significative effect on 

water infiltration rates in the case of the latter, but it had in the case of the former. However, water entry rates 

slightly increased with the applied pressure differences in front of the cladding in setup 01. 

The multi-factor ANOVA analysis of the data of gutter A3, wich collected the water that penetrated into the air 

cavity (Stage IV and VI), rendered similar results as in gutter A2. A p-value of 0.4406 was calculated for the factor 

“Airtightness”. Therefore, the curves obtained for each configuration of the air barrier system (leaky and sealed) 

were not different, statistically speaking. Again, the amount of water that penetrated into the air cavity was 

insensitive to the airtightness of the test specimen. On the other side, the factor “Pressure difference” reported a 

p-value of 0.0007, much smaller than 0.05. This indicated that the curves obtained with the leaky and sealed 

configuration of the air barrier did not fit into a horizontal line. The water that penetrated into the air cavity (Stage 

IV and VI) was largely sensitive to the applied pressure differences in front of the cladding. In this case, when the 

levels of the factor “Pressure difference” were studied, three homogeneous groups were identified. The first group, 

comprehended the pressure difference at 0 Pa. The second group included the pressure differences at 300-450-

600-750 Pa and the last group was made up of the pressure differences at 150-300-450 Pa. In this way, there were 

seven pairs with statistically significant differences: 0-150; 0-300; 0-450; 0-600; 0-750; 150-600 and 150-750. So, 
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it can be assessed that rising pressure differences in front of the cladding yielded to smaller water ingress rates in 

gutter A3.  

 

 
 

Figure 6.34. Water infiltration rates measured in gutter A2 (water infiltrated through vertical joints) and 
gutter A3 (water infiltrated into the air cavity) as function of applied pressure differences in front of the 

cladding and the air barrier system configuration for the spray rate of 2.2 L/min·m2. 

 

Approximately, 0.21 L/min (a percentage of 2.34% of the sprayed water) of water was collected in gutter A3 

(Stage IV and VI; refer to Table 6.6) at 0 Pa. This water infiltrated inside the air cavity through (i) the closed 

horizontal joint (capillary water between the joint profile and the panel that flown down by gravity as showed in 

Fig. 6.36), (ii) through the contact surfaces between the panel and the wings of the omega profile and (iii) through 

the gaps of the rivets and screws (see Fig. 6.37 and Fig 6.38 respectively). If the second group is considered 

(pressure difference levels: 150, 300 and 450 Pa), the average water entry rate at that location changed to 0.16 

L/min (a percentage of 1.78% of the sprayed water). And if the third group is taken into account (pressure 

difference levels: 300, 450, 600 and 750 Pa), the rate varied to 0.15 L/min (a percentage of 1.69% of the sprayed 

water). It involved that the greater variation took place between the first and the third group and achieved a 

difference value of 28.07%. Like in gutter A2, the highest water deposition rates were reached at 0 Pa in setup 03, 

unlike in setup 01 and setup 02, where the factor “Pressure difference” had not a significant effect on the water 

inifltration rates into the air cavity. Apparently, the airflow generated when the pressure differences in front of the 

cladding were increased, provided water droplets with more kinetic energy. This kinetic energy occasioned the 

increase in amount of water droplets splattering away. Thus, reducing the effect of surface tension as force acting 

in support of water ingress on the one side, and promoting the leaking into the air cavity of the capillary water 

(between the panel and the horizontal joint profile) on the other side. As according to Liu et al. [148], water droplets 

splashed back when the inside pressure of the droplet exceeds the surface tension. 

The water that reached the exterior surface of the PMMA sheet (Stage VII) was collected in gutter A5. On this 

occasion, the multi-factor ANOVA analysis reported no significant differences for both factors “Pressure 

diference” and “Airtightness”. A p-value of 0.1676 was provided for the former and a p-value of 0.1645 for the 
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latter, both greater than 0.05. These indicated that the amount of water that reached the exterior surface of the 

PMMA sheet was insentitive to the artightness of the test specimen. Hence, the curves displayed for the leaky and 

the sealed configuration of the air barrier were not the same in statistical terms. In the same way, the water ingress 

in gutter A5 was not influenced by the applied pressure differences in front of the cladding. The data obtained with 

both configurations of the air barrier (sealed and leaky) fitted into a horizontal line; refer to Figure 6.35. 

 

 
 

Figure 6.35. Water infiltration rates measured in gutter A5 (water that reached the PMMA sheet) as function 
of applied pressure differences in front of the cladding and the air barrier system configuration for the spray 

rate of 2.2 L/min·m2. 

 

   
 

Figure 6.36. Water 
infiltrated through the 

closed horizontal joint and 
flowing down at the 

backside of the panels. 

 
Figure 6.37. Water infiltrated through the gaps 
of the rivets, which attached the panels to the 

omega profiles. 

 
Figure 6.38. Water 

infiltrated through the gaps 
of the screws, which 

attached the omega profiles 
to the brackets. 
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An average value of 0.001 L/min (a percentage of 0.01% of the sprayed water) was collected in gutter A5. This 

water was supposed to reach the exterior surface of the PMMA sheet (StageVII) when the stagnant capillary water 

between contact surfaces and within the gaps of the rivets splashed onto the PMMA sheet due to certain pressure 

differences applied over the cladding. Note that as happened in setup 01, most of the droplets infiltrated remained 

adhered to the polycarbonate surface, and consequently, were not collected in gutter A5. In addition, it was 

extremely difficult to differentiate the droplets caused by infiltration from the droplets originated due to vapor 

pressure saturation inside the air cavity. 

 

c) Conclusions 

The pressure equalization in setup 03 with such airtightness levels (leaky configuration: 7.16 m³/h·m2 and sealed 

configuration: 1.12 m³/h·m2) was good enough that the driving pressures could be rejected as a force acting in 

support of water ingress within the wall system. Indeed, higher water entry rates were observed in gutter A2 and 

gutter A3 when the applied pressure difference in front of the cladding was 0 Pa. In the test specimen, some degree 

of pressure moderation was achieved through the contact surfaces between the joint profiles and the fiber cement 

panels and through the wings of the omega profiles and the panels, like it would have happened in the reality. 

Apparently, pressure moderation could not be completely achieved because of the installed elements at the joints, 

which were blocking the openings. In addition, cross currents might exist in reality if the corners of the cavities 

are not compartmentalized. The measured pressure differences across the cladding of the test specimen were 

diverse in respect to the configuration of the air barrier. Whereas pressure differences below 20 Pa were measured 

with the sealed configuration of the air barrier, pressures above 25 Pa were measured with the leaky configuration 

of the air barrier. These pressure differences reached peak values of 90 Pa. According to Killip and Cheetham 

[338] 99% pressure equalization could be achieved in such wall systems as the area of the openings in the 

rainscreen was greater than the area of the openings in the air barrier. Nevertheless, the pressure moderation took 

longer in the leaky configuration, which can be reflected in the more disperse results and the higher pressure 

differences across the cladding.  

The airtightness of the test specimen (leaky and sealed) had not an effect on the water entry rates in none of the 

gutters (gutter A2, gutter A3 and gutter A5). Nonetheless, it was not to be the observed case with the applied 

pressure differences in front of the cladding. These had an impact on the water ingress through the vertical joints 

(Stage II) and into the air cavity (Stages IV and VI). Fewer water infiltration rates were reported for rising pressure 

differences in front of the cladding in both cases, gutter A2 and gutter A3. Obtaining the peak water ingress values 

when there was no pressure difference in front of the cladding (at 0 Pa). Apparently, the airflow generated when 

the pressure differences in front of the cladding were increased, provided water droplets with more kinetic energy. 

This kinetic energy occasioned the increase in amount of water droplets splattering away from the surface. Thus, 

reducing the effect of surface tension as force acting in support of water ingress. 

When the water that was sprayed onto the exterior surface of the test specimen was related to the amount of water 

collected at any given stage, it was found that 49.73% of the sprayed water splattered away from the surface, 

36.39% created the runoff film along the exterior surface of the cladding (Stage I), 9.07% infiltrated through 

vertical joints (Stage II), 1.83% infiltrated into the air cavity (Stage IV and VI) and 0.01% reached the exterior 

surface of the PMMA sheet (Stage VII); refer to Fig. 6.39. 
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 (a)                                                                                       (b) 
 

Figure 6.39. Summary scheme. Drawing showing the average percentages of the infiltrated water at each 
rainwater pathway (stage) in setup 03 of mock-up 01, where (a) shows the vertical section and (b) the 

horizontal section.  

 

 

6.5.1.4 | Conclusions: comparison of the results from the three setups of mock-up 01 
 

In general, the pressure equalization with the studied airtightness levels was so good that the influence of the 

driving pressure as a force acting in support of water ingress within the wall system was none or very reduced in 

the three setups of mock-up 01. In the test specimen of setup 01, the pressure moderation across the cladding was 

achieved through the open vertical joints at the perimeter of the cladding, whereas it is produced across the open 

horizontal flashing in reality. In the test specimen of setup 02, the open horizontal joint promoted the pressure 

equalization across the cladding as well as it would have been the case in reality. In the test specimen of setup 03, 

the complete pressure equalization across the cladding was not achieved, showing higher pressure differences with 

peak values of 90 Pa when the test specimen had the leaky configuration of the air barrier.  

Apparently, pressure moderation can not be completely achieved when there is an element blocking the openings 

in the cladding of the test specimen. In setup 03, the horizontal profile installed at the horizontal joint and the 

omega profiles placed at vertical joints blocked the openings and offered some resistance to airflow thereby not 

promoting pressure equalization across the cladding. It is a situation that would have been repeated as well in the 

reality. 
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Figure 6.40. Comparison amongst water entry rates in gutter A2 (water infiltrated through vertical joints) as 
function of applied pressure differences in front of the cladding and the air barrier system configuration. 

Where HJ is the shortcut for horizontal joint. 

 

 
 

Figure 6.41. Comparison amongst water entry rates in gutter A3 (water infiltrated into the air cavity) as 
function of applied pressure differences in front of the cladding and the air barrier system configuration. 

Where HJ is the shortcut for horizontal joint. 
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The water entry rates in gutter A2 of each setup of mock-up 01 are given in Figure 6.40. Gutter A2 measured the 

water infiltrated through vertical joints (Stage II), which was drained away along the exterior surface of the omega 

profiles. As expected, the water ingress obtained from setup 02, setup 03 and setup 02 with the horizontal joint 

closed with waterproof tape was similar. The modifications in the design of the cladding, which were mainly based 

on the addition of horizontal joints, did not affect the water infiltrated through vertical joints. Surprisingly, the 

results obtained from setup 01 were not within the range of the other setups. No explanation has been found to that 

fact as the gutter system used was the same.  

 

 
 

Figure 6.42. Comparison amongst water entry rates in gutter A5 (water that reached the PMMA sheet) as 
function of applied pressure differences in front of the cladding and the air barrier system configuration. 

Where HJ is the shortcut for horizontal joint. 

 

Figure 6.41 shows the water infiltration rates inside the air cavity (Stage IV and VI) for the different setups of 

mock-up 01. Placing a joint profile in the horizontal joint (setup 03) reduced to one-fourth the amount of water 

that penetrated into the air cavity compared to when this horizontal joint was left completely open (setup 02). The 

fewer amount of water infiltrated into the air cavity was obtained with the test specimen of setup 01, whose results 

were in line with the results obtained with the test specimen of setup 02 when the horizontal joint was closed with 

waterproof tape. Note that the difference between the water entry rates inside the air cavity when there was a 

blocked horizontal joint in the cladding arrangement (setup 03) and when there was no horizontal joint in the 

cladding (setup 01) were not great. 0.023 L/min of water infiltrated into the air cavity when the cladding had no 

horizontal joint, 0.164 L/min when the horizontal joint was blocked with a profile and 2.213 L/min when the 

horizontal joint was left completely open. The separation within the results obtained with the leaky and the sealed 

configuration of the air barrier in the case of setup 02 is not due to the airtighness of the test specimen. It is due to 
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the water spray load to which the test specimen was subjected. In the case of the leaky configuration of the air 

barrier, a water spray load of 2.0 L/min·m2 was applied, whereas a spray rate of 2.2 L/min·m2 was was applied 

when the test specimen of setup 02 had the sealed configuration of the air barrier. The results plotted for the other 

setups of mock-up 01 were obtained when the test specimens were subjected to a water spray load of 2.2 L/min·m2 

as well.  

Finally, the results obtained in gutter A5 are plotted in Figure 6.42. Gutter A5 measured the water that reached the 

exterior surface of the PMMA sheet (Stage VII). Surprisingly, not many differences in water entry rates can be 

observed within setups. It was expected that setup 02 showed the highest water ingress rates to the exterior surface 

of the PMMA sheet. It was to be the case, although the difference to the other setups was rather small. Maybe it 

was due to the manner of spraying the outermost surface of the test specimen. All watertightness tests used the 

cascade mode for spraying the outermost surface of the test specimen. Hence, the horizontal joints of the wall 

system were only evaluated to runoff not to wind-driven rain. It is surmised that the differences within setups 

might become greater when the horizontal joints will be tested to wind driven rain. 

 

 

6.5.2 | MOCK-UP 02: FIBERCEMENT PANELS HANGED ON HORIZONTAL RAILS, 

WHICH ARE FIXED TO VERTICAL “T” PROFILES 
 

a) Generic description of the façade test specimen 

 

     
(a)                                                          (b)                                                           (c) 
 
Figure 6.43. Images of setup 01 from mock-up 02. (a) Photo of the specimen during the building process. The 
horizontal rails have silicone caulking to ensure that no water could flow from the open section into the closed 

section or vice versa. (b) Photo of the completed specimen showing the cladding arrangement and the taped 
perimeter joints. (c) Photo of the rear face of mock-up 02 showing the connection of the gutter system to the 

buckets. 
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Mock-up 02 simulated the façade system used in case-study 8 (see Chapter 05, section 5.2.2). Only a setup was 

developed for this mock-up to evaluate the extend of water ingress within the system when some of the parameters 

listed in section 6.4 of this chapter were modified. The wall system was designed and built into the steel fame (see 

Fig. 6.2) using best construction practices and the installation manual of the manufacturer. The façade system of 

the specimen comprised aluminium vertical “T” profiles and horizontal “C” rails as secondary structure, concealed 

clasps as fixing system and fiber cement panels as cladding material (see (a) in Fig. 6.43).  

 

The cladding arrangement of the wall specimen contained three columns and six rows of panels in a surface of 

3.67 m2; refer to (b) in Fig. 6.43. The size of every panel was 63 cm long, 30 cm high and 1.2 cm deep. They were 

placed leaving 1 cm at vertical and horizontal joints. The panels were suspended on a “C” rail at the top edge and 

they were retained in another “C” rail at the bottom edge by means of built-in clasps in both cases (see (a) in Fig. 

6.43). These rails were not shared between adjacent panels, so that the anchor points were not visible from outside. 

The panels had factory drilled undercut fastener holes in the back of the panel at 7.5 cm from the vertical borders 

and at 5 cm from the horizontal borders. These holes were drilled to allocate the undercut bolts that fixed the 

hanging hooks (buil-in clasps) to the fiber cement panels. Then, each panel had four anchorage points. Whereas 

the two clasps at the top of the panel were fixed and enabled the adjustement in the y-axis, the two at the bottom 

border were just sliding anchorage points.  

 

In order to drain the water accumulated in the horizontal rails to the collection trays placed below the specimen, 

they were randomly interrupted and installed slightly tilted towards one side. The rails were screwed down to a 

“T” profile in the middle area and to an “L” profile at the borders. The “T” vertical profile was made to coincide 

with the second vertical joint. So, the profile blocked the direct entry of rainwater onto the PMMA sheet (Stage 

VII). Conversely, the other vertical joint was left completely open, and consequently, rainwater was free to impinge 

on the PMMA sheet through it. In this way, the vertical joints simulated the two possible conditions in the façade 

system: with and without vertical “T” profile behind the opening. The vertical profiles were fastened to an auxiliary 

wood frame through the PMMA sheet by means of three aluminium brackets, being the connection at the top of 

the profile a supporting point and the other two connections, sliding points. The air gap between the cladding and 

the PMMA sheet was approximately 11.6 cm wide, including the secondary structure and the fixing system. It 

means that there was a free air cavity depth of 3 cm. Like in mock-up-01, the perimeter joints between the cladding 

and the steel frame were sealed with waterproof tape in order to avoid water infiltrating at that area, see b in Fig. 

6.43. The construction details of this single setup of mock-up 02 are shown in Figure 6.44. In the details, the main 

elements of the wall specimen are identified by numbers. 

 

Unlike in the different setups of mock-up 01, the weight of the fiber cement panels of mock-up 02 was measured 

before assembling the setup and immediately after conducting the whole water entry test program, refer to Table 

6.4. In this way, the absorption of the fiber cement panels was characterized. As a result, an average increase of 

300 gr. in each panel (a 7% of the initial weight) was measured. The panels absorbed a noticeable amount of water 

through the borders and and at locations for the predrilled holes. 
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(a)                                                                       (b) 
 

Figure 6.44. Drawings of the construction details of mock-up 02. Whereas (a) shows a vertical section, (b) 
presents the horizontal section. Where (1) is the wood frame, (2) the PMMA sheet, (3) the “T” profile, (4) the 
“C” rails, (5) the fiber cement panel, (6) the hanging hook, (7) the undercut anchor and (8) the angle bracket. 

 

b) Generic descripton of the gutter system 

The water management stages to handle in mock-up 02 are shown in blue in Table 6.10. They are the result of the 

water management hypothesis developed for case-study 8 (see Chapter 05, section 5.2.1), which was based on the 

proposed methodology to classify the rainwater pathways within a rear-ventilated façade. Moreover, the stages 

present in that type of façade system are emphasized in grey color. Note that the water management of Stage III 

was not quantified as the depth of the fiber cement panels was 1.2 cm, so it was rather unlikely that rainwater 

remained there. 

 

Table 6.10. Water management stages in mock-up 02. 
 

Existing stages I II III IV V VI VII 
Water management I II III IV V VI VII 

 

The water infiltrated within the wall system and drained along every stage was collected in a gutter system installed 

beneath the specimen; refer to Fig. 6.45. This water was discharged into four different buckets whose weight was 

continuously recorded over time, enabling the measuring and calculation of the infiltration rates. The gutter system 

consited of 4 separated collection trays which measured the water infiltrated at two different locations. A summary 

of the correspondence within the water management stages and the collection gutters for mock-up 02 is given in 

Table 6.11. On one hand, a gutter named A3, was designed to collect the water that infiltrated inside the air cavity 

through open vertical and horizontal joints. This water was drained along Stage II, IV, V and VI. Gutter A3 was a 

longitudinal tray located below the specimen at the rear side of the cladding. It was divided into two equal parts 

(1) (2) (3)

(5)

(8)

(1)

(2)
(8)

(3)

(5) (7)

(6)

(5)

(5)

(4)

(4)

(6)
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to collect separatedly the water that infiltrated through the open vertical joint (the one that had no “T” profile 

behind the opening) from the water that infiltrated through the closed vertical joint (the one that had a “T” profile 

behind the opening).  

 

Table 6.11. Table showing in which gutter is collected every water management level. 

 

Water management stages Gutter system 
Stage I Water collected on previous tests = 49.73% 
Stage II Gutter A3-Open* / Gutter A3-Closed** 
Stage III Water not collected 
Stage IV Gutter A3-Open* / Gutter A3-Closed** 
Stage V Gutter A3-Open* / Gutter A3-Closed** 
Stage VI Gutter A3-Open* / Gutter A3-Closed** 
Stage VII Gutter A5-Open* / Gutter A5-Closed** 

 
* Gutter below the vertical joint with a vertical “T” profile behind, which blocks the direct entry of rainwater onto 
the PMMA sheet. 

** Gutter below the completely open vertical joint (there is no “T” profile behind the opening), in which rainwater 
is free to impinge on the PMMA sheet. 

 

 

  
 
Figure 6.45. Scheme of the gutter system and 

placement of the different trays. 

 
Figure 6.46. Images of the assembling and placement of 

gutter A3 and gutter A5. 
 

On the other hand, the water that reached the exterior surface of the PMMA sheet (Stage VII) was directed to 

another tray, referred to as gutter A5. Note that the PMMA sheet replaced both, the interior leaf and the thermal 

insulation layer, and acted as the air barrier system in the specimen, like in mock-up 01. Gutter A5 collected the 

water that infiltrated through the open vertical and horizontal joints. Water droplets also reached the exterior 

surface of the PMMA sheet (Stage VII) through the angle brackets, which fixed the vertical profiles to the wood 

A5 A3

A5A3
A3



Watertightness testing | 199 
 

frame. Then gutter A5 was another logitudinal tray, placed next to gutter A3, that was divided into two equal parts 

as well. So, it collected separatedly the water that reached the PMMA sheet through the open vertical joint (the 

one that had no “T” profile behind the opening) from the water that reached the PMMA sheet through the closed 

vertical joint (the one that had a “T” profile behind the opening). This division of the collection trays in gutter A3 

and gutter A5 enabled to study the water infiltration at each stage depending on the type of vertical joint. Some 

pictures of the assembling of gutter A3 and agutter A5 are given in Fig. 6.46. 

 

c) Results  

Twenty-two watertightness tests have been randomly conducted over the specimen in order to assess the influence 

of the following parameters on the rainwater penetration within the wall system: (i) the degree of airtightness of 

the test specimen, (ii) the manner of applying the pressure differential in front of the cladding, (iii) the water spray 

load on the outermost surface of the test specimen, (iv) the effect of having vertical and/or horizontal joints in the 

cladding arrangement, (v) different design parameters in vertical joints and (vi) the width of the vertical joints; 

refer to Table 6.4. It was assumed that the gutter measuring the greatest amount of water would be gutter A3. 

Furthermore, it was expected that more water was collected in the tray of gutter A3 below the open vertical joint 

(the one that had no “T” profile behind the opening) than in the tray below the closed vertical joint (the one that 

had “T” profile behind the opening). Less amount of water was surmised to be collected in gutter A5, but more 

than in gutter A5 from mock-up 01. However, greater differences between trays below the open and the closed 

vertical joint were anticipated.  

The amount of water running down along the exterior surface of the cladding (Stage I) was not measured in a 

gutter. It was deduced by substraction from 100% of the percentages of the total water collected at gutter A3, 

gutter A5 and the splattered water. The water splattered away from the surface of the cladding was obtained in a 

separated test sequence, resulting in 49.73% of the sprayed water. 

Results are reported in terms of water infiltration rates (L/min) at at every stage. Note that the measurements had 

an accuracy of 0.1gr. It means that measuring 10 gr involved 1% of uncertainty. The buckets and collection trays 

were designed to have the same absolute pressure as the location where the water was infiltrated into the cavity.  

Furthermore, the infiltration rates were not affected by the transitions in pressure differences nor changes in water 

levels of the respective buckets. In addition, to check the statistical significance of the evaluated test parameters, 

a multi-factor statistical analysis of variance (ANOVA) using “R” and “Statgraphics” software has been 

undertaken on the obtained data of each gutter. As not always replicated values have been provided for the analysis, 

it has been assumed that there was no interaction within the applied pressure differential steps in front of the 

cladding. In other words, the analysis assumed that the tests parameters had the same effect (if any) at all levels of 

pressure difference. 

 

c.1) AIRTIGHTNESS OF THE SPECIMEN 

Nominal leakage rates of 7.47 ± 0.25 m³/h (1.67 m³/h·m2; as the area within the steel frame was 4.47 m2) at 50 Pa 

were achieved when the 12 adjustable openings in the air barrier system (PMMA sheet) were closed and 36.21 ± 

1.23 m³/h (8.10 m³/h·m2) when the 12 adjustable openings were left open. According to ATTMA [1] it is 
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considered to be a good practice for residential buildings to have an airtightness ranging between 1 and 5 m³/h·m2. 

Hence, the airtightness levels of the test specimen proposed could be considered as good (sealed configuration of 

the air barrier) and worse (leaky configuration of the air barrier) case scenarios in terms of watertightness. 

 

c.2) PRESSURE EQUALIZATION 

Good pressure equalization across the cladding of mock-up 02 was achieved through the open vertical and 

horizontal joints. Indeed, the pressure equalization in this type of façades with such airtightness levels was so good 

that the influence of the driving pressure as a force acting in support of water ingress within the wall system could 

be considered null or very reduced. Thereby, the applied pressure differences in front of the cladding were not 

expected to have an impact on water infiltration rates. However, cross currents might exist in reality if the corners 

of the cavities are not compartmentalized. 

 

c.3) INFILTRATION RATES 

 

 

 
Figure 6.47. Water infiltration rates measured in gutter A3 (water infiltrated into the air cavity) as function of 

applied pressure differences in front of the cladding, air barrier configuration, water spray load over the 
specimen and manner of applying the pressure differential. 

 

Three groups could be clearly identified in the graph at every pressure difference. Each group enclossed the results 

obtained when the test specimen of mock-up 02 was subjected to a specific water spray load (1.4, 2.4 and 3.5 

L/min·m2), which are distinguished by colors in the graph. Hence, in can certainly be assessed that the higher the 
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water spray load over the outermost surface of the test specimen, the higher the amount of water that infiltrated 

into the air cavity.  

 

 
 

Figure 6.48. Water infiltration rates measured in gutter A3  (water infiltrated into the air cavity) as function 
of applied pressure differences in front of the cladding, air barrier system configuration and manner of 

applying the pressure differential for a given water spray load. 
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The influence on water ingress of the applied pressure differences in front of the cladding, the airtightness of the 

test specimen and the manner of applying the pressure differences in front of the cladding could not be properly 

evaluated at first sight. Therefore, a multi-factor statistical analysis of variance (ANOVA) using “R” and 

“Statgraphics” software was carried out on the whole obtained data for gutter A3. The ANOVA analysis reported 

no significant differences on the water entry rates for the factor “Pressure difference” with a confidence interval 

of 95%. As the p-value of such factor was 0.9895, much greater than 0.05, the obtained curves for every tested 

parameter were considered to fit into a horizontal line. Hence, infiltration rates into the air cavity (Stage II, IV, V 

and VI) remained constant throughout all applied pressure differences in front of the cladding at every given spray 

rate (1.4, 2.4 and 3.5 L/min·m2), airtightness level of the test specimen (leaky and sealed configuration of the air 

barrier) and manner of applying the pressure differences (cyclic and static pressure conditions). Regarding the 

factor “Test type”, the analysis reported a p-value of 0.7311, which indicated that no significant differences were 

found between the curves obtained when the specimen was subjected to static or cyclic pressure conditions. 

Consequently, the water ingres into the air cavity (Stage II, IV, V and VI) was largely insensitive to the manner of 

applying the pressure differences in front of the cladding. It was not a surprising outcome, as the water infiltrated 

into the air cavity through the open joints, which were 1 cm-wide. In joints of such dimension, capillary actions (a 

joint width between panels above 8 mm is enough to eliminate capillary plugs [281, 311]) and surface tension (it 

is not likely that the joint can be precluded) are not the main forces driving water through the joints. And these 

forces acting in support of water ingress along with pressure differences are the ones which are severely affected 

by the manner of applying the pressure differential in front of the cladding. The factor “Airtightness” provided a 

p-value of 0.6218. As it was much greater than 0.05, it implied that the curves displayed for the two configurations 

of the air barrier system (leaky and sealed configurations) were not statistically different. Hence, water entry rates 

into the air cavity (Stage II, IV, V and VI) were not dependent on the artightness of the test specimen. It is a result 

that could be anticipated since the driving pressure was not present across the cladding because the area of the 

openings in the rainscreen was much greater than the area of the openings in the air barrier and thereby, could not 

be a force acting in support of water ingress. An enlargement of the previous graph is given in Figure 6.48, which 

aimed at enhancing the realtionship among parameters within the tests undertaken for the same spray rate. 

Figure 6.49 plots the water infiltration rates measured in gutter A5(considering the total amount of water collected 

below the open and closed vertical joints) as function of the applied pressure differences in front of the cladding, 

the air barrier configuration, the water spray load over the outemost surface of the test specimen specimen and the 

manner of applying the presure differences in front of the cladding. 

The water was able to reach the exterior surface of the PMMA sheet (Stage VII) through the open horizontal joint 

and through the vertical joint that did not have a “T” profile behind the opening. In the graph, it was not so clear 

that higher spray rates brought in higher water entry rates in gutter A5. Neither was it the influence on the water 

infiltration rates of the applied pressure differences in front of the cladding, nor the airtightness of the test specimen 

and nor the manner of applying the pressure differential. Therefore, a multi-factor ANOVA was used again. It 

reported a p-value of 0.9695 for the factor “Pressure difference, which indicated that no statistical significant 

differences were found. The curves obtained in gutter A5 for every test parameter fitted into a horizontal line and 

consequently, the amount of water that reached the exterior surface of the PMMA sheet (Stage VII) was not 

influenced by the pressure difference applied in front of the claddding; refer to Fig. 6.50. The ANOVA analysis 

reported no statistical significant differences for the factor “Test type” as well. It provided a p-value for that factor 
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of 0.1202, which is greater than 0.05. Hence, the water that infiltrated onto the exterior surface of the PMMA sheet 

was not affected by the manner of applying the pressure differences in front of the cladding. Apparently, the forces 

acting in support of water ingress into the PMMA sheet were the kinetic energy of droplets and the local air 

currents, which transported water droplets across the open joints onto that location. The p-value of the factor 

“Airtightness” was 0.0008, much smaller than 0.05, which indicated that the level of airtightness of the test 

specimen had an impact on the amount of water that reached the exterior surface of the PMMA sheet (Stage VII). 

In the test specimen, the PMMA sheet played the role of the air barrier system, and consequently, the pressure 

differential was moved to that layer. Therefore, when a certain permeability was left in that layer, an airflow was 

established across the gaps of that layer, which transported water droplets onto that surface along the stream of 

moving air (local air currents was the driving force acting in support of water ingress on that occasion). Thus, 

fewer water infiltration rates in gutter A5 were obtained with the leaky configuration of the test specimen than 

with the sealed configuration, refer to Table 6.12. A noticeable amount of water was lost through the gaps in the 

air barrier system, and thereby, not measured. This indicates the vulnerability of that layer. It is highly 

recommended to prevent water droplets reaching that point because then, there is a potential risk of water 

infiltration into the inner leaf due to pressure differences. The last factor studied in the ANOVA analysis was the 

“Spray rate”. Like in the three setups of mock-up 01 and in gutter A3 of mock-up 02, it reported significant 

differences among the curves obtained for every water spray load (the p-value was much smaller than 0.05). The 

amount of water that reached the exterior surface of the PMMA sheet was largely sensitive to the spray rate, 

acquiring this relationship a positive proportionality. 

 

 

 
Figure 6.49. Water infiltration rates measured in gutter A5 (water that reached the PMMA sheet) as function 

of applied pressure differences in front of the cladding, air barrier configuration, water spray load over the 
specimen and manner of applying the pressure differential. 
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Figure 6.50. Water infiltration rates measured in gutter A5 (water that reached the PMMA sheet) as function 

of applied pressure differences in front of the cladding, air barrier system configuration and manner of 
applying the pressure differential for a given water spray load. 

 

 

Table 6.12. Summary table indicating the main statistical values of the levels within the studied factors for 
gutter A3 (water infiltrated into the air cavity) and gutter A5 (water that reached the PMMA sheet). 

 

 Gutter A3 Gutter A5 

 Mean 
[L/min] 

Standard 
error of 

the mean 
(SEM) 

95% confidence 
interval Mean 

[L/min] 

Standard 
error of the 

mean 
(SEM) 

95% confidence 
interval 

 Upper 
limit 

Lower 
limit 

Upper 
limit 

Lower 
limit 

Factor “Airtightness” 
Leaky     0.0366 0.0018 0.0331 0.0401 
Sealed     0.0464 0.0023 0.0417 0.0510 
Factor “Spray rate” 
1,4 1.4269 0.0198 1.3875 1.4664 0.0297 0.0023 0.0251 0.0343 
2,4 2.4256 0.0158 2.3940 2.4571 0.0407 0.0018 0.0370 0.0444 
3,5 3.6058 0.0304 3.5451 3.6666 0.0540 0.0035 0.0470 0.0611 

 

Assuming that the applied pressure differences in front of the cladding and that the manner of applying such 

pressure differences were not significant (according to the multi-factor ANOVA analysis), a summary of the main 

values for gutter A3 and gutter A5 is given in Table 6.12. An average value of 1.43 L/min of water infiltrated 

inside the air cavity (Stage II, IV, V, VI) when a water spray load of 1.4 L/min·m2 was applied, a value of 2.41 

L/min when the spray rate was 2.4 L/min·m2 and a value of 3.61 L/min for the spray rate of 3.5 L/min·m2. It meant 

that 27.68% of the sprayed water was collected in gutter A3. On the other hand, the amount of water that reached 

the exterior surface of the PMMA sheet (Stage VII) was 0.03 L/min for the spray rate of 1.4 L/min·m2 with the 
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leaky and sealed configuration of the air barrier system; 0.03 L/min for the spray rate of 2.4 L/min·m2 with the 

leaky configuration and 0.05 L/min with the sealed configuration; and 0.05 L/min for the water spray load of 3.5 

L/min·m2 with the leaky configuration of the air barrier system. These values represented the 0.49% of the sprayed 

water onto the exterior surface of the specimen. 

 

        (a) Gutter A3 

 

         (b) Gutter A5 

 
Figure 6.51. Rate of water collection at (a) gutter A3 (water infiltrated into the air cavity) and (b) gutter A5 

(water that reached the PMMA sheet) in relation to the rate of water spray load on the test specimen. 
 

As water infiltration rates in both gutters were not dependent on the applied pressure differences in front of the 

cladding, on the airtightness of the specimen and on the manner of applying the pressure differential steps, these 

are plotted as function of water spray load on the test specimen in Fig. 6.51. In this sense, the relationship between 

the variables water deposition rate and spray rate has been studied. As expected, infiltration rates increased with 

spray rates, but doubling the spray rate did not lead to a corresponding two-fold increase in infiltration rates. On 

the one side, the rise in water ingress amongst spray rates was similar and directly proportional to the water spray 

load (Pearson’s product-moment correlation = 0.999) in gutter A3. The outcomes of this gutter fitted better in a 
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straight line. On the other side, these increases were slightly different for every spray rate (Pearson’s product-

moment correlation = 0.973) in gutter A5. Being in this case a parabolic curve the best fit.  

 

c.3.1) Studying the effect of having vertical and/or horizontal joints in the cladding arrangement on the 

water deposition rate at each location. 

Once the infiltration rates inside the air cavity (Stage II, IV, V and VI; gutter A3) and onto the PMMA sheet (Stage 

VII; gutter A5) have been studied, the predominant pathways for water entry at vertical and horizontal joints and 

the corresponding water infiltration rates are provided in Table 6.13. In this Table the rate of water collection to 

gutter A3 from vertical and horizontal cladding joints is provided as a function of applied pressure differences in 

front of the cladding given a “leaky” configuration for the air barrier system at a spray rate of 2.4 L/min·m2 and 

for three conditions:  

- (X): for which the horizontal joints of the cladding were closed with waterproof tape,  

- (Y): for which the vertical joints of the cladding were closed with waterproof tape,  

- and thirdly when; no tape was placed at any joint.  

In this sense, the percentages used in studying the influence of vertical and horizontal joints have been calculated 

based on the addition of X and Y being 100%. As shown, the impact of taping the horizontal joints corresponded 

to a 97.94% to 98.41% reduction of the infiltration rate inside the air cavity (Stage II, III, IV, V and VI). On the 

other hand, the impact of taping vertical joints corresponded to a reduction ranging from 1.59% to 2.06%.  

 

Table 6.13. Comparison of water infiltration rates in gutter A3 (water infiltrated into the air cavity) for the spray 
rate of 2.4 L/min·m2 and the leaky configuration for air barrier. 

 
 Pressure 

difference 
(Pa) 

Gutter A3 
 Infiltration rates 
 X = With taped 

horizontal joints 
Y = With taped vertical 

joints X + Y No joints 
taped 

  (L/min) % (L/min) % (L/min) (L/min) 
 0 0.0440 1.90 2.2711 98.10 2.3151 2.3301 
 150 0.0391 1.59 2.4249 98.41 2.4640 2.4527 
 300 0.0452 1.79 2.4797 98.21 2.5250 2.4766 
 450 0.0527 2.06 2.5051 97.94 2.5578 2.4642 
 600 0.0505 1.98 2.4958 98.02 2.5463 2.4755 
 750 0.0456 1.78 2.5194 98.22 2.5650 2.4732 

Mean ± 
Standard 
Deviation 

 0.0462± 
0.0048 

1.85± 
0.17 

2.4493± 
0.0933 

98.15± 
0.17 

2.4955± 
0.0956 

2.4454± 
0.0262 

Infiltrated 
water per 

linear meter of 
joint 

 0.0124 0.2565    

 

 

Therefore, horizontal joints are the predominant pathway for water entry inside the air cavity (Stage II, IV, V and 

VI), where close to 0.26 L/min of water infiltrated per linear meter of horizontal joint when the specimen was 

subjected to a water spray load of 2.4 L/min·m2, regardless of the pressure difference. The water entry rate per 
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linear meter of vertical joint under the same conditions was 0.01 L/min, almost twenty-one times smaller than the 

rate for the horizontal joint. 

Table 6.14 depicts the results obtained from gutter A5 (water that reached the exterior surface of the PMMA sheet) 

when the test specimen was subjected to the same test conditions and configuration of the air barrier system as 

was provided for gutter A3. An analogous result was obtained to that found for water entry to the air cavity. More 

water infiltrated per linear meter of horizontal joint compared to the vertical joint. However, the difference between 

infiltration rates through vertical and horizontal joints was smaller. The effect of taping the horizontal joints 

corresponded to an 79.26% to an 88.13% on the reduction of the infiltration rates onto the exterior surface of the 

PMMA sheet (Stage VII). Alternatively, a reduction from 11.87% to 20.74% was obtained when vertical joints 

were taped. Contrary to what happened for water that infiltrated into the air cavity, it seems that the presence of 

vertical and horizontal joints at the same time enhanced infiltration rates onto the PMMA surface (Stage VII). This 

may be due to higher airflow velocities on those areas combined with the splash and bounce effects of raindrops. 

Close to 0.003 L/min of water infiltrated per linear meter of horizontal joint when the test specimen was subjected 

to a water spray load of 2.4 L/min·m2. The water entry rate per linear meter of vertical joint under such conditions 

was 0.002 L/min, almost two times smaller than the rate for the horizontal joint. 

 

Table 6.14. Comparison of water infiltration rates in gutter A5 (water that reached the PMMA sheet) for the 
spray rate of 2.4 L/min·m2 and the leaky configuration of the air barrier. 

 
 Pressure 

difference 
(Pa) 

Gutter A5 
 Infiltration rates 
 X = With taped 

horizontal joints 
Y = With taped 
vertical joints X + Y No joints 

taped 
  (L/min) % (L/min) % (L/min) (L/min) 
 0 0.0029 11.87 0.0218 88.13 0.0247 0.0379 
 150 0.0055 16.91 0.0268 83.09 0.0323 0.0396 
 300 0.0064 17.63 0.0299 82.37 0.0363 0.0396 
 450 0.0060 17.64 0.0282 82.36 0.0342 0.0406 
 600 0.0073 20.74 0.0278 79.26 0.0351 0.0404 
 750 0.0064 17.88 0.0294 82.12 0.0358 0.0419 

Mean ± Standard 
Deviation  0.0058± 

0.0015 
17.11± 

2.89 
0.0273± 
0.0029 

82.89± 
2.89 

0.0331± 
0.0043 

0.0400± 
0.0013 

Infiltrated water 
per linear meter of 

joint 
 0.0015 0.0029   

 

The outcomes shown that the primary source for water ingress into the air cavity (Stage II, IV, V and VI) and onto 

the surface of the PMMA sheet (Stage VII) were horizontal joints. Close to 26.73% (98% of the total collected 

water in gutter A3) infiltrated into the air cavity and close to 0.43% (80% of the total collected water in gutter A5) 

reached the surface of the PMMA sheet through horizontal joints (values obtained when vertical joints were taped 

in the test specimen). 

 

c.3.2) Studying the impact of the vertical joint design on the water deposition rate at each location. 

In the previous graphs the total rate of water collection at every gutter was shown. Nevertheless, different 

collection trays were placed below the open vertical joint (joint without a “T” profile behind the opening) and 
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below the closed vertical joint (joint with a “T” profile behind the opening) at both gutters during the execution of 

the whole water entry test program. Focussing on these results as an example, in Fig. 6.52 are provided the rates 

of water collection for each tray of gutter A3 in relation to the applied pressure differences in front of the cladding 

and the airtightness level of the test specimen at a spray rate of 2.4 L/min·m2. Surprisingly, collection rates in 

gutter A3 and gutter A5 seemed to be insensitive to the design of the vertical joint (i.e. “closed”: vertical joint with 

a vertical “T” profile behind the opening and “open”: vertical joint without vertical profile behind the opening). 

The multi-factor ANOVA analysis undertaken over the data of gutter A3 and gutter A5 did not confirm these 

observations. Note that the factor “Tray type” referred to which tray the water was collected in; whether in the tray 

below the open vertical joint or whether in the tray below the closed vertical joint. The factor “Tray type” provided 

a statistical significant effect on water entry rates into the air cavity (Stage II, IV, V and VI; gutter A3), as the p-

value was 0.0002. Two homogeneous groups were identified within the factor. On one side, group 1 contained the 

level Closed and on the other side, group 2 encompassed the level Open. These meant that the curves obtained for 

gutter A3-Closed and gutter A3-Open were significantly different. Alternatively, this factor rendered no significant 

differences on water entry rates onto the exterior surface of the PMMA sheet (Stage VII; gutter A5) as the p-value 

reported was 0.1354. As expected, water ingress in gutter A3 was sensitive to the design of the vertical joint and 

unexpectedly, it was not to be the case in gutter A5. The amount of water that reached the exterior surface of the 

PMMA sheet (Stage VII) was not affected by the design of the vertical joint. These results were in line with 

previous ones, where it was assessed the weakness of horizontal joints as main source for water ingress in gutter 

A3 and gutter A5 and the importance of the splash and bounce effects inside the air cavity. Thereby, the extend of 

rainwater penetration within the wall system though vertical joints was rather small. 

 

 

 
 

Figure 6.52. Water infiltration rates measured in each part of gutter A3 (water infiltrated into the air 
cavity below the open vertical joint and water infiltrated into the air cavity below the closed vertical 
joint) as function of applied pressure differences and the degree of airtightness of the specimen for a 

water spray load of 2.4 L/min·m2. 

 
Assuming that the applied pressure differences in front of the cladding were not significant at both locations 

(according to the multi-factor ANOVA analysis), a summary of the main values for the trays of gutter A3 and 

Gutter A3-Open_Sealed
Gutter A3-Open_Leaky

Gutter A3-Closed_Sealed
Gutter A3-Closed_Leaky
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gutter A5 is given in Table 6.15. The tray of gutter A3-Open collected from 51.6% at 0 Pa to 51.4% at 750 Pa of 

the total amount of water measured in gutter A3, whereas the tray of gutter A3-Closed collected from 48.4% to 

48.6% for rising applied pressure differences in front of the cladding. Slight differences were found in gutter A5 

as the presence of a vertical profile precluded the direct impingement of water droplets onto the surface of the 

PMMA sheet. From 51% at 0Pa to 55% at 750 Pa of the water collected on that location was measured in gutter 

A5-Open and from 49% to 45% in gutter A5-Closed.  Hence, it seemed that collection rates were highly dependent 

on the splash effect of water droplets. 

 
Table 6.15. Summary table indicating the main statistical values of the levels within the factor tray type and the 

factor airtightness. 

 

 Mean 
[L/min] 

Standard 
error of the 

mean (SEM) 

95% confidence interval 

 Lower 
limit Upper limit 

Factor “Tray type” 
A3-Closed 1,1911 0,0102 1,1933 1,2337 
A3-Open 1,2469 0,0102 1,2079 1,2484 
A5-Closed 0,0184 0,0102 0,0004 0,0409 
A5-Open 0,0206 0,0102 0,0041 0,0446 
Factor “Airtightness” in gutter A5 
Leaky 0,0147 0,0009 0,0128 0,0166 
Sealed 0,0242 0,0012 0,0218 0,0267 

 

 

c.3.3) Studying the effect of the width of the vertical joint on the water deposition rate at each location. 

Finally, it has been studied the impact on water ingress in gutter A3 and gutter A5 of the width of the vertical joint. 

In Figure 6.53 are given the results of the water infiltration rates obtained in gutter A3 as function of the width of 

the vertical joint, the vertical joint design and the applied pressure differences in front of the cladding at the spray 

rate of 2.4 L/min·m2 for the leaky configuration of the air barrier. Gutter A3 measured the water that infiltrated 

into the air cavity (Stage II, IV, V and VI) through vertical and horizontal joints. Hence, it was expected that the 

wider the width of the vertical joints, the greater the amount of water that would be collected in gutter A3 and 

viceversa. However, this rise was surmised not to be very strong as the main source for water ingress into the air 

cavity were horizontal joints not the vertical ones.  

In the graph, two groups of results could be clearly identified. On the one side, the measurements obtained in the 

open vertical joint and the measurement obtained with the closed vertical joint on the other side. Notwithstanding, 

the effect of the width of the vertical joint on the water entry rates in each case could not be properly assessed. 

Thereby, a multi-factor statistical analysis of variance was undertaken over the whole data of gutter A3. This 

anlaysis provided a p-value of 0.9944 for the factor “Pressure difference” and a p-value of 0.6170 for the factor 

“Vertical joint width”. Both p-values were greater than 0.05, which indicated that these factors did not have a 

significant effect on the water ingress in gutter A3. Therefore, the amount of water that infiltrated into the air 

cavity (Stage II, IV, V and VI) was insensitive to the width of the vertical joint when the cladding arrangement 

had vertical and horizontal open joints. The widths of 0.8, 1.0 and 1.2 cm for the vertical joint reported similar 
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results in terms of water ingress. Moreover and in line with previous results, water entry rates in gutter A3 were 

not dependent on the pressure differences applied in front of the cladding. So, the results of the tests obtained for 

every test parameter were found to fit into a horizontal line. Alternatively, a p-value much smaller than 0.05 was 

displayed for the factor “Tray type”. It meant that statistical significant differences were observed between the 

amount of water collected below the open vertical joint from the one collected below the closed vertical joint. It 

implied that the amount of water that infiltrated into the air cavity (Stage II, IV, V and VI) was influenced by the 

design of the vertical joint, that is having or not a vertical “T” profile behind the opening, respectively. Higher 

water ingress rates in gutter A3 were obtained with the open design of the vertical joint (joint without a “T” profile 

behind the opening) as expected. An average value of 1.173 ± 0.011 L/min of water was measured in gutter A3-

Closed and an average value of 1.268 ± 0.011 L/min was measured in gutter A3-Open. 

 

 
 

Figure 6.53. Water infiltration rates in gutter A3 (water infiltrated into the air cavity) in relation to the width 
of the vertical joint, the vertical joint design and the applied pressure differences in front of the cladding at the 
spray rate of 2.4 L/min·m2, the leaky configuration of the air barrier and static pressure conditions. Where VJ 

is the shortcut for vertical joint. 

 

Figure 6.54 provides the rates of water collection for each tray of gutter A5 in relation to the applied pressure 

differences in front of the cladding and the design and width of the vertical joint at a spray rate of 2.4 L/min·m2 

for the leaky configuration for the air barrier system. In this case, it seemed that the vertical joint design became a 

factor of less importance, whereas for the width of the vertical joint it was the other way around. Note that initially 

it was surmised that both factors would affect the amount of water that reached the exterior surface of the PMMA 

sheet (Stage VII). Given that the main source of water ingress onto the PMMA sheet were the open vertical joint 

(tray below the vertical joint without “T” profile behing the opening) and the open horizontal joints. Besides, much 

dispersion among mesurements was observed. When validating these impressions by means of a multi-factor 

ANOVA, it was found that not all widths were significantly different. The factor “Vertical joint width” reported a 

p-value much smaller than 0.05. Then, significant differences were found within the curves obtained for the widths 
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0.8, 1.0 and 1.2 cm of the vertical joint. However, two homogeneous groups were clearly identified within the 

factor instead of three groups corresponding to the three studied widths. On one side, group 1 contained the vertical 

joint width of 0.8 and 1.2 cm. On the other side, group 2 enclosed the vertical joint width of 1.0 cm. These meant 

that significant differences were found amongst the widths included in different groups, but there were not between 

the widths enclosed in the same group. Hence, it was not possible to state precisely the impact of the vertical joint 

width on water ingress. The highest water infiltration rates in gutter A5 were obtained when the vertical joint was 

1 cm-wide, not with 1.2 cm-wide as expected. This pattern was repeated for both vertical joint designs (closed and 

open). Conversely, the lowest water entry rates were displayed with the width of 0.8 cm for both vertical joint 

designs. Again, the analysis reported no statistical significant differences for the factor “Pressure difference” as 

the p-value was 0.9599 (bigger than 0.05). As could be expected for a presssure equalized wall system, the rise in 

the pressure differences applied in front of the cladding did not lead to higher water depostion rates in gutter A5. 

As expected, the factor “Airtightness” reported a p-value of 0.0138, smaller than 0.05. It meant that the air 

configuration of the air barrier had a significant impact on the water infiltration rates onto the PMMA sheet. Thus, 

the influence of local air currents as a driving force for water droplets within the wall system was meaningful. 

These currents were established in the leaky configuration of the air barrier through the adjustable openings and 

transported water droplets across the air cavity onto the surface of the PMMA sheet. 

 

 
 

Figure 6.54. Water infiltration rates in gutter A5 (water that reached the PMMA sheet) in relation to the 
width of the vertical joint, the vertical joint design and the applied pressure differences in front of the cladding 

at the spray rate of 2.4 L/min·m2 the leaky configuration of the air barrier and static pressure conditions. 
Where VJ is the shortcut for vertical joint. 

 

Unlike in gutter A3, the p-value of the factor “Tray type” was greater than 0.05 (p-value = 0.1228). It indicated 

that there were not statistical significant differences between the curves obtained in gutter A5-Open and gutter A5-

Closed. Hence, the amount of water that reached the exterior surface of the PMMA sheet (Stage VII) was not 

sensitive to the design of the vertical joint, unexpectedly. An average value of 0.0103 ± 0,0009 L/min of water 
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was measured in gutter A5 when the vertical joint was 0.8 cm-wide, an average value of 0,0200 ± 0,0008 L/min 

when the vertical joint was 1.0 cm-wide and an average value of 0,0120 ± 0,0009 whe the vertical joint was 1.2 

cm-wide. 

 

d) Conclusions  

The pressure equalization in this type of façades with such airtightness levels (leaky configuration: 8.10 m³/h·m2 

and sealed configuration: 1.67 m³/h·m2) was so good that the applied pressure differences in front of the cladding 

had not an impact on water infiltration rates in any of the collection locations (gutter A3 and gutter A5). As a 

consequence of the complete pressure equalization across the cladding, the driving pressure was not anymore a 

force acting in support of water ingress within the wall system. In the test specimen of mock-up 02, the pressure 

moderation was achieved through the open horizontal and vertical joints, like it would have happened in the reality. 

However, cross currents might exist in reality if the corners of the cavities are not compartmentalized. 

The airtightness of the test specimen (leaky and sealed) had not an effect on the water entry rates in gutter A3. 

Nonetheless, it was not to be the observed case in gutter A5. In the test specimen, the PMMA sheet played the role 

of the air barrier system, and consequently, the pressure differential was moved to that layer. Therefore, when a 

certain permeability was left in that layer, an airflow was established across the gaps of that layer, which 

transported water droplets onto that surface along the stream of moving air (local air currents was the driving force 

acting in support of water ingress on that occasion). Thus, fewer water infiltration rates in gutter A5 were obtained 

with the leaky configuration of the test specimen than with the sealed configuration. 

The water that infiltrated into the air cavity (gutter A3) and onto the exterior surface of the PMMA sheet (gutter 

A5) was not affected by the manner of applying the pressure differences in front of the cladding. Apparently, the 

forces acting in support of water ingress across the open horizontal and vertical joints were the kinetic energy of 

droplets and the local air currents, which transported water droplets across the open joints within the wall system.  

The amount of water that infiltrated into the air cavity or tha reached the exterior surface of the PMMA sheet was 

largely sensitive to the spray rate. It can certainly be assessed that the higher the water spray load over the 

outermost surface of the test specimen, the higher the amount of water that infiltrated within the wall system. In 

agreement with previous research, a linear correlation was found between water spray load over the specimen and 

water entry in gutter A3 and a parabolic correlation in the case of gutter A5. 

When the water that was sprayed onto the exterior surface of the test specimen was related to the amount of water 

collected at any given stage, it was found that 49.73% of the sprayed water splattered away from the surface, 

23.14% created the runoff film along the exterior surface of the cladding (Stage I), 26.69% infiltrated into the air 

cavity (Stage II, IV, V and VI) and 0.44% reached the exterior surface of the thermal insulation layer (Stage VII) 

at a water spray load of 2.4 L/min·m2 on the test specimen; refer to Fig. 6.55.  

The predominant pathways for water entry within the wall system were horizontal joints regardless of the manner 

of applying the pressure differences in front of the cladding, the level of airtightness of the test specimen, the 

applied pressure differences in front of the cladding and the water spray load on the tests specimen. This effect of 

the horizontal joint was much greater in the case of gutter A3 (98% of the measured amount of water) than in 

gutter A5, where it implied 80% of the measured amount of water. 
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Surprisingly, collection rates in gutter A5 were insensitive to the design of the vertical joint (i.e. “closed”: vertical 

joint with a vertical “T” profile behind the opening and “open”: vertical joint without vertical profile behind the 

opening). However it was not to be the observed case in gutter A3. Higher water ingress rates in gutter A3 were 

obtained with the open design of the vertical joint. These results were in line with previous ones, where it was 

assessed the weakness of horizontal joints as main source for water ingress in gutter A3 and gutter A5 and the 

importance of the splash and bounce effects inside the air cavity. Thereby, the extend of rainwater penetration 

within the wall system though vertical joints was rather small. 

The amount of water that infiltrated into the air cavity was insensitive to the width of the vertical joint when the 

cladding arrangement had vertical and horizontal open joints. The widths of 0.8, 1.0 and 1.2 cm for the vertical 

joint reported similar results in terms of water ingress. Nonetheless, it was not to be the observed case in gutter 

A5, where the highest water infiltration rates were obtained when the vertical joint was 1 cm-wide, not with 1.2 

cm-wide, as expected. This pattern was reapeated for both vertical joint designs (closed and open). The lowest 

water entry rates were reportes with the width of 0.8 cm. 

 

(a)                                                                                       (b) 
 

Figure 6.55. Summary scheme. Drawing showing the average percentages of the infiltrated water at each 
rainwater pathway (stage) in setup 01 of mock-up 02, where (a) shows the vertical section and (b) the 

horizontal section. Whereas the values in red were calculated when the spray rate was 1.4 L/min·m2, the 
values in blue were calculated for the water spray load of 2.4 L/min·m2 and the values in green corresponded 

to the spray rate of 3.5 L/min·m2. 

 

 

 

 

49.73%

100%

26.69%

100%

23.14%

0.44%

26.69%

28.40%

28.22%

23.14%
21.28%

21.67%

0.44%
0.59%

0.38%



Watertightness testing | 214 
 

6.5.3 | CONCLUSIONS: COMPARISON OF THE RESULTS FROM MOCK-UP 01 AND 

MOCK-UP 02 
 

Despite that pressure moderation took place in both mock-up 01 and mock-up 02, it was more difficult to achieve 

complete pressure equalization in mock-up 01 than in mock-up 02, specially when the cladding arrangement of 

mock-up 01 only had vertical joints. In addition, longer times were required to achieve pressure equalization in 

mock-up 01. Note that the air cavity depth was almost the double in mock-up 02 than in mock-up 01. Apparently, 

pressure moderation can not be completely achieved when there is an element blocking the openings in the 

cladding of the test specimen as these elements offered some resistance to airflow thereby, not promoting pressure 

equalization across the cladding. As a consequence of the pressure moderation within the two wall systems, the 

applied pressure differences in front of the cladding did not have an impact on the water ingress at any of the 

evaluated locations at any time. 

In both mock-ups, a similar approach was adopted to decide the points of water collection, which mainly focused 

on the amount of water that reached the exterior surface of the PMMA sheet (gutter A5) and the amount of water 

that infiltrated into the air cavity (gutter A3). The highest amount of water was collected in gutter A3, regardless 

of the mock-up, the air cavity thickness, the applied pressure differences in front of the cladding, the water spray 

load on the test specimen, the design of the vertical joints and the manner of applying the pressure differences. 

  

 
 

Figure 6.56. Comparison amongst water entry rates in gutter A2 (water infiltrated through vertical joints) and 
gutter A3 (water infiltrated into the air cavity) as function of applied pressure differences in front of the 

cladding at the spray rate of 2.2 L/min·m2. 
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The results in this gutter shown big differences when the cladding arrangement had or not horizontal joints. The 

results obtained in mock-up 01 (for the cladding arrangement with open vertical and horizontal joints, setup 02) 

and mock-up 02 for the rainwater that infiltrated into the air cavity are given in Figure 6.56 for comparison.  

In both mock-ups, the water that infiltrated into the air cavity was collected in gutter A3 (Stage IV). Nonetheless, 

the design of the vertical joint in mock-up 01 originated a decompression chamber behind the vertical opening, 

which prevented that the rainwater infiltrating through vertical joints (Stage II) reached the air cavity; see Table 

6.16. Then, the water infiltrated through vertical joints (Stage II) and drained along the exterior surface of the 

omega profile (Stage VI) was collected in gutter A2. Alternatively, the water infiltrated through vertical joints 

(Stage II) was transferred to the air cavity and the surface of the PMMA sheet in mock-up 02. So, gutter A3 also 

collected the water that infiltrated through vertical joints (Stage II) and the water that was drained along the exterior 

surface of the vetical profile (Stage VI) in mock-up 02. Further, gutter A3 also collected the water drained from 

Stage V (rainwater reaching the horizontal rail).  

In the graph of Figure 6.56, the water deposition rates in gutter A3 and gutter A2, in the case of mock-up 01, are 

displayed as function of the applied pressure differences in front of the cladding. If the water drained in stage II is 

accounted for comparison (the addition of gutter A2 and gutter A3 in the case of mock-up 01), the highest water 

infiltration rates were obtained in the wall system with omega profiles (mock-up 01). However, the omega profiles 

played the role of vertical pipes and thereby, prevented that the bulk rainwater that infiltrated through vertical 

joints (Stage II) reached the air cavity. On this occasion, made no sense to compare both systems considering the 

addition of gutter A2 and gutter A3 for mock-up 01. Hence, when comparing the water infiltration rates in gutter 

A3 of mock-up 01 and mock-up 02, mock-up 02 rendered higher water entry rates.  

 

Table 6.16. Summary of the cladding features at each mock-up in relation to the collection location of the 
infiltrated water through them. Where NA means not applicable. 

 

 Mock-up 01 Gutter Mock-up 02 Gutter 
Vertical joints 5 A2 2 A3/A5 
Horizontal joints 1 A3/A5 5 A3/A5 
Openings in the panels 72 rivets A3 NA NA 

 

Notwithstanding, it must be taken into account that mock-up 02 had five lines of horizontal joints, whereas mock-

up 01 only had one line; refer to Table 6.16. Note that the dimension of one line of horizontal joints was 

approximately the same in both mock-ups. In addition, the water that infiltrated through the two vertical joints was 

collected in gutter A3 as well in mock-up 02. Hence, it is surprising that despite the larger amount of sources for 

water ingress into the air cavity in mock-up 02, the difference in infiltration rates between mock-up 01 and mock-

up 02 has not been greater. Apparently, having openings in the exterior surface of the panels and capillary pathways 

within the contact surfaces between the panel and the wings of the omega profile considerably enhance the 

infiltration of water into the air cavity; refer to Fig. 6.19. So, the infiltration rates into the air cavity are largely 

sensitive to the fixing system of the cladding elements (see Fig. 6.19). These water entry rates can even be greater 

than the rates of water infiltration through the open joints. Further, it seems that when a horizontal joint is sprayed 

with runoff water, this water is mainly infiltrated through the first horizontal joint, acquiring less importance the 
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infiltration of water into the air cavity through the following horizontal joints. These results were in support of the 

results obtained at horizontal joints during the micro-runoff tests conducted when doing the on-site assessment of 

the case studies. 

 

 
 

Figure 6.57. Comparison amongst water entry rates in gutter A5 (water that reached the PMMA sheet) as 
function of applied pressure differences in front of the cladding at the spray rate of 2.2 L/min·m2. 

 

On the other hand, the collection of higher amounts of water in gutter A5 was close related to the presence of 

horizontal joints in the cladding arrangement and/or vertical joints that are not blocked by vertical profiles. In 

Figure 6.57 are given the water infiltration rates in gutter A5 as function of the applied pressure differences in 

front of the cladding for mock-up 01 and mock-up 02. Gutter A5 measured the amount of water that reached the 

exterior surface of the PMMA sheet (Stage VII). Larger amounts of rainwater infiltration onto the exterior surface 

of the PMMA sheet were observed in mock-up 02 as a result of the way of applying the spray rate over the 

outermost surface of the test specimen, refer to Fig. 6.58. The results dispayed for mock-up 01 were obtained when 

spraying the test specimen with runoff water. By contrast, the results displayed for mock-up 02 were recorded 

when the test specimen was sprayed with wind-driven rain over the horizontal joint. Moreover, the design of the 

vertical joints in mock-up 02 enabled the direct impingement of water droplets onto the surface of the PMMA 

sheet, unlike in mock-up 01, where the vertical omega profiles prevented it. Further, the more complicated 

construction detail of the wall system reproduced in mock-up 02 provided water droplets with more surfaces from 

which splattering away and thereby, being transferred to the surface of the PMMA sheet as shown in Fig. 6.59.  

In the context of evaluating the watertightness performance of rear-ventilated façades, the effects of different 

design parameters were studied in respect to the extent of rainwater penetration within the wall systems and a 

comparison was made amongst the different wetting levels and their implications on the watertightness and water 

management of the studied wall system. Whereas mock-up 01 studied the impact of having horizontal joints by 

means of the three different setups, the impact of the different design in vertical joints was studied in mock-up 02.  
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(a) (b) 

 
Figure 6.58. Schemes of the nozzles arrangement in the spraying bar showing the area of direct water 

deposition onto the surface of the cladding. (a) Scheme of mock-up 01. (b) Scheme of mock-up 02. 

 

  
 

                    (a)                                                                                       (b) 
 

Figure 6.59. Water management over the vertical section of the test specimens. (a) Mock-up 01 setup 02. (b) 
Mock-up 02 setup 01. 

 

In both cases, it was concluded that the predominant pathway for water entry within the wall system were 

horizontal joints. Therefore, the modifications in the vertical joints only affected the water ingress rates within the 

wall systems to a certain extend. Not having horizontal joints in the cladding arrangement of mock-up 01 involved 

close to 97% (2.21 L/min) on the reduction of the infiltration rates inside the air cavity (gutter A3) and a reduction 
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of 98.15% (2.45 L/min) in the case of mock-up 02. On the other hand, it implied a 73.98% (0.004 L/min) on the 

reduction of the amount of water reaching the exterior surface of the PMMA sheet (gutter A5) in mock-up 01 and 

a reduction of 82.89% (0.027 L/min) in mock-up 02 (refer to Table 6.13 and 6.14).  

Nonetheless, these results did not take account for the cladding arrangement of each mock-up and neither the 

runoff and the wind-driven rain effect in the way of spraying the outermost surface of the test specimen at vertical 

and horizontal joints. Figure 6.58 illustrates the schemes of the spraying system used in mock-up 01 and mock-up 

02 as well as the water deposition pattern achieved on the surface of the cladding. Alternatively, Table 6.16 

summarizes the layout of the cladding for each mock-up. In Figure 6.58, it can be seen that wind-driven rain is 

only simulated at one vertical joint in mock-up 01, despite the bar for spraying water had five nozzles. Besides, 

the horizontal joint of mok-up-01 was only subjected to runoff water, not to wind-driven rain. Alternatively, wind 

driven rain is reproduced on the second row of horizontal joints in mock-up 02. Note that this horizontal joint is 

sprayed by the five nozzles of the spraying bar. The other four rows of horizontal joints are thus subjected to runoff 

water. Like in mock-up 01, only one vertical joint is subjected to wind-driven rain.  

In order to have an idea of the coverage of the nozzles when the target is a vertical plane, some simple tests were 

conducted; refer to Fig. 6.60. In the tests, a bar with four nozzles was placed at a distance of around 40 cm from 

the target, a piece of cartoon. This target was wetted at several spray rates gradually augmented. Note that the 

distance used was the same as the one utilized for spraying the test specimens in the watertightness tests. Through 

this tests, the wetting coverage of the bar of nozzles was obtained and is given in Fig. 6.58. This way, it was 

deduced when it was reproduced wind-driven rain or runoff water at horizontal and vertical joints of the test 

specimen. 

 

 
 (a)                                                                                                 (b) 

 
Figure 6.60. (a) Photo of the test conducted to study the coverage of the nozzles used in the watertightness 

tests. A piece of cartoon is wetted from a concrete distance while the wet stain is immediately drawn and later 
measured. The spray rates were stepwise increased in the tests until reaching 12 L/min. (b) Photo showing the 
coverage results of the nozzles achieved with the diverse spray rates. As it can be seen, the greatest coverage 

was 100 cm. 
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6.6 | DISCUSSION  
 

The pressure equalization depends on the degree of airtightness of the air barrier system, referred to as the plane 

of airtightness and the volume of the ventilated air cavity. According to Fernández-Madrid [13], when the cavity 

is delimited by a tight air barrier (sealed configuration of the air barrier), the pressure difference across the cladding 

is almost zero. However, when the cavity is not tight (the air barrier has a leaky configuration), exterior and interior 

cavity pressures do not equalize. The former statement is in line with the results obtained for mock-up 01 and 

mock-up 02, whereas the latter assessment is not completely in agreement with the outcomes of mock-up 01 and 

mock-up 02. Higher driving pressures across the cladding were found for the leaky configuration of the air barrier 

than for the sealed configuration when the open joints of the rainscreen were blocked by an element. However, 

these driving pressures were rather small in both cases (90 Pa at most with the leaky configuration and below 25 

Pa with the sealed configuration). According to Killip and Cheetham [338] 99% pressure equalization could be 

achieved for instances where Ars > 25 to 40*Aab, considering a turbulent flow on the exterior side (large openings 

in the rainscreen) and a laminar flow on the interior side (small opening in the air barrier). Where Ars represents 

the area of the openings in the rainscreen and Aab, the area of the openings in the air barrier. So, when the the area 

of the openings in the rainscreen is much greater than the area of the openings in the air barrier perfect pressure 

equalization might be achieved. The outcomes obtained in mock-up 01 and mock-up 02 meet the criteria proposed 

by Killip and Cheetham [338]. Then, the reported results of complete pressure equalization across the rainscreen 

are in agreement with other literature. In addition, Rousseau et al. [296] described in their work that pressure 

equalized rainscreens are those in which the pressure difference across the rainscreen is lower than 25 Pa under 

static conditions.  

Nonetheless, the pressure moderation took longer with the leaky configuration of the air barrier in the test specimen 

than with the sealed configuration, where the pressure equalization occurred very quickly. These longer times were 

reflected in the more disperse results and the peak vaules obtained for the driving pressures. Bentum et al. [335] 

surmised that pressure equalization occurred very quickly across the cladding of rear-ventilated façades and that 

the cavity pressures were able to follow the external pressures very well. The authors tested on-site the façades of 

a high-rise building built with stone plaques leaving 1 cm between joints and an air cavity depth of 20 mm. 

Fernández-Madrid [13] tested a rainscreen model of 1 m2 with vent openings with a maximum area of 60 cm2 and 

an air cavity depth of 10 cm approximately. The tested wall specimens of this work had open vertical and/or 

horizontal joints of 1 cm-width with an air cavity depth close to 5 cm in mock-up 01 and 11 cm approximately in 

mock-up 02.   

On the other hand, it should be noted that the degree of pressure moderation across the cladding was obtained 

subtracting the static pressure in front of the cladding and the actual pressure inside the air cavity. These values 

were obtained by means of two pressure taps installed in the middle area of the test wall specimens. Hence, the 

pressure difference was measured only at a particular location. However, research by Sahal and Lacasse [252] 

concluded that location of the pressure taps has not a big impact on pressure equalization. 

As expected, the pressure moderation in this type of wall systems was so good that the pressure differences applied 

in front of the cladding had not an impact on the water infiltration within the wall systems, regardless of the degree 
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of airtightness of the test specimen and the manner of applying the pressure differential. Note that Sahal and 

Lacasse [155] stated that the watertightness of a cladding is more sensitive to changes in wind pressure than water 

deposition. It was found not to be the observed case. However, cross currents may exist in reality if the corners of 

the cavities are not compartmentalized since some authors have found negative pressures coefficients within the 

gap of double skin façades (DSF) regardless of the incident wind direction [288, 326]. In this context, Fernández-

Madrid [13] suggested to compartmentalize the air cavity of rear-ventilated façades vertically at the corners and 

at the façade pane by lateral stripes every 2 or 3 m, and horizontally at each floor, or at least every two floors.  

According to Mas et al. [281], when a high degree of pressure equalization is achieved in the façade, as occurred 

for the tests that were carried out in mock-up 01 and mock-up 02, water penetration through the joints of the 

rainscreen is primarily caused by gravity and kinetic energy, whereas capillary action and surface tension are only 

secondary actions. Nevertheless, the importance of the splashing and bouncing within the surfaces of the wall 

system, which allow water droplets to reach critical points within the wall assembly, such as the brackets, were 

not considered by Mas et al. [281]. It was not the case of Huedo et al. [280]. These authors conducted a qualitative 

study of the water penetration into rear-ventilated façades and considered the splashing effect as source for 

rainwater penetration. According to Liu et al. [148] water droplets splash back when the inside pressure of the 

droplet exceeds the surface tension. Water falling into the air cavity and onto the secondary structure of the wall 

system occasioned the splash and bounce effect and thereby, the water transference to other stages. This pehomena 

was significantly relevant in the water infiltration onto Stage VII and thereby, to the wetting pattern of the exterior 

surface of the PMMA sheet. 

The splattering is likely to be different for any given type of rear-ventilated façade due not only to different 

geometrical conditions, but also different surface phenomena [147]. For instance, two wetting patterns on the 

exterior surface of the PMMA sheet were clearly differentiated in mock-up 02 as given in the image on the right 

in Fig. 6.60: (i) Isolated water droplets that spread along the surface of the PMMA sheet due to the splattering of 

water on the secondary structure; those water droplets reaching the PMMA by splattering seemed to be of smaller 

diameter (the specific catch ratio of small raindrops are widely distributed spatially unlike larger raindrops that are 

spatially rather uniform [147]) and had less kinetic energy which promotes run down in rivulets; (ii) Two types of 

rivulets different in nature were clearly identified on the PMMA surface due to the infiltration of water droplets 

through open joints. (ii-a) Rainwater droplets directly collided with the exterior face of the PMMA sheet through 

the vertical joint without “T” profile (in the closed vertical joint, the “T” profile blocked its path) on the one side. 

On the other side, water droplets reached the surface of the PMMA sheet by means of the splash and bounce effect 

caused by the wind-driven rain at the first horizontal joint. In the latter case, water droplets created random and 

discontinuous rivulets as they reached the PMMA by splattering away the top and bottom borders of the panels. 

This pattern was not replicated in the following horizontal joints, which were just wetted by the runoff film. In the 

former case, a uniform and continuous rivulet was formed. However, the amount of water forming the rivulet was 

rather small, refer to the image of the left in Fig. 6.61. A similar wetting pattern was observed in setup 02 of mock-

up 01. Whereas the top part of the PMMA sheet was almost dry, the bulk water droplets were adhered to the 

bottom part; mainly concentrated in the middle area, behind the open horizontal joint. Note that this setup only 

had one horizontal joint in the middle of the cladding. In view of these evidence it can be concluded that the splash 

and bounce effects inside the air cavity were more important than considered first.  
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Figure 6.61. The image on the right shows the two wetting patterns observed on the exterior surface of the 
PMMA sheet of mock-up 02. The image on the left is a zoom of the area of higher concentration of water 

droplets illustrating the different nature of the rivulets created by direct impingement of water droplets from 
the rivulets created by splash and bounce effects. 

 

It can be deduced that the rivulet pattern on the surface of the PMMA sheet was originated in the replication of 

the wind-driven rain exposure conditions over open joints, whereas the pattern of isolated water droplets spread 

along the surface of the PMMA sheet was obtained due to the splattering away of water on the secondary structure 

when simulating runoff and wind-driven rain exposure conditions over the exterior surface of the test specimen. 

In addition, specific geometries might boost the effect of splattering away and consequently, the water transference 

to the interior leaf of the wall system. ASHRAE Standard 160 [176] supposes a uniform distribution of the moisture 

load on the water-resistive barrier for reasons of simplicity. However, completely different wetting patterns of the 

water-resistive barrier were observed during tests due to the arrangement of the cladding. To what extent these 

factors might change water entry rates at particular locations, and consequently, the moisture load at those points, 

is uncertain. Note that the the exterior surface of the thermal insulation layer acts as water-resistive barrier and the 

interior layer of the inner leaf is supposed to be the air barrier in rear-ventilated façades [312, 340] and both are 

replaced by the PMMA sheet in the test specimens. 

In adittion, it was observed during the tests that the direct impact of rainwater onto the façade (i.e. wind driven 

rain + splash and bounce effect) provides greater water infiltration rates as compared to rates of water ingress due 

to runoff.  For instance, the bulk of water collected in gutter A5 of mock-up 02 infiltrated through the first 

horizontal joint at the top of the setup and through the vertical joint without “T” profile behind. The amount of 

water collected in gutter A5 of mock-up 01 (the test specime with open horizontal joints) was lower than in mock-

up 02. It was due to the fact that mock-up 02 had five lines of horizontal joints, whereas mock-up 01 only had one 

line. Besides, only the runoff effect was simulated in the case of mock-up 01, not the wind-driven rain effect as in 

the first line of horizontal joints in mock-up 02. In addition, a lower splash and bounce effect inside the cavity was 

Continuous and abundant rivulet caused by direct impingement
of wind-driven rain through the open vertical joint.

Discontinuous and less abundant rivulet. Wind-driven rain at the
horizontal joint causes bouncing and splashing phenomena
promoting the creation of such type of rivulets.

Higher concentration of water droplets and rivulets
due to the splash and bounce effect at the open 

horizontal joint.

Water droplets scattered in the surface of the PMMA sheet.
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accounted for mock-up 01 as the used façade system did not have many exposed surfaces from which water 

droplets could splatter away. 

When the sprayed water onto the exterior surface of the specimen (wind driven rain) was related to the amount of 

water collected in every level, it was found that 49.73% of the sprayed water splashed back and: 

• In setup 01 of mock-up 01: 47.29% created the runoff film along the exterior surface of the cladding 

(Level I), 2.73% infiltrated through vertical joints (Level II), 0.25% infiltrated into the air cavity (Level 

IV and VI) and 0% reached the exterior surface of the PMMA sheet (Level VII); refer to Fig.6.21.  

• In setup 02 of mock-up 01: 14.88% created the runoff film along the exterior surface of the cladding 

(Level I), 10.14% infiltrated through vertical joints (Level II), 25.22% infiltrated into the air cavity 

(Level IV and VI) and 0.03% reached the exterior surface of the PMMA sheet (Level VII); see Fig. 

6.29. 

• In setup 03 of mock-up 01: 39.36% created the runoff film along the exterior surface of the cladding 

(Level I), 9.07% infiltrated through vertical joints (Level II), 1.83% infiltrated into the air cavity (Level 

IV and VI) and 0.01% reached the exterior surface of the PMMA sheet (Level VII), which are 

illustrated in Fig. 6.39. 

Note that in this case, the pressure difference applied in front of the cladding had a significant impact 

on the water infiltration rates at every location, acquiring higher values for the pressure difference step 

of 0 Pa. 

• In mock-up 02: 23.14% created the runoff film along the exterior surface of the cladding (Level I), 

26.69% infiltrated into the air cavity (Level II, IV, V and VI) and 0.44% reached the exterior surface 

of the PMMA sheet (level VII), as shown in Fig. 6.55.  

It should be noted that a small part of water was lost in the process due to evaporation, adhesion to the surfaces 

and absorption, even though the used rainscreen was impervious. That mainly happened in the case of gutter A5, 

when the amount of water infiltrated was so small that the water droplets remained adhered to the surface of the 

PMMA sheet. Mas et al. [281] tested a rainscreen made of stone plaques fastened by anchors at the sides to a 

supporting frame obtaining a 55% of water infiltration inside the air cavity through vertical and horizontal joints 

of 8 mm, a value that is almost double that of results reported for this study. This difference can perhaps be 

explained by considering factors as may have contributed to variations in water deposition to the specimen; for 

example, factors such as the arrangement of the spraying system and the distance to the outermost surface of the 

specimen, the type of nozzles, the spraying angle of the nozzles, the water flow axis and the spray rate (12 

L/min·m2); all these factors, it may be noted, did not differed from one set-up to the next. Mas et al. [281] sprayed 

the specimen from a distance of 25 cm, whereas in these tests it was sprayed from a distance of approximately 35 

cm. Worthy of mention is that when subjecting the test specimens to diverse spray rates, the difference within the 

infiltration percentajes obtained was not as remarkable great. Furthermore, a study conducted by the FVHF [97] 

provides completely different results as well (see Fig. 6.62). For a width of joints of 8 mm and an air gap of 100 

mm, it was determined that 16.6% of the sprayed water infiltrated inside the air cavity and 0.4% reached the 

exterior surface of the thermal insulation layer. The difference with the results reported in this paper are difficult 

to attribute, given that the testing procedure, spraying system, sub-frame, and fixing system of the cladding kits 
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are not reported in that paper. Fernández-Madrid [13] found that 5.81% of the total projected water infiltrated 

inside the air cavity, when a rainscreen wall was subjected to positive pressure pulsations at a water spray load of 

2.7 L/min·m2.  

In this regard, it is worth highlighting the moisture loads proposed for rain penetration as input to hygrothermal 

models by the standards. There is to date little information yet published on this. In absence of quantitative data, 

when computer simulation tools are used to predict thermal and moisture conditions in building envelope 

components, ASHRAE Standard 160 [176] prescribes a default value for water penetration through the exterior 

surface of 1% of the water deposited on that surface. This value is assumed to be uniformly distributed on the 

exterior surface of the water-resistive barrier, which in the case of rear-ventilated façades is the exterior surface of 

the thermal insulation layer [312, 340]. Whereas 1% is proposed in the ASHRAE standard, 0.44% was the highest 

value obtained from the laboratory tests results reported in this Ph.D.-work. These results suggest that the value 

for moisture loads in the ASHRAE standard are somewhat conservative in respect to rear-ventilated façades. It is 

useful to consider that the results obtained with hygrothermal simulations tools are particularly sensitive to the 

moisture boundary conditions, that is, the moisture loads assumed for a model [176]. Furthermore, the 

hygrothermal models can use a statistical approach varying the exposure conditions and the material properties to 

undertake a risk analysis of the probability of water attaining the inner leaf (Stage VII) of rear-ventilated façades. 

 

 
 

Figure 6.62. Infiltration percentages in rear-ventilated façades as function of cladding arrangement and air 
cavity depth assessed by FVHF [97]. 

 

The effect of the intensity of water spray rate on the results of watertightness testing of building components is an 

ambiguous situation [398]. According to Sacré [399], the spray rate will not be a determining factor as to whether 

or not a component is watertight, but it will indeed affect the quantity of water that enters into the construction 

once infiltration is established. The outcomes of mock-up 01 and mock-up 02 clearly showed that the higher the 
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water spray load onto the outermost surface of the test specimen, the higher the infiltration rate in all stages. Hence, 

it can be assessed that the amount of water deposited onto the test specimen can thus have a significant effect in 

constructions where the drainage capacity determines the performance [263, 398], as is the case of rear-ventilated 

façades. Further, a very good correlation was obtained between the parameters spray rate and infiltration rate in 

the gutters of mock-up 01 and mock-up 02 (refer to Fig. 6.25, 6.27 and 6.51). Seo and Yoda [269] obtained a 

straight correlation between these parameters when testing the watertightness performance of different open joint 

designs. In line with them, Lacasse et al. [235] and Sahal and Lacasse [252] obtained a straight correlation as well 

when testing the water infiltration through deficiences in wood frame wall specimens. Nonetheless, the correlation 

obtained in mock-up 01 and mock-up 02 was not straight, it fitted to a parabolic instead. It seems that when there 

was a lot of water running down in the outermost surface of the test specimens, the effect of wind-driven rain at 

vertical and horizontal joints was prevented. Then, the water sprayed onto the surface of the test specimen acquired 

the runoff mode rather than the wind-driven rain effect at the open joints. Besides, the runoff film decreases 

towards a higher splash and bounce effect in a long rain event over an impervious surface [143]. Therefore, it 

seems quite reasonable that from a certain spray rate on the water entry within the wall systems could remain 

constant. 

In literature, there is still a discussion in respect to the worst case scenario for watertightness testing; i.e., should 

testing be conducted under static or cyclic pressure conditions? For instance, Mayo [260-262] suggested that more 

severe test conditions are created when there is a cyclic and dynamic variation in the applied pressure. Conversely, 

Van den Bossche [263] suggested that different failure mechanisms require different test protocols underscoring 

that static test conditions are more suitable to evaluate the drainage capacity of the façade systems, whereas cyclic 

test pressures are more suitable to assess the watertightness of face-sealed façade systems [263]. Not in full 

agreement with the latter, as the rear-ventilated façade typology is a drained and pressure equalized façade system, 

the results showed that infiltration rates in any of the locations were sensitive to the manner of applying the 

pressure differences in front of the cladding. Hence, static or cyclic pressure conditions did not make a big impact 

on the water management capacity of the tested wall systems, which reproduced two different types of rear-

ventilated façades. 

The airtightness of the test specimen did not have an impact on the amount of water that infiltrated into the air 

cavity, gutter A3, as could be expected in a wall system with perfect pressure equalization. However, it was not to 

be the observed case in the amount of water that reached the exterior surface of the PMMA sheet. When a few 

amount of water reached that location nothing happened (e.g. the results from mock-up 01), but if this amount was 

greater, then the airtightness of the test specimen became an significative parameter (e.g. the results from mock-

up 02). Infiltrated air inside the cavity through the cladding openings is exfiltrated by the openings of the air 

barrier, and the greater the outside pressure is, the more amount of air is infiltrated and then immediately exfiltrated 

[13]. Given the leaky configuration of the test specimen, a stream of air was established across the leaves of the 

wall system (through the open horizontal joints), which transported the water droplets across the cavity until the 

surface of the PMMA sheet. In reality, significant amounts of water running down in the exterior surface of the 

thermal insulation layer (Stage VII) might put at risk the moisture response of the enclosure. Since this water might 

infiltrate through the joints between the thermal insulation pieces by capillary uptake. If there is enough water, the 

capillary pathways might increase by filling the gaps between the contact surfaces of the inner leaf and the backside 

of the thermal insulation layer by the action of gravity, capillary uptake and pressure differences (Bernouilli effect). 
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This water might also penetrate into the inner leaf through cracks and voids and afterwards, leak on the backside 

of the inner leaf by pressure differences. 

The outcomes showed that the main source for water ingress into the cavity and onto the surface of the PMMA 

were horizontal joints. The impact of taping the horizontal joint corresponded to a 97% approximately on the 

reduction of the infiltration rate inside the air cavity (gutter A3) in the case of setup 02 of mock-up 01 and a 98.15% 

in the case of mock-up 02, when the effect of runoff and wind-driven rain in the way of spraying the outermost 

surface of the test specimen at vertical and horizontal joints was not differentiated. It means that close to 26.73% 

of the sprayed water penetrated into the air cavity through horizontal joints in the case of mock-up 02 and close to 

24.46% in the case of setup 02 of mock-up 01. On the other side, the impact of taping the horizontal joints 

corresponded to a 73.98% on the reduction of the amount of water reaching the exterior surface of the PMMA 

sheet (gutter A5) under static pressure conditions (55.39% reduction under cyclic test conditions) in setup 02 of 

mock-up 01; and to 82.89% in mock-up 02. Hence, 0.02% of the sprayed water reached the PMMA sheet through 

horizontal joints (under static pressure conditions) in the case of setup 02 of mock-up 01 and close to 0.43% in the 

case of mock-up 02. These results are not in accordance with the ones published by the FVHF [97], where it was 

obtained that 5.1% of wind driven rain infiltrated into the air cavity and 0.3% reached the exterior surface of the 

thermal insulation layer when the rainscreen only had horizontal joints. Hence, an increase of 11.5% in infiltration 

rates inside the air cavity and 0.1% onto the thermal insulation layer were obtained when the rainscreen had vertical 

and horizontal joints compared to only having horizontal joints. Nevertheless, it should be noted that the thickness 

of the air gap was different in both cases: 60 mm. when only horizontal joints were tested and 100 mm in the case 

of testing vertical and horizontal joints. In addition, ASHRAE Standard 160 [176] does not address the appearance 

of vertical and/or horizontal openings in the building envelope when prescribing the moisture loads in the water-

resistive barrier as input to the models for computer simulation tools. 

 

 

6.7 | CONCLUSIONS  
 

The water management features of two different rear-ventilated façade systems were evaluated by means of 

laboratory tests. On the one side, mock-up 01 consisted on fiber cement panels riveted to vertical omega profiles. 

On the other side, mock-up 02 encompassed fiber cement panels suspended on horizontal rails, which were 

attached to vertical “T” profiles. In both cases the horizontal and vertical joints were 1 cm thick. However, the air 

cavity depth of mock-up 01 was almost the half of the air cavity depth of mock-up 02. 

Below, in Figure 6.64, are depicted the infiltration percentajes obtained for the three setups of mock-up 01. Setup 

01 of mock-up 01, illustrated in (a) of Fig. 6.63, only had vertical open joints. However, behind these vertical 

joints an omega profile was installed. Then, 49.73% of the sprayed water created the runoff film at the exterior 

surface of the cladding. 2.73% of the sprayed water infiltrated through vertical joints and was drained along the 

omega profiles. 0.25% of the sprayed water infiltrated into the air cavity through the gaps of the rivets and the 

gaps of the screws. This amount also enclosed the water running down the capillary pathways created between the 

wings of the omega profiles and the panels. The amount of water reaching the exterior surface of the PMMA sheet 

was close to cero.  
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Alternatively, setup 02 of mock-up 01 is shown in (b) of Fig. 6.63. This setup had the same number and shape of 

vertical joints, but a completely open horizontal joint was added in the middle. Thus, the infiltration percentajes 

obtained changed remarkably in some cases. For instance, the amount of water infiltrated into the air cavity was 

25.22% of the sprayed water. This water mostly reached the air cavity through the open horizontal joint. 

Nonetheless, there was still water infiltrated into the air cavity through the gaps of the rivets, the gaps of the screws 

and through the contact surfaces between the profiles and the panels. 10.14% of the sprayed water infiltrated 

through vertical joints and was drained along the omega profiles. Surprisingly, 0.03% of the sprayed water reached 

the exterior surface of the PMMA sheet through the horizontal joint by means of kinetic energy and local air 

currents.  

 

(a)                                                       (b)                                                        (c) 
 

Figure 6.63. Schemes of the cladding layouts in mock-up 01. (a) Setup 01 of mock-up 01. (b) Setup 02 of 
mock-up 01. (c) Setup 03 of mock-up 01. 

 

 

(a)                                                      (b)                                                      (c) 

 
Figure 6.64. Infiltration percentages in mock-up 01. (a) Setup 01 of mock-up 01. (b) Setup 02 of mock-up 01. 

(c) Setup 03 of mock-up 01. 

 

The last setup of mock-up 01 is given in (c) of Fig. 6.63. Setup 03 of mock-up 01 had the same open vertical joints 

as setup 01 and setup 02. Further, it had the added horizontal join the middle like setup 02. However, the opening 

of this horizontal joint was blocked by a joint profile placed immediately behind. Therefore, the amount of water 
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infiltrated into the air cavity was reduced to 1.83% of the sprayed water. This water mainly infiltrated through the 

contact surface between the joint profile and the panels. Again, some amount of water infiltrated into the air cavity 

through the gaps of the rivets, the gaps of the screws and the contact surfaces between the omega profiles and the 

panels. The amount of water reaching the exterior surface of the PMMA sheet was drastically reduced to 0.01% 

of the sprayed water. The capillary water within the gaps of the rivets reached the PMMA sheet when pressure 

differences were applied in front of the cladding. Note that the pressure moderation across the cladding was worse 

and took longer in this last setup. Similar to the percentages obtained in setup 02, 9.07% of the sprayed water 

infiltrated through vertical joints. 

On the other hand, mock-up 02 only had one setup, which is depicted in Fig. 6.65. In this mock-up the horizontal 

joints were left completely open. Further, the vertical joints were open as well. No vertical profile was installed 

immediately behind to close the vertical opening nor to create a decompression chamber. In addition, the fiber 

cement panels of this wall system did not present openings through which the water can be infiltrated. The 

percentajes of the water infiltrated in the diverse wetting stages of the studied façade wall are given in Fig. 6.66. 

Hence, it was obtained that 26.69% of the sprayed water infiltrated into the air cavity. This water reached the air 

cavity through the open vertical joints and through the open horizontal joints. 0.44% of the sprayed water reached 

the exterior surface of the PMMA sheet. The forces in support of water infiltration to that wetting stage were 

mainly the kinetic energy and the local air currents. This forces drove water droplets through the open vertical and 

horizontal joints across the air cavity. Further, the splash and bounce effect greatly enhanced the water transference 

to that stage. 

 

  
 

Figure 6.65. Scheme of the cladding layout in mock-
up 02. 

 
Figure 6.66. Infiltration percentages in mock-up 02. 

 

So, if the overall amounts of water infiltration rates into the wall system are considered. That is the addition of the 

water ingress rates obtained in gutter A2 plus the ones obtained in gutter A3 plus the ones in gutter A5. Hence, it 

can be concluded that the rear-ventilated façade system composed of fiber cement panels riveted to omega profiles 

presents higher infiltration rates than the rear-ventilated façade system with suspended fiber cement panels, refer 

to Table 6.17.  
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In the context of evaluating the watertightness performance of rear-ventilated façades, the effects of different 

design parameters were studied in respect to the extent of rainwater penetration within the wall systems. From this 

study it was concluded that horizontal joints were more critical than vertical joints in terms of water infiltration. 

Therefore, installing an element blocking the horizontal opening could be interesting should one want to reduce 

the amount of water reaching the water-resistive barrier. Note that whether or not this water introduces a problem 

depends on: (i) the presence of deficiencies in the interior leaf and voids in the connection of the brackets; (ii) 

whether or not the thermal insulation is moisture sensitive, and; (iii) whether the air cavity has the ability to drain 

water and dry out the droplets as may have adhered to the cavity surfaces without inducing failure.  

Lower infiltration rates through horizontal joints were reported in mock-up 01 than in mock-up 02. However, the 

results presented did not take into account the layout of the cladding (which is summarized in Table 6.16) and the 

way of spraying the the outermost surface of the test specimen (which is depicted in Fig. 6.58). Since it is very 

difficult to discriminate the impact of each factor in the water entry rates within the wall systems at the same time, 

they will be separately analized. 

(i) When considering the cladding arrangement of the mock-ups to compare the rates of water infiltration 

through vertical and horizontal joints, the absolute infiltration values changed to the ones presented in 

Table 6.17. 

From the Table it can be concluded that higher water entry rates into the air cavity through horizontal 

joints are reported for the riveted wall system (mock-up 01) than for the suspended one (mock-up 02). 

0.49 L/min of water infiltrated into the air cavity through a single line of horizontal joints in the rear-

ventilated façade system with suspended panels. (Value obtained when the infiltration through the diverse 

horizontal joints is assumed to be the same). By contrast, 2.094 L/min of water is infiltrated into the air 

cavity of the rear-ventilated façade system with riveted panels. In this case, rainwater not only infiltrated 

through a single line of horizontal joints, but also through the contact surfaces between the wings of the 

omega profiles and the panels. This capillary runoff film noticeable increased when the cladding layout 

presented open horizontal joints. 

Further, a lower water entry rate through vertical joints was obtained in the rear-ventilated façade system 

with suspended panels. 0.02 L/min of water infiltrated through vertical joints in the suspended wall 

system, whereas 0.2 L/min infiltrated through vertical joints in the riveted wall system. Despite the size 

of the vertical joint was approximately the same in both mock-ups, a tenfold difference was found. It 

implies that most of the water infiltrated through vertical joints in mock-up 02 was transferred to other 

stages and to the PMMA sheet. 

Regarding the infiltration rates onto the exterior surface of the PMMA sheet, 0.0023 L/min of water 

infiltrated through horizontal joints of the riveted rear-ventilated façade system. Alternatively, 0.027 

L/min of water infiltrated through horizontal joints in the rear-ventilated façade system with suspended 

panels. It should be borne in mind that this rate also enclosed the water transference to the PMMA sheet 

by means of the splash and bounce effect. Behind the vertical joints of the riveted wall system, an omega 

profile was installed. This profile prevented that water infiltrated through vertical joints reached the 

exterior surface of the PMMA sheet. By contrast, 0.0058 L/min of water reached the PMMA sheet 

through vertical joints of the rear-ventilated façade system with suspended panels. 
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Table 6.17. Summary of the absolute infiltration rates in mock-up 01 and mock-up 02 when the layout of the 
cladding is considered. 

 

  Water infiltrated 
through vertical 

joints 

Water infiltrated into 
the air cavity 

Water that reached 
the PMMA sheet 

Total amount of 
rainwater infiltrated 

within the wall 

Open 
VJ and 

HJ 

M01 

A2 = 5VJ 
A2 = 0,9991 
L/min 
1VJ = 0,9991/5 = 
0.19982 L/min 

A3 = 1HJ + 72 gaps + 
capillary 
A3 = 2,1469 L/min 
A2 + A3 = 3.146 L/min 

A5 = 1HJ + 72 
gaps 
A5 = 0,0031 L/min 

TI = A2 + A3 + A5  
TI=3.1491 L/min 

M02 NA 
A3 = 2VJ + 5HJ 
A3 =  2.4454 L/min 

A5 = 1VJ + 1HJ + 
splash 
A5 = 0.0400 L/min 

TI = A3 + A5 
TI = 2.4854 L/min 

Taped 
HJ 

M01 

A2 = 5VJ 
A2 = 0.8093 
1VJ = 0.8093/5 = 
0.16186 L/min 

A3 = 72 gaps + 
capillary 
A3=0.0529 L/min 
A2 + A3 = 0.8622 
L/min 

A5 = 72 gaps 
A5 = 0,0008 L/min 
 

TI = A2 + A3 + A5  
TI = 0.863 L/min 

M02 

NA A3 = 2VJ 
A3= 0.0462 L/min 
1VJ = 0.0462/2 = 
0.0231 L/min 

A5 = 1VJ + splash 
A5 = 0.0058 L/min 
 

TI = A3 + A5 
TI = 0.052 L/min 

Taped 
VJ 

M01 
NE NE 

2,1469 - 0.0529 = 
2.094 L/min 

NE 
0,0031 - 0,0008 = 
0.0023 L/min 

NE 

M02 

NA A3 = 5HJ 
A3 = 2.4493 L/min 
1HJ = 2.4493/5 = 
0.48986 L/min 

A5 = 1HJ + splash 
A5 = 0.0273 L/min 
 

TI = A3 + A5 
TI = 2.4766 L/min 

 

Where: HJ = horizontal joint, VJ = vertical joint, M = mock-up, TI = total infiltrated rainwater, NA = not 
applicable and NE = not executed. 

 

(ii) When considering the water deposition pattern onto the outermost surface of the test specimen to compare 

the rates of water infiltration through vertical and horizontal joints, the water ingress rates turned into: 

- Mock-up 02: 

The open vertical joint is sprayed by a single nozzle with the wind-driven rain mode originating an 

infiltration rate of 0.037 L/min into the air cavity and an infiltration reate of 0.004 L/min on the the 

exterior surface of the PMMA sheet. 

The open horizontal joint is sprayed by five nozzles with the wind-driven rain mode causing an infiltration 

rate of 2.45 L/min into the air cavity and an infiltration of 0.027 L/min onto the exterior surface of the 

PMMA sheet. If these values are divided by five, 0.49 L/min of water infiltrated into the air cavity when 

one nozzle simulated the wind-driven rain at the horizontal joint, which means approximately 19.6% of 

the amount of water that infiltrated when the cladding had open vertical and horizontal joints.  

Therefore, the water infiltration into the air cavity (gutter A3) and onto the exterior surface of the PMMA 

sheet (gutter A5) through vertical joints might assume more importance when having 5 nozzles 

reproducing the wind-driven rain effect along its vertical lenght, becoming the difference between 
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horizontal and vertical joints smaller. Nonetheless, it seems quite reasonable to asume that horizontal 

joints will be still the main source for water ingress. 

- Mock-up 01: 

It is no possible to separately study the impact of spraying wind-driven rain at vertical and at horizontal 

joints in this test specimen as all watertightness tests were conducted with the runoff mode. 

The direct impact of rainwater onto the façade (i.e. wind driven rain + splash and bounce effect) provided 

greater water infiltration rates as compared to rates of water ingress due to runoff water. In the case of 

mock-up 01, five nozzles simulating runoff water over the horizontal joint caused that 2.21 L/min of 

water infiltrated into the air cavity, whereas five nozzles simulating wind-driven rain at the horizontal 

joint occasioned an average water infiltration rate of 2.45 L/min in mock-up 02. Hence, if the effect of 

spraying wind-driven rain at horizontal joints is compared to the effect of spraying runoff water above 

the horizontal joint, a difference of 0.24 L/min (close to a 10%) is obtained in the case of the rainwater 

that infiltrated into the air cavity. However, this difference became greater when considering the amount 

of water reaching the exterior surface of the PMMA sheet. An average value of 0.004 L/min of water 

reached the exterior surface of the PMMA sheet through horizontal joints in mock-up 01, whereas an 

average value of 0.027 did it in mock-up 02. Thus, the wind-driven rain and runoff effect differ by 0.023 

L/min (more than 85%).  

In view of these, it can be assessed that runoff water is more unfavourable in terms of water ingress into the air 

cavity, whereas wind-driven rain is more unfavourable in terms of water infiltration onto the exterior surface of 

the PMMA sheet. 




