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Abstract 

 

This study is a continuation of previous research carried out to improve the hygrothermal analysis 

capabilities of the readily available HAM-Tools building simulation software. Previous study intended to 

improve the program by adding a wind driven rain (WDR) module using the semi-empirical model from 

ASHRAE 160P. However, further verification of the model was needed. In this study, the WDR module’s 

verification process was corrected and compared to WUFI simulation. The module was then validated by 

comparing its results with field measurements. The results indicated that the newly designed HAM-Tools 

WDR module have good agreement with field measurements. HAM-Tools with added WDR module is 

then used to study the hygrothermal responses of wood-frame wall with WDR amount calculated using 

different averaging techniques of high resolution meteorological data. It was concluded that in climates 

with high rainfall, it is best to use high resolution data (at least 10 minutes) for hygrothermal 

simulations.  
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Chapter 1: Introduction 

1.1 Background 

Buildings are designed to keep the occupants healthy, safe and comfortable by creating a space isolated 

from the outdoor surroundings and an environment that can be controlled. Buildings are also expected 

to be durable and energy efficient. It has been estimated that most of problems that occur for building 

envelope are caused by moisture (Trechsel, 1994).  Moisture related problems include increased energy 

use, decreased performance of heating, ventilation and air conditioning (HVAC) systems, decreased 

indoor air quality, and reduction in durability of the envelope (ASHRAE, 2001). The moisture transfer 

between building envelope and indoor air can create conditions for mould and bacteria to grow (Joseph, 

Arumala, & Masce, 2006). Mould growth significantly affects air quality and comfort that can cause 

respiratory infections and increase the risk of asthma (Rode, Grau, & Mitamura, 2001). Moreover, 

moisture accumulation in building envelope can result in cracking, crazing, spalling, delamination and 

disintegration of structure and building envelope (Bomberg, 1974). This decreases the durability and 

integrity of the building envelope, which can lead to increase in energy use of the building (ASHRAE, 

2001). Therefore, the knowledge of moisture storage and transport in building materials is necessary to 

ensure proper performance of building envelopes.  

Depending on the environmental conditions, the moisture in building materials can be present in solid, 

liquid or vaporous form. Depending on the relative humidity of the ambient, moisture in porous 

materials may be stored as single-layer or multi-layer adsorption molecules, discontinued capillary 

condensates, or continuous capillary liquid water. The mechanism that transports moisture through 

materials is governed through vapour diffusion, surface diffusion, capillary conduction, and convection 

due to gravitation and pressure differential (Künzel, 1995). Many construction materials are porous 
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which allow water to be stored or transported through them. Heat, air and moisture all affect the water 

transport and evaporation through construction materials.  

Wind driven rain is one of the most important boundary conditions and the main moisture source that 

affects the hygrothermal performance and durability of building envelopes (Kumaran & Sanders, 2008). 

Wind driven rain can penetrate through the building facade, which potentially damages the building 

envelope and reduces its performance and service life. One of the notable examples is the leaky condo 

crisis in the lower mainland of British Columbia, where exterior moisture penetrated through the 

envelope and led to rot and mould in many condominiums. This affected many residents and repairs 

were estimated to average more than $50,000 per individual unit owner with nearly 41% of wood frame 

units needing repairs in the 1990s totaling around a billion dollar (Lee, Ries, & Somerville, 2012). Other 

notable building industry failure examples due to moisture are the Minnesota stucco crisis, moldy 

basements, moldy crawlspace, peeling paint, and rotting sheathing just to name a few (Lstiburek, J, 

2006)  . 

Given the complexity of moisture storage, transport and influence of boundary conditions, it is 

important to assist the design of building envelope with analytical approach to be able to control 

moisture in buildings. This can be achieved by using proper tools that takes into account heat, air and 

moisture variations through the building envelope. Currently, there are several software tools that 

analyze the hygrothermal performance of buildings available, such as WUFI that is designed to calculate 

the simultaneous heat and moisture transport in one or two dimensional multi-layered building 

components.  

HAM-Tools is another one-dimensional hygrothermal performance analysis tool that is developed using 

an open-source program, Simulink. It has the ability to analyze the moisture and temperature within an 

envelope in any climate, and any new modules can be added to the software. This flexibility allows the 
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software to be used for research purposes. For example, WUFI only allows hourly weather data to be 

used in its simulation, while HAM-Tools with proper modifications can use higher resolution 

meteorological data. However, HAM-Tools simplifies the climatic loads from driving rain to an extent 

were it did not take into account the effects of wind-driven-rain (Kalagasidis A. , 2004). A study was 

carried out to broaden the capacity of HAM-Tools by introducing a module that accounts for the effects 

of wind driven rain on building envelopes (Wu, Ge, & Horvat, 2012). The study then compared the 

hygrothermal results with WUFI using a climate with a relatively low rainfall amount (606 mm per year) 

to verify the module. It was noted that the chosen climate might not have sufficient rainfall amount to 

be used for verification purposes, and that the governing equations to translate the material properties 

between the two software were simplified. 

This study is a continuation of the previous work that added wind driven rain (WDR) module to HAM-

Tools software. The results from HAM-Tools simulation with the module needed to be compared to 

WUFI simulation for verification purposes. Chapter 3 verifies the module by taking into account the 

difference of the two software’s calculations that governs the moisture transportation in materials. 

Chapter 4 then compares the result with field measurements to validate the model. Once the model is 

validated, it can be used to perform simulations using high resolution weather data. Since most available 

weather data are hourly averaged from high resolution data, it is important to analyze the impact of the 

averaging on the hygrothermal performance of walls. It is not possible to carry this study in other 

commercial hygrothermal analysis software (such as WUFI) since unlike HAM-Tools as they only allow 

hourly weather data for their outdoor climate input. Thus, chapter 5 further investigates the effects of 

different hourly averaging techniques of weather data on the hygrothermal performance of wall 

assemblies. 

  



 

4 
 

1.2 Literature Review 

This section reviews the fundamentals of moisture storage and transport mechanisms in building 

materials; and wind-driven rain as one of the most important boundary conditions in evaluating the 

hygrothermal performance of building envelopes. The effect of time resolution on wind driven rain 

intensity is also investigated. HAM-Tools program that can analyze the hygrothermal performance of 

buildings is then introduced. Finally, the incorporation and limitation of a wind driven rain module as a 

boundary condition is reviewed. 

1.2.1 Moisture Storage and Transport in porous materials 

In order to evaluate the influence of moisture in building envelopes, it is important to understand how 

moisture is stored and transported in building materials. When materials are exposed to increased 

moisture conditions, the moisture that is stored within the materials is categorized in three different 

regions: hygroscopic region, capillary water region, and supersaturated region (Künzel, 1995).  

The hygroscopic region ranges from the dry state of the material all the way to a moisture content equal 

to near 95% relative humidity. When hygroscopic building materials are in contact with moist air, it 

would result in equilibrium moisture. Since the absorption and desorption in this region is not very 

distinct in most building materials such as building stones, generally the absorption isotherm is used to 

define the moisture storage of a building material. According to previous studies, for other materials 

that have a more distinct hysteresis such as expanded clay concrete, the moisture behaviour can be 

calculated sufficiently by averaging the absorption and desorption isotherms (Künzel, 1995). 

The capillary water region is also characterized by states of equilibrium. It is defined by means of 

moisture storage functions over pore radius distribution known as suction stress. When a building 

material in this phase comes in contact with liquid water, it absorbs water to a point where it reaches 

free water saturation. When it comes in contact with another super-hygroscopic moist substance, 
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moisture is exchanged until they both reach equilibrium. The material with smaller pores creates a 

greater capillary suction force and thus water is transported from that material to the one with larger 

capillaries. The hysteresis effect for mineral building materials is also minimal in the capillary water 

region. There are three techniques that are used to obtain the storage function: centrifugal tests, 

pressure plate test, and calometric examination of ice formation in the pre water for the case of 

materials with a high proportion of micropores (Künzel, 1995). For the purpose of this study, literature 

that used pressure plate test to obtain retention curves were used to obtain the required material 

properties, such as retention curves.    

The supersaturated region occurs through diffusion under the temperature gradient (or through suction 

under pressure in laboratories) and has a relative humidity of 100% at all times with no more states of 

equilibrium. This region is reached when vapour diffusion causes condensation to occur in the material. 

This phase is more common in most insulation materials and is apparent when dew point conditions are 

met in these materials (Künzel, 1995).  In principle during this state, the capillary suction stress is 

practically zero and so there can be no liquid transport through capillary conduction. Nevertheless, 

some moisture migration may be observed during this state in materials with coarse pores due to 

gravitation effects and vapour diffusion. However, moisture transport in the supersaturated region of 

capillary-active building materials is hard to model and since it occurs for a short period of time, it is 

mostly negligible (Künzel, 1995). 

Figure 1 shows the schematic of the moisture storage function of a hygroscopic capillary-active building 

material, such as mortars, building stones, and wood products. Each region is shown and defined by the 

amount of water content of the material with respect to its relative humidity (Künzel, 1995). From this 

graph, it can be seen that the material’s moisture content increases a lot faster in the capillary water 

region and supersaturated region than in the hygroscopic region.  
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Figure 1: Moisture storage function of a typical hygroscopic capillary-active building material (Künzel, 1995) 

 

Moisture can be transported in the form of water vapour, liquid water and adsorbate film in building 

materials. These processes are shown in Table 1. 

Table 1: Moisture transport in building materials (Lstiburek, J, 2006) 

Phase Process Potential  
Liquid Liquid diffusion Concentration  

 Thermal diffusion Temperature  
 Capillary flow Suction Pressure  
 Gravitational flow Height  
 poiseuille flow Liquid pressure  
 Electrokinesis Electrical voltage  

Vapour Gas diffusion Vapour pressure  
 Thermal diffusion Temperature  
 Convective flow Air pressure  

Adsorbate Surface diffusion Concentration  
Solid Solid transport Height  

  Air pressure  
 

 

Water vapour diffusion occurs when moisture is transferred from partially dry solid from regions of high 

concentration to those of low concentration. The thermal diffusion is a water vapour diffusion that is 
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driven by temperature gradients, which only accounts for 0.05% of the overall moisture transport in 

normal conditions. Moreover, convective flows resulting from air pressure around constructions are 

difficult to determine and usually neglected (Krus, 1995). Thus in many studies, only the water vapour 

diffusion resulting from partial water vapour pressure are investigated. 

Surface diffusion is the phenomenon in which water vapour diffusion increases as relative humidity 

increases. This happens when building materials are in contact with moist air, which localizes them on 

the inner surface, creating a water film. This can be implicitly calculated using gradient of moisture 

content and overall moisture diffusivity coefficient (Kumaran, Mitalas, Kohonen, & Ojanen, 1994). Other 

terms such as the laminar or streamline flow of an incompressible viscous fluid in a long narrow cylinder, 

known as poiseuille flow, and the surface diffusion as well as thermal diffusion are negligible and are 

mostly ignored.  

Similarly, most of the processes that transport moisture through liquid water such as transportation due 

to gradient of electrical voltage or gravity are negligible in building physics and only capillary flow is of 

concern. The driving force of capillary flow is capillary suction that is directly related to surface tension 

and defined through the difference in the pressure for the non-wetting phase with the pressure for the 

wetting phase (Carmeliet & and Roels, 2001).  

When temperatures reach below freezing point, moisture transport can behave differently. At high 

moisture levels and below freezing point temperatures, ice is formed in the larger pores of building 

materials. Vapour diffusion process is through the smaller pores and changes only when the larger pores 

are filled about 60%. Therefore the influence of ice formation on vapour diffusion can be disregarded in 

most cases. However, the effect of frost formation in materials is more pronounced for the liquid 

transport. Below freezing point, there is no capillary suction present anymore. However, water in the 

micropores freezes only at temperatures lower than zero degrees and thus, water can still be partially 
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transported in the finer pores through capillary suction. It is possible to calculate this partial transport 

using a coefficient called the freezing limit potential (Künzel, 1995).  

The water stored and transported through materials depends on the presence of water around that 

material. The most significant moisture source is rain, which is described in the next section. 

1.2.2 Wind Driven Rain 

HAM analysis requires sufficient boundary conditions that are calculated using input from standard 

meteorological data records. Most of these boundary conditions can be adequately defined. However, 

wind driven rain is the boundary condition that is considered to be the most important moisture source 

affecting the hygrothermal performance and durability of building facades. It is an important factor in 

the deposition of pollutants, erosion and surface soiling on buildings facades (Blocken & Carmeliet, 

2007). Moisture accumulation in porous materials due to WDR can lead to frost damage, water 

penetration, moisture induced salt migration, thermal cracking, and efflorescence just to name a few 

(Blocken & Carmeliet, 2004). It is an essential boundary condition for numerical Heat, Air and Moisture 

(HAM) transfer models that are used for the purpose of examining hygrothermal performances on 

building envelopes. Thus, in order to analyze the hygrothermal performance and durability of building 

facades, the understanding and incorporation of WDR in HAM transfer models is essential.  

There are many parameters that influence the WDR distribution, namely environment topology, 

position of building façade, wind direction and speed, rainfall intensity, and raindrop size distribution 

(Blocken & Carmeliet, 2004). In the past, different approaches were taken to assess WDR amount on 

building facades. These include direct measurements, semi-empirical models, and numerical simulations 

(Blocken & Carmeliet, 2004). Full scale WDR measurements were performed in the past to obtain 

coefficients for theoretical formulae to create these empirical models. Measurements have always been 

the primary tool in WDR research, but they can be time-consuming and expensive, and its application 
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can be limited to the specific site that the measurements were taken. These limitations motivated 

researchers to establish semi-empirical relationships between WDR and the standard meteorological 

parameters (Moonen, Defraeye, Dorer, Blocken, & Carmeliet, 2012).  

Semi-empirical models are based on simple theoretical formula combined with coefficients obtained 

from measurements. Since WDR is a result of airflow carrying raindrops deposited on the building 

facade, the empirical formula generated takes into account the wind speed, wind direction, and rainfall 

intensity. If all raindrops are assumed to be the same size and that the wind flow is uniform, steady, and 

horizontal, the intensity of WDR can be expressed as follows (Blocken & Carmeliet, 2010b). 

 𝑅𝑤𝑑𝑟 = 𝑅ℎ ∙
𝑈
𝑉𝑡

 Equation 1 

where Rwdr is the wind driven rain intensity through imaginary vertical surface, Rh is the unobstructed 

horizontal rainfall intensity that is measured using standard rain gauge with a horizontal orifice, U is the 

wind speed, and Vt is raindrop terminal velocity of fall. The speed at which the raindrops fall depends on 

the size of the drop itself, which defines Vt. As the drop size increases, the raindrop terminal velocity 

increases at a decreasing rate. Simple geometry reveals that, in Equation 1, the wind direction is 

assumed to be perpendicular to the vertical surface at all times and that no deflection happens that 

makes it a measure for a “free field” (Blocken & Carmeliet, 2010a). However, the presence of a building 

strongly disturbs the wind-flow pattern around it, which leads to a very different WDR intensity when 

compared to WDR intensity in free-field conditions. In order to take this into account, Equation 1 is then 

rewritten as follows (Blocken & Carmeliet, 2010b): 

 Rwdr = α⋅U⋅Rh
0.88⋅cosθ Equation 2 

where α is the WDR coefficient and θ is the angle in horizontal plane between the wind direction and 

normal to the facade. The ISO Standard model (ISO model) and Straube and Burnett model (SB model) 
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are two known semi-empirical models that are based on Equation 2. The former uses annual average 

index and spell index that is calculated based on airfield annual index (Blocken & Carmeliet, 2010b). The 

resulting equation is summarized as follows. 

 Rwdr = 2/9⋅CR⋅CT⋅O⋅W⋅U10⋅Rh⋅cosθ Equation 3 

where U10 is the unobstructed reference wind speed at 10 m height, CR is the roughness coefficient, CT 

the topography coefficient, O is the obstruction factor, and W is the wall factor. The obstruction factor O 

is applied when there is an obstruction near the building. The wall factor W is the ratio of WDR hitting 

the building over the WDR passing through an equivalent unobstructed space. The wall factor accounts 

for the type of the wall (such as the height of the wall or if it has overhands) and the variation of WDR 

across its surface.  The wall factor and the obstruction factor can be obtained using Table 2 and Table 3 

respectively. 
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Table 2: Wall factors, W (ISO, 2009) 

Description of wall Average Value Distribution 

Two-story gable 0.4 

 

Three-story gable 0.3 

 
Multi-story with flat roof 

(pitch of less than 20 
degrees) 

0.2 (i.e. for ten-story 
building with higher 

intensity at top) 

0.5 for top 2.5 m 
0.2 for remainder 

Two-story wall with eaves 0.3 

 

Three-story wall with eaves 0.4 

 

Two-story building with flat 
roof (pitch of less than 20 

degrees) 
0.4 

 
  

 

Table 3: Obstruction factor, O (ISO, 2009) 

Distance of obstruction from façade [m] Obstruction factor O 
4-8 0.2 

8-15 0.3 
15-25 0.4 
25-40 0.5 
40-60 0.6 
60-80 0.7 

80-100 0.8 
100-120 0.9 
Over 120 1.0 
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The topography coefficient CT takes into account the increase of mean wind speed over isolated hills and 

escarpments, ranging from 1.0 for upstream slopes of less than 5% inclinations, to 1.6 for buildings 

located at crests of steep hills.  The roughness coefficient CR takes into account the change of mean wind 

speed at the site due to the upstream roughness of the terrain and the height above the ground. It is 

calculated using the equations below.  

 𝐶𝑅(𝑧) =  𝐾𝑅⋅ln ( 𝑧
𝑧0

)    for   z ≥ zmin Equation 4 

 𝐶𝑅(𝑧) =  𝐶𝑅(𝑧𝑚𝑖𝑛)    for   z < zmin Equation 5 

where z is the height above ground, KR the terrain factor, z0 the aerodynamic roughness length and zmin 

is the minimum height. These values are presented as a function of the terrain category shown in Table 

4. 

Table 4: Roughness coefficient CR parameters (ISO, 2009) 

Terrain 
category description KR Z0 Zmin 

I Rough open sea; lake shore with at least 5 km open water upwind and 
smooth flat country without obstacles 0.17 0.01 2 

II Farm land with boundary hedges, occasional small farm structures, houses 
or trees 0.19 0.05 4 

III Suburban or industrial areas and permanent forests 0.22 0.3 8 

IV Urban areas in which at least 15% of the surface is covered with buildings 
of average height exceeding 15m 0.24 1 16 

 

The SB model also derives its formula from Equation 1. The model describing the WDR on building 

facade is given in Equation 6. 

 Rwdr = DRF⋅RAF⋅U(z)⋅Rh⋅cosθ Equation 6 

where DRF is the driving rain factor that is defined as the inverse of raindrop terminal velocity Vt, and 

RAF is the rain admittance factor that converts the free-field WDR intensity to the WDR intensity on the 

building facade. The values measured for RAF is presented in Figure 2. 
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Figure 2: Rain Admittance Factors (RAF) for (a) low-rise building with H/W much less than 1; (b) tall building (>10 m) with 
H/W much greater than 1; (c) low-rise building with sloped roof and roof overhang (Straube & Burnett, 2000) 

 

Comparing these two models, it is found that the ISO model is more comprehensive than the SB model 

(Blocken & Carmeliet, 2010a). This was concluded since the information of the coefficients have been 

obtained from on-site measurements at the facades of different buildings and thus the ISO model 

provides a more accurate representation of the influencing parameters. (Blocken & Carmeliet, 2010a).  

The third semi-empirical model is given by ASHRAE 160P (ASHRAE, 2009). This standard describes the 

rain load to be designed for walls exposed to rain. Equation 7 presents the model. 

 r = FE⋅FD⋅FL⋅U⋅cosθ⋅rh Equation 7 

The exposure factor FE is obtained based on the height of the building and the terrain surrounding it. 

The rain deposition factor FD is based on the slope of the roof and that if the wall material is subject to 

rain runoff. FL is the empirical constant. This model is very similar to the SB model and since ASHRAE 

160P is the latest North American standard, it is used in this study. 
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The widespread use of semi-empirical model is due to its analytical formulas that can be easily 

implemented in HAM models, uses standard meteorological data that are generally available, and that 

no other suitable method that determines WDR has been available (Blocken, Roels, & Carmeliet, 2007). 

However, while semi-empirical models are simple to use, their accuracy depends on the coefficients and 

correction factors.  

More detailed but much more time consuming alternative is to use numerical modeling through 

Computational Fluid Dynamics (CFD). CFD models provide the WDR results on any particular building as 

a function of horizontal rainfall intensity, wind speed and wind direction and are mostly used to evaluate 

and validate the semi-empirical models and to improve their performance (Blocken & Carmeliet, 2010a). 

CFD modeling can be employed to obtain the coefficients that required by the semi-empirical models, 

which allows the semi-empirical method being simple while integrating the complexity into its 

coefficients.  

A three-step approach is normally used in CFD modeling of wind-driven rain: steady state wind-flow 

pattern, raindrop trajectories, and specific and integrated catch ratio and WDR coefficients. The first 

step calculates the steady-state wind-flow around a building using CFD and provides velocity-vector 

fields around the building. The second step calculates the raindrop trajectories by injecting raindrops of 

different sizes in the calculated velocity-vector field and calculating their equations of motion.  The third 

and last step compares the horizontal raindrop density with WDR drop density to obtain the catch ratio 

for each diameter of the raindrop. Using the integrated catch ratio over raindrop spectrum and the 

reference wind speed, the WDR coefficient is acquired (Janssen, Blocken, & Carmeliet, 2007). An 

example is the study of raindrop impact on porous materials combined with numerical investigation of 

impact speed, angle and specific catch ratios (Abuku, Jenssen, Poesen, & Roels). The study measured the 

maximum spreading length and width of the drops as a function of drop diameter, impact speed and 
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impact angle to be used for analyzing the distribution of impact speed and angle for raindrops hitting a 

facade. Finally, the WDR on building enclosure was compared to a 3-D simulation and was found that 

the simulation led to an underestimation of the average moisture content due to an overestimation of 

the evaporation rate when horizontal rainfall intensity was 0.1 mm/h. When the horizontal rainfall 

intensity was 0.5 mm/h, it led to an overestimation of the average moisture content due to an 

underestimation of the evaporation rate (Abuku, Jenssen, Poesen, & Roels).  

1.2.3 Impact of time resolution of WDR data on hygrothermal performance of building 

envelopes 

Currently, due to the complexity of WDR, HAM models generally incorporate the semi-empirical 

methods to determine the WDR amount as the boundary conditions when analyzing the hygrothermal 

performance of buildings. The parameters determining the WDR amount, i.e. wind speed, wind 

direction, and horizontal rainfall intensity, are usually collected and averaged to an hourly data. The 

impact of time resolution of these input data for WDR has been investigated in the past (Blocken & 

Carmeliet, 2007). The research found that significant underestimations can occur if the data is 

arithmetically averaged to obtain hourly data. Currently, most data available from weather stations 

around the world are arithmetically averaged hourly dataset, which results in this underestimation 

(Blocken & Carmeliet, 2008). It was also found that weighted averaging technique is an improvement 

over arithmetically averaged method that can significantly reduce time resolution errors. The 

underestimation of arithmetical averaging was calculated to be 11%, 45% and 31% for Eindhoven in 

Netherlands, Bloomington in USA, and Grahamstown in South Africa respectively, while for weighted 

averaging, it was 0%, 4% and 3% respectively. It was suggested that a minimum of ten-minute averaged 

data is required to obtain results that are acceptable for quantifying WDR intensity. It should be noted 

that the wall model used to determine the results in the study was a simplified and theoretical example, 

all the boundary conditions except WDR were kept constant, and that an underestimation could have 
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occurred due to the selection of its specific climate (Blocken & Carmeliet, 2007). Thus, in order to 

determine the difference between the effect of high resolution and averaged data using different 

techniques, more research needs to be conducted.  

Another study was conducted to create a HAM simulation using CFD modeling as boundary conditions to 

obtain detailed WDR on building façade. This combined CFD-HAM approach implements the catch-ratio 

charts resulting from CFD simulations into HAM models. The catch-ratios are then used within the HAM 

simulation to convert the standard meteorological data into WDR distribution records that define the 

boundary conditions of the HAM simulation. This study carried out a comparative analysis and 

concluded that the accuracy of the results from HAM simulations is determined by the time resolution 

and averaging technique of the meteorological input data (Blocken, Roels, & Carmeliet, 2007). It should 

be pointed out that by using the ISO standard (ISO, 2009) guidelines, the weighted average approach 

will not be applicable in areas that have more than 25% annual rainfall due to heavy precipitation that 

lasts less than 1 hour. This is due to the ISO standard guideline stating that rain penetration around 

edges of doors, windows and cracks depends on shorter periods of heavy rain and strong winds (ISO, 

2009), which is not the case for the climate that the study used. 

1.2.4 Hygrothermal simulation programs 

There are many software tools available that analyze the hygrothermal performance of buildings, such 

as WUFI (Fraunhofer IBP, 2010), HAM-Tools (Kalagasidis A. , 2004), and LATENITE-VTT that was 

developed to become hygIRC from Institute for Research Construction (IRC), to name a few. These 

various tools all have diverse purposes and each has its own advantages and limitations. 

WUFI is a program that calculates the amount of heat and moisture transport at any point within a wall 

construction. The effects of wind driven rain is also included within the program. Users can also input 

their own meteorological data as well (Fraunhofer IBP, 2010). WUFI is the mostly used program by 
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professionals and it has been validated through different benchmarks such as EN 1502 (Fraunhofer IBP, 

2010). WUFI met the requirements of this benchmark by having its results not deviating from the 

reference solution by more than 2.5%. However, it should be noted that WUFI only allows a time 

resolution of one hour for its climate data and that it limits the user to its own functions as it is not open 

source and no modules can be added to it. 

1.2.5 HAM-Tools 

HAM-Tools is a one-dimensional heat, air and moisture transfer simulation model developed at 

Chalmers University of Technology in Sweden. The main objective of the program is to obtain 

simulations of heat and mass transport in building components under operating conditions. It is based 

on Simulink and Matlab and is developed as a library of predefined calculation modules. There are five 

sub-systems for these modules: Constructions, Zones, Systems, Helpers and Gains (Kalagasidis A. , 2004). 

The software is an open source at research level, so the ability to add new modules and codes can be 

achieved. It can also handle high resolution meteorological data. Thus, HAM-Tools is a suitable program 

to be used for the purpose of this research. It is also a free program and can be downloaded from 

http://www.ibpt.org/libraries.html.  

The software has been validated in three different ways: analytical, comparison with other codes, and 

empirical (Kalagasidis A. , 2004). The first step analytically validated the software through means of 

mathematical solutions to existing problems and analyzed the divergence of the solutions. This was 

performed to ensure that the basic balances of the calculations were met. The temperature and 

moisture profile of an example was compared with a reference analytical solution obtained through the 

benchmark from European Standard draft ‘Hygrothermal performance of building components and 

building elements – Assessment of moisture transfer by numerical solutions’ CEN/TC 89 WC 29.3. It was 

shown that the solution resides in the band of acceptance from the benchmark (Kalagasidis A. , 2004). 

http://www.ibpt.org/libraries.html�
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The software was then compared with HAMSTAD (Heat, Air and Moisture Standard Development), 

which is a benchmark that focuses on standardization procedures and certification in HAM transport in 

buildings. The software was tested against the five HAMSTAD benchmarks and the results showed a 

satisfying agreement between the different solutions and achieved the requirements (Kalagasidis A. , 

2004).  

Finally, the simulations from the software were compared against field collected data to be validated.  

The software was compared against a whole building model that measured the temperature and 

relative humidity of a cold ventilated attic space in real operating conditions. The results concluded that 

the software has shown a high degree of reliability, both in a qualitative and in a quantitative manner 

(Kalagasidis A. , 2004).  

The governing equations for one-dimensional HAM transfer and heat and mass balance in porous 

building materials that is used to develop HAM-Tools software include some assumptions. It is 

mentioned that these assumptions has led to the following boundary conditions and limitations 

(Kalagasidis A. , 2004). 

• The boundary condition for the ambient temperature from the weather data cannot exceed the range 

of –30 °C to +80 °C.  

• Effects associated with phase change liquid from/to ice are neglected.  

• Climatic load due to driving rain is simplified. There is no module that handles WDR and its intensity 

value is set to be zero at all times  

• Hysteresis, the difference in the moisture content that a material can hold and the corresponding 

moisture potential during drying and wetting periods is not accounted for. 

• Chemical reactions between materials are not considered.  

• Gravity effects on materials and water are not considered.  

• Drainage between material layers is not considered.  
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• Ageing effects or changes in geometrical dimensions are neglected.  

One of the limitations noted above is simplification of WDR, which is an important factor for 

hygrothermal analysis of building envelopes. 

1.2.6 Integration of Wind-Driven-Rain module in HAM-Tools 

Previous study (Wu, Ge, & Horvat, 2012) analyzed the effects of microclimate and time resolution on the 

hygrothermal performance of building envelopes through HAM simulations.  The study required to use a 

program that is able to analyze the hygrothermal performance of building envelope while being capable 

of providing a modular and open-source modeling platform so that any new module can be added in 

order to improve it. The software had to have the ability of accepting customized and high resolution 

meteorological data and materials to allow for comparative research on different climates with different 

constructions. Therefore, HAM-Tools was a suitable option and was chosen, while WUFI was used for 

verification purposes in that study. To further improve the HAM-Tools software, the previous study 

implemented a module in the program that takes into account the effect of wind driven rain. The 

designed module uses semi empirical ISO model from ASHRAE 160P (ASHRAE, 2009) to quantify wind 

driven rain.  The module was developed using Simulink and was added to HAM-Tools (Wu, Ge, & Horvat, 

2012). The developed module was then verified by comparing the results with WUFI, a widely accepted 

commercial hygrothermal simulation tool. It should be noted that WUFI has an option to use the 

ASHREA 160P model for its WDR analysis. 

Given the limited material data for HAM-Tools, materials from WUFI’s database were chosen to best 

reflect the ones in HAM-Tools data. The comparison was applied on two similar exterior materials: 

yellow pine wood siding from WUFI and wood siding from HAM-Tools database. However, although 

sorption isotherm curves of these two materials have the same trend, they do differ in the values of 

water content by a factor of 1.5 to 2. This shifting of the sorption isotherm in HAM-Tools wood siding 
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material can be observed in Figure 3 (Wu, Ge, & Horvat, 2012). Therefore, the sorption isotherm of 

HAM-Tool’s wood siding was linearly shifted down to create more similar values to yellow pine’s water 

transport properties. Similarly, the same amount of linear shifting was applied to both hydraulic 

conductivity and vapour permeability of HAM-Tools’ wood siding. 

 

Figure 3: Comparison of different wood sidings from HAM-Tools and WUFI database (Wu, Ge, & Horvat, 2012) 

 

It should be noted that each software implements a different approach when calculating water 

transport through materials. Therefore the modification of linear shifting the hydraulic conductivity and 

vapour permeability causes uncertainty errors in the verification process. However, the focus of the 

study was not on this difference and assumed that the proposed line-shifting method would be 

sufficient for the purpose of its research. Therefore, more research is required in order to create 

consistency between the programs and to verify the module. 
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1.3 Summary – Research Problem 

Wind driven rain is the most important boundary condition for hygrothermal analysis. Previous studies 

showed that the accurate definition of WDR loads in terms of time resolution and averaging techniques 

has an impact on the hygrothermal simulation results. Efforts have been made to evaluate the WDR 

effect by improving the HAM-Tools’ capacity to include a WDR module in the program. However, further 

verification and validation of the module is required. In addition, the effect of averaging techniques in 

converting high resolution such as of 1-minute weather data to hourly weather data sets needs to be 

examined. 

1.4 Research Questions and Objectives 

In order to address the research problem stated above, the following research questions are developed: 

•  Would HAM-Tools be able to predict the hygrothermal performance accurately when compared 

to real data from field measurements? 

• Does hourly-averaged weather data from a higher resolution one affect the accuracy of 

hygrothermal performance results? 

• What averaging method provides more realistic results when compared to its high resolution 

data? 

Given these research questions, the objectives of this study are: 

• To demonstrate the accuracy of the developed WDR module through verification by comparing 

results with WUFI, a similar and validated software 

o Ensuring that the governing moisture transport mechanisms and material properties are 

consistent between the two software 
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• To demonstrate the accuracy of the developed WDR module through validation by comparing 

results with real data from field measurements 

• To evaluate the impact of different methods of averaging high resolution wind and rain data to 

an hourly data on the hygrothermal performance of wall assemblies using the validated module. 

1.5 Research Methodology 

First, to further improve and verify the wind-driven rain module in HAM-Tools, an alternative approach 

was implemented to convert the material property related to liquid water transport from one program 

to the other. A conversion method was developed that translates the liquid diffusivity used in WUFI to 

hydraulic conductivity of HAM-Tools. Then a material with sufficient information was selected and 

implemented in both programs to further verify the conversion method.  HAM-Tools’ results were 

compared to WUFI’s simulation using Toronto weather data in order to verify the WDR module. Since 

the wind driven rain module heavily depends on wind speed, wind direction and rain (Kumaran & 

Sanders, 2008), the need to use a different climate with more rainfall is also considered. Therefore, the 

second weather data used was collected from onsite weather station located in British Columbia 

Institute of Technology (BCIT) in Burnaby, Canada. This weather data has a higher amount of yearly 

rainfall (1161 mm) when compared to Toronto’s weather data (683 mm) (Environment Canada, 2012). 

To validate the module, the simulation was then compared to field measurements taken under the same 

climate. Finally, comparison between high resolution climate data and hourly data using different 

averaging techniques was conducted in HAM-Tools. This would enable the study to understand the 

impact of averaging weather data on hygrothermal performance of walls and to analyze the best 

method of averaging the data that results in the least loss of accuracy in hygrothermal performance 

simulation. The steps to carry out this research are summarized as follows: 
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1. Find proper relationship between the two software’s material properties to be able to use 

WUFI’s database for HAM-Tools. 

2. Construct the same wall assemblies and weather data for both programs 

3. Conduct simulation using the programs and compare results to verify the module 

4. Conduct simulation using HAM-Tools and compare results with field measurements to validate 

the module 

5. Construct 1-hour weather data from a 1-minute weather data 

• Use weighted average for wind speed and horizontal rainfall intensity 

• Use vector average technique for wind speed and direction 

6. Conduct simulation using the different hourly averaged weather data and compare the results 

with the high resolution data to obtain the best averaging technique between them 

 

Chapter 2 presents the steps to construct simulations in HAM-Tools. Chapter 3 presents the verification 

of the WDR module using WUFI, while chapter 4 validated the module with real data. Chapter 5 then 

uses HAM-Tools to investigate the differences of averaging high resolution weather data. 
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Chapter 2: Construction of Simulation in HAM-Tools  

This chapter explains the construction of simulation in HAM-Tools and the development of WDR module 

into the software. It should be noted that a basic knowledge of Matlab and Simulink program is 

recommended to be able to recreate the process. 

HAM-Tools allows for a customized wall assembly to be created by using the “construction” block in the 

HAM-Tools library. There are 14 materials presented in the software and their properties are predefined 

in a ‘MAT_DATABASE.m’ file provided with the software. Some of the other parameters are set directly 

in the software, such as duration of simulation, heat and vapour transfer coefficients, thicknesses of the 

materials, etc. Finally, the ‘InputData.m’ file defines the initial conditions, location and the weather data 

to be used for the simulation.  

2.1 HAM-Tools Material Data 

As mentioned before, HAM-Tools contains only 14 materials with their properties in its database. This is 

a very limited database but it is possible to add more materials to it. Given that WUFI has extensive 

material database, new materials can be selected from WUFI and placed in HAM-Tools’ library. 

However, some of these properties need to be converted to HAM-Tool’s format. These conversions are 

described in details in section 3.3. The variable name and units for each parameter is shown in Figure 4. 

For simplicity, the resistive materials (such as rain screens, vapour retarders, and air barriers) are not 

part of the material library and are specified separately in the main construction block of HAM-Tools. 

They only require information for their heat, liquid, and vapour resistance. The placement for inputting 

the resistive layer’s properties is shown in Figure 5. 
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Figure 4: Parameters for Material properties in HAM-TOOLS (Kalagasidis, Weitzmann, Nielsen, Peuhkuri, Hagentoft, & Rode, 
2007) 
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2.2 HAM-Tools input Parameters  

The software uses the Matlab file ‘InputData.m’ to initialize the necessary parameters required to run 

the simulation. This includes latitude, longitude, local standard time, albedo, weather data file, angle of 

incidents and their transmittance for direct solar radiation, initial RH and temperature, and long-wave 

radiation shading.  Other values such as glazing properties can be specified in this file, but are not 

necessary for this study. If any new variables are required, such as rain exposure factor, rain deposition 

factor, and initial moisture content of each layer, it can be created and specified in this file as well. The 

materials are selected using a pop-up menu from the construction block. The values for the resistive 

layers are also set in the same menu. Figure 5 presents a sample of this menu. 

 

Figure 5: Construction block properties menu for material inputs (Screenshot from HAM-Tools) 
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HAM-Tool’s output time can be defined in the ‘data import/export’ section of ‘configuration’ under 

‘Simulation’ menu. Figure 6 highlights the placement of this setting. It is written as a Matlab array 

format, that includes start time, time-step, and stop time respectively separated by colon. The duration 

of the simulation can also be adjusted in the ‘solver’ section of this ‘configuration’ menu. 

 

Figure 6: Configuration menu to set the timestep output (from HAM-Tools software) 

 

2.3 HAM-Tools Wall Construction and Nodes 

In order to construct a wall assembly in HAM-Tools, the pre-defined construction block is used. This 

block contains external material that includes the external surface node, internal material with the 

interior surface node, and the middle materials which lie in between external and internal surfaces. 

Within the block, it is possible to add, remove and rearrange layers to create the required assembly. It 
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should be noted that the layer blocks have to be properly connected to one another. Each node block 

contains placement for both input and output that the left and right side of the block is dedicated to 

respectively. 

 

Figure 7: Block for material within the wall construction (Screenshot from HAM-Tools) 

 

 The “left” variable of each block is connected to the output of the layer towards the exterior (namely 

“Last node” or “to right node” for resistive layers) and the “right” variable is connected to the output of 

the layer towards the interior (the “First node” or “to left node” for resistive layers). This arrangement 

can be seen in Figure 8 

 

Figure 8: Connection between three layers (Screenshot from HAM-Tools) 
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The nodes for each layer are specified under its own block. For example, the exterior layer uses half a 

node for the outermost section and three other nodes for the rest of the material. Each material can 

have as many nodes as needed, but needs to have at least one node for the software to run. The nodes 

can output moisture content, temperature and relative humidity at that specific location through “mon” 

variable in the construction. Each node consists of the “mon” output, which are all combined and 

presented in a single array in the construction block. Figure 9 represents a layer that contains three 

nodes. It should be noted that the resistive layers do not present any output to be analyzed. If a result 

for a resistive layer is needed (i.e. temperature, moisture content, relative humidity), then that layer’s 

properties should be placed in the material database. This would allow for the program to treat it as a 

predefined material and not a resistive layer, allowing for results to be shown.  

 

Figure 9: The three nodes presented in one of the layers (Screenshot from HAM-Tools) 
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2.4 Boundary Conditions 

The boundary conditions consist of outdoor weather data including wind driven rain factors and indoor 

climate data. Since WUFI is being used for verification purposes and that the input parameters between 

HAM-Tools and WUFI have to be consistent, WUFI’s boundary conditions are also covered in this 

section. 

2.4.1 Exterior weather 

Environment Canada records meteorological data across Canada and creates data files that can be 

obtained (Environment Canada, 2012). It has two different data sets that are readily available to be 

used: 

•  CWEEDS, Canadian Weather Energy and Engineering Data Sets that contains hourly data of the 

weather elements (such as wind speed, luminance, radiation, temperature, dew point, etc.) 

starting from 1953; 

•  CWEC, Canadian Weather for Energy Calculation, that represents a 12 month highest 

occurrence data created from the long term statistics of thirty years of CWEEDS data. This data 

set is prepared by National Research Council of Canada and it is used to create a typical 

weather of a Canadian city and is available for 75 cities across Canada.  

The two weather data selected for this research are Toronto obtained from Environment Canada, and 

Burnaby, British Colombia, obtained from an on–site location weather station.  

2.4.2 Software Input Requirements for weather data 

When comparing results from two different softwares, it is important to keep a consistency between the 

parameters, especially the weather data. Thus, it is necessary to create a weather data file and modify 

the format to be readable in both WUFI and HAM-Tools. As each software has its own layout and units 
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requirements, they have to be properly arranged and formatted in order for them to be used for 

simulations. The format of HAM-Tools’ file consists of twelve inputs plus the added rainfall intensity 

shown in Table 5. 

Table 5: HAM-Tools weather data format (Kalagasidis, Weitzmann, Nielsen, Peuhkuri, Hagentoft, & Rode, 2007) 

Description Unit 
Time S 

Air temperature 10˚C 
Dew point temperature 10˚C 

Global Radiation on horizontal surface W/m2 
Diffuse radiation on horizontal surface W/m2 

Normal direct radiation W/m2 
Incident long wave radiation W/m2 

Illuminance, global Lux 
Illuminance, diffused Lux 

Illuminance, direct Lux 
Wind direction ˚ 

Wind Speed 10m/s 
Rain, horizontal 10mm/hr 

 

 

It should be noted that the original HAM-Tools had a constant zero value for horizontal rain amount. 

Therefore, the last parameter (horizontal rainfall intensity) was added to the program in the previous 

study in order to account for WDR as it did not exist in the original weather format (Wu, Ge, & Horvat, 

2012).  

In addition to the weather data sets that are already built in the software package, WUFI also allows for 

customized weather data as well. WUFI provides a utility program in excel format called 

“CreateClimateFile.xls” that has temperature, relative humidity, global horizontal radiation, diffuse 

radiation, wind direction, wind speed and rain as its input and outputs a “.wac” extension format that is 

readable with its software.  Figure 10 presents the utility program. 
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Figure 10: WUFI utility program for creating customized weather file (from WUFI createClimateFile.xls utility) 

The input for longitude, latitude, altitude and time zone are written in the top section, while the 

parameters are selected in each column and weather data values are written in these columns. Finally, 

once the “Export to .WAC file” is clicked, the proper weather data file is generated and placed in the 

same folder where the excel utility program is located. This file can then be used in WUFI’s software for 

simulation purposes. 

2.4.3 Formatting the weather data 

Additional point of attention is that the units for each element in a data set vary between data and 

software. Table 6 summarizes the data presented and their units that each software requires. 

To construct the weather data to be the correct format for either HAM-Tools or WUFI, a software is 

needed to organize and manage the data accordingly. This is achieved using both Microsoft Excel and 

Microsoft Access and the conversions given in Table 6. 
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Table 6: Weather data unit requirements 

Description WUFI HAM-Tools Environment 
Canada 

Burnaby, BC 
data 

Temperature °C 10°C 10°C °C 
RH 0 to 1 N/A N/A % 

Dew point N/A 10°C 10°C N/A 
Solar Radiations on 
horizontal surface 

W/m2 W/m2 3.6 W/m2 W/m2 

Illuminance lux lux 1/100 lux lux 
Wind speed m/s 10 m/s 10 m/s m/s 

Wind direction ° clockwise ° clockwise ° clockwise ° clockwise 
Rain amount L/m2.h 10mm/hr 10mm/hr 10mm/hr 

 

 

If the relative humidity is needed but not provided in the weather data, it can be obtained by dividing 

the calculated saturation pressure from dew point temperature with the calculated saturation pressure 

from the ambient temperature. This process is described in Equation 8 and shown in Figure 11. 

 

 

Equation 8 

where Pv.sat is the partial pressure of water vapour in air at saturation.  

However, if the relative humidity is given and dew point temperature is required, it can be calculated 

using the same process but in an opposite manner, as shown in Equation 9. 

 

 

Equation 9 

The saturation pressure with respect to a given temperature can be calculated using the formulas below 

(Hens H. , 1996): 
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Equation 10 

 

 

Equation 11 

If the temperature is above zero degrees Celsius, the saturation pressures are obtained using Equation 

10 and if the temperature is below freezing point, Equation 11 is used. HAM-Tools uses this method to 

find relative humidity based on the ambient and dew point temperatures. Figure 11 illustrates the 

process in HAM-Tools that calculates relative humidity and partial pressure at saturation for both below 

and above zero degrees temperatures. 

 

 

Figure 11: (Above) Calculation of RH from temperature and saturation pressure. (Below) Calculation of partial or saturated 
pressure from given temperature (from HAM-Tools Software) 
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As an example, if the input for ambient temperature is 1 degrees and the dew point temperature is 

given at -0.5 degrees, the relative humidity is then calculated to be 89.24%. 

2.4.4 Interior climate 

The interior climate is set according to EN 15026 standard (WTA, 2004) from International Association 

for Science and Technology of Building Maintenance and Monument Preservation Guideline 6-2-01/E. 

This is chosen since both HAM-Tools and WUFI have the option to select this standard for the indoor 

condition. The moisture load is set to a normal load (30% to 60% relative humidity) and initial conditions 

of the building envelope are set at 20 °C to represent typical values. 

2.4.5 Development of Wind Driven Rain in HAM-Tools Software 

As described in previous chapter, a WDR module was developed in accordance to ASHRAE Standard 

160P (ASHRAE 2009) to be used in HAM-Tools (Wu, Ge, & Horvat, 2012). It was necessary to understand 

the structure of HAM-Tool’s moisture transport to be able to implement the WDR module. The heat and 

moisture balances are located under the external node block, and is presented in Figure 12. The amount 

of rain is obtained from the ‘weather’ port, which is connected to ‘weather on surface’ block shown in 

Figure 13. 
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Figure 12: Heat and moisture balance in the external surface (obtained from HAM-Tools software) 

 

 

Figure 13: Weather on surface block under the construction block (from HAM-Tools software) 
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Looking under the ‘weather on surface’ block, it was realized that the value for rain was set to zero at all 

times. Therefore, the module was written as a block and placed in the weather on surface block, 

replacing the constant zero. As mentioned before, the weather block was changed to add a new 

parameter of horizontal rainfall to be read from the weather file.  

To create the WDR module, Equation 7 from section 1.2.2 was used to calculate the WDR intensity. The 

completed model is shown in Figure 14. Since HAM-Tools has defined south to be zero degrees and 

increase by moving counter clockwise, section ‘A’ changes this to define north to be zero degrees and 

count clockwise. This ensures that the weather data that is input in HAM-Tools is consistent with the 

normal meteorological data that provides the data. Section ‘B’ verifies if the surface chosen in the 

geometry is the roof, while section ‘C’ ensures that the wall orientation faces the direction of the wind 

blowing by setting the WDR intensity to zero if wind is not hitting the surface of the wall. Finally, section 

‘D’ is the multiplication of all these and the parameters defined in Equation 7. Since the unit for HAM-

Tool’s calculations are in seconds, it is important to convert the result of the WDR module to be 

consistent with the software. For example, if the weather data is presented in hourly data, then a factor 

of 1/3600 is introduced. If a 1 minute weather data is used, then a factor of 1/60 is used. 
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Figure 14: Added WDR module to HAM-Tools (Wu, Ge, & Horvat, 2012) 

 

2.5 Wind Driven Rain in WUFI Software 

Similar to HAM-Tools, WUFI requires outdoor weather data and indoor climate conditions, surface 

transfer coefficients, driving rain load and initial moisture content of each wall component to be input 

for simulation. In order to calculate the wind driven rain, WUFI allows the user to choose between the 

two semi-empirical models, SB model and ASHRAE Standard 160P model. The WDR model can also be 

disabled by changing the “adhering Fraction of Rain” to zero in the “surface transfer coefficient” section 

of the program. 

2.6 WUFI’s Limitation and how it is addressed 

When the research for this study was performed, it was important to be able to analyze the results from 

both WUFI and HAM-Tools in each specific node. This was later changed to analyze the whole layer 
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(averaging all the nodes in that layer), but was an important learning and problem solving step. By trying 

to obtain moisture content results for each node, one of WUFI’s limitations was realized.  

WUFI allows for the placement of nodes to be set in each section of a layer. They are known as monitor 

positions. However, while these monitor positions can output the temperature and relative humidity at 

that location of the layer, the output of moisture content is limited to the average of the whole layer. 

This can be an issue when a specific location within a material is needed to be studied and compared 

with HAM-Tools. In order to overcome this limitation, it can be possible to divide the specific layer into 

smaller sections. To verify this technique, a software experiment in WUFI was performed. The outer 

layer (aerated concrete) was replaced with four new layers consisting of the same material. The 

thickness of these layers were adjusted to have a total thickness of the initial outer layer (105 mm) and 

are divided into three and a half equal sections. These sections resemble the nodes set in HAM-Tools 

outer layer. Figure 15 and Figure 16 show the two different setup. 

 

Figure 15: WUFI wall construction with outer layer divided in one section (from WUFI Software) 
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Figure 16: WUFI wall construction with outer layer divided in 3.5 sections (from WUFI Software) 

 

Finally, a comparison was done between the initial construction (one outer layer of 105 mm) and the 

modified construction (three and a half sections totalling 105mm). The monitor positions were placed 

exactly at the same positions for each construction and the relative humidity and temperature at these 

nodes were compared. The result shows that there is no difference between these constructions and 

this method can be applied to find moisture content values at a specific location within a material. 
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Chapter 3: Verification of the module 

The implemented WDR module in HAM-Tools is verified against WUFI software. This requires the use of 

the same weather data and wall construction in both programs. The verification is conducted in order to 

ensure that the differences between the two programs, such as material properties and water transport 

mechanism, are addressed. First, the water transport conversion was verified, and then a comparison 

between the programs was conducted with both the WDR turned off and on. 

3.1 Toronto weather data 

The first data that is used is from CWEEDS data for station number 04741 in downtown Toronto. It is 

located in Trinity College at University of Toronto and resembles a populated and dense environment. 

Figure 17 shows the map of greater Toronto with its average density and the location of this station. 

 

Figure 17:  Location of 04741 weather station in Toronto, ON, Canada (from http://www.statcan.gc.ca/) 
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For a better accuracy, it is important to choose a year that has minimum or no missing data. A Matlab 

code shown in Appendix G was written to read through the data and output the year and the amount of 

missing measurements for that year. The year 1984 includes all the information for each hour of that 

year without missing any lines of data. Hence, 1984 is chosen for simulation purposes. It should be 

noted that the CWEEDS does not contain hourly rain values, which is necessary information for this 

research.  Thus, this data was previously obtained from Environment Canada (Wu, Ge, & Horvat, 2012). 

Therefore, the main reason for using the weather data at this location for this study is the availability of 

the hourly rain data. Both the CWEEDS and rain amount files need to be organized using database 

software, such as Microsoft Access or Excel, to be converted in a useful format. 

The wind driven rain can be viewed using a wind rose graph that represents the driving rain sum. In 

order to create this graph, Equation 12 is used (ISO, 2009). 

 𝐼𝐴 =
2
9
𝑈𝑅ℎ

8/9cos (𝐷 − θ)
𝑁

 Equation 12 

where ‘U’ is the wind speed, ‘Rh’ is the rain amount, θ is wind direction, ‘N’ is number of years, IA is the 

driving rain sum and ‘D’ is the direction of the calculation relative to the wall. A Matlab program is 

written that calculates 24 different direction of D to obtain the driving rain sum at that direction. The 

results are then graphed using Excel software. The result shows the sum of rainfall amount with respect 

to its direction. The program and a sample of the excel file is provided in Appendix E. 

The wind rose diagram for the obtained weather data is represented in Figure 18. 
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Figure 18: Annual driving diagram of 1984 Toronto weather [mm] 

 

This explains that the prevailing wind driven rain has the highest impact on the East side of a given 

surface. Therefore the simulations using this weather data are conducted on the walls facing the East 

side. The horizontal rainfall amount is shown in Figure 19. This graph is used later for analysis. The total 

annual rain amount for that year is calculated to be 393 mm. 

[mm] 
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Figure 19: Toronto 1984 horizontal rainfall amount 

 

3.2 Toronto wall construction 

To compare simulation results from HAM-tools to WUFI, the material properties of wall assemblies need 

to be consistent. Since HAM-Tools has a very limited material database, materials from WUFI’s database 

are used to construct the simulations. Most of the material properties can either be directly input from 

one program to the other, or can be converted.  

The first wall assembly constructed in both programs is chosen to be a typical North American wood 

frame residential building envelope. The outer layer is selected to be a material with enough sorption 

isotherm details provided in WUFI’s database to be able to convert its liquid diffusivity to hydraulic 

conductivity. The detail of the wall assembly is shown in Table 7. This assembly is tested against Toronto 

weather data.  
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Table 7: Simulated wall construction 

Material (outdoor to indoor) Thickness [mm] 
Wood siding 20  

Air space 25  
60 minute building paper 0.1 

OSB Sheathing 12.5 
Fiberglass insulation 89 

Polyethylene vapour retarder 0.15 
Gypsum board 12.5 

 

 

Using the construction block and HAM-Tools library, the blocks ‘weather on surface’, ‘external material’, 

‘internal material’, ‘material’, and ‘resistance’ were used to create the wall assembly. Figure 20 

illustrates this construction.
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Figure 20: Wall construction in HAM-Tools (from HAM-Tools software) 
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The wall construction applied to WUFI is presented in Figure 21.  

 

Figure 21: Wall construction in WUFI (from WUFI software) 

 

3.3 Water Transport properties Conversion 

The main differences between WUFI and HAM-Tools are the driving force and material properties to 

account for liquid transport. WUFI uses the gradient of water content and liquid diffusivity while HAM-

Tools uses suction pressure difference across the material thickness and hydraulic conductivity. To 

convert liquid diffusivity for materials from WUFI’s database to hydraulic conductivity required by HAM-
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Tools, the material’s retention curve is needed. The retention curves found from literature can be used 

to verify the conversion.   

To be able to find the relationship between hydraulic conductivity and liquid diffusivity, the formulas for 

both methods are analyzed. The liquid diffusivity in WUFI is governed by Equation 13 (Fraunhofer IBP, 

2010). 

 x∂
∂

=
wD-  g wl

 

Equation 13 

where gw is the liquid moisture flux, Dw is liquid transport coefficient, w is moisture content in kg/m3, 

and is the differentiation term in the x direction. WUFI uses tabulated data to provide the transport 

coefficient as a function of water content in the material. It applies to two kinds of moisture transports: 

the suction, which is when free water is presented at the material surface (such as rain), and 

redistribution, which is the transport of moisture without the presence of free water. The transport 

redistribution coefficient is approximated 1/10th of the suction coefficient.  

In HAM-Tools, the liquid transport uses the water retention curve and is based on the suction pressure 

difference across the material thickness. It is governed by Darcy’s law shown in Equation 14. 

 
𝑔𝑤 = −𝐾.

𝜕𝑃𝑠𝑢𝑐
𝜕𝑥

 

Equation 14 

 

where K is the Hydraulic conductivity and Psuc is the suction pressure. The relationship between these 

two means of water transports can then be obtained and is shown in Equation 15. 
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𝐾 = −

𝐷𝑦
𝜕𝑃𝑠𝑢𝑐
𝜕𝑤

 
Equation 15 

 

The relationship between suction pressure and moisture content is known as the suction isotherm or 

the retention curve, thus the term 𝜕𝑃𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦
𝜕𝑤

 is the derivative of this relationship. Finding the 

relationship between relative humidity and suction (at high RH) allows for calculating the retention 

curve. Equation 16 describes this relationship (ASTM-Standard, 2009). 

 
ln(𝜑) =  

𝑃𝑠𝑢𝑐𝑀𝑤

𝑅𝑇ρ𝑤
 

Equation 16 

 

where Mw is the molar weight of water and R is the ideal gas constant. 

It is possible to find the suction pressure at a specific relative humidity from the formula above. The 

calculated relative humidity is then used to find the moisture content of a material at the specific 

suction pressure by using sorption isotherm curve. Subsequently, the relationship between moisture 

content and suction pressure provides the retention curve that is then used in Equation 15 to obtain the 

relationship between hydraulic conductivity and liquid diffusivity of a material.  

If the sorption isotherm of a material in WUFI’s database has enough details (moisture content values at 

high relative humidity), then the retention curve can be generated. 

3.3.1 Retention curve comparison between measured data and WUFI database 

In order to validate the water transport conversion, it is necessary to compare the results with 

measured data. The use of relative humidity to determine the moisture storage potential would result in 
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low resolution in the super-hygroscopic range. Therefore it is better to use suction and obtain the 

retention curve for moisture storage potential. The retention curve can be measured directly through 

lab experiments known as pressure plate extraction. It uses overpressure to force water out of a 

saturated specimen. Since pores are saturated with water, they allow only water and not air to pass 

through it (Janz & and Johannesson, 2001). Previous studies have measured the retention curve of some 

commonly used construction materials such a few materials such as calcium silicate, ceramic brick 

(Carmeliet & and Roels, 2000), Bamburger sandstone, Sander sandstone (Hansen, Houvenghel, Janz, 

Krus, & . Stromdahl, 1999), autoclaved aerated concrete, cement mortar, cement lime mortar, lime 

silicate brick, Kanic Antik brick, Kanik Gul brick (Janz & and Johannesson, 2001) to name some.  

For validation purposes, it is important to select a material that has similar properties with one of the 

materials from WUFI’s database. These properties include density, porosity and sorption isotherm. The 

best suitable material is found to be between Autoclaved Aerated Concrete from a literature (Janz & and 

Johannesson, 2001) and Aerated concrete from WUFI database (Fraunhofer IBP, 2010). The properties 

are shown in Figure 22. 

 

Figure 22: Comparison of sorption isotherm for aerated concrete between Janz measurement and WUFI’s database 
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Literature:   Density 594 kg/m3 & Porosity 79%
WUFI data: Density 600 kg/m3 & Porosity 72%
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Figure 23: Retention Curve of autoclaved aerated concrete (Janz & and Johannesson, 2001) 

Figure 23 shows the retention curve of Autoclaved aerated concrete. Using this retention curve, the 

hydraulic conductivity of Autoclaved Aerated Concrete is obtained. The other hydraulic conductivity is 

calculated using WUFI’s database and the Matlab code given in Appendix C. The comparison is shown in 

Figure 24. 

 

Figure 24: Comparison of hydraulic conductivities of aerated concrete calculated using information from literature and WUFI 
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These two different hydraulic conductivities are then put in HAM-Tools software. Using Toronto 1984 

weather data and wall construction specified in section 3.1 , the moisture content of aerated concrete 

with these different hydraulic conductivities are compared. Figure 25 presents the results of this 

comparison for moisture content of Aerated Concrete and the relative difference between the results 

are shown as well. This relative difference is calculated using Equation 18. 

 

Figure 25: (LEFT) Comparison of moisture content in HAM-Tools simulation. (Right) The resulting difference for the 
comparison 

 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 100.

(𝑤𝐻𝐴𝑀𝑡𝑜𝑜𝑙𝑠 − 𝑤𝑤𝑢𝑓𝑖)
𝑤𝑤𝑢𝑓𝑖

 
Equation 17 

 

Were “w” is the resulting moisture content. The difference for moisture content is less than 0.08%. 

Given these results, it can be concluded that the proposed conversion method from liquid diffusivity to 

hydraulic conductivity is valid. The necessary conversions for material properties between HAM-Tools 

and WUFI are all summarized in Table 8.  
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Table 8: Material property conversions for HAM-Tools and WUFI 

WUFI input Conversion from WUFI  
to HAM-Tools Ham-Tools input 

Thermal conductivity Same 
Lambda_dry: Thermal conductivity of 

dry material 
 

Water vapour diffusion 
resistance factor, µ(@RH) 

 

Delta_p_RH = δ0/µ(@RH) 
 

Where  δ0 = 2*10-7 * T0.81 / P 
Delta_p_RH: Vapor permeability 

Temperature dependent 
thermal conductivity 

supplement 
 

Same Lambda_T: Thermal conductivity 
factor dependent on temperature 

Water absorption 
coefficient Same WAC 

Free water saturation Same 
W_capillary: Capillary moisture 

content by volume 
 

Moisture storage 
function(@RH) 

Slope_sorption_ksi = ∇(moisture storage 
function(@RH)) 

 

Slope_sorption_ksi: Slope of the 
sorption isotherm at specific RH 

 

Liquid diffusion resistance 
factor 

  
 
 

Hyd_Cond_K = Hydraulic 
Conductivity 

Thermal conductivity  
Heat resistance = (1/thermal 

conductivity)*thickness 
 

Heat resistance 

µ Vapour resistance = 1/(δ0/µ) * thickness Vapour resistance 
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3.4 Verification Results 

First, the weather data from Toronto with the wall assembly described in 3.1 was used. In order to 

achieve a base comparison, the wind driven rain module was turned off. The adhering fraction of rain in 

WUFI was also set to zero. The results are shown in Figure 26. It should be noted that HAM-Tools results 

is an average of all the nodes in the material. The amount of nodes is selected to be the same as the 

amount WUFI uses. 

 

Figure 26: (Above) Comparison of moisture content between HAM-Tools and WUFI for the outer layer without the wind 
driven rain module. (Below) The resulting daily averaged difference for the comparison 
 

The relative difference in moisture content (%) is shown to be 20% between the two programs. Looking 

at Figure 19 that shows the rainfall amount over the period of 1984, it can be seen that the first and last 

couple of months have a minimal amount of rainfall, and thus the mechanism for moisture transfer 

during these dry periods is through vapour diffusion. It can be seen that results from HAM-Tools 

simulation is a bit more responsive to moisture due to vapour diffusion during the dry period. However, 

once rain is present in the data, the results become significantly closer. This difference between the two 
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programs during the dry period should be considered when analyzing the results with the WDR module 

activated.  

The same simulation is then performed with the with the WDR module turned on for both programs. 

The result is shown in Figure 27. 

 

Figure 27: (Above) Comparison of moisture content between HAM-Tools and WUFI for the outer layer with the wind driven 
rain module. (Below) The resulting daily averaged difference for the comparison 

 

When the wind driven rain is on, the same difference is observed between the results from WDR being 

on and off during the dry period. However, when rain is present and the difference due to vapour 

diffusion is reduced, the difference is seen to be less than 10% since HAM-Tools results tends to stay 

drier than WUFI. The reason for this effect is due to the difference in liquid diffusivity for suction and 

distribution used in WUFI program. When rain is present, the suction transport coefficient in WUFI is 

used in the calculation. This is the same value that is used to calculate the hydraulic conductivity for 

HAM-Tools. However, WUFI uses the redistribution transport coefficient when the rain stops and there 

is no presence of free water. As mentioned before, the redistribution coefficient is generally one tenth 
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of the suction coefficient. Therefore, HAM-Tools results tend to dry out faster during the rainy seasons. 

This effect is more pronounced in outer layer materials that are generally more than 0.1 meters thick.  

The same simulation is also performed with Burnaby weather data and wall construction described in 

Table 9. The moisture content of the outer layer and plywood, the fourth layer from exterior, is shown in 

Figure 28 and Figure 29 respectively. 

 

Figure 28: (Above) Comparison of moisture content in outer layer between HAM-Tools and WUFI with the wind driven rain 
module. (Below) The resulting daily averaged difference for the comparison 
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Figure 29: (Above) Comparison of moisture content in plywood between HAM-Tools and WUFI with the wind driven rain 
module. (Below) The resulting daily averaged difference for the comparison 

 

For the outer layer, the relative difference is low except when there is presence of rainfall, averaging 

around 20%. Similarly, the relative difference in the plywood between the two simulations is mostly 

around 5% to 20%. Initially, WUFI’s result has a very sharp drop in moisture content of the plywood that 

can be caused by its numerical balancing equations. This drop results in 5% relative difference between 

the two software. Furthermore, the moisture content from WUFI’s simulation tends to dry out more. 

Similar to previous comparison of wood siding, this difference can be explained from the variation in 

vapour diffusion mechanism between the two programs.  
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Chapter 4: Validation of the WDR module 

This chapter presents the validation of the WDR module to further ensure that the module and the 

conversion of moisture transport mechanisms produce accurate results. This is done through 

comparison of the simulated results against data from field obtained measurements.  

4.1 Burnaby Weather data 

The second weather data set is obtained from BCIT’s Building Envelope Test Facility (BETF) in Burnaby, 

BC. This location has a higher amount of rainfall as well as fewer days of temperatures below freezing 

point when compared to Toronto’s weather (Environment Canada, 2012). This is an ideal climate for 

verification and validation purposes for the wind driven rain module. BETF is located at a relatively 

exposed area on BCIT campus. The orientation of this test facility is presented in Figure 30. This facility 

allows for a broad range of wall assemblies and junctions to be tested. It includes two mechanical 

systems that enable the interior spaces to have two conditioned horizontal zones.  

 

Figure 30: Building Envelope Test Facility (BETF) site plan in BCIT's Burnaby campuses (Simpson & and Ge, 2010) 
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The weather station is located at the center of the facility’s rooftop and monitors the on-site 

environmental conditions. These data include horizontal rainfall, wind speed, wind direction, and global 

solar radiation to name a few (Simpson & and Ge, 2010). The obtained weather data for this study is 

presented in a Microsoft Excel file called “test_hut.xls”. The information for wind speed, corrected wind 

direction, external temperature, external RH, global solar radiation and horizontal rainfall can be 

obtained. This file has one minute data resolution. The missing information (illuminances and longwave 

radiation) are obtained from Environment Canada CWEC file. The normal direct radiation is found from 

subtracting the global radiation on horizontal surface by diffused radiation on horizontal surface. 

The driving rain index diagram for this weather data is shown in Figure 31. It can be observed that the 

prevailing wind driven rain in Burnaby has the highest impact on the south-east facing surfaces and thus 

the simulations are conducted on that direction. The total rainfall amount is 467 mm. 

 

Figure 31: Annual wind rose diagram of Burnaby hourly weather data [mm] 

[mm] 
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It should be noted that this wind-rose diagram is not based on an annual sum and only reflects a five 

months period. 

One of the requirements of HAM-Tools for its weather data is that it should not have any missing lines 

and that the time resolution should be consistent throughout the data. Thus, the BCIT weather data was 

checked and any missing values were added from its previous lines. A linear interpolation was not 

necessary since the missing data were either only for few minutes or couple of hours at most. These 

corrections were done manually using Microsoft Excel.  

4.2 Burnaby wall construction 

The second wall represents the wall assembly tested in the test facility in Burnaby. The details of the 

wall can be found in Table 9. 

Table 9: Field experiment wall assembly 

Material (outdoor to indoor) Thickness [mm] 
Red Matt Clay Brick 90 

Air space 25  
Spun Bonded Polyolefine Membrane 0.2 

Plywood 12.7 
Low Density Fiberglass Batt Insulation 140 

Polyethylene Membrane 1 
Gypsum board 12.5 

 

This wall construction is facing the south east direction towards the prevailing wind driven rain. 

Therefore any simulation done on this wall construction is set to face the south east direction. The wall 

construction in Table 9 is used with Burnaby weather for both verification and validation purposes. 
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4.3 Initial moisture content and atmospheric pressure 

A field measurement experiment was conducted on the test facility in Burnaby using the wall assembly 

described in Table 9 and the Burnaby weather data in 2008 (Simpson & and Ge, 2010). The field 

measured initial moisture content of each layer is shown in Table 10. 

 
Table 10: Initial relative humidity of wall components in Burnaby test hut 

Wall Component Relative Humidity (%) 
Brick Veneer 91.5 

Plywood 87 
Insulation 50 

Gypsum Board 50 
 

It should be noted that there were no sensors present in the insulation and gypsum board to obtain 

initial relative humidity for those layers, and so they were assumed to have the same value as the 

interior conditions (Simpson & and Ge, 2010). 

One of HAM-Tools input data is initial relative humidity. This value controls the initial moisture content 

of all the layers in HAM-Tools. However, the moisture content for each layer cannot be controlled 

independently. Given that the test wall has different moisture content for each layer, the simulation 

would be inconsistent with field measurements. In reality, different layers would not always have the 

same relative humidity. In order to demonstrate this effect, a simple comparison is performed on the 

plywood using WUFI. For the first setup, the initial moisture content of all the layers is set at 87% RH. In 

the second setup, the initial moisture content of plywood is kept at 87% while all the other layers are 

changed to be at 40% RH. The results are shown in Figure 32. 
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Figure 32: Comparison of plywood's moisture content with different initial conditions in other layers 

 

This result show that having different initial moisture content in the surrounding layers directly affect 

the moisture content in the studied layer. This affects the result at the very beginning of the simulation 

by increasing or decreasing the moisture content of the surrounding layer. As a result, new initial 

relative humidity inputs were added to HAM-Tools and the variable for every single node within the 

construction block was changed accordingly.  

It was realized that WUFI requires the atmospheric pressure to be added for this simulation to obtain 

more accurate results with respect to field measurements. The difference between including and not 

having atmospheric pressure in its weather data is shown in Figure 33 . 



 

63 
 

 

Figure 33: Comparison of plywood's moisture content in WUFI with and without the inclusion of atmospheric pressure 

 

On the other hand, HAM-Tools provides a constant atmospheric pressure to be added in the weather 

block. In order to make HAM-Tools be consistent with WUFI, a new column was added to HAM-Tools 

weather data to contain hourly atmospheric pressures. The weather block is also changed to be able to 

read the hourly atmospheric data and replace the constant atmospheric pressure value. This is done by 

increasing the array size of the weather block to be able to output air pressure.  
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4.4 Sensor placements and results from field measurements 

Figure 34 shows the field measured results in the plywood layer of the BD7 wall assembly. There are 

four gravimetric sensors used (numbered 2, 3, 4, and 6) and the average of these sensors are presented 

in Figure 34. This data is used for comparison with results from simulations. 

 

Figure 34: Comparison of average MC of plywood in BD7 wall (Simpson & and Ge, 2010) 

 

4.5 Validation Results 

With correct initial moisture content input, HAM-Tools was then tested and compared with field 

measurements. Figure 35 shows the simulated and measured results. 
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Figure 35: (Above) Comparison of moisture content of Plywood between Simulated (HAM-Tools) and measured data. (Below) 
The resulting daily averaged difference for the comparison 

 

The simulated result shows the same trend as the measured data with an average relative difference of 

8% and a maximum difference of 13%. The differences may be attributed to the initial moisture content 

of the materials, discrepancy in material properties, and measurement errors, and air movement in the 

cavity.  

The first difference that should be pointed out is the effect of HAM-Tools drying potential that acts 

faster than the field measurement’s data. This effect is due to HAM-Tools’s transport properties being 

equal during wetting and drying periods. This condition of HAM-Tools is also visible with WUFI’s results 

as mentioned in 0. 

Other differences are due to the initial moisture content of the materials. There were no sensors 

present to measure the moisture content in the layers other than the plywood since it was not needed 

for the study (Simpson & and Ge, 2010). WUFI was used to approximate the initial moisture contents of 

those layers for the study. As seen in Figure 35, the moisture content of plywood in field measurements 
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is increasing from 0 to 1,000 hour, while HAM-Tools results dries out from the start. This increase shows 

that the brick or the insulation layer had higher initial moisture content comparing to HAM-Tools` 

simulation inputs. Furthermore, the liquid and vapour diffusivity of each were not directly measure. 

Instead, WUFI’s material database was used to provide these values. Also, even though the test hut`s 

cavity was not vented, in reality the vent would have air movement present in it. This would help the 

plywood dry slightly more than the results shown in HAM-Tools. Figure 36 provides the results for the 

same simulation but with 38% increase in initial relative humidity of the insulation as well as an increase 

of vapour diffusivity of the outer layer by a factor of 20 to account for the air movement in the cavity. 

 

Figure 36: (Above) Comparison of moisture content of Plywood between Simulated (HAM-Tools) and measured (BCIT) data 
with 38% higher RH of the insulation. (Below) The resulting difference for the comparison 

 

This modification results in an average relative difference of less than 5% with a maximum difference of 

7%. Thus with a more accurate measurements, the program can obtain better results in comparison 

with real data.  
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Chapter 5: Impact of averaging technique on hygrothermal response 

Meteorological datasets that are used in most hygrothermal analysis use hourly data that is provided 

from weather stations. For better accessibility and storage, these data are arithmetically averaged from 

high resolution raw data, so the raw data is not usually available for public access.  It was suggested that 

this arithmetical averaging techniques of high resolution weather data would impact the accuracy of 

hygrothermal analysis and lead to errors in WDR analysis (Blocken & Carmeliet, 2008). A weighted 

averaging technique was concluded to be more accurate than the widely used arithmetic averaging 

technique. However, the analysis was performed for a specific climate only and was suggested that the 

weighted technique might not be suitable for other climates. Therefore this chapter investigates the 

differences in averaging techniques of high resolution weather data collected in Burnaby, British 

Columbia. Considering that different averaging techniques for wind driven rain’s parameters, namely 

wind speed, wind direction, and rain can all have a different impact on the accuracy of the hygrothermal 

performance results, a mixture of different averaging techniques were used, namely arithmetic, 

weighted and vector averaging. 

5.1 Averaging techniques of time resolution  

As mentioned in section 1.2.3, different techniques can be used to average one minute data to hourly 

data. The averaging technique can greatly influence the WDR amount, which ultimately can affect the 

accuracy of the hygrothermal analysis of simulations. However, to realize the amount of accuracy in 

hourly averaged data, HAM-Tools with the WDR module can be used, since the software is capable of 

simulating results using high resolution weather data. Therefore, different averaging techniques were 

used for simulations and results were compared to investigate the differences in their accuracies. For 

the purpose of this study, the temperature, dew point, radiances and illuminances were all 

arithmetically averaged, while the WDR parameters were averaged using different techniques. 
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One averaging technique is to consider the wind speed and wind direction as vectors. The factors 

relating to wind driven rain, namely wind direction and wind speed, are averaged using trigonometric 

technique. This is done by breaking down the wind direction into its east-west and north-south 

components. They are then multiplied with their corresponding wind speed and then the average is 

taken, as shown below. 

 Ue = −
1
𝑁
�Uisin (θi) Equation 18 

 Un = −
1
𝑁
�Uicos (θi) Equation 19 

where Ue and Un are the wind speed components found using wind angle θi and wind speed ‘Ui’.  

The averaged wind speed and directions are then found from using hypotenuse equation, as shown 

below. 

 URV = (Ue
2 + Un

2)1/2 Equation 20 

 θRV = atan2 (Ue/Un) Equation 21 

Where URV is the averaged wind speed and θRV is the averaged wind angle. 

Another technique is to use the horizontal rainfall amount as weighting factor for both wind speed and 

horizontal rainfall intensity (Blocken & Carmeliet, 2008). The formulas are as follows: 

 𝑈𝑗 =
∑𝑈𝑖⋅𝑆
∑𝑆

 Equation 22 

 

 

𝑅𝑗 =
∑𝑅𝑖⋅𝑆
∑𝑆

 
Equation 23 

where U is wind speed, S is horizontal rainfall amount, R is horizontal rainfall intensity and Uj and Rj are 

the corresponding weighted average of wind speed and rainfall intensity respectively. Moreover, 
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another technique that obtains the hourly horizontal rainfall intensity is to accumulate the values from a 

higher resolution to an hourly dataset. 

Different combinations of these techniques are used in this study. The summary is given in Table 11. 

Table 11: Summary of hourly averaging techniques for each calculated weather dataset 

Weather data Direction Wind 
speed Horizontal rain 

Dataset 1 Vector Vector Accumulative 
Dataset 2 Vector Weighted Weighted 
Dataset 3 Vector  Weighted Accumulative 
Dataset 4 Arithmetical Weighted Weighted 

 

The weather data used for this chapter is obtained from BCIT’s weather station. It is the same data used 

in section 4.1 but the raw data with an interval of 1 minute. The averaging calculation is performed 

through the Matlab code given in Appendix F.  

5.2 One minute to hourly conversion of weather data 

The datasets in Table 11 is used to convert the 1-minute weather data to an hourly data. The driving rain 

sum for that period for all the datasets as well as the 1-minute reference dataset is presented in Figure 

37.  
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Figure 37: Driving rain sum for the selected period from 1-munte resolution weather data [mm] 

 

Looking at the driving rain sums of each data, it is clear that when the rainfall is averaged using the 

weighted technique, a large overestimation occurs. To be able to understand this effect, the high 

resolution weather data needs to be observed. The weather data reveals that there are many instances 

that a little bit of rain occur (0.1 mm). This occurrences happens regularly and isn’t necessarily in a 

continuous manner. Using Equation 23, the weighted averaged horizontal rainfall can be calculated and 
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is seen that this type of climate results in this overestimation. For example, looking at one hour of this 

high resolution dataset, it is found that only three minutes in that one hour contains rain, each having 

only 0.1mm of rain. The weighted average is thus calculated by dividing the sum rain intensity of those 

three minutes (3*(0.1 mm x 60 min/hour)) over the cumulative sum of the rainfall (0.1 mm x 3). This 

results in 60 mm/hour of rain for that hour, which is a very large overestimation from the original data. 

This overestimation can be seen in Figure 37 with the data that contains weighted averaging for rain.  

Another point that should be noted is that when the direction is arithmetically averaged, the driving rain 

sum shows the intensity to be slightly in a different direction than the reference data. This occurs since 

wind direction is dependent on wind speed and cannot be independently averaged. For example, if the 

wind is blowing from the east with wind speed of 0.2 m/s for half of the hour and 10 m/s from the north 

for the other half of the hour, the averaged wind direction should be near the east side and not at 45 

degrees as the arithmetical averaging suggests. This change of direction is visible in Figure 37 as well.  

The closest result similar to the reference is obtained when the rainfall amount is accumulated and wind 

direction is averaged using vector technique. The wind speed can be averaged using either vector or 

weighted technique, with the latter having a slightly closer result to the reference rainfall intensity sum. 

For clarity, the sums of driving rain for these data are shown in Figure 38. 
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Figure 38: Driving rain sum for the selected period from 1-minute resolution weather data [mm] 

 

HAM-Tools is then used to perform simulations that use these two weather datasets. The wall assembly 

used is the same construction as in section 4.2. The results for these simulations on the outer layer are 

presented in Figure 39 and for plywood are shown in Figure 40. 
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1 minute to 1 hour: Direction: vector   Speed: vector   Rain: accumulative 

 
1 minute to 1 hour: Direction: vector   Speed: weighted   Rain: accumulative 

 
Figure 39: Moisture content comparison on the outer layer between different weather datasets created from 1 minute data 
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1 minute to 1 hour: Direction: vector   Speed: vector   Rain: accumulative 

 
1 minute to 1 hour: Direction: vector   Speed: weighted   Rain: accumulative 

 
Figure 40: Moisture content comparison on the plywood between different weather datasets created from 1 minute data 

 

 

Using the results from 1-minute data as the reference, it can be seen that vector averaging of wind 

speed has the same overall outcome when compared to the weighted averaging of wind speed results. 
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It can be seen that an overestimation occurs at the peaks in the results for the outer layer, while the 

results for plywood have a very low relative difference (0% to 2%). For full details of the results at both 

the outer layer and the plywood layer, refer to Appendix E. 

5.3 Ten minute to hourly conversion of weather data 

To better understand the performance of weighted average technique on WDR parameters, the same 

process described in the previous section is used but with a 10 minute weather data as the reference. 

This analysis is performed since some weather stations collect data with lower resolution than 1-minute. 

The reference data was obtained using the vector averaging technique for wind speed and direction, 

and horizontal rainfall was accumulated over 10 minutes. This new weather data was then used as the 

reference to obtain the hourly data. The guideline datasets in Table 11 was used to convert the 10-

minute weather data to an hourly data.  

The driving rain sum for that period for all the datasets as well as the 10-minute reference dataset is 

presented in Figure 41. The results show that the weighted averaged technique improves drastically 

when used with a 10-minute data. However, slight overestimation still occurs. The vector averaging 

technique is the closest match that is very similar to the reference. Moreover, the arithmetic averaging 

technique shifts the angle of overall driving rain rosette, as previously observed. 
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Figure 41: Driving rain sum for the selected period from 10-munte resolution weather data [mm] 

 

HAM-Tools is then used to perform simulations with the reference 10-minute and the weighted 

averaged dataset using vector averaging for direction. The wall assembly used is the same construction 

as in section 4.2. The simulations were performed in HAM-Tools and the results for both outer layer and 

plywood for the weighted averaging technique using vector averaging for direction are presented in 

Figure 42. It can be seen that the some overestimations occur at the peaks when compared to the 

reference.  
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10 minute to 1 hour (brick): Direction: vector   Speed: weighted   Rain: weighted 

 
10 minute to 1 hour (plywood): Direction: vector   Speed: weighted   Rain: weighted 

 
Figure 42: Moisture content comparison on the outer layer between different weather datasets created from 10 minute data 

 

Similar to the 1-minute data, the hourly weather data from 10-minute data had the best outcome when 

accumulative rain combined with vector or weighted averaging technique for wind speed was used. The 

relative difference for the plywood is less than 2%. Therefore, if the measured weather data has a 

resolution of 10 minutes or higher, it can be converted to hourly data using the suggested techniques. 
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Appendix E provides the full details of the results at both the outer layer and the plywood layer using all 

the different averaging techniques. 

In conclusion, the 1-minute to 1 hour converted data had acceptable results for the hygrothermal 

performance of the inner layer (2% relative difference). However, a more significant relative difference 

was observed in the outer layer. Therefore the use of hourly averaging of high resolution 1-minute data 

should be used with cautious in climates that have high amount of yearly rainfall, especially if the outer 

layer has low resistance to moisture. Moreover, the use of arithmetic averaging for wind direction 

shifted the resulting rainfall intensity angles and is not recommended to be used. 

It can also be concluded that the 10-minute to hourly converted data has a better accuracy of the 

hygrothermal performance of a wall. Thus, if the resolution of the measured meteorological data is 10 

minutes or more, the data can be stored as an hourly data. The closest result to the reference for both 

1-minute and 10-minute averaging techniques were observed when the vector/weighted averaging 

technique for wind speed combined with accumulative rainfall and vector averaging for direction was 

used. 
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Chapter 6: Conclusion 

Previous study to create a wind driven rain module for HAM-Tools required proper verification with 

other simulation programs and validation with measured data. WUFI, a widely accepted commercial 

program is used for the verification. Because of the very limited material database in HAM-Tools, 

materials from WUFI’s database were selected. Importance was placed on proper conversion of these 

material properties from WUFI to the HAM-Tools. The most significant one was the water transport 

properties, in which HAM-Tools uses hydraulic conductivity while WUFI uses liquid diffusivity. It was also 

important to adjust the HAM-Tools program to be able to include an input for initial moisture content 

for each material.  

First, the conversion formula between hydraulic conductivity and liquid diffusivity was found and 

presented in Equation 15. A wall assembly was chosen using proper materials from WUFI’s database and 

used to verify the module by comparing the results with WUFI. The same process was applied for a 

different weather data and a different wall construction. The results showed 10% relative difference in 

the exterior layer when the WDR module was turned off and 10% relative difference at the spikes when 

WDR module was used. This difference is because HAM-Tools uses the same water transport coefficient 

(hydraulic conductivity) for both wetting and drying periods while WUFI has a smaller value for drying 

periods, as well as the vapour diffusion handling between each of the two programs. The module was 

also compared for the field test wall assembly with Burnaby weather data. The result showed an 

average of 20% relative difference in the outer layer and 5% to 20% in plywood. 

Then, the module was compared with field measurements from a test hut. The comparison showed an 

average relative difference of 5% with a maximum of less than 13% in the plywood layer. This difference 

was suggested to be due to the discrepancy in material properties, initial moisture content, air 

movement in the cavity layer, and measurement errors. In general, the simulation results from HAM-
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Tools agree well with simulation results from WUFI and field measurements. Thus, it can be concluded 

that the newly designed HAM-Tools wind driven rain module is performing properly.  

Finally, HAM-Tools with the added WDR module was used to study the effects of hourly averaging high-

resolution meteorological data in a climate with high rainfall amount. Since most available weather data 

are hourly averaged from high resolution data, it is important to analyze the impact of this averaging on 

the hygrothermal performance of walls. It is not possible to carry this study in other commercial 

hygrothermal analysis software (such as WUFI) since unlike HAM-Tools as they only allow hourly 

weather data for their outdoor climate input. This study showed that arithmetic averaging of the wind 

direction results in a shift of the direction of overall driving rain sum and agreed with previous research, 

which stated that arithmetic averaging could cause errors in the data (Blocken & Carmeliet, 2007). 

Therefore weighted and vector averaging techniques for wind speed were considered. For wind 

direction, vector averaging was recommended and used. It was found that weighted averaging of wind 

speed and rainfall amount for time resolution higher than 10 minute would cause a large over-

estimation of the data. It was suggested that a vector/weighted based averaging for wind speed with 

the accumulation of rainfall results in better estimation of the hourly conversion. However, if the 

measured weather data has a resolution of higher than 10 minutes, then a significant underestimation 

can occur in the hygrothermal analysis of the outer layer when using hourly data. Thus it is 

recommended to use the higher resolution data rather than hourly averaged data to analyze the 

hygrothermal performance of building facades. 
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Contributions 

The main contributions of this research include: 

1. Process of correct implementation of WUFI’s material database in HAM-Tools was found and 

presented in Table 8. 

2. Recommendations are provided to properly set up and adjust HAM-Tools in order for the 

program to run successfully. These include setting up appropriate boundary conditions, material 

properties, wall constructions, initial conditions of each layer, weather data and addition of 

atmospheric pressure (or any other required data) to the weather data. This information will be 

useful for other professionals that require to use HAM-Tools for their own research 

3. HAM-Tools with the wind-driven rain module was validated by comparing the simulation results 

with on-site field measurements 

4. Insight to different averaging techniques for high resolution weather data is presented. This was 

achieved by comparing the driving rain rosette of all the datasets together and by comparing the 

impact of these averaging techniques on hygrothermal performance of a wall assembly in a 

climate with high amount of rainfall. 

5. Recommendations on suitable weather data resolution and the best averaging technique are 

provided. 10 minute or higher resolution weather data is recommended when used for 

hygrothermal performance of building facade analysis. It is also recommended to use vector 

averaging technique combined with accumulating rainfall to hourly average the wind-driven rain 

parameters from higher resolution weather data. 
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Future works 

HAM-Tools with the wind driven rain module can now be used to include the effects of wind driven rain 

for different analysis. The main recommendation for improving  the module is to enable HAM-Tools to 

distinguish between the different moisture transport during wetting and drying periods, which would 

improve the accuracy of HAM-Tools output. Another is to create modules that enable the program to 

add a water, air and heat source to any layer of a construction. This would ultimately enable HAM-Tools 

to study the hygrothermal performance of a construction with many different scenarios. There have 

been studies using HAM-Tools that manipulated the material property database to create a new 

material resembling a vented cavity, but the study has not been validated against real data.  

Finally, the analysis for hourly averaging techniques for high resolution weather data was conducted on 

one type of climate and wall assembly. Other climates and assemblies are recommended to be used to 

further investigate the effect of hourly averaging the weather data. Moreover, there are other semi-

empirical models defined to provide wind driven rain intensity. In order to find the strength and 

weaknesses of these models, they can be compared using HAM-Tools at different climates and 

scenarios.  
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Appendix B 

Retention curves obtained from literature. 
 

  
Bamburger sandstone (left) and Sander sandstone (right) shown above (Hansen et al, 1999). 
 
 

 
Calcium silicate (left) and Ceramic brick (right) shown above (Carmeliet & Roels, 2000). 
 
The rest of the graphs below show other materials obtained from one report (Janz & Johannesson, 
2001). 
 



 

105 
 

 

 

 



 

106 
 

 

 

 
  



 

107 
 

Appendix C 

% The font in green (after the %) are comments. 
%This program is to calculate hydraulic conductivity given sorption 
%isotherm, density and liquid diffusivity 
format long 
  
material = 'southern yellow pine'; 
  
if strcmp(material,'southern yellow pine') 
    den = 500; 
    RH = [0 49.9 70.3 88.6 99.78 100]; 
    mc = [0 20 45.5 77 285 300]; %kg/m3 
  
    old_dws = [0 3.5E-13 8.3E-11]; 
    old_dws_mc = [0 62 300]; 
    dws = interp1(old_dws_mc, old_dws, mc); %to give values at moisture 
content of mc array 
end 
if strcmp(material,'concrete') 
    den = 600; 
    RH = [0 50 80 93 96.4 99 99.5 99.9 100]; 
    mc = [0 5.3 10.7 26 171 357 391 405 470]; %kg/m3 
  
    old_dws = [0 2e-10 3.7e-9 6.5e-9 2.5e-8 2.7e-7]; 
    old_dws_mc = [0 3.5 47 375 423 470]; 
    dws = interp1(old_dws_mc, old_dws, mc); %to give values at moisture 
content of mc array 
end 
  
  
if strcmp(material,'red brick') 
    den = 1935; 
    RH = [0 50 69.5 91.5 99.999 100]; 
    mc = [0 1.548 1.742 2.903 56.115 160]; %kg/m3 
  
    old_dws = [0 1.05e-12 3.94e-12 1.48e-11 5.59e-11 1.53e-9]; 
    old_dws_mc = [0 50 70 90 110 160]; 
    dws = interp1(old_dws_mc, old_dws, mc); %to give values at moisture 
content of mc array 
end 
  
if strcmp(material,'red brick 2') 
    den = 1935; 
    RH = [0 50 69.5 91.5 93 95 99 99.5 99.9 100]; 
    mc = [0 1.548 1.742 2.903 4 8 36 40 47 56.115]; %kg/m3 
  
    old_dws = [0 1.05e-12 3.94e-12 1.48e-11 5.59e-11 1.53e-9]; 
    old_dws_mc = [0 50 70 90 110 160]; 
    dws = interp1(old_dws_mc, old_dws, mc); %to give values at moisture 
content of mc array 
end 
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if strcmp(material,'plywood') 
    den = 432; 
    RH = [0 49.4 69.3 89.5 99.8 100]; 
    mc = [0 36.19 47 79 474.7 550]; %kg/m3 
  
    old_dws = [0 5e-13 2.2e-10]; 
    old_dws_mc = [0 64 550]; 
    dws = interp1(old_dws_mc, old_dws, mc); %to give values at moisture 
content of mc array 
end 
  
  
mcW = mc./den; %kg/kg 
suc =(-log(RH./100).*8.314.*293.15.*1000./0.018)./1000000; %suction 
  
hyd_cond = []; 
hyd_cond(1) = 0; 
hyd_cond(2) = 0; 
for i=3:length(suc) 
    %fprintf('%d*%d/((%d-%d)*1000000/(%d-%d)))\n', den, dws(i), suc(i-1), 
suc(i),mcW(i-1), mcW(i)) 
    hyd_cond(i) = den*dws(i)/(abs(suc(i-1)-suc(i))*1000000/abs(mcW(i-1)-
mcW(i))); 
end 
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Calculated hydraulic conductivity values for aerated concrete, using literature retention curve (Janz & 
and Johannesson, 2001) 

  

and calculating retention curve from WUFI data. 
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Appendix D 

% Calculates the WDR for each angle in variable ‘angle’  
% plot wdr result in excel "wind driven rain plot.xls" 
% The values and plot for 1-minute data for Burnaby weather is shown below 
  
load VAN1min.txt  
data = VAN1min; 
  
rain = data(:,13)./10;    %divide by 10 to get mm 
speed = data(:,12)./10;   %divide by 10 to get m/s 
dir = data(:,11)*pi/180;  % change to rad for calculation 
  
 
j= 0; 
for angle = 0:15:345  
    j = j +1; 
        wdrSect = speed.*rain.^(8/9).*cos(dir-angle*pi/180);    
        wdrSect(wdrSect<0) = 0; % if value is less than zero, make it zero 
        wdr(j) = sum(wdrSect);  % sums array into one value for that angle 
         
end 
  
wdr = (2/9)*wdr; 
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Appendix E 

 

1 minute to 1 hour: Direction: Vector   Speed: Vector   Rain: accumulative 
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1 minute to 1 hour: Direction: Vector   Speed: Weighted   Rain: Weighted 
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1 minute to 1 hour: Direction: Vector Speed: Weighted Rain: Accumulative 
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1 minute to 1 hour: Direction: Arithmetic   Speed: Weighted   Rain: Weighted 
 

 
 

 
 
 
 
  

Moisture Content for Red Brick in HAM-Tools
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10 minute to 1 hour: Direction: Vector   Speed: Vector   Rain: accumulative 
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10 minute to 1 hour: Direction: Vector   Speed: Weighted   Rain: Weighted 
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10 minute to 1 hour: Direction: Vector Speed: Weighted Rain: Accumulative 
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10 minute to 1 hour: Direction: Arithmetic   Speed: Weighted   Rain: Weighted 
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Appendix F 

% This code calculates weighted average of speed and rain, with vector 
average for direction 
% the matrix “num” contains all the weather data.  
 
[num, txt] = xlsread('min.xlsx','10minutes'); %1minute %10minutes 
[row, column] = size(num); 
[rowTxt, columnTxt] = size(txt); 
  
i=0; 
j=0; 
count = 60; %put 60 to get 1 hr data, 10 for 10 min data, 5 for 5 min, etc 
  
while i < row 
 
    k=0; 
 
    while k < count && i < row; 
         
        k=k+1; 
        i=i+1; 
        x1(k) = num(i,1); % time 
        x2(k) = num(i,2); % temperature 
        x3(k) = num(i,3); % dew point 
        x4(k) = num(i,4); % radiation 
        x5(k) = num(i,5); % radiation 
        x6(k) = num(i,6); % radiation 
        x7(k) = num(i,7); % radiation 
        x8(k) = num(i,8);   % lux 
        x9(k) = num(i,9);   % lux 
        x10(k) = num(i,10); % lux 
        x11(k) = num(i,11)*pi/180; % angle. change to rad for calculations 
        x12(k) = num(i,12);        % speed 
        cosx11(k) = x12(k)*cos(x11(k)); %y direction 
        sinx11(k) = x12(k)*sin(x11(k)); %x direction 
        x13(k) = num(i,13);             % rain                    
         
        R(k) = num(i,13)/10;   % R calculation for weighted average                    
        U(k) = num(i,12)/10;   % U calculation for weighted average                    
         
        Rj(k) = R(k)*R(k)*60;  % Rj calculation for weighted average                    
        Uj(k) = U(k)*R(k);     % Uj calculation for weighted average                        
  
    end 
     
    % create a matrix “mtrx” to put in new values in                            
    j= j+1; 
    mtrx(j,1) = x1(1); 
    mtrx(j,2) = mean(x2); 
    mtrx(j,3) = mean(x3);    
    mtrx(j,4) = mean(x4); 
    mtrx(j,5) = mean(x5); 
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    mtrx(j,6) = mean(x6); 
    mtrx(j,7) = mean(x7); 
    mtrx(j,8) = mean(x8); 
    mtrx(j,9) = mean(x9); 
    mtrx(j,10) = mean(x10);     
mtrx(j,11) = (atan2(mean(sinx11),mean(cosx11)))*180/pi; %direction in degrees 
    if mtrx(j,11) < 0 
        mtrx(j,11) = mtrx(j,11) + 360; 
    end 
     
  
     
    if sum(Uj) == 0  || sum(R) == 0 
        mtrx(j,12) = 0; 
    else 
        mtrx(j,12) = sum(Uj)/sum(R) *10; %final Uj 
    end 
    if sum(Rj) == 0 || sum(R) == 0 
        mtrx(j,13) = 0; 
    else 
        mtrx(j,13) = sum(Rj)/sum(R) *10; %final Rj 
    end   
         
end 
  



 

122 
 

Appendix G 

% this code goes through the weather data and counts the missing minutes of 
% the weather data. The corrections were manually copied from the last given 
data. The sample of a part of the missing data is shown below 
 
[num, txt] = xlsread('min.xlsx','1minute'); % 1 minute data 
[row, column] = size(num); 
[rowTxt, columnTxt] = size(txt); 
 

[s1 ss] = size(num(:, 4)); 
  
outp=0; 
j=1; 
z=1; 
count = 1; 
state = true; 
for i = 1:s1 
    x = num(i,4); 
    if x ~= j 
        outp(z,1) = i; 
        outp(z,2) = x; 
        outp(z,3) = j; 
        z=z+1; 
        j = x; 
        difference = j-x; 
        count = count - difference; 
    end 
     
    j = j+1; 
    if count == 59 & x < 60 & state 
        j=j+40; 
        count = 0; 
        state=false; 
    end 
    if count == 60 
        j=j+40; 
        count = 0; 
    end 
    if j > 2400 
        j = 1; 
    end 
    count = count + 1; 
end 
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