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ABSTRACT 

Durability alld service life of a wall structure are sellsitive to 
tile wall's hygrothermal performallce. Moisture sources avail
able for the wall originate from either the interior or the exte
rior. From the illterior, the indoor environment provides a 
cOlltinuous source of moisture, while from the exterior, mois
ture may be transferred to the wall structure by vapor diffu
sioll or ill liquid form (from condensation or wind-driven 
rain). Until recelltly, effective design tools/models to provide 
the effect of various desigll parameters or material properties 
011 performance were not available, and even today such mod
els are only available within the research communities. 

In the LATENlTE hygrothermalmode1, a transient two
dimensional control volume fomllliatioll is employed to 
numerically solve the energlj and moisture content equation. 

INTRODUCTION 

Wind-driven rain that penetrates into structures can 
affect the hygrothermal performance and durability of 
the structure in many ways. Water in pores of building 
envelope materials can increase heat loss, reduce struc
tural strength, cause cracking and spalling of the facade 
materials, damage the appearance of the building, and 
eventually increase maintenance costs. 

Several different waterproof coatings exist on the 
market that aim at preventing rainwater damage to 
building envelopes. The purpose of waterproofing the 
exterior brick surface of a wall is to prevent rainwater 
from penetrating into the wall structure. The substances 
used for this purpose are sprayed or painted onto the 
wall, creating a layer that has a high resistance to liquid 
flow. The layer is said to have an insignificant effect on 
the vapor flow resistance of the surface and thus allows 
the structure to "breathe." To the best of the authors' 
knowledge, vapor resistance levels of these kinds of 
coatings cannot readily be found in the literature. Esti
mates of the properties were assumed during the simu
lations, and the results shown in this paper are valid 
only for simulated structures with these assumptions. 

Both vapor and liquid transport through each material layer 
are considered strongly coupled to the material properties, i.e., 
the sorption curves, liquid diffusivity, and vapor permeability. 
Intent Ileat generated due to moisture transport within each 
material layer is fully accounted for. 

This paper examines the effect of waterproofillg (damp
proofing) the exterior facade of a high-rise wall structure at 
two weather locations. The 10llg-term perfomtance of the walls 
sprayed with waterproofing substances is simulated for three 
years. Results are also generated for two different initial COIl
ditions-one lVall startillg dry and the other wet. The results 
show a strong influence of these two initial conditions. The 
yearly heat losses are also calculated, including the contribll
tions of latent heat. 

Due to the lack of material properties of the coatings, a 
sensitivity analysis employing three different values for 
vapor permeance of the waterproofing coating was car
ried out. The coating was assumed to be impermeable to 
liquid flow. 

In this pape~ several simulations of the hygrother
mal performance of brick cavity walls with and without 
waterproofing treatment are presented. Two sets of sim
ulations were carried out-a one-dimensional ideal wall 
structure with and without application of the exterior 
coating and a two-dimensional case treated with a 
damp-proofing substance but with a faulty spot in the 
coating on the exterior surface that allowed driving rain 
to penetrate into the brick layer. The long-term effect of a 
coating on the thermal and moisture behavior of the 
structure is presented. 

DESCRIPTION OF THE MODEL 

A detailed deSCription of the LATENITE hygrother
mal model used in the analYSis is given in Hens and Jan
ssens (1993), Karagiozis (1993), Karagiozis and Kumaran 
(1993), and Salonvaara and Karagiozis (1994); only a 
brief overview is presented here. The moisture transport 
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potentials used in the model are moisture content and 
vapor pressure; for energy transport, temperature is 
used. The equations are developed on a Cartesian rect
angular coordinate system, contain explicit and implicit 
time discretizations, and are spatially discretized using 
the control volume formulation. Approximate factoriza
tion and full solution procedures are incorporated into 
the model to solve the differential equations in delta 
form. 

In the model, a transient two-dimensional control vol
ume formulation is implemented to solve each equation. 
The porous media transport of moisture (vapor-liquid) 
through each material layer is considered strongly cou
pled to the material properties (i.e., the sorption curves). 
The corresponding moisture fluxes are decomposed for 
each phase and are treated separately. The sets of the gov
erning partial differential equation are thus highly non
linear. The Newton-Raphson method for linearizing the 
coefficient/equations is used to provide a more direct, 
stronger coupling. The strong coupling between the 
moisture and energy transport primarily exists due to the 
presence of phase changes. This mechanism is dependent 
on material properties. 

The moisture transfer equation, including liquid and 
vapor transfer, is 

qM = -PODw(II,T)Vu-l)p(II,T)VPu (1) 

where 

Po = dry density (kg/ m3), 

Dw liquid moisture diffusivity (m2 / s), 
II = moisture content (kgw/kgd), 

T = temperature ("C or K), 
l)p = vapor permeability (kg/s'm' Pal, and 
Pu = vapor pressure (Pa). 

Wind-driven rain is modeled as a source term on the 
exterior wall surface. However, the amount of water that 
can penetrate into the porous material is limited by the 
maximum allowable moisture content in the exterior 

, material. 

Problem Description 
The hygrothermal performance of a brick layered 

cavity wall with cavity insulation was analyzed with 
and without the application of the exterior waterproof
ing. For the first set of simulations the wall was assumed 
to be ideal (no cracks or holes); this allowed the wall to 
be modeled one-dimensionally. A sensitivity analysis 
was carried out to determine the effect of the vapor per
meance of the coating on the moisture performance. The 
coating was assumed to have a vapor resistance equiva
lent to a multiplication factor times the vapor resistanc~ 
of tile exterior brick layer (l)p / Ax = 1.510-10 kg/m2 .s.Pa 
~ 2.5 perms). TIle multiplication factors employed were 
to, 1, and 0.1, resulting in vapor permeances of 1.5 to-9, 
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BRICK VENRER 

Figure 1 The analyzed wall structure In detail. Exterior 
brick Is 90 mm, Insulation 120 mm, and Interior 
brick 140 mm thick. 

1.5 to-IO, and 1.5 10-11 kg/m2 .s'Pa (25, 2.5, and 0.25 
perms), respectively. The coating was assumed to be 
impermeable to liquid flow. 

The high-rise wall structure selected for the numeri
cal analysis is shown in Figure 1. The wall that is cen
trally located on the middle of a to-floor building (fifth 
floor) is composed of the following layers from the exte
rior to the interior: a 90-mm facade brick, a 120-mm 
fiberglass board, and, finally, 140-mm red brick. In two
dimensional calculations, the height of the simulated 
wall section is 0.25 m. The inside surface of the wall was 
coated with a vapor-tight paint (permeance approxi
mately 5'10-12 kg/m2 ·s· Pa [0.08 perms]). This produced 
an effect similar to that of a vapor retarder. A vapor 
retarder is normally required in cold climates such as 
Canada (Ottawa). 

In two-dimensional simulations (cases with a non
ideal coating), an area the size of a mortar layer on the 
exterior brick was not coated with waterproofing, thus 
allowing the wind-driven rainwater to come in contact 
with the brick surface. This surface was then exposed to 
the amount of rain that typically hits a vertical wall. This 
amount depends on the intensity of precipitation, wind 
speed, wind direction, and the location on the wall sur
face. Driving rain was used in the analysis as calculated 
by employing a commercially developed model (ASC 
1993). An equation for wind-driven rain used in the 
hygrothermal model was created and was based on a 
numerical study (Karagiozis and Hadjisophocleous 
1995) that presents the results generated by the wind
driven rain droplet simulations. Two series of simula
tions were carried out for the two-dimensional calcula
tions. In the first series, the structure was only exposed 
to the direct wind-driven rain, while for the second 
series, the uncoated brick surface was exposed to a fall-
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Figure 2 The monthly average temperatures and vapor pressures In Ottawa and Vancouver weather flies, 

ing film (runouts) that was assumed to give six times the 
amount of water in the first series, 

The wall was exposed to the outside air temperature 
and relative humidity that varied according to the 
weather data from the selected locations (Vancouver and 
Ottawa), The simulations were carried out for a three
year exposure starting on September 7. The solar radia
tion and long-wave radiation from the outer surfaces of 
the wall were included in the analysis. In this study, no air 
infiltration or exfiltration was considered; thereby, the 
primary mode of water transmission is due to diffusion 
processes, bOUl vapor and liquid transport. 

BOUNDARY AND INITIAL CONDITIONS 

Internal conditions were kept constant at a tempera
ture of 21 "C and a relative humidity of 40% (P v = 997 Pal 
throughout the year. The BMY (Best Meteorological Year) 
(AESC 1983) weather files of two Canadian cities (Ottawa 
and Vancouver) were used in the simulations, These one
year-long weather files were repeated during the three
year simulations, i,e" Ule second and third years had the 
same exterior boundary conditions as the first year. The 
monthly average temperatures and vapor pressures for 
Ottawa and Vancouver are shown in Figure 2, The yearly 
average temperatures and vapor pressures in Ottawa and 
Vancouver are 5,6"C, 832 Pa, and 9,1 "C, 958 Pa, respec
tively. The total amount of driving rain when tempera
tures are above freezing (T > O"C) on a vertical south
facing wall (fifth floor, center of the wall) was 79 mm and 
209 mm in Ottawa and Vancouver, respectively, The total 
amotmt of precipitation was 570 and 1,124 mm in Ottawa 
and Vancouver, respectively. The long-term (1950-1980) 
average yearly precipitation is 846 mm in Ottawa and 
1,329 mm in Vancouver (AESC 1993), Le" the weather files 
used in the simulations had less precipitation than the 
average year in these locations. 
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TABLE 1 Heat and Moisture Transfer Coefnclents for the 
External and Internal Surfaces 

Property 

Heat transfer coefficients, 
W/m2'K 

Moss transfer coefficients, 
kg/m2's'Pa 

Without coaling 
Coating I 
Coating 2 
Coaling 3 

Short·wave absorptMty 

Long-wave emlssMty 

Extemal Surface, 
Wllhout/Wlth 

Dampprooflng 

20 

1,5, 10-7 
1,5,10-9 

1,5, 10-10 

1,5, Io-" 

0,6 

0,9 

Internal 
Surface 

8 

5,0' 10-'2 

The modeled wall on the fifth floor of the building 
was facing south, Le., the azimuth angle of the wall was 
180 degrees. Both dry and wet initial conditions were 
investigated in this study, The exterior brick was 
assigned initial relative humidities 1 of 50% and 98% in 
the dry and wet cases, respectively, For the case of 50% 
RH, the initial condition corresponds to a moisture con
tent of 0,0004 kgwlk&J and the case of 98% RH corre
sponds to 0,04 kgw1k&J' The initial conditions of the 
insulation and the interior brick were 50% RH, The max
imum capillary moisture content of the bricks is 0.111 
kgwlk&J. 

The heat and mass transfer coefficients for external 
and internal surfaces were kept constant during the sim
ulations in order to have comparable results in the para
metric study, The coefficients are presented in Table 1. 
All material properties were taken from the model's 
data base (Karagiozis et al. 1994), 

t Relative humidity in pores of a material is related to moisture content via 
sorption isotherm. 
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Figure 3 Weekly average total moisture contents In dry and wet 
walls (initial conditions) with or without waterproofing coating 
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Figure 4 The average weekly total moisture contents during a 
three-year period In uncoated and coated walls with dry Ini
tial conditions for Ottawa. Dry = no coating, Dry C2 = coat
Ing2. 

RESULTS 

Hygric Behavior 

The water that penetrated the walls 
without waterproofing was shown to 
evaporate during dry weather periods 
and no yearly net acctunulation was 
found (Figures 3 and 4, three-year cal
culations). The exterior brick was 
found to display high moisture con
tents during rainy periods, as depicted 
in Figure 3. 

Figure 5 shows the total moisture 
contents as a function of time during 
the third year of the simulated period 
for a wall in Vancouver when driving 
rain is either taken into account or 
ignored in the simulations. The mois
ture contents in walls without rain 
were at maximtun 0.32 kg!wall-m2, 

whereas walls with rain occasionally 
had more than 12 kg of moisture per 
wall-m2 (Figure 5). The results show 
clearly that rain penetration can be far 
more important than vapor diffusion 
fluxes when considering the moisture 
behavior of building structures. 

The relative htunidity distributions 
in the walls after 1 month, 2 months, 
and 12 months from the beginning of 
the simulations (September 7) are 
shown in Figure 6. The walls with 
waterproofing (even the one with high 
vapor perrneance) show lower mois
ture contents throughout the simulated 
years (dry initial conditions, Figure 6) 
because the most significant source for 
moisture increases in the wall is wind
driven raill. The walls with no coating 
reach the balance with the environment 
within a few weeks. The moisture con
tents in the initially wet walls with a 
coating eventually approach the mois
ture contents in the dry walls, but dry
ing out the initial moisture contents 
may take years depending on the vapor 
permeance of the coating. 

For the case of the initially wet exte
rior brick, the drying period of the wall 
was prolonged in the case with the 
waterproofed walls. The wall with 
coating 3, the loWest vapor permeance, 
took approximately 30 years (extrapo
lated estimation) to dry out the initial 
moisture contents (Figure 3). The dry-
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Figure 5 The average weekly total moisture contents during the third year In uncoated 
walls for Vancouver when moisture behavior Is calculated with or without wind
driven rain hitting the wall surface. 

The exterior water
proofing has a significant 
effect on rainwater pene
tration into the wall 
structure. The layer does 
not allow rainwater to 
penetrate into the wall, 
and the initially dry ideal 
walls stay dry through
out the test period. Small 
differences in the mois
ture contents of the ini
tially dry walls with 
different waterproofing 
coatings were caused by 
differences in vapor dif
fusion fluxes. 

The thermal conduc-

ing periods for cases with coatings 2 and 1 were three 
years and six months, respectively. The only way for 
moisture to dry out was through the coating, since these 
walls did not have cavity ventilation and the vapor per
meance of the interior surface was very low (5.10-12 kg/ 
m2.s'Pa [0.08 perms]). 

The ideally coated dry walls (no cracks or defects, 
high or low vapor permeance coating) had low moisture 
contents throughout the years, and no moisture prob
lems are likely to occur as long as the coating is not dam
aged. The initial moisture contents in the dry walls were 
lower than the average yearly moisture contents, which 
results in slightly increasing moisture contents for the 
case with low vapor permeability coating (dry C3). 

The wall with an opening defect in the coating (coat
ing 2) allowed moisture to accumulate in the wall struc
ture. The coating does not allow liquid water penetration, 
which creates a falling film of water. This effect was 
approximated by multiplying the amount of rain that 
reaches the crack surface by six. This factor is an estima
tion, and it can be much higher, depending on the loca
tion of the crack on the wall. The total amount of moisture 
in the structure at the end of the first year was consider
ably higher than at the beginning of the year (Figure 7), 
but after the first year, a moisture balance is found and no 
further yearly accumulation occurs. The liquid moisture 
flow during rainy periods through the small opening can . 
be higher than evaporation through the opening and the 
coated surface during dry periods. The effect of a crack 
on moisture migration into the structure is shown in Fig
ure 8. The exterior brick is highly permeable to liquid 
moisture transfer and even a small crack or opening in 
the waterproofing may result in yearly moisture accumu
lation. 
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tivity of each of the mate
rial layers is a function of moisture content. Walls without 
waterproofing occasionally have higher moisture con
tents in the exterior layers, which may result in a decrease 
in the thermal resistance of the wall and therefore in an 
increase of heat loss. In these analyzed walls, the effect of 
the increased thermal conductivity due to moisture in the 
exterior brick was insignificant when compared to the 
total thermal resistance of the wall. 

The water that is absorbed in liquid form by the exte
rior brick during rainy periods can eventually be evapo
rated outward, and the latent heat involved in this 
process also further increases the heat loss. Moisture that 
comes into the wall in the vapor phase and is absorbed 
by the structure does not affect the long-term average 
heat flux unless yearly accumulation (or drying) occurs. 
However, instantaneous heat fluxes may be influenced 
by the phase changes of vapor or liqUid. Walls with the 
three different vapor permeance coatings (coatings 1, 2, 
and 3) were found to have approximately the same 
yearly heat losses (negligible differences). If the water
proof coating behaves ideally and does not allow liquid 
water to migrate into the wall, substantial savings in 
heating energy loss can be expected in walls with dry 
initial conditions. The analyzed wall structure was 
found to have 8% lower heat losses with a coating than 
without in Vancouver. The results are valid only for 
south-facing walls that are exposed to solar radiation 
and should not be generalized to other directions. 

For the case of the initially wet exterior brick, the 
drying period for the walls coated with the waterproof
ing substance was substantially prolonged. In the ini
tially wet walls, the moisture that was trapped inside 
the wall and allowed to travel between the exterior and 
interior bricks across the insulation layer may have 
increased instantaneous heat fluxes within the cavity. 
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Figure 6 The relative humIdify dIstributions In the wall durIng the first year 
(drying period) for different cases. Date: Beginning of A = Octobe! B = 
Novembe! and C = September (one year from the; start of the calcula
tions). Designations In the figures: Dry Cl = dry Initial conditions, wall with 
coating 1. Depth Is the distance from the exferior surface. 

This phenomenon does not neces
sarily increase the net heat loss 
through the wall (or heat loss of the 
building) since latent heat flux is 
carried inward and outward, 
depending on the boundary condi
tions (e.g., diurnal variations of 
temperature); the thermal mass 
dampens the variations, thus the 
net effect can be minimal. 

The effect of driving rain on the 
yearly heat loss through the wall 
structure was +9% for the wall fac
ing south in Vancouver and +2% 
for the same wall in Ottawa. The 
yearly amount of driving rain cal
culated from the weather files 
using wind speed, wind direction, 
and hourly precipitation was 2.6 
times more in Vancouver than in 
Ottawa for a south-facing wall. 
This explains the stronger influence 
of rainwater penetration on the 
heat losses in Vancouver. 

The differences between the 
long-term heat losses of the ideally 
coated walls (one-dimensional cal
culations) and the wall with a crack 
(two-dimensional) in the exterior 
surface were negligible, even 
though the wall with a crack had 
higher moisture contents. The un
coated walls absorb rainwater and 
allow more moisture to evaporate 
through the exterior surface. Thus, 
in these walls, the primary reason for 
increases in heat losses was the 
wind-driven rain and liquid absorp
tion-evaporation cycles. 

CONCLUSIONS 

This study showed the influ
ence of rain on thermal and mois
ture performance in walls. The 
waterproof coating used in cold cli
mates (with the assumed material 
properties) proved to be an effec
tive method to control water pene
tration into the structure when 
applied to a brick cavity wall with 
a vapor retarder. However, the 
underlying assumption is that the 
coating was maintained without 
the existence of cracks. The calcu
lated moisture contents in the walls 
were low throughout the years and 
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Figure 8 Relative humidity contours after four weeks 
of simulation for the wall structure with a crack In 
the coating. The height of the crack Is 8 mm, 
and It Is located In the middle of the outside 
(left) surface. The dashed lines show the Inter
faces between the brick and the Insulation. 

no moisture problems were fOW1d to develop. However, 
if cracks in the surface coating develop, yearly moisture 
accumulation in the walls in climates such as that in 
Vancouver can be expected if the coating has low vapor 
permeance. 
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The walls without waterproofing displayed higher 
average yearly heat losses than those with the coating 
(+2% in Ottawa, +9% in Vancouver). This was mainly 
caused by the latent heat effects of absorbed moisture 
from wind-driven rain and partly by the increase in 
thermal conductivities. 

The results clearly show that computer models used 
in investigating hygrothermal behavior of building struc
tures should have the capabilities to handle rain penetra
tion. Rain penetration can be far more important than 
ambient surface diffusion fluxes in estimating the mois
ture behavior of building structures. The moisture con
tents in walls when calculated without rain were at 
maximum 0.32 kg/wall-m2, whereas walls with rain 
occasionally had more than 12 kg of moisture per wall-m2 

(in Vancouver, Figure 5). 
The results provided in this paper are only applicable 

to the specific materials that were chosen. Furthermore, 
the vapor permeabilities of the coating layers used in the 
simulations were estimated due to lack of experimental 
data. Further modeling research is needed to determine 
the applicability of the exterior surface coating on build
ing envelopes in cold climates for different facade and 
wall configurations. Special care should be taken not to 
apply any coating with low vapor permeance on wet 
walls that do not have proper cavity ventilation. 
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NOMENCLATURE 

List of Symbols 

Dw = moisture diffusivity (m2 Is [ft2 Is]) 
qM = total moisture flux (kg/m2·s [lb/s'ft2]) 
Pv = vapor pressure (Pa [Ibf/ ft2]) 
RH = relative humidity 
T = temperature ("C [OF)) 

= time (s) 
II = moisture content of material (kgw/kgd [Ib,ullbd]) 

Greek Symbols 

Po = dry density of porous material (kgl m 3 [Ib I ftJ]) 
lip = vapor permeability (kg/s·Pa·m) 
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