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e < ABSTRACT °
PREDICTLNG ENVIRONMENTAL PERFORMANCE oF FACADE GEOMETRY .
Mahmoud A El- Sh1m1

-

13

Ca One of the main objectives of designers and builders is to ' "

-develop‘bui]dingvfacades that do not deteriorate to caﬁse aESthetic or
structural damage due to environmental forces. The aim of th1s research
is to assess the .influence of d1fferent geometr1ca1 conf1guratmons on a !

facade's performance. Part1cu]ar cons1derat1on is given. to pane11zed .

facades using precast -concrete or 51m11ar mater1als. , . .<*'

= The analysis of the vnpact of weather1ng factors - especwal]y

pollution, rain and w1nd - in interaction with facade geonmtry and ‘.é’

matErials is presented , Extens1re s1te observat1ons have been. under-

taken ‘n the Montreal area to evalqatelthe seriousness of weathering '

problems and help understand the mechanisms involved. The observed .

facade surfaces are c1ass1f1ed 1nto main‘and sub categories accord1ng
to their sectional prof11es. The weathering patterns 11kelQ to occur

w1th1n each category are 111ustrated gn a comprehens1ve taxonomy _An g d
\ ’,
analysis of the additional factors that aggravate or,minimize weather-

ing is also present. Invest1gations for a preliminary model of water ° =
« behaviour over different facade surfaces exposed tp a varﬁety of rain .- . 4

.and wind conditions gre cafried out. S o - .
. » 2 V 4- . - |
The results of the study form a set of pragmatic recommenda-

tions for building designers. Both 1ar§e and small scale design tséues
" related to-weathering are rationa1ized The f1nd1ngs q;m to provide a
re11ab1e gulde to ach1eae a better long term performance of bu¥lding

» -

" facades® 0, . . ‘ C0T

’ . ™ 4
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‘- : CHAPTER T -

* INTRODUCTION ' o

1.1 NATURE OF THE PROBLEM - " ¢

4

The performance of building facades is a major concern to

. 5
/
'

designers and inhabitants., In many buildings, facade sirfaces have

failed dismally in resisting the negative effects of the ekternal en-

.
<3

vironment., This is a rapidly growingronblem,’too importanf to be

ignored [1.2].

" The environmental perfofﬁance of building facades can be de-

“fined as "the ability of a facade to perform a set of required,functioné‘

>~

in a given environment over the building 1ife span". Generally, three
main factors determine the performaﬁce of any building facade, and

cause undesirabie aesthgtic and structural deterioration:.

N

Local weg;her conditions

7. Air pollution

. Precipitation (rain, snow) : !
- Wind . -

- Tqmperature and humidity

_ - Atmospheric radiation | ' ‘ R

‘(ii)'~ Geometric configuration éf facade
. - ngrail geometry and %Qrﬁ ) “; T~
" - Incorporated details - .-
(491) Mﬁterials propef%ies |
- Agsorbtivity .

p o - Surface texture and finish

-

Numbers in Brackets [ ] designate the appended refe}ences!r .

N z
v

¢ R,
F N e -

.t

A G et LT WL wciieie Ao+



¢ o
s oot ot AT

e f
'

Cna 2 -

. - Chemical composition

A

P ', - Solubility

inadequate design of geome{:fﬂ'c configuration and incompatible matéria]s,ﬁ
may all be present in facade deterioration. ‘

The prob]em with externally exﬁosed materials is that theyJ
undérgo visual as well as compositional ch;hges when.thqy interact with
atmospheric pollution, water, water-so]ub]e\salts, ultra-violet radi;-

. tion, orgénic_growth, etc. The interaction witﬁ water in 1iquid or gas-
. eous state, however, is the single most important factor affécx1hg the
-deterioration processes iﬁ\both porous and noh-porous materials « ° . o
[1, 2, 18]. 1In porous materials, the problem is aggra;ated by the fact
that the chemical action of yater proceeds rapidly from the externslvto
°£he internal depth of the material., By gohtrast, in non-porous
materials the serious deterioration is usually encountergd on the. ex-
ternal surface. | b
. When building facades are located in highly polluted environ-
ments and are subjectéd to vary;hq rain-and wind cond1t1/ps, the ques-
tion of performance and durab111ty becomes more complex. Examp]es of
those buildings are numerdus in the downtown area ?f any big cffy sub-
jected to the above weather charaéteristics. Thi§.pr051pm is best
/i]]ugtrated dn the facades of the building pictured in figure 1.1. ‘It
is noted that : ' v
(i) the differential stainiﬁg of-facade surfaces has caused’

’

an undesirable disfigurement.

- & . /)
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. - appearance of buildings.

o

. in order to avoid the chemiéal'tgactidn betweeq the deposits an

-’ ked

(i1) The degree of such disfigurement varies from a facade

to another. " . ¢

2
.

This unsucce§sfu1'performénce of building Facades gives
8,

rise to issues that warrant further investigation:
4 1
_scale, the influence of facade \ .

El

0 )
- On-the macrg-c11mate

. orientqﬁion and the surrounding buildings.

- On the micro-climate scale, the implications of the

¢ , . designed geometry an& the selected materials on aggravat-

ing or-minimizing the resulting disfigurement.

o

t e

In general, it is the movement of‘rainwater over the surface
contours of facades that causes the uneven - i.e. partiqj - washing
action and the concentration of deposifed dirt and pollutants in the

; . . .\ .
dispersed locations. This process, is referred to as 'weathering' and

- is mainly associated with the visual changes and deterioration in the

. [}
Apart from the undesirable changes in the facade appearance,

S

the underlying material. These reactions can 13%d to serious disintegra-
tion and decay of the facade materials [1, 2]. Furtherimore,’ j
-~ ‘~‘ . ’
cleaning process is not periodically carriedout, the contin

\ .
position of pollution could hide other potential defects.
’ i X




‘performance of a building. Emphasis was main]y given to the in-

1.2 REV)EN QF PREVIOUS WORK T ‘.

Some attempts have been made dur1ng the pa#& two decades
to approach the prob1em of facade weathering. *In 1967, Nh1te pre- .0
pared an up-to-date study on the visual effects oﬁ weathering on y
buildings [29], hose of which had been previpusiy pub1isheq in the
digeets of the British Research-Eetab1ishment in England. The study '
stressed the need for greater attention to be given to weé%hering o
problems merely through‘photographs of the observed d%fécfs. The
study did not concjude'an; designyrecomﬁendations. |

)

Later in 19?0 Simpson and Horrobin published %heir research

9

on weathering and- performance of building materials- [27] In'this

study the}~d1scussed the basic deterioration processes ﬁhat dlfferent

" materials may be subjected to. The visual .and compositional changes

that occur at the facade surfgpes were examined as a. part of the total

fluence of mater1a1 properties on res1st1ng the negative effects of

. " weather. The extent to which the geometr1cal configuration of build-

ing facades affects their performance was riot inc1uded.

In 1972, Addleson published two volumes [1, 2] in a series

“

of studies titled "Materials for buildings". In these two volumes T

-

the main concern was the analysis of water effects on materials. The

influgnce of wind-driven rain on facade weathering was noted on -a

" macro-climate scale for a building complex Tocated in a pol1uted atmos- -

phere. Though the pereentage frequency of w1nd driven rain from all

d1rect1ons was considered), the amounts of rain and the accomp@nying w1nd




speed were not mentioned. Both factors.have a substantial effect
on the resulting weathéring of ény facade'surfébe. Limiting the -
ﬂnvestigaéions to ome building ﬁut a cons;ra}ﬁt on further analysis

and comparison bf different applications. bn ﬁhe micro-climate™
. oo - ) '
scale of building facades, Addleson followed the same line previous-’

L]
-~

ly presented in White's study [29. Dependence was mainly on
pictorial presentation of observed defects to demonstrate their

. ) ’
effects on performance. Emphasis was placed on the fact that rain-

water.moving over facade contours can bring about undesirable visuai_

changes dnd deterioration of materials. The performance of porous and
Qf - . ~

non-porous materials was examined with the intention of establishing

the faults of the_previous applications. However, no conclusipgns or

’
recommendations were drawn for designers and builders.

)

s Recently, in 1975, Robinson and Baker reported a stﬁdy.[25]
dealing with weafherind dg\facades due to dirt making."The influence
o%;driving rain interacting with facade §hrfacés‘was examineq. ‘
'Ana1ysi§“of weather records 1ncTud1ng frequency, d{rection, qng‘speea
of wind during rain was presented for most Canadian cities; the same
_ana]yéi&,for Montreal was not included. -Cgﬁsideration of the amounts
v of ra#nfall waS‘g?nera11y omifted\. The study was based on site observa-
tions of bui]ding‘facgaes in Ottawa. ’Furtﬁer extensive research on ‘
the problems assbciated with water migration and dirt marking on facade

surFaces was recommended.

- ’
¥
¢

The growing interest in evaluating facade performarce was

: /
" expressed in a recent RILEM/ASTM/CIB symposium held, in Helsinki, Finland,

]
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1977. «Current research results in the area of 'facade weathering'

. _ '
were' presented. Among those researches is the one carried out by

+

- Carrig, et al, [6] on soiling of sunfaces dué to pollution deposits.

o0

~ The coefficient of soiling for differen%ﬂbui1ding materials =g porous? B '

and non-poraus - was expeﬁimenta11y determined. Fluctuation in the ~°

LI
il 1

rate of dust and dirt depos{tion due to vdrying the surface inclina-

tion and Tts/phys1co-chem1cdﬂ nature was also measured. Furthermore;u

' the’ 1nf1uenke of the ambient temperature and hum1d1ty cond1t1ons on

. .
the material soiling was discussed. : . ‘ ’ )

In another research proﬁect prepared by Beijer [5], weathec-
ing of conc?ete'walls was studied. His analysis'wa§?based on the
hypothesis that’ unevén soiling ie mainly caused by td&ydnivﬁng rain;
rain redistfibutes air-borne 1mpurities'which were oriéinally -

relatively - evenly distributed over the facade surface, Both labora-

. tory .investigation and measurements on external wa]]s[;;th flat sur-

face were carried out to examine the distribution of driving rain.and

wateﬁfrun-off. Despite the thoroug% ena1yses included, the study -

did not éstablish guides for des1gners to avoid weathered facades. ' e
1 , The extent of shelter from dr1v1ng ra1nxprov1ded by project-

ions on- externa1 wal]s was the main concern of a study conducted by

Ishikaw [15] in Tokyo Japan. The shape and size.of .the stained wall

area below horizontally projecting,e]ements were“medsured on existing

bui1dings.’ The results were ;na1yzed together wifh the frequency

distributidn of wind ve]oeity during rainfall. The study did not o

furnish spec1f1c recommendat1ons so as to how stains at these part1cu1ar >

locations could be eliminated.
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1.3 SCOPE AND OBJECTIVES.OF THE PRESENT RESEARCH . -

. " -
. The review and analyses of the previous attempts dea]ing
with weathéfiﬁg problems show that po]]ut%on deposition and driving

rain movement over facade surfaces are the central issues in determin-

>

ing the degree, and consequences qf weathering. The resulting ‘partial
washing" induced by the action of watef run-off over different '

, . : ..
profiled surfaces is considered the main area where further studies

:

are necessary. 'The present work will therefore examine the influence-

)

/of pollution, rain, Fnd wiﬁq on facade performance on bbth the macro-

and micro-climate scales. The extent to which the rest of weather

-

factors such as temperature, humidity,-and atmospheriB radiation are

1ike%§/;o affect the facade weathering will be noted.where reievant,

* but detailed consideration is generally omitted.’ -

L)

The role played by facade geometry and ﬁateria1'in ;esisting
or aggravéting weathgring is discussed. Particular emphasis is given
to thg effects of(}be~geometr{c confi&uf&tion g?\a facade on %ts per-
formance, an area that still needs morenﬁntegrated investigdtio&é.
Only the surfaces of porous-materigls such as concrete, stone, and
bricks are considered. o o

The literature réview also shows that weathering of building
facades in the Montreal aéea as a result of their exposure to local
climatic conditions, has not yet beenlexp1ored. -The present study

presents the first attempt to evaluate the seriousﬁess of wéafhering

problems in the-city. 'The planned site observation wi1ﬁ maip]& be -

concerned with the performance of the building f&cades in the downtown})'

area barticular]y those using precast concrete p#nels. Through'a
’ .
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classification of the observed facade .surfaces, the weathering mechanismtj
“involved and the possible remedies are: 1nvest1gated for each category.

© The ultimate purpose of th1s research is to provide design-

'

“ers and builders W1th 8. re11ab1e and rational guide to strengthen / .

the1r ab111ty to pred1ct weather1ng failures, By so doing, the*in- /
evitable consequences of weathering can either be eliminated or at

leqst minimized. Tne results of this work wi]l contribute to establtsh

an important tool with which a betper 19ng-term performance of building - o

facades can be achieved. ‘

1.4 LAYOUT OF THE- THESIS

4
~a

The study has been organized as fo]lows' , ot
Chapter II deals generaTIy with weathér1ng of building :
facades due to the 1nteract1on of the1r surfaces with atmospheric pol-

1ut1on, rain and w1nd. A diagngstic study of the matm\ casual factors

~frivolved in the mechanism of weathering is also included¥

Chapter II1 is designed tp demonstrate’ the results of an
extensive fi®ld observation of weathering'problems in the Montreal
areaZ The ena]ysis of local climatic characteristics and their in-‘
fluences- are also presented. These influences are examined an both
tne macro- and nﬁcro—c]imate sca]es. On the macro-climate scale the
effects of orientatiop and location of a building on the weathering of

A

its facades are shown, On the m%cro-c]imate'scale, the effects of

different geometric confiq;rations and common building details are

presented in a comprehensive taxonomy. ‘ . s '
In Chapter IV, a preliminary model of water behaviour over -

facade surfaces is 1nvest1gated. A method of est1mat1ng the quantity

¢
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- of rain run-off is developed for different materials when exposed to- . T
L . o s - . , ,
. ¥ a variety of rain and wind conditions. . .
* Finally, in Chapter V a set of recommendations are establish- ‘ .. Q

EAT I

T, ) \
ed to aid designers and builders to avoid the consequences of undesirable -
‘, ! " E

we%;herinb and achieve a better performance o% building facades.
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" (i) the differential staining of the facade

° ) figurement,

. u
AN ~ )
An example of a Bui ding in downtown Montreal showing:
surfaces has caused an undesirable dis-

(ii) the degree of such disfigurement varies
~ from a facade to another.’
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© CHAPTERIT : o
MECHANISM OF WEATHERING

¢ .’

‘2.1 INTRODUCTION o

4

In this chapter, it?is proppsed to examine'the weathering
Y

problem of bu1]d1ng facades and to assessthecomp]ex mechan1sm in-

«

volved. The pr1nc1paJ factors are related to:

. (M ‘ﬁtmospher1c pollution depos1ts. y
(2) Rain movement over facade surfaces. v
(3) wind-driven rain effect on facade wetting.

~(4) The geometric configqration of facades.

(5) Materials nature and surface characteristics.

These factors, it should be emphasized, are strongly inter-

related; therefore, the present work wi]l integrate them a11 in

?na]yz1ng the weather1ng problem, Part1cu1ar empha51s, however, is ~5 .

given to the 1mp11cat1on of - d1fferent geometric conf1gurat1on of facade'

»
.
» .

surfaces on the resu1t1ng weather1ng.

2.2 WEATHERING OF BUILDING FACADES

As br1ef]y explained in the first chapter, the 1hteract1on
of weather w;th;fgcade surfacesausua11y.resu1ts in, unique patterns of
water f]ow, thereby determ1n1ng the ldcat1on and degree of washed. and '
unwashed areas. The d1fferent1a1 sta1n1ng is very'much dependant on
the quantittes. of accumu]ated d1rt as well as quant1t1es of ra1n water
moving over facade surfaces. A building in a suburban area, for ‘
examp]e:is less squected to weathering prqp]ems‘when compared with a
compatible building in the downtown area.exposed to greater quantities
of atmospheric po]]utfpnc Furthermore, the degree‘of exposure'to

i A



’ drips in soffits, substantially influencé'water‘novement,‘and consequent-

" due to their smooth surfaces where dust will not usually deposit or

) adhere Moreover, rainwater that hlts these surfaces w 11 immediately y

‘ surface texture, react differently under the - same c11mat1c JLonditions.

dr1v1ng rain that hasdﬁ part1cu1ar orientation, frequency and durat1oq,
will substant1a11v affect- the resu1t1ng weathering patterns. A hu11ding

facade, totally exposed to increased wetting due to free driving rains
4 .

¢

may normally be subjected to enough periodic washing to keep its sur-

_faces clean. This washing actionf however,~is usually complex and- - .

far from uniform, and it results in most cases in undesirable changes

in facad®& appearance. o s % :

-4

"The overa11 configuration of a, facade'geometry whether in

a h1gh or low rise building is responsible for the result1ng wett1ng ' Y

qpatterns. In tall bu11d1ngs, wetting of facades 1s highly dependent v )

on the"wind condition in the surround1ng env1ronment and its egfect ' - o |
on the accompan1ed ra1nf1e]d -In fou’rise bui]dings 'wetting is com-
parat1ve1y uniform due to the wind flow patterns. whicht usua]ly permit .,

a more steady rainfield than-that on tall buildings. Moreoven, the | )
individua1 details of a facade surface such as ribs, windgu sills, -

A

ly the resu1t1ng washed and unwashed areas.

t

3

4

Weather1ng prob]ems are generaJ]y assoc1ated wfth:porous
building mater1als such as concrete stone and brick. The -performance .

of non-porous mater1als (eq. g1ass meta1 etc.) is tot 11y dffferent

s e k

run off tak1ng with it any 1odged 1mpur1t1es

Different materials, depending mainly on the1r porosity and

o

For example, the-soiling of‘br1ck facades due to dirt accumulatnon has

“s

, . e
been observed to be substantially less evident when compared with

-
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— interact with facade surfaces. Dust particles? soot containing carbon

4

concrete or stone work.' Colour of materials is also related to the

] weathering of surfaces. It affects absorption and ref]ectfon of atmos-

. .
pher1c rad1at10n and hence the rate of evaporation of rain water from

building facades. The quant1t1es of rain ruh -off wild then be affected

s 25

and hence the resulting washing pattern.’ Generally, dark toned

finishes are practical}y(ﬁess suscéptib]e to weathering.

2.3 MAIN FACTORS AFEECTING WEATHERING © .

| As ment1oned above facade weathering 1§_maln1y attributed

to the deposition of -atmospheric po11ut1on coupled w1th the effects of
ra1nwater that often resu{ts in differential washing action. The

issue of water presence depos1t, and ‘movement over bu11d1ng surfaies
has recent]y been referred to as surfacé hydrau11cs [25] Assessing
the codplextty of surfaceahydrau11cs is then inseparable from studying
the. me héhisﬁ of weatherinc that involves mainly two sets of vaﬁiab]és.\
The first set is less.controllable‘and is related to the wgatherﬁfact-
ora, p%llution, rain and and/ The second is assoc1ated dlth more con-

crol]ab]e var1ab1es perta1n1ng to the facade geometry and its materials.

2.3.1 ATMOSPHERIC POLLUTION DEPOSITS

k3

In analyzing the weathering mechanism, a primary considera-

.- o _
_ tion should be given to the air quality around buildings.’ The chemical

agents contained in the pé]luted atmosphere are often”deposited on and *

v

’

part1c1es, su]pher d10x1de and many other po11utants are all present :
in d1fferent 1ntens1t1es in any big city. TﬁEse pollutants contr1bute
to the formation of three dust layers in the,atmosphere [13]. The

e the lowest, lies between houses and open spaces andjis ’
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4J ‘ . caused by¥§;reet traffic and ?ai]way smoke. A gecond layer ex?§ts
5boyt 20.meters from thé ground and is continuously fed by thegémoke
resulting from chimneys above the houses, Above.this, at a height of ~
* 50-60 meters, is the, third whi;h is caused prihcipa]]y by.phimneys of °
?he industrial and commercial establishments. Pollution intenéities—z
within»thege three layers_can be substantially.enhanced depending on
tHe sourceg of pb11ufioh-ahd their potential emition of smoke. -~
The vertjcal m1x1ng of the three layers and the resu1t1ng
depos1t1on on building facades are strongly dependent on the other

atmospheric conditions such as wind, rain, fog and the temperﬁture

‘ . . gfédien [23]. Strong wind for example "inqreases the mixing of dust

; ’ - layerf, bowever, it usually g]eans out‘the city po11ytipn and hence’ the
' | sk of dirt deposition is decreased. Rain and fog ‘increases the pol-
lution level in the street qié‘with pollutants from ihe upper dust
layers. 'Vertfcgl traqsportation can alsg océur‘fn’the summer days hheﬁ
the. ground temperature is re]ai%ve]ylhighgr than the upper layer. In

wint?r little.mixing is encountered and hence gollutants are 1ikely to

X be dispersed and swept away [23]. Worse conditions can then occur if
Tong periods of Yight winds prevail since they favour .the accumulation .

of dust and soot particlés on bu11d1ng surfaces.

Weathering prob]ems pract1ca11y s;art when the raifi water
moving over facade surfaces red1str1butes $he deposited dirt and soot.
Particles depos1t1on will then become relatively uneven resulting in
. -undesirable change in fhe'bui1djng qppeaﬁqnce. Moreover, some po]lut:
’ ants such as sulpher dioxide and .carbon dioxide react with the surfac;
méterja]*forming a 1ayef of foreign products. The chemica]‘reaction\

”

-




. is enhaiiced in the presence of rainwater, and, in many instances,
o causes deterioration and decay of the surface material. Consequences
T \ of such chemical reactions are further elaborated in Appendix I.

2.3.2 RAIN MOVEMENT OVER FACADE SURFACES :

Rain is usual]y characterised by four basic features which

determ1ne the quantities of prec1p1tat1on that w11]qé’r1ke and flow

over.a bu11d1ng facade

B 7 L e T

Angte of falling rain.

- -. Intensity and duration of rain.

e e

st

& T~ . - Range of droplet.size.

B “~ .

:{"', ) \\ N - ' - e . - s

& AN - The prevailing wind conditions., )
. N ,
%.

Once deposited, rain drops are always'subjected“gp other -
actions that affect their ultimate movement over the surface [18].

These actions are:

(1) The force exerted on the rain droplet as its kinetic

enengy is-transformed by contact with the building

face. ) ‘ -

A{2) Gravity, acts on water drops to move them into any

. L]
. passage that leads downward, The velocity of down-
ward movement - will depend on the surféce profile,

texture, and irregularities that is friction forces.

b . (3) Air pressure difference across the enclosure, exerts

a force that can cause inward movement of water.

Wind pressure, stack effect, and ventilation all

~ contribute to the resultant pressure difference.
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’ permitted a/more-aécurate analysis and prediction of the influence of

‘'wind on facades. N

* ory agreement between the mean wind pressures measured on the building

T AN (R e et e 0 o 4 —— e o
s v

I ‘ - 16 -
: /}f .- ,
(4)nﬁapii]ary action draws and holds water in small capil-
laries. Upon material saturation the suction force ap- /
proaches zero. . | ' i
The resultant of these forces acting‘oh the deposited“rain
&rops might cause the water to penetrate the surface, be absorbed by ' 1
the wall maferjai_or run off the building face. Dependiné on théyrain . -
quantity, the run off water induces either a Eomp]ete or parti{i wasﬁ-

ing of the deposited dust and soot over facade surfaces.

2.3.3. WIND-DRIVEN RAIN EFFECT-ON FACADE. WETTING

\.;_

"In presence of wind,”the falling rain is never vertical Enq
is always driven at an angle striking the buildings facades. Wind is a o ) V
réndom and cohp]icated phenomenon and until'very récent]y bdi]ding de-

.

- ‘ . = !
signers were unaware of its serious imfflications on the built environ-

ment. Recent advances in the techniques of measuring wind pressure have

-

An example of suéh studies [10] was carried out onva 34
storey bu:i1ding 1ocat:.gd»in downtown Mbntreal (see figure Z.i). “ It was
concluded that f1qptg;tions in wind direcéion is an important.factor. in
aetermining the induced pressure and suction on the building envelope, '

and in establishing their local peak values.

- Another study [11] was conducted in Tordhto on an existing
57 storey building to measure the induced pressure and suction in
diffgrent regions of flow. The reported results indicated a satisfact-

» hid

facades and those previously measured on the scale model during wind
's

tunnel tests. In line with this study, the air flow pattern around a
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high rectangular building and the resulting distribution of ‘mean pres-
sures are presented in figures Z.é, 2.3 (based on quertson's invest-
igations, [26]).L |

The incident pressure distndbution Caqses a secondary airflow

along the windward facade surface from high pressure to low pressure i

. regions as illustrated in figure 2.4 [21]. Suction at the leeward %

fadade, roof and side walls, causes other patterns of secondary air-
flow. At the 1eewand wall, for examp]é, air tends to f]ow‘upward;in ’
the direction of high suction regions toward the roo%. At the side
wai]s, air flows in a reverse direifion back towards.the wall edges‘
where the main flow separates from the windward facade.

A similar studywas reported by Baines [4] where he determined

the secdndary airflow pdttern over the surfaces of a simple cube. The

- results are illustrated in figure 2,5." ‘ - ‘

These different airflow patterns 8ver building surfaces
affect water movement and concentration at certain areas, tﬁereby de-
termining the potential washing action and the consequent resd]ts of
facade weathering. - Genéral]y, two cases of wetting patterns of facades
can be distinguished; the first is associated with low-rise ‘buildings -

a

up to 4-5 storeys, the second with tall buildings.
i J
;the performance of low-rise buildings, their

Considering
facades are“subjectéd toa wind-driven rain field that is subjected to
high turbulence and unsteady conditions. As a result, the wetting of
1ow-rise building facades is generally more uniform due to the increased
randomness of the rain field of those low he1g§§s The falling rain

striking any of the building facades will tend to migrate down the sur-

face caus1ng a certain washing action that will depend on both the

[y . '




"water quantities and surface material. The basic effects of wind-

driven rain on & hypothetiqa]flow-rise building is illustrated in ,
fig. 2.6. L
In tall buildings, the incident wind-driven rain permits a

'turbu]eﬁt' flow* with mean velocity (and pressure) increasing with

' héight. Genera]]y, this flow rolls up 1nto a standing vortex system

near the building base (recall figure 2.4) causing high wind speeds
in }his region. At the same time, a pressuredifferefice is created
between the low pressure wake regions (leeward and side—faces) and the -

relatively high pressure region at the base on the windward side [3].

_This difference accounts for the increasing flow of air cérrying water,

s

and hence wetting of the building corners. The increased wetting -
whether on the orners or top areas, is also attributed to compression

of the stream lines of flow ;hat causes concentration of the accomp-

-anied rain field. A typical generalized wetting pattern of a tall

building subjected to wind-driven rain is jllustrated in figure 2.7.
The contract betwegn the washed areas - subjected to increased wetting

and the less washed surfaces causes undesirable change in the building

appearance. ' )

]

a
..At stronger wind-driven rain, the induced washing action may

result in erosion of the surface layers of facade materials (such as ‘

lime-stone). The erosion 5 attributed mainly to the density of each

raindrop which is aqput 1000 times larger than the density of the sur-

rounding air [26], though the velocities of wind and rain may be nearly

* equal.

. e o
* Tt is the type of flow in which the particle behaviour may be entire-

1y random, with individual particles and groups of particJes spinning
and rotating and moving first in one direction then in another with
no order or method except that the who]e aggregate is proceed1ng

in the streaming direction [14].

9
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' Desp1te the ‘advancement in wind studies, the exact

patterns of air f1ow around bu11d1ngs and the resulting effects of ¥
wind and w1nd'dr1ven rain - both on the macro andtmicro-climate scale
are still not completely defined. Difficulties arise because of the
complexity ot the aerodynamic behayiour of butldings and the inter-
action between tne infinite variety ot geometrical configuration they

have with the surrounding context.

2.3.4 THE GEOMETRIC CONFIGURATION OF FACADES

Whereas it is possible to get a reliable weather data per-
taining to basic exposure oonditjon of a given site to rain and |
wind, the extent to which this exposure is further changed by the

Y

facade geometry will be subjected to substantia1 modifioations.’ The
-geometric cohfigurat;on of a facade nay cause wetting to be increased
at certain locations while‘complete sheltering is given to other near- -
by areas. Though it is not an easy task to classify all variations in
- a facade geometry, it would st111 be possible to study the effect of
most common architectural detalls on the surface hydrau11cs of facadés.
- VERTICAL PROJECTIONS '

. In case of a vertically projecting mass (eg. huge column,
staitéase_shaft, etc.) the facadg surfa/e;,are subJected to different
degrees of expesure to driving rain. Sheltered areas are less was hed

than other”Turfaces and hence display more stains and dirt accumula-

. tion,

™~
~

A vertical projection such as a rib or a 1ouver, can direct
rainwater to be concentrated in downward streams and hence prevent it
'from moving laterally or d1agona11y. Concentration of water Tncreases

the washing action over the inside corners of vertical projection.

1
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In contrast, deposits réggig/ovgr/%he exterior flat of the projecting
element Singg,ihe’§iF%éte tension prevents %?ter from moving in greaf
quantities on such narraw surfaces, ”

‘When vertical surfaces‘aréuﬁét interrupted with projections
or recesses, water and dirt will be allowed to move comparatively

freely. Risk of weathering will thén depend on the surface area, its

b .
_absorption qapdcity, and the quantities of the moving rain. Generally,

the rate of flow at-the commencement and end of any rainfall is usually
less than that which occhrs'during the fall. Water will continue to
flow at a‘progregsive1y slower rate for sometime after the fall is
ceased and the évaporation is started. .The resulting dryihg out process
often influences the pattern of str%gking which manifests itself in the
contrast between. clean énd dark stained éreas. :
- HORIZONTAL PROJECTIONS sl

Sheds, canopies, ba]conie§, eaves, window sills, etc, are
iﬁea1 hérizonta] surfaces for dirt and pol]utants to deposit. iThey a}e
also Tikely to"receive‘fhe greatest.rain quantites for all angles of
ra;nfa11 va;ying from 0.0° to 45° to the vqrtica1.‘ Horizontal projec-
tions are normally designed to either throw water away clean of the
wall surfaces or c911ect.ft to be drained in any designed vertical
paths.. Beside preventing local concentration, projections also provide
a certain degree of protection from rain to the surfaces below. How-
ever, when iainwater is not controlled, localized increased wetting
occurs and consequently .differential weathering between waghed and
ynwashed surfaces,

A positive control of rainwater hoving over building fatades

would substantially be affected-by the design considerations given to:
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(a) The slope and profile of the projecting elements.

(b) Drips in soffits.
’ \The slope of any projecting surface has a direct relation
with the quar"\qtities of rainwater it ’receives For a constant- ang]e of
rainfall (eg. 10 degrees to the vert1ca1), 1ncreas1ng the surface in-
chnatmn to the vertical will result in mcreasmg its exposure to
the ramﬁe]d [20]. Figure 2.8 illustrates schematically the changing
exposure conditions for different wall surfaces. Whatever the qﬂantf-
ties of water received by a projecting surface, still their potential “
paths will be affected by the profile of the front edge. Examples of
a,vam'ety‘ of prof.ﬂes and their influence on water flow are illustrat-
ed in fi“gqr'e 2.9. : | ' .

The drirp incgrporated in sofﬁ'.ts of projections prevents the

flow of water from returningethrough the soffits ’to the facade surface.
Omission of drips may result in a complete deterioration "of',;.offitos
due to the resulting wetting. When such decay is \repeated in the sof-
fits of a facade balcony, for example, substantial change in its over-
all appearance will soon occur. If drips are.im;')roperh'/ dimensioned, .
the mt;ving water will be allowed te bridge them and again deterioration
will take p]éte. Exfending the drip horizontally and - if possible -
vertically down tr{e building face would contribute to quide the

accumu'lated water into controlled drains.

‘2.3.5 MATERIALS NATURE AND SURFACE CHARACTERISTICS T

As previously mentioned, weathering problems are mainly
associated with porous building materials rather than with non-porous
materials. The differing characteristics of each group, such as

absorptivity, surface texture, solubility, chem'ical composition, etc:,

R T e,
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. .
substantially affect their interaction with weather.

Porous materials - especially when 2xterna11y used - allow
particles of air pollution to accumulate more readily espeg%é1]yymhgﬁ
their surface roughness (ie. cayities) is of the same o;der of Fhe
particles diménsio;; On a microscopic scale, the behaviour of the

deposited particles usually involve a set of complex factors related

to: "

The size of the capillaries .

. The degree of interconnection of pores in the material,

The internal pore surface

The ambient humidity level ¢ A

Particles .of dirt can move into capitlaries with water mole-

Forme. w7

cules and hide at some distance from the éurface layer of the material
as the case with some types of bricks [6]. In materials with less sur-
faﬁe porosity, accumu]at%on of dir% particles will maiq]y be expected
at the matgrja] face. Evaporation of{yater molecules ‘usually causes

. po]]htants to“adhere closely to, the material.

Generally, the surfaces of most materials exert certain

forces of attraction on water vapourﬂmoiecu]es. They adhere to the

surface in a state of equilibrium with the ambient water vapour'con-
ditions. According]g, 1n,humiq environments, the material surface will
attract more water vapour molecules with which partig]es of dirt will
more easily adhere. This fact has been confirmed experimentally.in“a
study done by Carrié [Gj for cement-based materials, 1ime'stone7énd
bricks. Granite and aluminum on the other hanﬁ, hqvé showed 1e§§
sensitivity to_soi]ing»(ie. dirt qccumu]afion) when the humidity level

: fluctuates. Carri& has also developed a relation between the surface




. Q\,

‘quantities, tend to accumulate dirt deposits that alter their appear-

[} . “ ’ o,
tehperature and the soiling rate. It was reported that the colder the

surface' the more readily it retains dirt. Conclusions of this study
are' in a good agreement with what was rsportgh by White, 1967 [29],

that is, hot and dry climates are less susceptible to soiling problems

4

than cold and humid environments. :

LY

=~ Time is an impo?tant"?actor in the deposited quantities -of

'pol]utants'over building surfaces and hence weathering rate., General-

ly, facade surfaces, unless subjected to periodic washing in enough

-
A

ance. Water run-off patterns over building surfaces are then the-key
1ssue in determ1n1ng weathering.

Run-off water is directly related to both the quantities of
driving rain arr1v1ng to the surface and the absorptivity of the wq]]
material. Under the same climatic conQitibns, e’more absorptive mater-
ial such as brick, displays lesser quantities of run~off than concrete
for example. This behav1our of the material will 11m1t the movement
of rainwater carrying dust and poliutants and hence the pg§s1b1e
weathering. (More elaborate investigations are included in Chapter'IV).

Ge;erally, brick facades are considered to have -less weatﬁer-
ing problems because of: N/

- The §ize of the pore structure sometimes permits particles

of the deposited pollutants to be hidden in the material

pores [6]. : . e

“.- The relatively greater absorptivity with which Tess
quantities of water run off the building face minimizin?:

‘the risk of dirt redeposition or concentration at local-

jzed areg .
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- The small scale pattern of brick work does not show the
normal, accumulation of dirt to the same extent as large
R plain surfaces of concrete [20].

- The comparatively dark colour of bricks causes more

'Y

L.}
absorption _of the atmqspheric ra@diation that increases
the ev?/aporation rate of water\ present over the surface,

This directly results in decreasing run-off quantities

{

and hence minimizing the risk of migration and ‘redeposition
Y “
of dirt.
' o . / - . J- .
The performance oF=stone (facades_jre not so different from
that of concrete, Solubility of someﬁtypes of stones,.especiaﬂy

. h ]
those containing lime, allows a set of complex-‘chemical interactions to

r take place with the acidic gases Q{ the atmosphere such as carbon

dioxide (COZ) and sulpher dioxide (502). The resulting compounds*

' d*éposit an& adhere to the.surjface forming a layer of different charact-h
eristics from the undgr]ying material (ie. insoluble and less porous).
This situation is li'ké.iy to occur on surfaces that are not s'ub'jected to

periodic washing; continuously washed surfaces, on the other hand, an/e

kept fairly clean, o . ‘

In pssence, it can be concluded that rain water arriving 4o

a building facade of porous material - either windward or leeward -

-~

°

will first be absorbed then upon matarial saturation, }e unabsorbed

quantities will accumulate and st#t rumning off. As # result, af\vfat‘er'

A
film develops and tends to run down the surface taking with it any im-

- spurities lodging or adhereing on the facade. @ The film thickness at-any

o

o e

* Detailed discussions per‘taining“to the resulting compounds of
carbonates and sulphates are presented in Appendix I. ‘
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height will determine the degree of the washing action that occirs on
the facade surface. Accordingly, different rates of dirts concentra-

tion will take place causing undesirable differential weathering\of

the facade. ” ' ', .o

More detailed investigations pertaining to simulation of
. ]

the behaviour of water over concrete, stone and brick facades are . _ :
illustrated in Chapter Iy. Variety of exposure conditions to driving

‘rain with varying <intensities and durations is also considered.
{
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havi ? different ifgclination 8° to the vertical. In-
creasing € increases the exposure to rain.
(After PCI [20]). .
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CHAPTER II1 ,
AN ANALYSIS OF FACADE WEATHERING PATTERNS

3.1 INTRODUCTION

Despite the difficulties involved in illustrating photograph-

"ically the variable patterns of water flow over building facades, it is

still possible to depict generally the final results in the form of

localized concentrations that indirectly indicates the way water moves
. and migrates over surfaces. Photographic examples of most commonly
found weathering patterns - both on the macro and micro-climate scales.

*

a?e classified and presented in thﬁé chapter. Accompanied analysis and

interpretation of the causal mechanism are included and as a pre-

réequisite study,the influence of Montreal climate on’facade weathering

i

is also discussed.

F ————

The ana1ys§s of the selected examples asgists in appreciation

of/the'meéhanism of surface hydraulics as well as in reinforcing.the

ability of designers and builders to evg]uate and pregitt‘ the behaviour . A
of rainwater moving over bui]d%ng facades and the Fesulting weathering
patterns;

.

A , t
3.2 INFLUENCE OF MONTREAL CLIMATE ON_FACADE WEATHERING

‘b Montreal is 1oca§sd about two thirds of the way up the St.
Lawrence River valley giving it a continental c]imaté. The city is ‘
situated between 45° N and 46° N lattitude (see figure 3.1). As pre-
viously mentioned, the climatic influence on weathering of building

facades is mainly dependent on polliution levels, rain and wind patterns.

. 3.2.1 POLLUTION FACTOR

Air pollution is an'imgortant feature of the Montreallcfimate.
»
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Compared with other cities, records showed Montreal city to have the
highest dust*fa11 of any city in Canada and to approach the values §e-
corded in some of the worst areas in th? United States [23].

Many{types of pollution are produced %n thg city, including
dust, smoke, carbon dioxide (COZ) aﬁd suchidangerous chemical gaseszgs
sulpher dioxide (502) and carbon monoxide (from automobiles). Measure-
ments of pollution level are mainly concerned with a parameter called
'Soiting Index'* OBservation using smoke samplers has shown that air -
pollution can vary with location and the time of the year,, Figure 3.2
illustrates the seasonal cycle of the Soiling Index at three sites.

(a) A reside%tia]-commerc%alfdowntown area near the corner

of Cres;ent and deMaisonneuve Boulevard (see figure 3.3)
_ (b) Another residential-commercial area near the campus of
McGill University\(about a M1f mile away from (a)).

(c) On the top of Mount Royal at the CBC tran7mitbgr.

It can be noticed that site (a) has the hfﬁhest levels of air pollution

and that peak values are usually recorded'durihg the héating season

from November to April,

Deposition of dust and soot particles carrying contaminants

such as 502, CO2 and other dangerous substances. over bui]ding facades

can brijng about harmful effects when interacts with the facade material.
The interactioﬁ% are enhanced in the presencé of rainwater and can lead

not only to weathering but also to more serious decay and disintegration

of the surface material. The consequences of such interacitons are

elaborated in Appendix I.
3.2.2 RAIN FACTOR

, . According to the climatic data of Montreal [8], there are

* So11ing Index 1s the presence of soot in the air.
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approximately one hundred and eighteen rainy days expected every year
with cons&?enab]e variations in }ntensity, duration and the accompanied
wind velocity. Despite the fact that precipitation in winter is in the
form of snow, there are on the average three to six rainy days ber
month in the period between December and March. (ie. the period of in-
(creased ollution levels). The mean total a/gunt of- rain (aﬁirage of
30 years measurements) is 43 inches (105cm) per year and 3.5 inches
- (8.75cm) per day [7]. The seasonal variation in precipitation recorded
at Dorval Airport from 1957 to 1966 is presented in figd%e:3.4. More -
detai*@ about duration of riinfalls together with the intensity-
frequéﬁcy are illustrated in table 3.1 and figure 3.5 [23]. It ca; be
noticed from figure 3.5, that the greatesf rainfall quantity for a
duration of 60 minutes has the value 0.95 inches for an expected return
period of two years. !
0f more importance is the consideration of the average Yain-
fall quantity.that éccurs most often, Theréfore, the recorded weather
. data of the méﬁsured rain intensities per hour was. further analyzed.
The results of this,analysié,.presented in figure 3.6, show that rain
intensity of 6.2 inch/hr (Smm/hr)* is the “most ffequent intensity that
occured dur1ng the per1odapf 1970-1975. -
The movement of rainwater over the building facades causes.
€ leither a partial or a comp1ete washing action of the deposited pollut-
ants. Generally, the washing process is uneven anﬁ hence results iq
differential staining of the facade surfaces ﬁeading\ disfigured ap-

N

pearance.

\.j

hoN
* The quantity 5.0mm indicates the depth of the accumulated rainwater on
a horizontal unit area. As explained in Chapter IV, designers can.
convert such quantity to its equivalent that will str1ke—a vertical .
unit area (ie. one square meter of a vertical wall) for any given
speed of the accompanying wind.

o £ o A s s i b e e o
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3.2.3 WIND-DRIVEN RAIN FACTOR

H

. 'Variations in wind direction and speed present another im-
portant factor to be considered. To“ilgustrate the wind condition in
Montreal, some selected mean wind speed values with the highest wind

L]

speed and its direction for eagh~month is preseﬁted in tdb]g 3.2. It
can be noticed that there is not suda;n fluctuation in wind speeds over
the year and the dominant pattern indicates long periods of almost a
steady speed. Such prolonged periods of 1ight winds is quite a sign-
ificant feature, especially in a polluted climate such as Montreal sinée
.they‘favour the accumulation process of air pj/lution over building sur-
faces. Table 3.3 gives the average frequency/of such long periods of
light winds (8 m.p.h or less) over an 18 year perioq.

A study [23] of the me;;dfrequency_of hourly occurences of
winds in all months of the }ear has been carried out at Dorval and St.
Hubert Airports for the period of 1957—1966. The outcome of this study
pertajning to the wind patterns ig presented in figures 3.7 to 3.10.

It can be concluded that winds from the sector SW to Wat Dorval occur
most freguently in all months of the year. Such winds at St. Hubert
Airport favour the direction WSW to WNW. During the colder months of
the year at both ajrports, there is a Jarge incidence of winds from NE
to’'NNE sector, in some months about 20%. .
A third significant wind frequéncy maximum from the southeast
was récérded at St. Hubert Airport as shown jn‘figures 3.9 and 3.10.
This is not noticeable at Dérval. The period of sou}heéster]y winds is
often followed by a wind shift to the soufhwést. ’

As a conclusion, the génera] wind pattern of most moderate to

sfrong surface winds expeéfed in the Montreal area will generally favour

TP JOORTI M TR Lo
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the direction of St. Lawrencé valley flowing from high to low pressure
[23]. During periods of rising pressure, the winds will blow frem a
;outhwesterly sector. During periods of falling pressure the winds
will blow from the north-northeast. Percentage frequency rose of wind
from all direction§\3s‘111ustrated for a hypothéfica] squqre_p1an _
building¥in figure 3.17. “

Of more importdnce is to consider the prevailing conditions

‘of wind during rain, since the resulting combinations affect the weath-

ering of building facades. For Montreal, such conditions of wind dur-
ing rain have not yet been investigy%ed. Therefore, as a part of the
present research, the climato]ogica] data of wind and rain were further

examined to determine whether or not there is a predominant direction

,frig which wind-driven rain originates. The procedure followed was

based on analyzing the monthly data recorded at Dorva1‘AirporE for a

« period of five years (197b-1975). The wind direction - while hours of

rain.- for each rainy(day was noted, the sums were taken and percent--.

!/

ages calculated, Conclusion of this analysis is illustrated in fiqure

3.12 for a hypothetical square plan building subjected to wind-driven

. > .
rajn expressed as percentage frequency compass rose, It can be noted

A

that:, R .
- No particular direction of wind-driven rain dominates.

, , . 7
- SW to WSW, NE to NNE and SE to §SE are the most frequent
directions.

The analysis of the weathér'data has also shown that the

: occurenég QZ wind during rain having a speed of 0 and 9 m.p.h.

(ie, 0 to 14.4 km/hr) is 47.2% of the raining time. For a wind speed’ "
©
varying between 10.to 19 m.p.h. (ie. 14.5 to 30.4 km/hr) the percentage -

i

—
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occurence is 46.2%. Figu;e 3.13 illustrates atcompari;%n of the fre--
.quency of differeq; wind speeds while raiding:

In actual pract%ce, it should be emphasized, these findings
are freqdeﬁf]y modified by both‘(a) exposure conditions determined by b
orientation and the building's surroundings; (b) the architectural
méssing of the building and the geometric configuratioh of its facades.

3.3 SITE OBSERVATION OF WEATHERING PROBLEMS IN MONTREAL

An extensjve field observation was planned and carried out °
in the Montreal area to evaluate the seriousness of weathering proble%s..'
Thé observations Qere planned in two main phases. ,The first considers
the facade weathering on the macro-c]imgté scale and the influence of
orientation and the sdrrounJing buildings ?n the problem. In the
second phase, particular emphésis was given to weathering of facadg_
surfaces on the mipro—climate scale and the effects of different geo-
metzjca] configuration on the surface hydraulics and'hence, on the re-
sulting staiﬁing patterns. Particdlar considerati:? is given to panel-

" zed facades using precast concrete panels and the éffect of their
sectional profiies on weathering.

To achieve the intended meritg‘of such observations, the
following éystematic strategy was fo]l;wed:

" -~ Choosing specific examples of new/oid residential and:
commercial buildinds in'similar sité conditions in fhe »
downtown area as the case studies required ﬁér subsequent

. analysis and comparison.

- Idenf%fying each igiq;méd Euilding (ie. its location,

¥
age, materials used in facades, etc.) whenever needed.

.

7
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- Categorizing the weathered facades so as to estab]ish

2 . .
d to- emphasize their impact on the required performance

rZ]afionships between the casﬁa] factors on the one Aand,

a
’ A

on the other,
L Y LS

/ - Analyzing the sensi%ivity’of each factor in agg{avating'

or minimizing the resq]ting weathering.

'3.3.1 WEATHERING OF FACADES ON THE MACRO-CLIMATE SCALE |

Considering the facade as one surface, exposure to\driviﬁg
//~//':§in presents_the main isspye in its weathering. . The general observa;
tions sugéest that much_of the diffgrenfia] staining and disfigurement
of facades are attributed’to the partial wetting'and.hencé the partial
‘washing of surfaces.’ The problem is further aggrayvated by :he\fact that’
fhe various elevations of a building receive markedly differenéﬁamounts
of driving rain according to orientation and location. l'
An éxamp]e of such a situation observed in the downtg n area

Vs L.
is illustrated in figure 3.14. This 18 storey building is alﬁo%t free

from all sides and the surroundiﬂg/bui1dinds are gené%a]]y 16w-41§e.

It can be ndted that the north-easf and south-east facades have |sub-
stantially altered their or%gina] appearance due to the partial washing
of deposited pollutants. .©Only the top and side edges are kept clean in
contrast with the middle areas that display the accumulated unwashed )
pollution. The degree of disfigurement is 1gss on the other-two

facades, particularly the north-west, however, the stained battern hav- -

}ng a bell shape form can still be traced.

‘
Y

In another example pictured in figure 3.15, similar bell
. shaped staining pattern has characterised the main. facades of the corner
building. On both the north-east and north-west facades the driving

| //’ | , - | o -

/

t H -
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* figure 3. 16
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‘'~ rain has washed(gth the top and edges. The same situation iS'repeated-'

on the north-east aﬁ§;south east facades of the building pictured in

Among the observed’buildings that show similar stainingkpat-”

" terns is the one pictuhed in figure 3.17. The north-east facade of this
. " ®

building was observed during driving rain coming from different direc-
tions. The aiﬁ has been to study thé relation between the different
" wetting patterns likely to occur and the resultant stained!and washed
“pattern. In tases of exposure to driving rain as a wind-ward. side, the
" induced facaQe wetting varies from partial to toptal depending on rain

. . 5
-intensity and duration as well as on the wind speed. . In most cases,

v

& - ¢ ¢ : .
however, wetting was usually limited to the top and side edges as il-

-

A 4
LY

lustrated in figure 3,18 (a); When the facade is subjectea to a driv-
ing rain f%e1d°as a side wall, wett1ng - unless 1n heavy rainstorms -
is usua]f& experienced only at the top areas and the corner towards the
wind direction (see figure 3.17). Even in cases of exposure as a Tee-
ward face, wetting is encountered ohly at the top harts as @11u§trated
in figure 3.18 (b). Depending on§th€ rain quantity and the surface

absorptivity, the wetted area‘mayfexpand toward %ggfr levels. The

d1agrammat1c 111ustrat1onofthe d1fferent wetting atterné dischssed

aboYe is presented in figure 3.17. Super1mpos1ng the results of all
pqesible exposure conditions gives the final weathering - ie, the con-
tinuously washed and unwashed surfaces. It can be not1ced that wash1ng
*is more likely to occur at the top four storeys and near the corners
(recall the influence of wind flow patterns om the resulting weathering ,

as explaiped in section 2,3.3). The remaining surfaces receive sub-
o - ! .

stahtia]ly less washing action and hence 'display greatér amdunts of .

.
u . /
A I .
. ,
.
L !
|
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dirt particles resulting from the'origin811y depositéd and, those
migrating with the downward flow of water increasing the rate of dis-
position. : . ,QJ’ :

. : . . T
It was also obkerved that. the .long term ‘exposure to driving

rains aggravates the contrast betweenlthe~continuo&sly'washed and un-.

washed .stained areas. This can result in more severe di$figurement;

‘G | o
figuré 3119“pictures a°50 year old building that illustrates clearly

" 'such an andésirab]e situation. It can be nbted that the heavily

accumulated pollutants form .the same bell shape staining pattern observ-‘

;

ed on many other facades. ) @
i When. the building is attached to. another side bu1]d1ng, the

driving rain flow will.be eliminated at this particular corner and the

increased wetting will be limited to the other 6orner,of the building

O’ facade and the top storeys. Figure 3.20 111ustr5tes the resulting pat-

. tern on a concrete facade in central Montreal. The chéange in appearance

is also attr1buted to the 1ncreas1ng quant1t1es of /dirt accumu]at1on on

" the surfaces near the street level. Alike and more severe]y affected,

is fﬁé‘stgne fécadg pictured in figure 3.21." It can be noted that the
free co;ner is subjectea to more w;tting and hence washing action if
‘compared w1th the other corner. ‘. \ ’
Sta1n1ng the facade surfaces near the street Tevel can be fur-.
‘ther aggravated when the facade is surrounded by tal]er bu1Td1ngs that
m1n1m1ze wetting at the lower storeys and 11m1t it only to the top
aregs. Anlexample,that 111ustr5tes this situation is pictured in figure
3.22, The five s;orey.facade is surroyﬁded‘by taller facades from al-
most all direcgiohs.“ Tﬁis causes wetfing to occur mainly at the top

levels Th contrast with the other surfaces that receive -substantially

.
1 , ) f. . \ .
. . .
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less amounts of rain. In another example, wetting and hence washing

qﬁﬁion is more pronoqnhed at the upper three storeys of the facade

l/bictured}iq;figure 3.23." The panels of the\other storeys display un-
% wakhed - ;tained - surfaces due to lack of enough rainwater. The fif- ‘
% teen ‘storey building agross the street (see the accompanied mab in

| figure 3.23) he]p'aggravating the resulting differential staining by

giving shelter to lower storeys from driving rain.

3.3.2 MAIN FINDINGS OF THE MACRO~CL IMATE EFFECTS

In essence, all building facades are subjected to dri%ing .
:raiﬁ whethé? as a windward, leeward or side face. The resulting wetting
patterns - supeﬁimposed each other - detérmine the final washed and un-

washed pattern. Regardle;s of the facade orientation, the top and side

edges of the observed facades were usually cleaner than the remaining

% surfaces. For materials that are more susceptible tdé retain dirt, such
| . - .

. as limestone and sandstone, the differential staining was more pro-
i nounéed. Relative to stone facades, concrete usually display less dif-

} ferential staining. Exposure fo direct driving rain aggravates weath-

fering of facades. Based on the wind-driven rain rose - figure 3.12 - there

115 not any particular direction dominating the others, and the driving
% rain on the south-east, north-east and south-west facades have almost

that same frequent dccurence. Driving rain on the north-west facade is

comparatively less frequent. These findings when correlated with the
- observed weathering on facade surfaces aPe found to be in a good agihee-

' ment.  When given almost the same site conditions, the facades are less

’f subjected’ta driving. rain - je. the northlwest facades showed less dif-

'! .
. ferential staining on their surfaces. On the other hand, the contrast

‘between th& washed and unwashed’areas is generally enhanced on those

[

(RN S —— o ey ——— -

.
e e .

YL T Y SRR




P ‘
, .
Co .82 -
N * L
.

r

fﬁcadgs exppsed to m;re frequent;dfiG}ng"}ain‘g ie.‘SE, NE, and SW .
facades. This contrast can be further aggravated when the surround;ng /
bui]aings ipfluence the resulting wetting to bé ]imited‘on]y to the“

top storeys|. The final weathering pattern hbwever? still depends on
othen:variables éuch as the surface geometry and its material charact-

« - eristics pafticularly absofbitivity and texture. The effects of these

factors are elaborated in the following sections.

!




s

=43 -

(100)

5 Lin dos Lowentides
@ ) :
' L*Agsemption (CDA)

" Q Z
7.

/s (%0)

_Rickolion

oo Thiuse Hillsdete O F
(200) ;

]

WEATHER REPORTING
STATIONS
IN THE MONTREAL AREA

Oho Clechilde (CDA) [
o RELATIVE
OF RECDRYD.
OBSERVATIONS BEGAN
|
M

U -
i ”sf z ! ':u
. . Y ’j‘. ; 1 - —r
FIG. 3.1: A map showing the location of the city of ontreal .
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(After Powe [23]).
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Seasonal cycle of soiling index at Montreal.
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- coefficient of haze - indicates the capacity of
air in a cylinder 1000 feet long and 1 inch in
diameter.

(After Powe [23]).
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F1G, 3.4: Seasonal variation in precipitation hours at Dorval Airport
based on the period 1957-1966. (After Powe [23])..,

TABLE 3.1

\I RECORD SHORT DURATION RAINFALLS AT
- DORVAL AIRPORT 1942-1968

Gm;m Rainfall APR MAY JUN JUL AUG SEP OCT NOV
.10 60 \ .60 . .37 .50 .33 16 13

in 5 minutes

' 9/67 22/45 24762 10/66 16/66 27/51 25/59 23/53
in 10 minutes .19 61 .90 .52 Jé .38 31 A7,
- 4/63 22/45 6/63 10/66 18/66 2/52 25/59 23/53

in 15 minutes_ .26 43 1.20 .65 1.06 41 .37 .19
4763 22/45 6/63 8/58 16/66 4/66 25/59 23/53

in 30 minutes 33 67 1.39 86 1.45 61 67 26
) 4/63 22/45 6/63 1/56 16766 4/66 25/59 23/63

in 60 minutes 40 J4 1.58 1.07 1.57 .84 1.10 40
4/63 22745 6/63 /60 16/66 12/63 25/59 4/50

in 24 hours 1.29 148 267 285 271 276 2.16 2.7

6749 4745 15/43 S/58 21/52 12/63 25/59 , 4/50

(After Powe [23]).
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TABLE 3.2
/ " AVERAGE MONTHLY AND ANNUAL WIND SPEEDS: DORVAL AIRPORT
‘//RKK Period 1942 to 1968 .

k!

JAN, FEB. MAR. APR. MAY JUN. JUL. AUG. SEP.

27 Year Average 124 124 122 120 114 103 9.5 9.1 9.7

Highest Average 15.2 14.6 151 139 155 11.6 10.8 10.2 116
Year with Higholt%cmgo 1950 1945 1943 1943 1947 1950 1960 1964 1962

. Lowest Average 9.9‘ 9.7 84 10.3 60 5.8 5.7 44 5.7
Year with Lowest Average 1955 1955 1967 1966 1968 1968 1968 1967 68

OCT. NOV. DEC. Annual

10.8 1.8 1.7 g

129 144 T4 N9
1955 1963 1946 1945

7.6 9] 94 9.3
1948 1966 1958 1967

! Maximum Speed for 1 Hour SW51 NE 50 NE 46 NE 39 SW 46 SW 42 NE 33 N 35 NE 42 SW 37 NE 46 NE §1

14th  26th 1st 8th 9th  29th 6th 31st 2nd
1950 1961 1942 1956 1964 1957 1948 1954 1963

Maximum Speed for 10 Mins. SW 60 NE 60 SW54 W50 SW54 SW4H6 NW44 S49 §52
. T4th 26th 20th  5th 9th 29th 4th  9th 27th
‘ 1950 1961 1943 1945 1964 1957 1955 1966 1942

Mcximum\gusf -SW75 SWB6 S110 SWE3 W77 SWE9 NW6E7 S65 S 64
19th  25th. 5th  18th 22nd 29th st 9th 27th
) T 1943 1956 1964 1945 1945 1957 1946 1966 1942

\ (After Powe [23]). ‘

i ’ .
; _ TABLE 3.3 .
|

’

DORVAL AIRPORT 1951 TO 1968 INCLUSIVE '
PROLONGED PERIODS OF LIGHT WINDS (Under 8 mph)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct

Average Number of Periods
that Lasted at Least

\

6 Hours 11 15 12 1" 12 12 15 4 12 1
12 Hours 5.1 6.1 54 3.5 52 54 68 7.6 6.0 6.9
24 Hours .4 1.4 18 9 & 17 18 2.1 1.7 29
36 Hours 06 03 -8 -3 o4 03 09 9 09 ‘-9
2 Dﬂyl .1 .1 3 | 2 c‘ .5 3 -3 7
3 DOY‘ . ‘ 01 '2 o‘ 02
; 4 Days . . .1 .1 ..
- N\ S.Days , R
l ° ‘
| :;..:5.":: 'l.‘:f.'i::f B335 35 7 40 46 49 443
r - 8 mpl:\‘ R
' - N\ . *|_ess thon .05 - ..

w

(After Powe [23]).

31st  26th  12th
1951 1950 1944

SW 46 NE 48 W 58
27th 4th 2nd
1942 1965 1942

SW 62 SW63 W74 ‘
24th  21st 2nd
1957 1956 1942

Nov Dec
10 N
59 5.4
2.1 14
1.2 .6
6 .3
.3
[ ]
34
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FIG. 3.5: Greatest rainfall intensities that are likely to
- . occur during short durations for a return period
i 4 7 0f 2,5, and 10 years.(Based onweather data [23]).
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FIG. 3.6: % frequency.of rainfall in different intensities
(Based on the author's analysis/of recorded data
for the period 1970-1975), ' '
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. Frequency
: —_ E. —— e Direction %
ﬁ" d N 3.8
: ) NNE 8.2
“ NE 9.5 “
‘ ENE | . 6.3
’ ) E 5.8 :
' ESE 4.6
Case (A) SE 11.6
SSE- | 11.6
S 6.3
. SSW 3.8
- . . \ SW 7.9 |
| WSW |- 6.1,
W 4.7
WNW 2.5
! NW 1.9
s / ‘ W | 2.1
’ . »
. } .
" .
Case (B) | . S . B o,

[ - ‘. X X —

' FIG. 3.12: Diagrammatic illustration of a hypothetical square plan
. : building subjected to wind-driven rain:’' (A) if
oriented towards the compass points (B) if oriente
towards the mid points. '
Calm winds below 1 m.p.h. haying a percentage frequency
of 3.3 are not shown on this wind-driven rain rose.
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% frequency of wind occurrence (during rain) in

di fferent speeds, :
(Based on the author's analysis of recorded

- data for the period 1970-1975).
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that is more pronounced in ‘the SE, NE facades of

The unwashed surfaces form a bell-shape staining

The increased wetting of the facade top and side .

edges, 1imits the washing act

this building.

f

Location/nature of the surrgundings
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The samé%beﬂ-shape staining pattern is vrepeated

on the NE,  NW facades of this building.
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FIG, 3.17:- The final weathering pattern of any facade results
from superposition of all possible wetting patterns
induced when the facade is subjected to driving rain

- coming from different directions.
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Building name y : Bell Canada : ‘ 0 Residentia
Age in years : 30 o 2 Commercial
Facade material :° Cut lime stone ’ i o Others
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(23

|

24 A /
Y

St 7,

-
-
=T
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FIG. 3.19: Example showing the effect of the long term
exposure to driving-rain in aggravating the
contrast bétween washed and unwashed surfaces.
i The result is a serious disfigurement of the

: building appearance. °
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(o} R,e*S’idenIiaI
’ . & Commercial

Facade material : Precast|concrete~ ’ | o Others
]
|
, N
‘A
%) L :
wemg  dw mmuu-tund!
[ .3 . . ) . [{ 5.
Location/nature of the surroundingy 30 o© 180
mim;?h I’mj" ‘
- in >
L "' llr A ’ - '
‘ (
washed —
.““P-.'F' s stained- o
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.\ ' | .
E lllnl lll\lllll . ,
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0 FIG. 3.20: An example of the staining pattern when thé .
building is attached to another side gne. - ~
» . \

P AR

ke




: - 59 -
.Building name . C.N. Headquarters ‘0 Residential
Age in years : 18 ’ ' & Commercial :
Facade material : Cut lime stone : B CLszz:s T
. Bouivesd D N . ‘
» ) ‘ f { r
, | "
~
!
Ll
{
Location/nature of the sugroundings
» == =227 COTG CECh, . ,
R = v a s u f uuua '
s T TR it |
, ;::%? ] , ‘ -
"k T ’ 7
e A ' ] _washed
o .
(ot ] " o
s LT T . stained
) i
SE

FIG.

I ; / (

.
a
'

3.21: MWetting is enhanced at the free corner and

e ——————

+hence the resulting bell-shape staining
pattern is modified. '
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Building name

Age in years

Facade material :

- - > “m

a- 60 - I ' ’ I
Central Station ' : . 0 Residential
35 . . ' & Commercial
Cut lime stone ‘ ' 0 Others

»
W

FIG, 3.22:

=1
>
=
4
2
-
2 =

J C

Rue

) sectxo n-y

An example show1ng the 1nf1uence of the
surrounding taller building, in minimizing

- wetting of the Jower storeys of this facade.

The differential stainipg is then increased.’

b raarne = b ——— -

-ﬁ.-l“i‘;t.f TN

I ) _
- . -
A S S AR S oG arti T i T il




- 61 -
Building name : The Ellsworth . & Residential
Age in years : 1 I @ Commercial
Facade material : Precast concrete ' : "o Others
3 | :
- l | , ..//

3 — , [ /[

X & X! 3 '

e "'-,N

* N
Ve e . : 'igale (2Prox. in meters ) —
SO 30. 0. . 180 -
. P " B f .
Location/nature of the surroundings

¥ ’ ‘\'.
. YN -
| e ® ) e
‘ - [J’hr‘? "";1 c . . T
.t '?.-‘-— \\": : ¥
’ = ==
. —r—— N Jrr——
r— ‘\h-—g..
‘ N sccuou X=X !
"'\’ . B
o FIG. 3.23: wetting by dr1v1ng rain, and hence washing
.., action, is limited to the top storey of
this facade. ' , ,
] “ L 4 .
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{

3.3.3 WEATHERING OF FACADE SURFACES ON THE MICRO-CLIMATE SCALE

In this section, the influence of different geometrical

configurations of a facade on its weathering is investigated. General-
\_...,—‘, -~

B ey

', ly, most of the observed examples are medium or high rise buildings

i

located in the downtown area of Montreal city and are assumed to have

‘similar exposure condition to pollution deposits hnd to driving rain.

All the case studies a}e facades using porous materials particularly

concrete and cut stone. Emphasis is given to precast concrete panels °

" and the effect of the sectional profiles to aggravate or minimize weath- ' »

ering.
In this study, the observed facade éurfaces are classified

» .
on an abstract level into three main categories:

(1) Moderytely. sculptured surfaces
, (11) Heavi?} sculptured surfaces ~\\\\ o ‘ ‘f
& (I11) Plain surfaces ' ‘

Emphasis iﬁ(ﬁjven to the first category as it contains most of the -

pbservations. The main groupé éﬁd the architectural detaits defining

each one are illustrated in the chart presentediin figure 3.24, Sub

.. groups are also established with diagrammatic sketches showing the

R © © characteristic staining patterns. The final lTevel in the chart includes

,.ltypical examp]es of the observations. ihen more than one example are

] 'ofrthe sﬁme typé, the group will be qrranged in a vertical series from

. “:'petter we?thering to poor wéathering'top to bottom. The detaf]ed \

'ﬁ/"';. anéiysgs;aﬁd comparisons 6f case studies are illustrated in figures
% 73,25 to 3.52,

(1} MODERATELY SCULPTURED SURFACES:

(4




(1.1) Vertical Projections

The observed examples having vertical projections ars divided

=) [

' in two main sub groups. The first comprises big scale projécting
masses, the second contains all other small scale projections such as

it e __vibs, mullions, etc.,

- . ~

. ‘ -~

(1.1.1) Big Scale Projectionss

- The vertically projecting masses cause prétection of the in-

- - - =1

- side corners from driving rain at any angle other than the one peré?gé-

’ icular t6 the wall. Accordingly, the protected areas will be less
. washed than other nearby surfaces and hence, more susceptible to weath-
efing. Figure 3.25 illustrates a typical example of such a situation.
The vertically projecting masses of the north-east facade have protect-

ed the inside corners (as shown in the figure) from the north-east

driving gain that has a Eonside?ab]e frequency (recall the driving rain

gpse figure 3.12). The result is 1oquifed stains on all the sheltered

areas. The width of the stained area is abproximately halfighg'extent :
i o of projection. Stains §rq generally more pronounced near the street
level ¥ ¢

) n some cases, the pro;ecting masses can cause staining to

4 occur at both insidé corners. Such a situation was observed on the

Ll

south-east facade of the same building (figure 3.26). This facade has

.fronting on a main downtown street, its exposure to driving rain modi-
modified due to thé local wind éonditions. The tunneled air flow sys-
~f tem does not, permit rain to wash the inside corﬁers of the projecting
-masses, The probable trajeétories‘of rain and wind are presented in
the séme figure_b;sed on Couﬂér's investigations [9).

¢

»
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(1.1.2) Small Scale Projections:

Considé;}ng other vertically projected elements such as

mu11ioh, ribs, étc., the .associated wetting pattern may be somewhat

 different to that discussed above of a projecting mass. Run off water

————— " WiT1 be concentrated in a downward movement increasing i}s potential

washing action at the inside corners. In contrast, water can not move
in greét quantities over the exterior flat surface or over the side sur-
faces of the vertically projecting elements. Staining, due to the
accumulated dirt deposits is much more 1ikely to occur over these sur-
faces. Figure 3.27 illustrafes two examples of the‘resulting weather-

ing in such a situaiion. It can also be noted that when the concent-

+ rated run-off is allowed to move freely over the wall surface under

s Lol
projections, differential staining occurs.

(1.2) Horizontal Projections:

The examples observed in this group are mainly of big scale

masses or small scale elements such as belt courses, spandrels, balcon-

"ies, etc. Generally, horizontal prSEEZ?ﬁons give shelter from driving .

rain to the surfaces below. The projected zones will be less washed if
compared with other .nearby surfaces, accordingly, differential staining
is Tikely io occur, St;ining is further enhanced if the surface
material is more susceptible to retain dirt deposits. ~Figure 3.28
illustrates two examp]es;‘ip the first, dark-stqins are displayed below
each project%ﬁg mass. In the‘second, stains. occur over the concrete
surfaée'of the‘projecting mass due to partial washing. The surface

under this projecting mass is glass panels (ie. 'non-porous) and hence

displays no staining.
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Generally, horizontal projections are characterized by their

lack of adequate detailing to control rainwater movement over wall sur-

. faces, Figure 3.29 illustrates three examples of projections, all have

failed to control the falling rain over their horizontal surfaces. In

“the first example, water is directed sideways and hence the stone sur-

face under the brojection seldom gets wet. In the second example,

water arriving to the projecting belt course is allowed to move freely

causing irregular staining of the stone surfaces around it; The third
, . »

example shows simidar disfigurement of a projecting spandrel due to

differentiaT staining resulting from uncontrolied water flow over sugch

white concrete surface. .

_Ih another examble, figure 3.30, the projecting spandrel shows

uneven and discontinuous staining pattern. The ‘¢lean areas are shelter-

ed from rain Qy'the projecting balconies of the above storey reversing

-

the staining effects of figure 3.29.. On" the othér hand, the unprotected

surfaces allow water to carry deposited pol]utants and redepos1t them
over the surﬁaces of the spandrel. Without the 1arge scale protect1on
the'washing'action bécomes the primary staining mechan1§m. ;
¢ - If the minute details such as drips in soffits are err]ooked‘
when designing horizonta]]f projecting elements, weathering will be
more likely to occur. Omission of drips or improper dimension*, results
in undae wetting of soffit surfaces. As illustrated in f;gure 3.31,
wettingocén lead not only to.changes in aﬁpearance but also in deter-

foration of the material. The problem is much more serwous whqg§echoed

on soff1ts of prOJectIng ba]con1es s1nce the excess wetting affects the

-

il

* Drips less than 15 x 15mm repeatedly failed to prevent water bridging.’

< . . :

™
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(1.3) Combination of Vertical/Horizontal Projections:

This group is characterized by combined vertical and horizon-

¢

f .

4 . .

f deteridgtation of the reinforcing‘stéei bars (see figure 3.32(a)). .

%‘ /// If rainwater accumulated over the horizontal surface of a

g i projection is not controlled in a vertical channel or a reveal, streaks . ] :
S ‘
i .

_% \\ due to increased wettingﬁwili be 1ikely to occur. An example of such.a . 1
o situation is pictured in figure 3.32(b). !

tal proaecting elements in a frame shape having a certain thickness 't
and a projection 'V' (see figure 3.33). Most of the staiming patterns

’ discussed in (1.1), (1.2) are likely to occur with this group. If ihe4f
projecting frame is repeated on the facade surfaces, th eathered sur-
‘faces around such projections are according]x/incfease;%/wFigure:3.33

pictures two examples of the resulting weathering patterns on the

BRETIR SR
H

] -facades of two buildings in the downtown area. In bothbuildings, the
(\ . hd . .

same pattern is repeated under each projecting frame on the stone sur-

faces of each facade. . ’ ﬂ e |

Generally, the observed ‘examples can be classified into two

‘vo..

i o 4ga1n:sg5 groups. Ip the first, the projecting frames are separated, -
! J , whereasa&ﬁ{the second they are attached ) " )

| - - (1.3, 1) Separated Projecting Frames

}‘ F ‘ Observation and comparisons of the different proaecting frame

| pa;els be]onging to this sub-grouphave indicated that detailing of

} If - | panel profiles can aggravate or minimize the resulting disfigurement.

“”‘ Increasing the thickness 't' of the prOJecting frame increases the ex-
 terior flat surface that is stained as 1]1ustrated in figures 3.34 and

D © 3.35. Increasing the extent of projection V results in maximizing the 3

side areas of the frames that are also susceptible to‘weaihering.'
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The resu1t1ng uneventita1n1ng is 111ustrated in f1gure 3. 36 ) 0

The horizontal and vertical spacing between frames (x, Y) in

Ve

relation to the projection V presents another factor to be cons1dered

(

since these Iocat1ons often dnsplay Tocalized dirt accumu]at1on. Nhen o

v

v-or ﬁ-\ 1 the potent1a1 weathering between projections is more masked
due to the effects of shades and shadows (as shown 1n figures 3 34 and{ .

3.35). If the ratio V or V > 1 weathér1ng will be, more pronounced (as” . o
ie. ) S

shown in figure 3.37). - J . . -

When the spandre1 surface below the prOJect1ng frames is

splayed 1nwards weather1ng is further aggravated becauser . S

e

R L
» The downward movement of rainwater is 1nterrupted. e g

J

- The washing action induced between projections is reduced. !
. . § .

" - Water is~a110wed to move on the top surface of the horizon-.

ta1 projections and carry the depositio pol]utants. This / LT

process causes redeposition of such pollutants on the 23.

. . AL

vertical surfaces between prqaeozlgéq. & R " °
Another common‘prgbiem is the lack of adequate vertical o "

channels to control rainwater. In all the observed cases the design of "
the frame corners allows a horizontal' sideway movement of rain between

frames. This interruption of the downward flow i@}usuéllx accompanied

by localized deposition of djrt particles.around the frame corners (as - - . .
1]1ustrated in figure 3.38) : ‘ . =

¢ . . . -,

i
) Furthermore, ‘when the vertically channe1ed water from above

is re]eased to move free]y over the spandrel surfaces nea(ﬂground level,
differential weather1ng is commonly found (as 111ustrated 1n f1gure 3. 39)
Increasing the length of‘the spandre] (Z) results,in maximizing the \

areas subjected to weathering. On spandrals with smooth and 1ight' e

k) «
o .
Oy - +
. \ - B
N

- * A} s
. 1] . N , R -~
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" colour material the contrast between stained and unstained surfaces is

@
s, more pronounced. . -
oo (1 3.2) Attached Projecting Frames:

If the proaecting frames are attached with no spac1ng in be-

twegen (ie. x =oY = 0), theweathering problems will be more likely to '
occur over the soffit; and the side surfaces of the vertically project- -

.

'fng elements. Ohission of drips allows the rainwater carrying the de-

. # . .
,pthced dirt particles to move over the glass window causfng probable
staining*and etchihg; Figure 3. 40 illustrates two examples of the

resu]t1ng weather1ng pattern. Staining can be generalIy aggravated ﬂf ' |

the downward flow of water over the progect1ng ribs i’s interrupted

% " ]

/ exampte of such a situation is p1ctured in figure 3.41.

4 - ) '
. f' =, In summary, the weather1ng‘patterns.assoc1ated with the facade ) !

4 . °

"7, . elements having projecting frames are related to:.

A :" R 'N_"é The basic dimensions t, v, x, Y, Z of the frame profile.
" ) " 3 Increasing t, V, orcthe valués 6f X, Y, Z relative to V to.

Doy Co L, more than 1:1 increaseg'the potenfia] weathering.
- The 1nterrupt1on of the downward f]ow of water a1low1ng

L ‘ hor1zonta1 sideway movement between projections. N

S - The uncontrolied movement of rainwater over the spandrels

d " ~ near the street level.
S ,:.' - - The omission- of drips in soffits of hor1zonta1 proJect1ons.
a (i.4) Flush/m“‘ched Openings: . .
N L " The facades of this group are characterized by the lack of
111‘ G. 3,24,f ; Prdﬂections that usually causes more exposure of fheir &urfaces to | . @i "
L'; ‘. T I. raimwater. Windows 1n a facade develop comparatively more run-off thahg A
?; “f{.~ . c‘”thh surroundihg llll llterial. accordingly, 1ncreased uetting occurs | :;




ﬁmgiow w%ndows. The resulting ;Eathering patterns are directly relatgd .

to'the window design and its control of rain run-off. Nhenuthe'rafn-

wate} is directed sideways on the horizontal plane of the sii& the
2 j resu1t1ng pattern of washed and unwashed areas will be different from
? that usual]y occur1ng below-the sill. 'Figures 3.42 and 3 43 illustrate
' typ1ca1 examp]es showing the resulting weathering pattern in each case.
; . Further observation of numerous examples spows that correct
detailing of‘window sills to control water movement is generally over-
looked. Figure 3.44 depicts thrée different examplest
(1.4.1). Flush Openings: |

Onéhof the important factors that affects the sill weathering

is its reé%ssed depth 'R'; Windows with narrow sills (ie. R = O) allow
8 ; 1éss‘dirt and soot depysits and at the same time receive less rain
% o quantities th9n'deep §111s. Below sill weathering, however, can still
: . occur &5 illustrated in figure 3.45. The resulting battern is further
modified below each window @u]lion as showr® in the séme figure. The
reason is attributed to the concentration of the randomly moving rain '

| | N
: drops into downvard streams at the vertical mullions.

Y

‘ (1:452). Punched Recessed Openings: X
' Recessed openings are more susceptible to weathering than
" sthe flat ones. .Obséfvation has showed that increasing the recessed
‘ déﬁth 'R substantia]]y‘agé}avates the problem*, Comparétive/examp1es
of window sills having -different recessed depthsware‘presented'in figure

© 3.46. : b - S {

L e ¢ )

r -

: . >
* Seriouj changes in the desired appearance of bu11dings (particular]
in panelized facadls) occur: when the same disfigufbd pattern below
recessed windows is repeated. Few chosen*!xamples i1lustrating the
A ; ‘ final ueathering are presented in figure 3.47,

P T P T o S o= W 1
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L}

L The verticé{’sectional profile of the facade elements preseht
another'major factor invqggrav;ting or minimizing'weathé}ing. . Generally,
two main profiles belonging to this group canp be identified:

1. A profile that allows continuous downward f]ow of water over the

facade panels from any storey to the one be]ow (as shown in figure

3.48). | /

4

2. A profile that interrupts such a flow at each storey (as'shown in
figure 3.49), . o e .

The comparison between the performance of both profiles showed that thg
N -3 .
weathered surface in the first profile .is extended under each window

o g -
sill to the windo& head of the lower storey. With the second profile,.

'weathering is Timited only beTow window sills; ‘Furthermore, glass

» 4
staining is more likely to occur with the first prof11e since run-off

a

.experiences a cont1nuous uncontro11ed flow.

~

Considering the horizontal sectional_profile of the facade

elements, observation has indicated that piers,betwée panels are not
designed to éuihe water into vertical.channe1§ or any other intentioned
paths. Accordingly, streaks due to irregular water f1quwas a common

" feature. { IR ‘ . ot N

LN - o

Generally, three main profiles of piers can be distinguished: '

1. A\prfi]e with a plain %Erfacehas shown in figure 3,45 and 3.48
examp]e a.
2. A prof1]e with outward proaect1on as shnwn in f1gure 3.47, examples
ab ¢ and figure 3. 48 example b. '
3. A profile with 1nward recess as shown in figure 3.49 example a.',‘
The comparison of these different examples presented in’

figure 3.50 shows that weathering is more pronounced’ 1n the first type

A

e y
i L A e et SRIDIMCIIRPRR. SRR e .

i g



-unwashed areas (as shown in figures 3. 45 and 3.47 example c). f

‘ / ‘ Whe final weather1ng patter of facade panels 1s al 0 depen <

' th on the exposure cond1t1on to atmosphe ic pol]utton and drvv1 ra1n e

"as well as on the surface charact r1st' s of the wall, mater1! .

-

facade [appearance is directly related to the width of the piers. tight

‘>

The second type also does not contro1 water flow and thus
the projecting surfaces are susceptible to weathering. The sp1ay of

the piers presents and important factor. Varying the ang]e -0 between

any two planes (9 < 90° @ =90° 0> 90°) as shown in figure 3. 50

affects water m1gration from one surface to another. Increas1ng‘the

ang]e 0 maximizes the ef?ect. Continuity of water f1ow between urfaces

L4

is also enhanced when the corners between them have rounded edgeF in-

stead of sharp edges. L : ‘ !

The third type performs better since run-off water 1s/con- “
At 4 A

t 11ed into recessed channe]s. Shadows on recessés usua]1y hqﬁp mask-

119 any streaks or weatherang particularly when- the recessed d pth 'd'

11 equal or greater ‘than the channel width 'C'-(see-figure 3.50). The

streaks can also be masked whem the channel surfaces have a da ker.tone “‘
ZL]Our than the rest of the surrodhding surfaees or when the “é}a11

Tour of the panel is dark. 4 ]. .

4

In sunmary, the  weatherin patterns asfoc1ated 1th recessep

A ~®
windows without project1on§ ane dye to: l{;////
"5 (1) Uncontrolled water:run-off ‘unider window sills e -

\ ’Ir ’ (2) Lack of drips tn ‘the vertical. se//;onal profiles causing K
A | " water to flow from one storéy to another increasing the

h | . & ‘ - ’ ' J
T S T o\ S ~



‘surface is, the

o (111) PLAIN SURFACES
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’
-

weathered surfaces. ' . -
(5) Windew heads are not designed to stop the water flowing
from}upper surfaces. . ¥
(4) Horiéontal profiles and splays of vertical piers that do
not guidé run-off water vertice]]y {n deEjgned recesses

or cpannels. T -

(11) HEAVILY SCULPTURED SURFACES:: ,

detailing, cornices, sculptures, etc. are rare. F1gu e 3.51 111ustrates =

Moveover, the irainwater:movement over -the surface contours is always in

coﬁb]ex and irregu1ar°p&t erns. The resulting weath ring' "h be a

moderate]y scu]pZﬁred surfaces. In short the more jsculptured a facade .
ore compﬂex the surface hydrau]1cs is and consequent1y ’

the more 1oca11zLd stain is likely to be.

1]

metr1ca1 conflgurattpns discussed above. The partial wash1ng of the

£

amb1ent atmosphere, Genera11y, for the three categor1es studied in this

pol]h%ion depo ition and rain run-off. Many of the previously 111us€rat-

Q

.
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allowed Tess dirt accumulation and more rain run-off. This is strongly
dependant oh the material absorptivity and its surface properﬁies.(as /
» /// ,
elaborated in Cha?ter V). ‘ 2N

/
s

A typiea1 e;ample that clearly il]ustrates the important
effect of surface absorpt1v1ty on facqpe weather1ng was observed at

the two- storey base’ of P]ace Ville Marie'. The 47_storey office

.tower, completed" Tnalgﬁz, ‘is considered one of the significant projects‘
in:the centre of Montreal's business district. Unfortuﬁate]y, most of
the facade surfaces of the two-storey base d{splay severe dirt concentra-
tion because of the partial waghing action. , The resulting weathering
pattern'is‘i]lusafated in figune 3.52. The combed surface of the sand-

sﬁone facade units increases the susceptibility to dirt accumu]ation:

Moreover _the surface absorpt1v1ty of th1s wall mater1a1 does not allow
R T

" the per1odqc wash1ng ‘to develop enough water run-off that:can perform

a compIete,washing action. As shown on the accompanied map (figure
3.52), the éurroundinq tall buildings help ninimize the nainwater~quant-
jties received at lower storeys. ‘
Similar unattractive appearance 15 being repeated on*the'
Facade panelswof Montreal's cultural and art centre 'Place des Arts®.
The ventiéa11y grooved cencrefe panel allow diré to accymulate in‘great
quant1t1es between the grooves The downward movement of rainwater
causes redepos1t16n and concentration of dirt particles at the lower
level of the pane]s. Lack/of eneugh"na1nwater flowing'over the panel
surfaces has re%ulted in the weathering paitern shown in figure 3.53.
~In the same figure, it can be noted that the building is tocated among
taﬁ1er buildings that increase its shelter from the driving-rain.
A third example tnat\illustrates the phenomenon of partial

i
¢
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washing on a plain surface was observed on the concrete brick facade of
N ' / -

"Comp1ek Desjardins' completed in 1Q16. The two-storey surface (pic-

tured in figure 3.54) allows dirt to accumulate more readily due fo its
rough texture. Despite the open site aroyhd the building, the driving
rain quantities arriving to the facade‘su@face do not perform a complete
washing action. The result is differential weathering similar to that
shown 1n _figures 3.51 and 3.53. | ;

It should be emphasized that Tack of available data berta1n1ng

~ to surface absorptiyity of the observed examp]es has handicapped a sub-

sequent correlation between the driving rain quantities arriving to a
facade and the water run-off developed over its surface. The problem is
further complicated when considering facades of tall buildings in a
Variety of site conditions. This is due (as exp]ained in 2.3. 3) to the
1mp11cat1ons of wind flow patterns on the accompany1ng rain f1e]d and
consequent]y on the resulting wetting. .
These findings give rise to the importance of wind-tunnel
stud1es now being done on a wider sc# for buﬂdmgs at the planning

and design stages. «If these stud1es are further developed to account

for” the 1nf1uence of air flow patterns on the induced wetting, more

- accurate predictions of the behaviour of rainnater over facade sunfaces

would then be feasible.

A3
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FIG. 3.25: Type 1.1.1, the vertica1ly prOJecting masses minimize

wetting at the inside corner and hence increase the’
risk of localized stain.
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F1G. 3.28: Type 1.2.1, horizontale‘p}ojegtjng masses illustrating:
———— &

1) stfihing 6f thétéurfaées under projéctions Because
of the protection from driving rdin.- .

- ~ {2) Differential staining over the surface of the
projecting mass due to water ‘flow from the top of
projecting surfiace downward. .
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FIG, 3.30: Type 1.2.2, uncontrolled water movement causes °
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F1G. 3:31-: Omission of drips or lack of proper dimension .
results in not only changes in appearance but .
also to deterforation of the soffit material,
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FI1G. 3.32: (a} excess wetting leads to serious- dec 'y repeated \

T in aH soffits of balconies.
s L g Tb) uncontroﬂed water flow causes streaks of the -
. ’ o .wall surface. .
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FIG. 3.33: Type-1.3, typical weathering pattern er1y to
‘occur around projecting frames.
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‘of stains between projections.
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M ’ R
EIG, 3.36: Type 1.3. 1 two examples showing weathering of
. the surfaces of the projecting frames when water N
is allowed to move frregularly.. - , .
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, horizontally.

- '« .Rounded Corners:.

Water ;flow attaghed to round
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channell decreasing. waShing
action therein,
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Simitar to round corners above
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FIG. 3.41: Type 143.2, ‘discé‘ritindity of the vertically ’

o prajecting membérs interrupts the flow of ’
-~ water and hence aggravates staining.
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Type 1.4.1, typical examples of recessed; )
‘Wwindows when rainwater is directed side-"
ways of the
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Type 1.4.2, examples of the resulting
differential staining under window
sil1s due to lack of adequate.control
of rainwater flow..
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. FIG.'3.45: Type 1.4.2, two examples- showing that Below-si]1
t weathering can still occur even with slightly
recessed windows (R=0) as run-off is not con-

trolled. Weathering is more pronounced in example
(b) due to its smooth and 1ight colour concrete

<sﬁrface. .
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FIG., 3.47:
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‘Type 1.4.2, serious disfigurement echoed below

window sills of all facade panels.




W e

R ]

el AT TR S

s amn oy ED
W W

.
.

v— L

. P — -
| m

;.,‘J

PERL Y
gl

FIG. 3.48: Type 1.4.2, examples of vertical sectional
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profile that interrupt water flow from one
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Type 1I, two examples of the implitations of
increasing the panel sculptures on complicating
the surface hydraulics and hence the resulting
stain.patterns.
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o Residential, '

. & Commercial

o Others o

. . 3 .

T TR RS S W T | WA} R - S

Building name Place Ville Marie
Age if years 16 , -

. - Facade material : ‘Cut Sand-stone

i

—
| 7

Ik 1 ™ = ‘ ' .
h :E’o . . 180 ’ A ‘

" Location/nature of the surroundings ) )

Type III, an example of s\é'r%_Ze dirt accunulation
oyer a plain facade surface due to partial wash-
ing induced by rainwater. ' :

FIG. 3.52:
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Building name : Place des Arts : " 0 Residential
' Age in years : 16 ‘ 0 Commercial
Facade material : Precast concrete panels = " mOthers . ® .
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FIG.'3.53: Type*III, weathering of a facade surfa.g3 due to
« insufficient run-off that causes dirt r&deposition
- and concentration at lower levels. - :
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Building name . Compiéx Desjardins ‘ . 0 Residential
“Age in years ¢ 2 o # Commercial
Facade material : ‘Concrete bricks , .0 Others
” . o ’ . * - B
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., FIG. 3’.54:_ Type. ILI, an examp]e of weathering of a- *
b large p1a1n surface because of the partial
. . ~washing-by rain.
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CHAPTER IV ~ .1 - .- | L

. .INVESTIGATION FOR A PRELTMINARY MODEL ‘
OF RAIN RUN-OFF OVER BUILDING FACADES o

4.7 INTRODUCTION

-

. Based on the disJussions in Chapters II and III, it can be

stated ‘that the comp]exwt of studying the 'surface hydrauI1cs and the

s x N - ¢

rain run-off patterns over Qy11ding facaﬂes is associated with-the

'f0110wing,principal factors: ' Lo

-

E
-

1) driving rain; : C -y
. 2) mater1a] characteristics (part1cu1ar1y absorptiv1ty) -

- - 3) geometry of facades. - . : ;

o _In thi’s chapter, the Behaviour of rainwater over buﬁ]diﬁq
* <

facades hav1ng d1fferent mater1a1 absorpt1v1t1es is modeIed As a

preredh1s1te exerc1se “to assess the water behav1our over d1fferent geo- o Jo e

| metrlc configurations, the present 1nvest1gat1on‘w11} be concerned first e
w1th plain surfaces. In formu]ating the model, @ facade.of Iewrrise
bu11d1ng, ie. 4 5 storey high, p]ane and with no open1ngs 1s used.
ExpOSure to un1fornrdr1vang rain erld w1fh*vary1ng ra1n 1ntens1t1es and
wind speeds “are cons1dered. Assess1ng the comp]ex run-off patterns over
buildfnq surfaces is intended to 4id researchers and designers towards a

-

further understand1ng of the weather1ng prob]em of facades.

\

4 2’ MDDEL INVESTIGATIONS ) i, ’ - ,T;

4. 2 1 ASSUMPTIONS

- ~ o, —

(1) the incident driving rain rate - ie., quantity per unit time,. J—

is assumed to be constant during the- rain per10d

&




| -y -

o

, the absorptivity.
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(2) Wind is assumed to be steady, accordi;g]y, the aﬁble of the falling
' rain, 8, is considered constant. - For different wind .speeds, 0 n}11_~_‘

) have different values.

(3) The water drops in the rain field are considered to.have the same

: d1ameter \ . T

(4) The water .drops hitting a wall surface w111 be eithér absorbed by

Fad

the wall material, run-off its surface, or will be reflected away
after the impact process. In this study, it is assumed that all

reflected drops will re-enter the driving rain field .and restrike

o

_the bui}ding,facade,__gccdrdingly, all driving rain quantities will
be either .absorbed or run-off down the wall.. ¥
(5) The facade materials considered are c]assified into three main

. Categories: N Absorption Coeff.

(a) Porous Material - such'as: Wt brick 600 g/m? sec.!/2
' . @ .

L

’

‘Time mortar 250 g/m? sec.1/2

-

(b) Semi Porous . _ - such as: hard burnt 125 g/m? sec.l/2 -
" Material ‘ brick .
(c) Non-parous T . such.as: glass and metals with almost .
Mater1als . zero absorptivity

_The above values, as reported by Beijer [5], were determ1ned for dry

materials, It“was also noted that almost half those values are the

'practica11y app11cab1e ones, since ambient hum1d1ty conditions reduce

~

(é) Rate of absorption is“assumed to fo]low a constant steady decrease

i

14

with t1me\untjj\3t feaches the value 'zero'. At this time full

-~

saturat1on of the material occurs, and hence, run- off starts To

campare the ¥bsorbed and- run-off quant1t1es‘?orjd+f£ergnt materidls,. -
— . ’ - . ) -
the time of;zero absorption rate is assumed to be constant for the

- ¢ . U]
= .




' L" ‘values applicable to a particular site, correction factors should be

f‘--\dn11gn\§g\g‘!f]l [171.

=108 - v 3
materials cons1dered in this 1nvest1gation. { .
(7)Y The mater1a1s considered are assumed to have the. same surface tex-
ture and are subJetted to the same atmospherxc.c¢nd1t1ons, eg.,

temperature and humidity. -

4.2.2 DETERMINATION OF DRIVING-RAIN QUANTITIES
' fEstimating the quantity. of driving-fain, I, impinging 6n a
building facade is a prérequisité step in déiermininé the quantity of
rain ryn-off, RO, over the facade surface.
One wa} of calculating the quantity I is to use the driving- .

ra{n index¥ for the annual mean rainfall and win&-speed using 'open

~

country' wind speed. The index also’indicates the relatjve severity of °

.conditions in different fegionghof the same country. To,obéain accurate

. applied to'allow fqr topogfaphy and for local terrain.roughness. Though
this concept has proved to be useful inucountries,éuch as England**,lit
ﬂ'is not recommended f;r use in'a.more“continéntal ciimate (eg. Canada,
U, S A) [16f fhe reason ik'dttributéd to the greater proportion of
\dr1v1ng ra1n that occurs in intense skorms (recall Tables 3.1 and 3.2);
Fhe mean annual index will bg serious?y uuderestimated.' Achieving more
accurate predictions of driving-rain quantities sh;dld then be based on
month'ly or daily data.
In another methoa. in;;odqced by Lacy [17], the rate of driv-
ing rain‘strikiﬁg a vertical surfage,can be determined for different

v

rain intensities (measured on the horizont?] surface) and the accompany-

Qa

ey

* The driving-rain index is the product of the apnual rainfall multi-
p11ed by the mean wind speed [25). &

** F1e1d measurements -of driving-rain with géges set in .the faces of
buildings suggested that the produce of rainfall and mean wind speed
could be used as an indication of the .amount of rain which would be

——




' © 2109 - S

-
é

ing wind speeds in aé&ordénce with the fo]]dﬁing formula:

0.88

h (4.1)

- ry = 0.222 y.r

where r ~is the rate of driving rain on a vertical surface in 3 |

P T R SRR

litres}nnterzhr. h . -3
”_’J%T—;§’ihe depth of rain accumulated on a horizontal surface - .; .
mm/hr as recgrded in the weather data for any given site. ?
u is the mean wind speed during thqu;ialm/s (wind is normal
to the facade surfécei. * -
A plot of y uersus‘rh'for different -wind speeds is reproduced

in Fig. 4.1.

//m )

Based on the analysis of climatic data of Montreal, presented -

< . in Fig. 3.6, ™ is equal to 0.2 inch/hr (5.0 mm/hr) and u is generally B

less than 8 m.p.h. - ie., less-than 3.55 m/s - recad} Table 3.3, It
, should be noted that, for the purpose of this invegiigétion, and to

cover a wider range of possible weather combinations, u will be consid- -

~ered between 2,5 and 5 m/s. In general, increasing the rain quantities'

* or wind speed will result in ere driving rain and wetting of facades,

thus, 'in more washing action. Accordingly, emphasi§ should always be

given to the potential consequenses of'a facade exposure to small amounts

b

of driving rain that, in most cases, result in partial washing.,

Bésed on the values determined above, the equivalent driving
rain quantities extracted from F{é. 4.1 will lie in the viciﬁity of:
. 2 {/m2 hr. for a winds speed of 2.5 m(§'
| e 4.5 L/ hr. for'a wind speed of 5 m/s
therefofe, 1-5 L/m? hr. (0.2 - 1.4 gram/m? ;ec.) is the range of

driving rain qpantitieS'to'Which the typical vertical wall under
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consideration will be su iggfed to. It should be Emphasized that these
values cannot be generaiiz d for the Montreal area, and the appropriate. .

estimates will still be strongly dependent on the locality of each site-

conditioﬁ.‘ However, for‘the;comparison of the performance of different
materials {concrete, .stone and bricks), the above values (0.2 - 1.4

gram/m2;sec.) are used. .

 4.2.3. PROCEDURE OF CALCULATING .RUN-OFF QUANTITIES

- As previously explained, when a porous material wall .js sub-

jected to dfiving rain, it will first absorb sofie quantities of water

/ o
at a certain rate until saturation of the material occurs. Al un-

absorbed ﬁuantities will then run-off the surface in downward streémé.

T0 calculate this run-off quantity, the maximum absorbed water should
" first be determined for the unit area of the wall surface. According
to an‘impirical formula developed by'Beijer 5], thé absorbed quantity

G is a function of both the material absorptiv}ty and time, and can be

-

determined as:
/

' .

o)

¢

G=Clt
N

where C is the absorption coefFicient of the materidl gram/m?.sec.l/2,
“ tis thg time in seconds. . | |

. T . It can be noted from the'above\formu]a‘that the quantity G
incfea§gs exponentially with time - as i]]ustréted in Fig.14.2 (ex~

eﬁp1if%ed for concrete), and its peak value upon material saturation

dé _ C .
at " A

‘paﬁnqt be determined. Accordingly, the rate of absorpfion

never reached zero,

In order to determine the time at which zero absorption rate

X "




. absorbed quantity G at any glven time up to saturatlon is then given as:

‘ -1m - . a

mulating a more realistic

*

occurs (ie., upon material saturation), s!

behaviour of the material, recall assumption (6) that can be presented =~ -

mathematically by the equation - -
dG _ . C
'a—t' = -at +. b » (4'3)

in which f%? is the rate of absorption gram/F .Sec.
t is tﬁe timé in seconds - j
a,b are constants related to the mater%a] aﬁsorptivity C.

By integrating equat1on (4 3) w1th respect to t1me t, the

L

= .2 42 ~ ’ L
G Jzt tbht _ (4.4)
The values. of both constants a, b as fpnctions of the mater-
ial absorption coefficient C can be obtained by applying the least
square method to minimize the d1fference between the turve of the em- - ‘ g

pirical formu]a (4.2) ‘and the one proposed in equat1on (4.4). ‘This

linear re]at1on is found to be in the form d .-
a=«( | : o o (4.5)
, b=8C B . (4.6)

o

A detailed derivation of thelvalues a,b,=,8, can be

¢

found in Appendix II. The garameter « is found to have a value of '

. J .
0.0188 sec3/2, and 8 ‘a value of 0,4157 secl/2, Equations (4.3) and
\ .

- &

(4.4) can then be rewritten as: ) .

48 - _0.0188 ct +0.4157 C (a.34.
W 6= -0.0094 ct? +0.4157 ct . (4.4) .°

. . ‘9
) N .
2 ¢
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Having determined G, the run-off quantity RO at any driving

rain intensity I(gram}mz.sec.) and time (sec.) can then be determined as:

i

. . RO=It-G , [(4.7)

where Gl;lax is the'maximum absorbed quantity determined from

3 . 4 “‘ 2
equation (4.4) by satisfying the condition %% =0

in‘equat’ion (4.5).

4.3 APPLICATION ON FACADE SUREACES WITH DIFFERENT
ABSORPTION RATES

The behakur of ra/water aver thgegwurfact-!s, ie., concrete,
stone and brick, having C va]ues equal 10, 50 gram/m?s 1/2, respectwea
ily, has been studied. For a concrete wall subjected to different driv-

ing rain- intensities vlarying from 0.2 to 14 gram/m?sec., the resulting

behaviour of rain water over the surface irs presenfed graphically in

Fig. 4.9, In this fiqure, the absorption ’ra"‘te’bf’%:aiﬂ material until
saturation is iﬂus‘traltéd ’l;y a curve representing Eq. (4.4). At the |
point of maén'mum absorbed quantity (G max.) a horizontal line is drawn
to represent the ultimate potential absorption after which run-off will
practically start.»' The dr'iying rain rate I\isl illustrated by the rad-
iant 1ines emanating from zero and steadily. increasihg with time. The
1ntersect1on of these lines with the ultimate absorptmn hne of the
material identifies the’ time tro at which run- off\;tar-ts As 111ustr'at-
ed in Fig. 4'3’,; tpg for concrete 1ies between 0.54 and 3.83 minutes of
the driving rain iﬁﬂtensity varies from 0.2 - 1.4 gram/m? sec.

Oq'ce the maximum absorbed quantity G max and the time of m;n-
of f start to:

Ro 2re determined, the run-off quantity RO over the surface

unit area after any time t, can be graphically determined. For example,
‘ : T

8

-

13




For bricks, the value of tRolies between 16.5 and 114.6 minutes. Accord-

1750 and 425 grams for concrete, stone and bricks, respectively.

" with comparatively high absorptivity w111 increase the risk of partva] ’ !

=113 - . SR

if the driving rain in¥énsity‘is 0.6 gram/m?® sec. the/time tR0¢w111
.equal 1.27 minutes. As shown in Fig. 4.3, thé_runfoff quantity after
2 minutes, from the rain start, will haye‘the value 26 grams. The RO
quqntity can afso'be calculated usiné @quatipn (4.7).

" Comparisons between RO, I anJ‘Gmax. for the three materials
under. consideration during an hour of éxposure to varying rain is

»

illustrated in Fig. 4.4, It can be noted that tpo for stone lies be--

tween 2.1 and 19.1 minutes for I varying from 1.4 - 0.2 gram/m? .sec.

ingly, run-off quantities at certain'time tn differ substantially from
a material to another. For example, 'if the driving rain intensity is

10. gram/m’sec., the run-off quantity after 30 minutes will be 1754,

4.4 DESIGN IMPLICATIONS | o
The above.comparison has a direct implication on the selection
of buﬁ]hing materials exposed to different site conditions. In the .

downtown area where facade surfaces near the ground level do not rece1ve

enough wetting because of the Surround1ng bu11d1ngs, using materials

washing. The problem is further aégravated with large plain surfaces

since run-off water can not perform a complete washing action (recall

-figures 3.§;/tc 3.54).? Weathering is gehera11y less evident on small- | “V~~3A i;
er plain surfaces particu1ar1y_when their absorptivity is minimized to 3
'alloy~greater run-off quantities. .

In essence, the 6ane1 material and its éurface charactgrist-

-ics are important factors that can aggravate or minimize weathering

problems of building facades. The foregoiné investigation to estimate
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. run-off gquantities over the -surfaces:of different materials isa .. * .
preliminary exercise in an area where considerable need exists.
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CHAPTER V I 2
. CONCLUSIONS AND RECOMPENDATIONS -

o
.

Through the’ f‘ore{;oing study, it has been shown that assess- "

41

ir{g weathering problems of -building facades involves complex inter-

related factors pertaining to: .
< (i) variety of exposure conditions to weather factors
(ie., pollution, driving rain). ' °
(ii) Different geqmetr‘ica] configuration gf facade surfaces.
(1‘1"1‘ ) Materials' properties and surface characteristics.
' Preceedmg chappe?‘s in deahng with these factors ha\qe found
the foHowa{ conclusions:.

5,1 ON_THE MACRO-CLIMATE SCALE "

(5..1.1) In Montreau’and in most other large ccities, bui‘lading facades
are Mubjected to driving-rainj on all sides to \;arious degrees at 'dif-
ferent times. The resulting wetting pa;cterns superimposed on each other
determine the final washed affd unwashed pattern. Regardless of facade
or1entat1 on, generaﬂy the top~and side edges of facades are more sub-

A3
.

Jected to wetting and hence are clearer than the remaining surfaces, -
. j ‘

. The observed case studies have indicated that the overall staining

pattern is usuatly a bell-shaped form (recall figures 3.14 to 3.20).
The contrast between washed and stained surfaces is further aggravated

if: ' iad
A ’ \ ‘

- The facade is more frequently exposed to direcg dmving- ‘

‘l

- The surrounding buﬂdjn_gs jnflt'lence the periodic driving-

-

N rain (reca'l] figure 3.14).

rain to be Timited-to the upper storey\s (recall figures

J H s

| .
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)
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Cor
3.22 and 3.23). A

- The wall ma1;er1'a1 is more susceptible to retain dirt
,parEicles over its surface pores (recfaH figures 3.19 and
3.21).

o

. The tocal environment is“\highly poH‘uted as the case with
N most sites.in the downtown area. '
ACCORDINGLY, IT IS RECOMMENDED TO:
}" . 1 Utilize the'driving-rain rose to help estimate qtl(e~potent'ia'l éx’-
- 7posure° of each building facade to wetting*. ‘
2. ACC(;.tlht fc‘)r the local climatic influences by using the. wind-tunnel
tests to lassess the effect of wjnd-iﬁ,duced pressure and su‘ct'ion

&

gradient on the accompan‘ied rain field. This cén' help anticipate,

at least to a certain extent, the areas of increased wettmg com- .
pared to reg1ons of m1n1mum exposure to rain. S
- 3. Use materials with minimum surface porosity to reduce the potentia'l\
y resulting weathering. | ‘ )
| 4, 1As'sess;the available necc;rds of afmosphem'c po]]utibnjevd s’ 'iﬁ the -
. Jocality, as wé]] as,_evaluate the perform{:\nce* of nearby buijldings

P4

f 2 B " and the extent of weathering of their facade surfaces. .

-

| 5.2 ON_THE MICRO-CLIMATE SCALE
r (5.2.1) The vertica]]y projecting masses cause protection of the in-

side\,corners from dr1v1nggra1n at any ang'le other than the one perpend-

f .

L . : icylar to the wall. ‘Weathermg 1s expected at these 1ocat1ons parti-

o cular]y near the street level, The w1dth of the stained area is.
e

’
’ - f - N 1

\ * For Montreal, the w1nd dmven rain rose developed during the course, s
N of this work (rec:aﬂ figure 3.12) has showed that there is not part1—
. cular direction dominates and the building facades are almost subJect-
ed to the same frequent driving-rain, ¢ . -
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‘approximate]y half the extent of projection (recall figure 3.25).
. i &

,
°

IT 1S THEREFORE RECOMMENDED: e T e
; 1. Minimize'the extent of projection to reduce the width of the \ ‘

¢

. potentxa] sta1n1ng tobacceptable Timits.’

) e, A]low continuou50downward f]ow of ra1nwater near the inside corn-

’ <
& '
- 4

Lo . ers by channels. ' ' ' ¢

<

i 3. Use materials with minimum surface porosity to maximize the run-off

. ¢ at locations 1ikely to he stained {see page 107 ?or'comparatiwe

= o @

4

°porosit1es) H1gher poros1ty materials with inherent d1rt masking ‘ K

. 14 A
" character1st1cs- eg., bricks - can also be used.

H

/ B
. ; (5 2.2) The vert1ca1 proJect1ons such as ribs, louvers mu111ons etc.

' 4

- " direct ra1nwater in downward -streams 1ncreas1ng washing act1on at the -

v : 1ns1de corners. In contrast, depos1ts remain over ‘the exterior, flat and
‘s . @ e . '

«  side surfaces of these projecting elements- If the concentrated down-,” " ~

K

W ward flow is allowed to move over/the wall surface under prOJect1ons, e T

more d1fferent1a1 stain1ng is expected (reca]] figure 3. 27) ‘ .
;- IT IS IHEREFQRE RECOMMENDED TO0: _
-~ o

1. M1n1m1ze the vertical and side surfaces of' the projecting elements

. Where depositionmbf dirt particles are inevttab]e.

“\
~2. Assure smooth f1n1shes to allow for.more cont1nuous f]ow of water

‘ over such surfaces and hence 1"C£éi§9 the washing action.

ce a3 Avo1d the .irregutar flow over ‘the 'wall surface under projections.

N 7 - b " -
v

"
.(5 2. 3) “The hor1zonta11y projecting masses give shelter from dr1v1ng-
rain to the surfaces below, Differential weatb&ring is expected be-
}ween the protected zones. (ie., less or never washed) and the other

v

nearby surfaces (ie., regularly washed) (reca11 flguYe 3 28).
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Horizgntal projections such as belt courses, spandrels, X
baltonie%, etc. allow increasgq,qgantit1es of dirt and pollution %Ef

posits. They are also likely to receive the greater rain quantftiés for

Q

all angles of rainfall varying from‘0° to 45° to the verticpl. ‘Vihen -

the flow of nginwater‘from such projections is not controlled, weather-

ing of the wall surfaces-is expected (recall figures 3.29 and 3.30).

'Furthermore omission-of drips in soffits of projectﬁons‘a11bw excess

wetting that leads “not on]y to weathering but also to deterioration of
the soffit. mater1a1 (reca]] figures 3.31 and 3.32). N
IT IS THER@EQRE RECQMMENDED T0: ‘ ;
1.,*Sg]ect?materia]s_used.in surfaces below ptojecting masges that allow
minimum dirt depositﬁon.dr at least mask it., " .
2. Provide positive ;hanne]s;for water movement across horizontal ele-

ments. i

-

3. Provide conmiquous'and positﬁve drips in soffits of projectiofs with

- minimum cross sectional dimensions 2 x 2 cm.

- . 1
.

(5.2.4)" Wall e]ements having vert1ca] and horizontal progect1ons .:

. (c1a551f1ed under proaect1ng frame, type I.3) allow 1oca112ed weatherlng

- <z

,patterns between’ and under projections-as well as on the surfaces of the

proaect1ng frame itself (recal] f1gures 3.33 to 3.37). Further staining

of soff1ts and window g]ass pane]s takes place when drips are om1tted

IT IS THEREFORE RECOMMENDED T0: o

1. aniMQze the thickness 't' of the prpjectiné frame to reduce the
potentia]n&irt deposition on the exterior flat surface éf the frames.

Z;J Design the hbrizonta] and vertical spacing (ie., x, y) between

frames in dimensions less or equal to the frame projection (v) to

'
©
'S
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minimize the surfaces(likely to display stains. -
: [
3. Avoid horizontal sideway movement of rainwater between frames and'
>

. assure cont1nuous vertical f]ow in guided channe\s (see f1gure 5.1).

"4, M1n1m1ze the length of the spandre]s (2) and prevent run-off over

their surfaces.

»

5. Incorporate drips in soff1ts of projections to e]im1na€§lthe poten-

tial sofﬂts and g]ass stammg. Qre continuity of dr1ps from

horizontal to vert1ca1 surfaces (see f1gure 5.1).

~.

(5.2.5) Wall elements without projections (classified under flush and
punched openings, typé I.4) are ‘characterized by the lack of-adequate con-

‘trol of rainwater under window sills that in many cases has extended from

-one storey to another below (recall figures 3.43 to 3.48). The ir-

regular flow of water also causes streating of the pier su}facee be-
tween open1ngs. o | V
IT IS THEREFORE RECOMMENDED TO:

1. Minimize the horimental surface of .the window sill to assure less

deposition of\pollutants-and minimum rainwater to be received.

LY

2, Attempt to centrol run-off water from windows whether to collect it
. A H '

. then discharge it through designed‘écuppers or direct it sideways

and drain it vertically as illustrated in figure 5.2. .

3, Zr@vent run -off water from window si1ls of one storey to the wa11 .

urfaces of the storey below. Th1s can_be Ech1eved by properly
sloping the si]]'surface to overhang the wal] below. Drip must.be
provfdeq to assure di§continuity of flow at eéth floor (see figure
5.2). ° | ' "

. -
4, “Design window heads to minimize the irregular water flow down glass

V 4

RN o e st BT B 51 o™ ol 7

b AT BAL s bt

RPNt

NS



7

. - 123 -

’

<

surfa4;s and hence, avoid the potent1a1 resulting staining. Thisﬂ\
can be achYeved by 1ncorporating dr1p or prov1d1ng a small. proaect-
» 1ing 1ip (see figure 5.2). |
5. Design splays and piers profiles to guide water-continuously in
. grooved péths or channels so that any potential weathering is masked

fntd the recessed surfaées of the channels,

(5.2.6) Wall elements with heavy sculptures are highly susceptible to
weéthering because of their mu]ﬁi-planed surfaces that have djfferent
compositions of prqjectio&s and recesses (recall figure 3.5i).

IT IS THEREFORE RECOMME&DED TO:

1. Minimize ﬁsing such panels in all but the cleanest of micro-climates.
. ke - - ) [
(5.2.7) Plain surfaces of one or two storey height designed near the

street level are also susceptible to weathering. The main reason is

attrfbdted to the movement of réinwaterlthat cannot perform a complete

washing action of the fepopited pollutants over such surfaces. Increa§-

ing the| area of plain wall in any facaﬁe, unless the surrounding build- :

;ings allow enough exposure to driving-rain,-i;crease5~the chance for a

potentiaflpartial washing: Weathering cam also be enhanced if the wéT] -

material allows:greag quantities 6f atmospheric pollutants to deppéi§ .

-and adhere .to the surface (recall figures 3.52 and 3.54). - T s /L»'{
IT IS THEREFORE RECOMMENDED TO:

‘1. ‘Avoid large plain surfaces designed in the facade near the street

~ level, particu]a}ly when high pollution levels are expectéd and when
thg facade is-surrounded.by ta]lé% buildings that are expected to
reduce its regular weiting by .driving-rain. AR

2. Avoid using porous materials that_are highly susceptible to retain !
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and show pollution deposits over their surfaces. Correlate the
properties of the selected material to be used with the ambient
conditions in the locality in grder to avoid any undesirable

chemical interactions (see Appendix I).

)
L 3

(5.2.8) In general, textured surfaces allow more po]1u£iqn accumula-
tioa. If rainwatefr is allowed to move freely over.their surface cen-
tours, redeposition and concentration of di¥t part{é}es Qou1d be expect-
ed (recall figures 3.43, 3.46, 3.51, 3,52 and 3.54). Textured concrete
surfaces with smooth exposed aggregates have better weathering character-

istics part1cular]y when the area of the background matrix is minimized.

The smooth surface aggregates al]ow minimum dirt deposits and develop

more run-gff that increases the potential washing action. At the same -

time, the slightly recessed matrix help absorbing and masking the pollut-
jon deposition.' Textured exposed aggregates, on the contrary, are more

likely to alter tﬂeir original appearance. &

i a

Smooth surfaces have generally less porosity and hence develop
more rain run-off (recall section 4.3). Though they allow less pollution
depos1ts, they are st111 susceptible to streaks by rain movement (recall
figures 3.37 and 3.45 example B, 3.47 example C and 3.48),

Colour of the surface finishes, too, has a re]ation with
weathering of facadesl White or 1ight toned surfaces are practically
more 115F1y to weather than darker colours (recall figures 3»36 3. 37,
3. 41 3.45 example B, and 3. 47 ‘example C)

IT IS THEREFORE RECOMMENDED TO: T F i
1. Choose the aggregates of textured concrete pangds with smooth sur-
faces, and spec%fy min%mum area of the cem&nt/sand matri;.

4

K\«

1 2
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%v 2. Minimize using white or 1light tonéd surfaces except in clean en- ' |
~ vironments. -
f 5.3 RECOMMENDATIDNS‘FOR FURTHER RESEARCH o

Oﬁ the basis of the present work, it is suggested that a
number of problems should be further investigated. Each is formulated
. ) o

below in genera]'terms: ' '/

(1)  More systematic correlation between. the weather facades (such as

polldtion, ray' and ‘wind) and the materials' properties (eg.,

absorptivity, surface texture and colour, solubility) still needs

to be studied and presented in a practical format for designers
to utifize. For exdmple, studying the susceptibility of commonly

used materials - having different porosities - to dirt accumu13- \

tion in a variety of poliuted atmospheres (consulting reference
[6] is recommended). .Moreover, assessing the ability of diffefent -
combinations of rain and wind to cause erosion of the surfacé for
these materials and ;d perform a certain washing action. The
limits of the induced washing action and their relation with run-
off quantities and the water film thickness develops and moves

5 over the facade material is not 4 systematicdlly explored area as
yet.

(ii) Further utilization of the wind-tunhei tests now being done for
many buildings at the planning/design stages, can be directed to*
predicting the influence of wind when it qccoﬁpanies a rain~ eld,

.« The differential pressure/suction iﬁduced on a faggde’Ei;dding

o has proved to have a relation with the wetting patterns induced

" in certain locations (recall sections 2.3.2 and 2,3.3). Itis

believed that more informed evaluation can be attained through a




[y

continuous correlation between assumptions of differential wetting
. of faéﬁdes (established during wind-tunnel tests) and the actual
weatheriﬁg behaviour after a few years of exbo;ure to wind-driven
rain. ‘

) (i1i) In assessing the performance of in-use buildings, a need for test-

and -measuring techniques has been existed [19], Therefore, de-

veloping ‘methods of evaluating the degree of disfigurement of
facade.surfaces because of dirt accdmu]ation is recommended for
further investigations. Generally, eva1uafion of weathering pro-

_blems - particularly appearance change§ due to pollutfon depdsits -
is sti11 being done on-subjective bqsis. Only recently (1973),

the ‘American’ Society for.Testing and Materials (ASTM) has report-

T ed a tentafive method (D3274-73T) for evaluaéing the degreg of ;
- disfigurement of paint films due to both fungal growth and dirt |
accumulation. The method proviées a numerical basis for rating
~ ' different degrees of d?sfigurement on 5Asimb1e scale from 0 -. 8,

With photographic reference standards - using 100x magnification

‘/////////// . ‘ of observed specimens - the maximum and minimum disfigurement were '
- \

assigned the values of 0~and 8 respectively, assuming no totally

clean surface that could have been assigned 10.

f Further investigations in this area is desirable in order to - o
5‘ .

establ?sh more practical scales of measurement of the Performance of

L
Charr 7 |
ot

bu1]d1ng facades. ‘ /

(iv) Assessing the advantages and disadvantages of using surface coat-
) ings and other types of clear and thin finishes present another
area where further investigations are reduired. Surface coatings

can generally improve the weathering characteristics of all types
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of Bui]djng facades and can substantia]ly'minjmize the ineyitab]e
changés in the appearance of their surfaces. Coatings also

v ~ facilitate the regular q]eaniﬁg of surfaces and reduce maintenance
cost. On the other hand, surface coatings cause moisture’

trapping inside- the material and in some cases bring about dis-

coloration of the wall surfaces. S .

4 ' ’

The performance of the available types of coatings when applied

a

ij. to different materia1§ and the possible improvements of their qualities *

q

still warrant more integrated-field studies and laboratory tests. .

5
‘ \
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.- L . APPENDIX T °
' DETERIORATION OF FACADE. ATTRIBUTED TO CARBONATION -
AND SULPHER ATTACK

By

-

Some materia]s are unstab]e when exposed to damp or hum1d atmospher1c
'condft1ons, lime - ca1c1um ox1de Ca0 - common]y used in p]asters,
3 S ‘\

mortars, clay bricks and ‘concrete work 1s an examp]e of this category

of mafEﬁgals.‘ Lime is a]kah1 and is so]ub1e in water especially if it

.conta1ns acid forming gasses such as carbon diox1de CO2 and sulpher
diox1de 502 When lime reacts with th1s ac1d1c water, a salt product

such as ca1c1um~carbonate CA CO3 or ca1c1um su]phate Ca SO4 1s formed.

T 1ng a Layer of foreign deposit wh1ch‘w111 have very much dxfferent
~,chalr-acterwstics as compared to the under1y1ng mater1a1. Thé amount of
- if other contributing sources such as pollutants from'chimnexs;istreet
. traffic, etc. are also present. This is due'to‘the fact that dirt-and

o soot also have the tendency to settle down on the surface of sol1ds.

N ' ter1st1cs and the chemical sa]ts because of‘their nert nature.

fhe degre:%}% the resu1t1ng damage or deter1orat1on of the -
; T 1 surface material is dependant upon the frequency of; eriod1c clean1ng
l | and washing by rainwater If the so]dd surface is ont1nuous]y washed

B : ) . 1t would be kept c1ean and free from any accumulated depos1tion of

.

jected to rainwater will usually display unwashed surfaces. , +

flﬂ%%ﬁany bu11d1ng mater1a]s react’with their ambient environments.

These products have a tendency to adhere to any. §011d surface thus form-

' the deposited salts - Ca CO3 or Ca SO4 - ‘can be substantially increased

The depos1tion of their part1c1es 1s'11ke1y to alter the surface charac- .

foreign materials. On the contrary, ‘sheltered areas that are less subs
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. |~ The cqi;ﬁE%y reactions djscussed 3bove can be grouped into
two general aréa ,ngamely carbonation and sulphate atgack.

g

1. CARBONATION: e

W

? The chemicaI?COmbination between carbon dibxide CO2 and

hydrated 1ime Ca(0H,) is referred to as carbonation. It is often de-

. veloped in cementhased products and ové& tﬁe 1ime stone surfaces. The
v carbonation process has been known fdnfdver forty years, however, only
. recently it has attracted c1os§_attentﬁon [247. 1Its significance lies

in the action that would increase the thickness of the carbonated'SUf—

ials of exterior surfaces [22]. Since the carbonation process depends .

. ! ( - -
on the presence of moisture conditjons, the non-uniform wetting of build-
ing facades causes different effects on their surfaces (recall figures

'3.14, 3.16, 3.19 and 3.22).

!

In general, the carbonation process can produce several signi-

[

. ficant effects such as the fo110w1ng . ;

A\

]

(1) Formation of insoluble h1te depos1ts which are known to be calcium

=carbonate Ca CO2 .1s forma£1on of Ca C03 - sometimes referred ‘to
as lime b]oom [27] is d1ffereqt from the” efflorescence effect as
, Ca €04 is not solubl

the Ca CO3 deposits substantially change its colour.

(2) Alteration of the‘porous charactéristics of the”surface layers of

the building mater1als k a result, it influences the degree of

1

water absorption and conseqﬁtntly affects the quant1ty of run -off

water over facade surfaces. \ : ;
- 3

8 <. (3) Increase the hardngss of the syrface layer of the material. .

./(53>pecreasg the homogenelty of surface.

face layer with time and the potentiaf’detrimenta] effects on the mater- -

%

in rainwater. In presence bf dark pollutants,” .

! .
. e ':'1* & ”"""“—"""""T“' T 1 I' 7 g - wt g AT, Ty R ol “\
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2: SULPHATE ATTACK:
Sulphate attack is often developed in cement-based products.

It is a ‘series of complex chemical reactions between sulphate'ions in
\

. solution and one of the cement const1tuents such as hydrated lime Ca(OH)2

and tr1calc1um alum1nate 3 CaO0. A12 03, usua]ly referred to as C Aﬁmu/

The degree and rate of sulphate are deperm1ned by the type and quantit-

jes of sulphate present, the amount of Ca(OH)2 and C3A present, the

distribution of water qugntities over the material surface, and the

penetration of the soluble sulphates into the material.

Sulphate attack can cause a number of serious problems, these

include the following: ’

(1) F6;;ation of calcium su]bhates - qypsum Ca"SO4 .2 H20 of molecular
volume 74{3 ml fﬁom calcihm hydroxide Ca(OH)2 of éo1ecu1ar volume
33.2[m1. This resulfs in almost doﬁb]ing the‘solid volume of the
surface mater;al that will cause blistering and disintegration..

(2) Formatién of magnisium su]phateg‘(Mg 504) which is high]y‘so]ub]ec
énd ﬁmre reactive with other components.siﬁce it has greater effects
on material decomposiggonf This type of attack is also character-
f;ed by forming a hard’glassy‘skin that will decrease the porosity

of the surface [2].

- »

-
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APPENDIX 11 .

DERIVATION OF THE CONSTANTS 'a,b' AS A FUNCTION
.~ OF THE MATERIAL ABSORPTIVITY 'C':

- *

&

In Chapter- 4, the values of the constans a,b as a function of the

« material absorptjon coefficient C wa§ stated ih the form:

a=¢«(C i

b

g C
" In order to arrive at the values of = and 8 that minimize the dif- -

ference between the\curve of the embificaﬁ formula . ‘ ) -

6=/ B (1)
. g ! '

. . b and.the one.proposed in equation 4.4 h
- az ) ." - . ‘S
G = - pt? + bt . . - (2)

the least square method §s utilized and the solution steps are as follows:

=G ’

r\Let E.= G pr‘op0§8_d,

empirical

the objective is then to find the expression for a and b in terms of . ( L
C that m1n1mizes the sum of E2 over all the time range of lnterest

Th1s can be expressed mathematically as: '

’

N
minimize: I E%
i=l
. N ‘ . ' '
i - ‘ N
or minimize 121 (Gemp. Gprop:) , ‘

e

the necessary conditions to satisfy equafiéh 3 are!

A[ * N

. L g2 . ’

o



™ N S .
T 2 . s
and ab ‘ : "45)

v

substituting 1 and 2 into & and-carrying the differentiation, we have

a2 t
[eve; + 5t - bt,] ’(-f—) =0 o (6)

and, 1 and 2 into 5-and carrying the differentiation, we have /

-« L
' ‘ a. 2 - - =
2 I [CVey + 5t -bt,] (1) =0 (7) ]

n e~z

Solving 6 and 7 for a and b gives

a=q:c ”

o
n

g C "

e e ""'”““"{-ﬂ-”-ﬂ}gm?q( T
", B B A

R SR R R A6 )
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The vé]ue of N in the above expression can bé oBtained by tr%al pro-

v

L5 . N
cedures. Increasing the-value of N gives a more accurate approxmation

1

to the proposed curve. Therefore, different expressions of = and 8 do

’

not change up to-the forth decimal point.  The value of N is found to

be 25. , -




