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For conversion of SI metric units to U.S. /British
customary units of measurement consult AS TM
Standard E380, Metric Practice Guide, published
by the American Society for Testing and Materials,
1916 Race St., Philadelphia, Pa. 19103.
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(uve r .- Large snowdrift on the roof of a school in
Buffalo, New York. (l ’hotograph by Robert
Redfield.)
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SUMMARY

Rain fall ing on a heavy snow load can cause roof fai lures by adding temporary
wei ght to a roof . This additional wei ght can be calculated as a function of time
b r  any given depth , porosity, temperature and permeability of snow; s u e , slope ,
and shape of roof; and duration and intensity of rainstorm . When the 25-year
rains torm for Hanover , New Hampshire , is used as an examp le , it is found that a
two-dimensional, f la t  root could retain enough rainwater to reach about 50% of
most desi gn live loads . This wei ght could be partially reduced by giving the roof
a sli ght inclination; however , the wei ght would he increased if the water moved
radially to internal drains rather than to large gutters.

It is shown that the roof load due to rain-on-snow is very sensitive to spacing
between drains , snow depth and roof inclination. The load on a flat roof is less
sensitive to the duration of the 25-year rainstorm and the permeab ility of the
snow . Roofs with radial flow to a sing le, central drain tend to drain more slowly
than roofs with parallel flow to large gutters. The advantages of enlarged , re-
cessed drains are shown .

In the Appendix , a computer program is given for calculating the total wei ght
of wet snow as a function of duration for any design basis rainstorm . In addition
to choosing the desi gn basis rainstorm , the snow dept h, porosity , temperature ,
and permeability , as well as the roof size , slope , and shape must be specified by
the user .
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NOMENCLATURE

d depth of saturated layer

d1 depth of saturated layer at drain
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F slope correction factor
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k~ 
intrinsic permeability of unsaturated layer

L roof length
L~ 

cu lvert length
n~~~~~TT
q discharge through the saturated layer

Q0 drain disc harge
r radial coordinate

T D drain radius
r e roof radius
R rj r e

R D r 9/ r e
R 5 x/ L

water saturation as percent of pore volume

S~ 1 irreducible water saturation

~~ (5~ - S~~)I (1 - S~~)

time
T snow temperature (°C)

ii volume flux , water volume per unit area per unit time

V water volume of saturated layer

w culvert width
W total weight per unit area

W~ liquid weight per unit area in the saturated layer

x coordinate direction along roof

115 * speed of a vafue of S~

~ 5.47 x  l0~’ m~ s 1

0 root slope
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ROOF LOADS RESULTING FROM RAIN-ON-SNOW

Samuel C. Colbeck

INTRODUCTION WATER MOVEMENT THROUGH SNOW

The cost of constructing a modern building is so Rainwater falling on a snow-covered roof percolates
great that much time and effort must be devoted to downward until it reaches the impermeable roof surfacc .
saving material and labor . Unfortunately the efficiency The water then flows along the roof surface to an inter-
of the des ign is often limited by the many variables nal drain or the roof edge. The two modes of flow
which must be considered. These variables including unsaturated vertical percolation and saturated lateral
winds , soil conditions , and Snow loads - -  are often dif- flow over the roof — are quite distin ctive and requ ire —

ficu lt to quantif y and therefore difficult to accommo- separa te descriptions (see Fig. 1). —

date in the desi gn. One important aspect of many
desi gns roof load due to rain falling on a snow-
covered roof — - is described here. R a n

Much consideration has been given to reg ional snow
accumu bat ions , including both depths arid densities f3 (e .g. I ohiasson and Redfield 1973). Thorburn and hi I- ~ Unsaturated
Schriever (1959 ) discussed roof failures resulting from j  — 

— ~L _~~ c :  - —

ra in-on-snow , emphasizing the si gnificance of rain t.~ - - - L 

‘

~

falling on an already heavy snow load. Rain has two Saturated

special properties in this regard. First , rain is much Drain
more dense than snow but can be added to the snow
without increasing its bulk . In fact , an observer may Figure 1. Snow-covered f/al roof
believe incorrectly that the roof load decreases as the with an internal drain where h is
snow densifics following the introduction of rain water , thickness of snow , L roof length ,
Second , rain falling on snow percolates downward until d0 maximum depth of sawrati -d
it reaches the roof and then spreads laterally or flows /ayer and ~ coor dinate direction
downslopc. If the snow is at subfreezing temperature s , along the roof . The saturated
some of the percolating water will be refrozen in place , layer of o i l i e r  f/owing over
but Ic the snow is already wetted , all the water will pass roof is elliptical in shape.
throug h the snow m d  drain off the roof . In the former
case some of the water w i l l  remain on the roof as an
integral part of the snow load , whereas in the latter t.ase Vertical percolation
al l the water passes through the snow , adding only The condition of snow prior to the rainfall is very
transient wei ght to the root . Our purpose here is to important because of the wide v,irii’l\ of responses that
establish techniques for calculating t his wei ght as a can happen in any given situation. If the snow is at a
function of time for any given set of conditions. The subfree z ing temperature , some of the rainwater w i l l  he
basic question is how muc h of the transient rainwater frozen in place in erder to raise ‘he sn ow t i  the melti ng
can be retained by the snow urn t he roof at any time , point. This volume per unit area is equal Ii — p ,. Pr , 160
For a desli1n basis rainstorm ,’’ the roof load is con- where p5, I , arid I, arc the density, temperature and
side red to  he at a maximum and it i~ t his load which depth of the snow , i es p r i t i v e l s  As shown i n  I gone 2
t he o i l  must he iii’si~ nud to su p p i  I . for a Ic p ii iI  snow di’ ri~i 1s of (1 .5 \l g ru

1 , the therma l

p
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- - . errough to deposit this much rain and if the f l ow is uni-
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form throughout the snow . In f tc! neither ol thesc

/ / / /J c i r r i c l i t i n r i s  is likel y. As shown later , the probabi l its of
~ / -‘ 

/ // 
- 

a ra instorm it this intensity dnd durat ion fa l l  t i n on sn iss

/ - is small . Furthermore , t he r oi,l load would prohabl~ he
2’- - / - reduced somewhat below the value calculate d here be-

- cause of nonuniform flow through the snow , l i e  dv -

- - - - - gree of nonuniformity would he highl y S i  l iNe , di--
0 10 20 30 pending on the nature of the sot w on the roof pr ior to

Roof  Load k q~~~~ I - - -t he onset of the rain . 1 bus , w hile some co rn ec t i u r i  could
Figure 2. Root load due to It - / r u /en  rai,lst ater be app lied to account for the channeling (k-n i observed
shown as a function of soon depth fur various in snow on the ground, t here is no \s i \  of assessing w h i t
snow temperatures. The s/t r w- density is assumed this corre e r ion factor might be. Since it is cooset s I t u  I-

- 
- to he 0.5 f lq ! o t  ~. to assume a unit orm d is t r ubu t i t  in of the f low , t he cal-

culat ions arc made according ly.
The effects of the in tensi ty  of the rainfal l  - m d  perni~-

e f f e c t  adds only 3 . 125 kg/ rn2 of load (0 .64 l b - I  ~
) abi l ify of the snow are reduced by their one-third powe r

per meter of depth and degree Celsius of subfreezing dependence . An order-of-magnitude increase in rainfa ll
temperature . It seems unlikely that this ef fect  could in tensity only about doubles the weight due to the
be more than a small percentage if the total r i tof unsaturated snow As shown, l.iter the nit I l L  intense
load because ire,iv~ ra ins of suff rel ent duration arc rainfalls arc generally shorter in dur a t i t n I  thus , ~hc es’-
ver s unlikely when a thick , to ld sn, w load oc c urs , intense but longer lasting ra infalls ca n add monc sse i ght

The unsaturated percolation of vs it er through the to the rool than the more spectacular (but short e r I
upper portion of the snow also adds to the roof load heavy rains . Furthermore , t he less intense r~ instorms
because of the riced to increase the liquid water con- are more likely to cause a homogeneous soaking of the
tent in order to al low water percolation . If the flow snow; hcnc~, rap id runoff due to the f i r  mliii n of f l  isv

t hrough the snow is uniform arid homogeneous ( i c . chan n els is less l ikel y for ra instorms of t sver intensi t y -

3 does not f l o w  ni d stin ict dra inage channels), this in- Grain growth , density irlcre,isc- , an d .i gcilcr al hr rn re-
crease in wei ght due to the liquid saturation can he enizat ion of the s now- cover occur w hen l.in ci- qu an i t i t es
calculated from known prin ciples rI the unsaturated of rain or me ltwat e r f i rs t  infi ltrate the ~r 1tiss c , v  er . The
water f low in .,rniw le .g. Cotheck arid Davidson 1 )73 , properties of the y r loweos er change rap idly during this
Colbeck 11)76;. The intensity of the rainfa l l  arid the pertod of melt metamorphism ’’ arid the permeahi li’ s
grain size , density and depth of the snnow would have can increase signi f icant l y .  A gu t i  because of the one-
to be known to make this calculation. - \ss ur i r l t lg a third power depen dence i t  we ig h t on permeabil it y , the
constant sour ce of rain of sufficient duration to roof lund due to the unsatura ned sn ow would dec rc~se
penetrate the entire snowcuver , the wei ght of liquid v e t  sloyv l’1 w ith incre rsi r ig permeabi l ity. Because i t
per unit area would be equal to the genera l lack of observations i t t  the pbs suc, i l pr per -

t ics of snow on roofs , it is diff icul t to .n~si gn va lues to
- 

- 
lt~ = ~~ I (j / ~~k~~~) 

3 (1 — 

~~ 
+ .S .,~ ( 11 the intrinsic perrneabi Iit~ ot the sn t tw but the assumed

- 

I va lue of 10 i0 m 2 is in, the co rrect range for the un-
where 

~~ 
is density of water , 0 snow porosity, i in- saturated snow .

tensity of the rain , cs a constant ( 5 4 7  x 100 m~ c 1 ),
and S~ the irreducible water saturation (about 0.07 Lateral f low
depending on the degree of snow metamorphism). k

~ 
Once the percolating wj te r  reaches the i t t  su r face ,

is the intrinsic permeability given by Shimizu (1970) as the water moves laterall y in a saturated l,iy er . The
permea bility to the w a ter  in this saturated layer is

k~ 
= 0.077 D2 e xp (—7.8 p 5 ) (2) orders of magnitude greater than in the unsatur ated

layer tor two reasons. First , the permeabilit y to the
where D is the grain size. For a rainstorm ot 10~’ water increases as the cube of the liquid saturat ion
m3 /m2 s (‘~ 

0.14 in /h) with a snow depth of 1 m and (Colbcck and [),iv idsorr 1973) and the unsaturated

2

I
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l ase r  is t c p ie a lk  0 saturated w in l e  tire saturat ed Id  ~ \~ f ( f )  = ~ 
rid 6

l,ty er is w a n l y  100 saturated . l’hus the saturat ion cit \ i~ / at
ef fe e t i l e t  C. ises the pernieabil i t S -  to rite liquid in the
sat ur.ir e ’d f,iy c r  1w a factor of a bout iO n . Second , 1 his equation is s t r I v e d  here Ii~ assum ing that transient
t he gr.rin Si / c Ii) the sj t c rr ated f r y e r  i s  l ikel y to he w ave e f f e c t s  .ini small and that the elli ptical prof i l e is

C i i  en because ~f “temperature gradient met a- always maintained . 1 hen the equation cant bc simplif ied
morp h n5n ~ ’’ in the warmer basal l,iy i-i prior to the to
initroduction if liqu id water ,nnef hec, iuse- of the ra p id
gra in g r ow th  in! saturated .,tr oyv a f ter  t u e  introduction 

= 1( t )  — ak L~~ d
2 (7)

of li quid w ,it er (Wa k~ih ima 968) .-\ s shown h~ c- il 2 . di U

the intrinsic per mealiilit~ m c i  e ,ises is t he spoil e of
t he grain s i / c . \ ccr t r  dingly , an intrinsic permeah ilit ‘, This equation can he immediately sol v ed vs hen 1(t)  i~
of I U~ m 2 mi ght he t~ pical for r i t e  saturated lay e r either a constlnnit ir r  / e n t , e .g. dot rig t he u n t i l and then
A’s . a brupt cessation of rain. ‘1 he solutio n s for t i te s e C,rses

.-\t the r of sur f ,mce the pfe ’ sS Ut r gradie n t avai lable arc
I t  Jr ic e t he .ite - r ,if i It vs is s c - n y  small arid the I lost is
re i f t i ec i f  . i veo rddr ig t y - I or a house-size gable roof .-_ __ - -_ \- wi ~/

d0 (0) + ‘~ / , csk L tanh —-- — I f o r  I ~
. 0

rI  0 s lope , t he vst -Ig i i n of the saturated la , en cou ld cL
reac h rh ut 1) kg rn 2 (2 lb;I 1 2 )  assum ing no blockage d0 = I

at t he root edge. ~ l t r e e  most gable roots  ire steep e r c5L 2 d3 (O ( 
f / — 0

t han Oils , t he vvNg ht of their saturated a~ ers wou ld + ~~ d0 (0)1 
or —

gener ,il ly be neglig ible . At slopes of le t  than If) , the
f lu vs is i ei l i icecf significantl y and the thickness and
we ig ht of the’ saturate d lase r are increased according ly. where d0 (0) is the va lue of d0 when / changes. An es-
Latera l f low ,n both flat and I tw’ .slope roofs is de- amp le of d0 ( t )  is given ) tin I igurc 3 . ‘T he thickness of
sCi ibed below , t he saturated layer increases rapidl y following the onset

of infi ltration , a lthough it is v e ry unlikely that more
Fl, t roofs than 3 0 ’  of the maximum p tssi l i l e  thickness w ould

For the idealized , tsso -c f imensional root shown in ever be realized because such heavy rains arc not of
Figure I , t he pr o f i le  of the saturated layer is of ten sufficient durat ioti . Once the infi l tration ce ase s the
assume d t i  be ell iptical. I e rr ste, id~ low where no depth of the satur ated layer decreases rapidl y until
hi l i t e kage t c e n t s  at the d ra in , the profile is given h~ more ra in falls on the snltw -

The tota l snow load per unit width carried bc a flat
( sL ~~ .tL_.~~i.~

_ = 1. (31 roof  w i t h an internal drain is equal to the wei ght of the
L 2 snow plus the liquid in the unsaturated l i~ el plus

0.5~ f5L 2 Pc., l.ok ,.)~- ’ , t i r e  weig ht of the Inqurd in the
iv l i - c  cI is  the depth if the s ,itur , ite i l la~ Cr . satura te d aver tr i m eq 4. The satur a ted i se n  is ti me--

w hat more sent ive’ to changes in i nf l  I trat ion on
l i e  s t iun re  if w a t e r  I stor ed n the s a t u rated lay e r pcrmeabi l it ~ t han the unn sa t u ra t e& f I~ \ er a lthough, be—

p-ct un it wi dth of i if is cause of lie square rn it dependence , t he w eight of the-

— —  - - 
saturate d lase r is les s responsive I t t  /,~~ than might h,nve

I - 0 , S ~r/ ~ / 1N5 .i (. 4) hi’en t hought . A t  sni ll values of r ime , f ile l~ depe nd ’
e nce ot t he s i tur atc ’d aver ne t r l  y sar i  th is is sb y~ n

s i f t -re / is the fI ts into the s t r u t  atec l layer Ironi the bel tvs - N fe t hat f lat r it r l s  are ver y  sens i t iv e  t - th e
over l y  ing on s inu t  . ihet Liyer (m 3 ru 2 s), Q i s st ints p.o ing of the drains s i n c e  the wei ght per un it vs Fir l u

1~~i t is i tc  ( I  — p p1), m d  Ic5 is intr insic perr i iea bit itv ol satu i t te d l iy ir i nen i - .ise~ as L 2 .
• t h r -  sn run ,rt c ’d l m ~ er . 3 lie mr - - , i n i t  ii thic kness of the

satura t cc l lay er d~ for s t ’ .idv flow is Slop ing roofs

- - 
The’ c int p f t ’ t t - equat ion d i v e r  ibing f i ts , i f on i ’

= \ ‘/ OIl L - (5) s l t i p inig n u t i f  ( l b  i t  l i / - I )  is

or - c  s t t i f t  O w  wln - rt . I va r ies  s tu t l i  t ime , ho ’  I C  all v i tO )  — 0// i d O/ ~ 
0(/ 

= / 01

w i n g i r .f r i il i iJ I i  (( ibhee f P 7 l f  i l s ~ i i i t ’ s t i re  t - p l t r  ~s i t  - i i / If

‘if the ~. i ro, , i t ~-J lj se n is f i ioc t i tu s of mod
vs- here Ii n~ t he o f s lope - ,

4,

I
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Figure 3. l Ink k-ness of the satur ated layer at the roof margin shown as a [tine-
I/o,, of time for the specified conditions, the thickness increases rapidly fol-
lowing the onset of rain bitt it / s unlikely 1/ tat such a heavy raiti could las t long
enough to get (elate more than 50% n/ the ,naximum possible value of d0.
Once the infiltration due to the rain/all stops, the thickness of the saturated
layer decreases rapidly.

Rain

1 1
-~ Unso oned~~~~~

Sat urated ¶4
-

~~~~~~~~~~~

Figure 4. Roof wit/n a gradual slope, For a slightly dip-
ping roof the thickness of the saturated layer is inter-
mediate between a f/at arid a s i t - i - p i t ’  dipping ,oot .

in a s teep ly -  di pping roof t his equation ca n be 51mph - 1 fe n ce or s te a dy  flow ,
fied by neglecting the seccn nid ord er efen iv an lye’ , wi te :e ,ts
for a flat r to t , the f irst term is ten ,. Ri Os w i th  

~~ 0 — ~~~ = /~ ( I I)
gra dual si tpu- s are also common , ari d it is very impor- d.k /
tant to anal yze ’ t hem .is accuratel y as pnss ihl~- . Because
of the e xtreme se - n s n t i s i t ~ of f li ts to s It pu- s at ang les w he re  0 is .nhout equa l to sin (I for shallow sh t pe ’s.
of less than 100

, e ither (if the simp lifications mentione uf though eq 11 h,ns rio ten ipewa l dependence , it cannot
above could ca urse large errors. As tm flat roo t s , we ’ he re.rdily s ufvc -d because inf  i ts non l inear i t y  - I ortu -

• begin I-- - es tat i l  thing the upper limit of w e igh t  on a ni. nte ly - we- ,mr c - n i t  interested in solving b r  d pen vi ’ but
roo f of gradual s i t r p c  (se-c 1 1g. t i  during a ste , m c l~ ra in , ral lier w e can solve fo r the vtd ume of vs .Oen I - in the

• I he flux u (volume per unit area icr  un i t  n mc’) mI r i n g satur ,mted layer
t he roof is give! , by

m i = a A- 5 (s i n0_ ~~ ’) .  (10) L~~~st /  d d,s - (Ut

4
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/ f qurc ’ ‘i, l) innm ’,oio,nless vo li,nne nO it U h f  ii, 1/ic sauira(c ’ cl lut t -r
çS/ L 2) L/  s/ m n for gii c -n paramc ’iu ’rs as a hoc tin,? oh fo i/ 5/010’, [he
so /u t/i, ,, for L- ’ gO t, i  im c ’ q / -i m~s only appro s i n t l / i - and u.s 1/ic ’ roo/ s/ t ip , -
I/Ce tc - UsCs , / /n e error /int m UM’s , - i t  i i i d u t j / i  au uppfosima t ion to  t int ’
to /ot/ i,m is gi l - i ’l l  b r  small values oh U ,

I
i n n  eq I I amid I 2 s Ve ’ get slope on i ig t t i  t 5 . Thc rc’ ns a sm.tI I error in the ’ solu r ion

in s l ig htl~ s f iping n u t s  Is i’c , i us e eq I-I ten ets to , i te ’t-
V = ‘t i )’ ’  ol~ — d~~ /Q~ ~~ i~~ ( 1 ~ 

c- st i r nn , i t e  I i t  s mall O ipe ’s . This em il i r i s e s  hee.ii isi - w e
2 

- 
have negle ’c ncw f ii~ — d ~ , .t nega t i v e  numhu-t , \n t ~mp pno~~i-
m,itu’ st i L l t i nt for  tine ’ t i  hum id. ii vs ,it er in the sa tum . i ne -J

w here ilL is the dc-p rO of the saturated I t s  s -n ,rt t h e  f , iy ii on ,i sh,~ ] s s  roo t is  jIso shins,, nt l i g i t t i .’ 3. Ihe
dra i n . i quat ion 13 is _ t nt e t t e t  e’\ piessionl f t i n  the .mppro\ irn.ntion i is rtr, i dc by not iniC that lot a va lue o f

y i i fe i r ne if vs , i ten in the s, i t un m i d  f at  u-n , hut the li’ itn i i l . i -  ( of,- /1 equ a l  t i  10 , I c lot ’ s not , mntnt , ieln i n f I n i t y
ss v,il n i - s 

~1 and d 0 c inni it Iii’ spec l i e  d i  / ‘ r n) r l  - T Oo U .ini s i nu s as s i J ~~~ es t  c d  by eq 14 , hut rather L h~ s ant
eq c ia t t ’ u n  could be’ USe d ~ ii l - i,/~ — cJ~ ( is a p i s nt ’  i - ” , up iren l imit gi venr  ht eq -1 t i n  f lat ro ts , A i s r i , .ms t he
but lot the pn ne c i )  p i n  p u - i s  of d e e i t h i t r g  t ics nnws0 it 4 0 m e n  C I s c ’ s , the , iet ~i ,if so lut i  - nr must , i p l nt i ,ic h the ’
tv , i t e ’ r c n n  he ’ im pui unnde 0 t y  the s ,it u r . n te - f  ny en , 5• ,e~ m p p ’ t \ n m l t e  s u t h i n t i o r n  of eq 14 , I he ili t l e n e i c e  b t t \ e’e ’nl
tr l ,ist nn, Ni’ the ,osrm n n i i t i u n ,  rh.it Ce) I I m d  rh - , ippr i \ in) .nte solution is ‘‘nIt s gni i f ic ami t

at .nng les he l m s 11) w h e r e  tile’ r o u t  b i d  is m ist se’n nsi -
In - Ic t 2 ,l~ — i l~ - - t it ’d ’ t i sl ip -

Jo r h In O nht e f f e c t  i t  r o t  slope we  def ine a slope
• -\~ e n d i n i qly ,eq 13 c iii he i p p n ’ m ~~n n u r t e f  I - v  e o n n e ’ct io ni l , i e l t i n  I .~~

~ i:tU~~ / n  ‘c ’ ~ 2 
I-

_
n o t )  ( i s )

t v t i i c l t  is n h -  s, i n te  ms the t u mnnul ,i for the vu,l ume ‘ f svhc’re II ~~(U( IS t i n e  ts i ’ i e ’ i n t  ‘if the ,,i tu ’ , ’ u ’ m f l a t i n  to r
R n t c r  run .1 ~te ’pI’~ sl i ’ pa m e n m~~U , l’ s d une t he ,m s v i t nmip - ant s f p-: II or p .m ran n u’ter in , w ho -r u-
n o n  - t n . ~l ,ihnvi - i s ’  i i r i y  va l id ton vi tO-ps - : “i

I i i -  v ’  i l n u n r i s - ‘ 1 t sa t e r  c o n t a c t  ‘ m l in) the it - u n ,ut ed l 0 \ i t  ,, / I 161
I n s e t  n, g isd’n Ii , c -p 1- ) is ‘d rown i s a  f u n n e t m u  in ‘f
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/ iqurt ’ 6. / f m m’e rs e’ oft/ ne correcti on factor F s/ rots - t i  as a function of slope
“ for n lQ.
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8 l degt

I /quo - Slope i,rfectio,n iai. t t i r  t/mo ut -ti as a tofn ctio n of slope for n’Ur/tills i mi/ou t

oh (u1 / t  -
-

l. Isnog t he _ i p p n i t \ n m a t e  s n u ) i m t i i - n  itt Figure 5, we l inte l  in n
• F~ 1 (0 ) ‘i~ 

sh l i ,On t  i nn I gore hr m d  s , mn i ’ i nns  values of
I ,~(0)  .is shown in I i g m i n e ’ 7 , f rom Figure (I, 1 to l O )  

~~~ 
f ) ,ln ( 1 + ii - 2 ,2 1 t .06 _ 

~j 1 . ( 1 P )

can he rep! es c ’ ;t t ed by
Num w

= ( 1 - f }~ 2 ,2) b ihui (17)
If ( i t ’

- - - II (0 )  = —~ - _ ~__O_ - — ~~~~ -
~~~~~~~~~~ f 20)and Irom I gone - 7 , wi n n i t t c ’ that 0.1,,) )  +

/ ~~t I (  - - - j r 10 (0) — 1 1  ln~ 0) (18 )  wh e re-  lt~~10l can he direct l y c , Onc i , i t , i . l  f ru n n i eq - i
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11w two-dimensional anal ysis give n above was simphi’

t ic’d in that the’ drain was assumed to he a longitudinal

H 8 
=y

C
f
~~~~~~~

f fl ai ~~~ f I~ y~ r pcrmta~~~t~ ,
6 \ arid gutter vi upe are considered below .

VL \ h~ iO 5m~m 
sunr 9 ’O i  R A I N FA L L  INTENSITY-DURATION EFFECTS

I’iO 5 m3/m2 
~ [he weight added to a root by trans ient wate ’ r  in both

i _,I_ the unsaturated and saturated Ia~ c’ rs increas e’s with both0 20 40 60 80 nO Ox iO - - - -the Intensity and duration of the rainfall , Su its - e m is-c rie dTime Is) 
tools frequentl~ e\ pe -n ie ’oe ’c - ra i nfa l ls  which would cer-

Figure iS~ Volume of water per un/I width oh satu- ta l l y  caus e collapse i t the rainstorms were of suf f ic ient
rated layer shown as ‘i function of t /me b r  two roof duration to allow complete soak ing of the unsatur ated
s/ope’s. (he difference between the two slopes increase-s layer and full development of the satura ted l it- en ,
with time until ~iL) x s when the percolating it -atm ’, - i or,tunate ly , the duratiort of a rainstorm general l y de-
slops rc ’achi,mg the roofl The m ore gradual roof carries creases with increasing intensity IW is ler and Brate r 1965 1;
about twice the weight of the steeper roof tit 40x i0 3 s. hence some storm of interme di ,mte inter nsity but l inge r

duration may actuall y be the “design bas is storm .” The
fact that the wei ght of the unsaturated lay en only in•

- - 
‘ Figure 7 shows clearly that the effect of increasing creases as / ‘“ 3 and the weight of the saturated I n t e r  only

the roof slope in order to provide better drainage is increases as /~ 
,2 suggests t hat both durat ion and in ten s i t y

highly dependent on the values of (ak 5 / l) ~~. The wei ght are important parameters. Accordingly , st-c might sus-
- - of the ponded layer of water decreases sharpl y for small pect that long storms of less intensity rrn,i ’, add mitre’

increases in slope at slopes of less than 10°, hut the opti- wei ght to some roofs wherea s others may be Ioadu’ d
mum slope is dependent upon the values of rainfall more by short , intense rainstorms.
intensity and snow permeability chosen for the optimi- The 25-year rainstorm for Hanover , Ne’yt Hampshire ’ ,
zat ion calculation . For both gently sloping and flat is used here as a desi gn basis because we- are concerned

I roofs , the wei ght of the saturated layer per unit width onl y with the coincidence of a he ,ms rainfall on an al-
increases as the value of the spacing between the drains ready heavy snow load. The probability of a 2 5 - v e n t
square d 4L 2 . lhis is a si gnificant result which shows rainstorm falling on a heavy snow load is not known
the critical sal ae of drain spacing on shallow roofs, but th is example does provide an i l lust ra t ion.  If it is

Ftgure S shows the volume of water per unit width decided that a larger safety margin is needed , a larger
of the saturated layer as a function of time to r two return period can be used, but because the roof wei ght
slopes w here in O l t ra t ion stops after 40 x l  U t 5. The is not too sensitive to the storm intensi ty , a large in-
more sh ,m l! it ss slope carries a larger volume of water crease in return period would g i v e ’ a small m e ’ :  m :.m se in
hut It takes niore time to reach its maximum value, roof weight. For example , increasing the return period
During the first hour of infiltration into the saturated to 100 years in I l,mn i iv er would only mii i  e,nse the we i ght
l,m~ er , the el ec t  of slope is riot as significant as sug- of the saturated l ay - e r  by- 10’ i i w e ’ve - n , if  the m,i’,i~ge~tec f ht Fi gure 5, The e t t c c t  of slope increases as mum probable precip i tat ion were used , the wei ght i t t
inf i l t rat ion continues , unt il o f t  : rnate lv the more shallow the saturated layer would increase by ,nbout 80 /6 ~hcis e
s lope car r res more than twi ce as much water in its that calculated for the 23- s ear return pcniocf .
sat urated I , m y e ’n as does the steeper slope . Also , the From Niedr inghaus (1973), .i 2,0~ - l( h’~ -tii , s (3 .0-
niore sh ,i l iow slope respo n ds more slowly once the infi l- in./h) rainfal l  lasting I SOOt e ,m nt lie e\ pe ’ci e ’ d once every
tr,it ion ce ’d Scs  by taking longer to drain . However , be- 25 ye .irs in I hanover , Nil . From the exponenitia lr 
dae is e ’ it is very unlikely th,it such art intense rainstorm formu la suggested by W isler arid Brater (1 /65 ) ,  t lte
will last for this period it t  time , t he difference doe to i n t le ’ nns in y  i and frequency ot 25 -s e’ , m r rain lal ls in

if  s lope’ is re duced somewhat , I he - c c i  i ns t - c f t is p  n i t ’  I lan iover ire found to be
time ‘ I  a slop i n g  t ool is adjusted h~ muilti pl~ ing the
argument if the hyperbolic function in eq 8 by the co n - / = 5 -165 (r + 360) °- ~ (mm/s ) (21)
recl ion I ,wn ,t r F. This correction is included ni the
pr i gr , m nn in the Appendi\ .
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Figure 9. Total live load (V fraction of raimifall retained, and depth of ii ’ater /mpounded
on a flat , tss -o- dimemnsiona/ roof for tine 25-i ca r rainfall at / Ia,nover , -5; If . rhe makimwn
we/gin occurs for a rainfall of al out 75,000 a duration hut /s not i - c r y  se,nsiti m ’e to dura-
tio,n,

where the duration r is expressed in seconds. The total For typical parameters f u r  a snow with a highly pen me-
preci pitation i r  increases with duration so that lower able basal layer , Figure 9 shows that the depth of water
intensity rainstorms always deposit more water on the ponded inn the roof is at a maximum for an intermedi-
roo f than the higher intensity storms , Clearly some ate value of rainfall duration. When the rainfal l  in this
storm of intermediate intensity will prove to be the example fasts 100,000 s (27 .8 h) at an intensity of
design basis rainstorm , since more of the water can 0.001 29 mm/s (0.183 itt . b), the depth of the ponded
drain from the roof during the lower intensity storms layer reaches 126 mm (5 in,). Only 51 ~ of t he water
but Im iwer intensity storms pr(iduce more total precip i- reaching the saturated layer in this examp le is retained
tat ion . at the end of the period of infiltration. This liquid

We make the assumption that the intensity of the would add 53.4 k g/ rn 2 (11. 1 lb/ it 2 )  of weight or about
rain is constant during the storm , a l t houg h the worst 3O~-/ of a normal design load. The depth of water
c ase could arise if the intensity were unevenl y dis- would he sig n if icantly increased if 1) the roof wer i-
tributed during th~t storm . Unfortunately, stat ist ics covered b~ fresh y nluiss , 21 the culvert inn drai n s w ere -
on the intensity distribution arc not available and rio incapable of handling the v s - m e n  flowing to them , or ,ms
definit ive statements about the effects of an uneven shown below , 3) t he f l i uw ’ to the drains occurred as
distrihution can be made from the equations presented radial rather than p~mra Ile l lO ts .
here. If there is a serious concern about distribution, The nir -s inium weight of the liquid in the unsaturate ef
it cou ld best be accommodated h~ increasing the de- l,myi’r .m boni ’ can he determined for the ?S-y c u r  na io f .ml l
sign i.isis to  50 on 100 c - ins ’ by conihininig eq 2 1 with the weight ctf the liquid in the

The intensity-duration ef fect  is i l lustrated by unsaturated lay c- n w hich is given by
c,ilcu lating the maximum liquid retention of the satu-

- ‘ r,mte d and unsaturated myers as separate sy s ;ents and = hp~,,o (i  w/e’ ) ’  (1 — .5 )  . 2~~l
thor the retention i t t  the en tire snow load. To evalu-
ate the maximum wei ght of the saturated lavc ’ r alone The elesign basis storm which gives the maximum In-

due to a 2S-~’e-ar rainfall , we set d0(0) equal lit /ero e ’ te’,nse in the weight of the unsaturated lay e’r iv ca lcu-
and tO,’ infiltration / int eq 8 equal to the rainfal l  i, f a ted for snow- w In ic i n  is wet but his no ,m nte ’cec lertt
Then tire maxin -n uni depth of w- , r l e - r impounded on a flow from
f lat roof is

0,1 ~ (~ f ( 1/3 70. 77 2 4 -

“i) 1t /2  c~ 
/ 2 L tanh r .  ( 22 )  
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I Its’ ~ i itie’,il slur ,itie mr t ssu it i ld be h unger if the “ n n m m v s  w i l e ’ rainstorm fo n I Iant u use ’ r , Ste l i d  using the compute -n pru n -
div p n u n  t i  rIte uumt s et  of n ,nm nn  ( th ins u u p t i uu i i  is inducted gr,nnr in the Appendix that the’ maximum wei ght cit liquid
in t he’ eunn tpu nc - n pn m i C i  mit t )  inn s Imon te n i f  ,iiiteci,’de’ i t t  e , un n iecl by- the f la t  roof inter e- ,mye ’y wi th rainfal l  duration
f low c \ i s t ee f  ml  ti ns ’ smiust - f l o s s e s  ci , t he st e’ng lmt uf tite ’ un ti l about 75 ,000 s (20 .3 h). As shown on I gure 9, the
unl s .i t imna rc ’ tf l.is en inn t i n s e~ .ininp le St ‘uh f riot he’ gr e m t ly  total ys i- ig ln t due to the liquid is not sc ’ i iv it ke ’ to t h u
. i l t e - c n e~,I I qua n ion n 2 1  s le .mn l y  s l t m i t u ,s th ,nt the cni t ie , i l  dun,iti umn i i f  tite ra instorm as long as the’ durat i i mn r is
dLi i .m t m n O t  of liii ’ r , i i i t s t nu t it) rut r i t e w e i g ht of th e ’ o t t -  we ll in excess uI the time l~ ne c ess a r y  to pe’netrats’ t Ine ’

- 
- s.itur ,ited lay c it  11cm i’ ,ises n , n pnd by w i th  ti n - depth of unsa turare’el laye r , In f a c t , the wei ght u u f  the tr ans ient i

t lìe Sf l i  t t t  hot is  ntuc 0 less sen isi i n s , ’ n , m the pen niieabil- liqu id increases lit about 79 kg/ni 2 (16. 4 lb f t  2 ) bet nine
i t t  i line s i tu ‘0 - I it the is, - of I ianm t us en st-i t h a snimi w the action of dr,miniagc becomes inure important than the
of (I S-r n dept h, 0.5 c ’ I t i - c ni t  e pm in c t s n Iy  arid 10_ I 0 m2 mrt crc ,m se of tota l prec ipitation with duration . liii a rain-
perntea b i lm t  y , t i te 2~ - s m ’, mt  r , in n n stm ; r i ) t  t hat int o e’,nsc ’s t hie storm u uf 75 ,000—s duration , about 66 u I  the ra infal l
w e igh t tnt t ire nmnismren r , i te ’d Liv e n t o  a rn,mx imun n f i,is a is retained on a f lat  roof by t he end nit the’ t , u m n s t i  n ni .
d ur , mtm u, n i c i t  SO (t ( i s  1 2 , 2 1 m b  ,otd ,on in t e n s i t y  m , f  7 ,s3 x I t)’ I or this situation the’ total li quid adds 9f~ k g, in 2
m m i i  0 ,2 inn , I t t .  1 i r i s  s t , i i i t t  ,idets 1t2 ,(i k g, no - ’ (12 ,S (20 .4 lb It 2 )  of liquid to the vo mi ts on the u n i t of v t l t i e i i
O f t 2 ) m l  t ransie nt liquid wc ’ ig l nn t i n the unsaturated the capi l l . m ns li quid (held by capil lary ton i c - s I is f i )  k :

l.iy Cr u n  ,r huiut ./ S - - of the usual clesigni l ive l uu .nd , It is m2 an d the transie nt li quid is kg ‘ m n 2 . - l hi- c t e s i g n r
t i n t  nitipor tanit to note that about I 5 u I  kg on 2 (3,87 five loads on most roots would have ’ t i m he in creased my

lit It 2 ) u I  addit ional liquid is retained ,is the capil lar y ,ibout- S0~’ to accu uunt  ton  the tot,m i liquid weig ht , lhe
liquid , 1 lie w e i g h t n il the ice’ would he about 21 I total live load in this examp le n caches 304 .3 kg rn 2
kg, m 2 (43 .2 lb . - 11 2 ) ,  Clearly - , the addi t io n al wei ght of (62 ,-I lb/ It 2 ); thus it is ea s i l y scent w Its- 1 horhurn and
ti ne liquid must he considered , Schniever (19 99)  were concerned about roof fa i l un c’s

Inn these ex,m rnples , the unsaturated later  can ca r r y  resulting from rain fai l ing inn) a Fre , m s s snowload .
,m hout the same lo,rd as the s, rturat c ’d l,it’ei ; this has Because of the large n umber of parameters a f f e c t ing
mn t pm n t i nt t n i r p l i c  in to n s for n i iuit s ot all shu ipes . If thete the retention of ra inss,mt c ’ i on a roof , a w d~’ range of
wcngh t s  yse ’n c ’ simp ly .rddecl , t he total e f fec t  would re- calcuiated loads might be possible , I htj s v ev e ’ t  , it has
quirl’ an l ien east ’ of the desi gn load of more ’ than two-  been shown that the e f fec ts  of s nn o sv per nie ’a bih ity- and
t huds lii ,mccou ni t  f i r  the tot a l  w c i g it t  of liquid water rainfall in tensity are reduced by- the square or cube n m ut
on the j o in t . F mis s -ever , a more complete calculation of dependency , and as suggested by I igure 9, the s-s -ei ght
t he corn hmn ne’ el e f f ec t s  of these two l.my er  s is ne’cc ’ss , iny - of transient liqeod on ,i f lat  i u i o t  is not vet  y s ens i t i s c to3 Ibis i s  t l l m i s n n , m t e d ite re fo r .m flat roof in I hanover . duration of the 25-year rainstorm , According ly, a ss’ide

Ion ,n f l,rl m nuol the total we ight of the li qui d per variety of snow condition s and rairtst o rms can produce
om it ,inea is given by- about the same amount of t ransient roof wei ght .

The’ drain spacing will af fect  the saturated lay-er , and
It - /n / u  ~ )t esk

~~) /3 (I — + 
~~ for this particular exantp le , t he saturated layer is ver y

sens itive to the slope of the roof . Other important
u 0.5 iT (10 ;m1, 5 ( 25) effects , especiall y t he radial movement of water to

drains and gutter overflow , are introduced in the text
stint - n e 

~~ 
is the in nc -e lue’ ihlc wa ler  saturat ion and sectio n .

I ,
0 f n r r <  t ,~

d = (26) MISCELLANEOUS EFFECTSmm 
, -— I I , cnl, - ~ 1. tanh —i- --- (r - t

~ ) for r -. l~~, Radial flow to drains
Ort roofs w ith intle rruml drains , radial m’,mther thani

I , ,  t he n m n ’  di ’ l,u y be’ Iu i rc ’  t lte in f i l t ra t i n g water reaches para llel I m isc e,m n occur ,j y w,m ter moves over the roof
the rout , is gnven b y to the drains , - \e eo r c luni gl y - , t he pre’v iuius a n a l y s i s  for

f low aIring a two .dimensi onal roof must lie extended
— ~~~~~ ~~~~~ 

) ‘ t I  1 , (27) to ,i lln is - s ca lcu iat io n of the larger wei ght due to rn-
pounded wat e r ass nrciated with radial f low t u u .m drain .

Ii in O S-rn depth , 11 . 54 pormns ity , I 0-rn drain spacing, Stea dy t lumw q through the saturated las en on a
10~ 

I i m .~~ 2 per rne,mbility ton unss,tturated snow , I 0~~-ni2 flat roof (0 0) is given ) by
permea bility for saturate d snow , and the 25-year

1~

1’
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Case ~

f igure 10. ~uturated layer 0/ s-nun on a I/ at rool shown for the
eas es s-s ’h~re the saturated /0Cc ’! d oes (I) and clues not (II,) ( u i- er  the
drain, i ’s- ot t ’ that the i ’ll cc ti m c’ rod/mis of the di aimn (r 0) has been ii,-
creased (u s -~ provid ing a collector space he! mvc’en the drui,m pipe and
the grate.

q = — ales- 2n,c/~~L , (28) (r e /r 0)2 I Can be more’ than an order of magnitude
greater t han 

~~ ‘s- ; however , as note d before , t he time
The inf i l t rat ing water reaching the saturated layer in- required for the saturated layer to cfe tehop is ye - n v  n’nuc h
crea ses the f lux toward the drain according to greater than the duration of intense ra infalls. Ne’s - i’ m t he-

less there are several important conclusions to be dr,iss ni
2rrr l — = 2rrr~ . (29) at this point,

ar at 1. 1 he rate’ of flow to the drain is ven t sensitive to
the ratio of drain spacing to drain si/c as shown on the

Upon combining eq 28 and 29 to eliminate q and left hand side of eq 32. This m , ml i i u  can he reduced hi,
integrating from the drain rD to any position r for increasing the size of drains and/or decreasi n g t h e
steady flow: spacing between the drains . Since internal drains are

expensive and tend to be troublesome , it is important
,,‘ Ir~ to note t hat the effective dianicter of a drain can be iii-d2 d~ — — (r 2 — r 6 ) + — ln(r/r~)) (30) . , - - -crea sed by simply incrcasrng the size of the’ grating m i s - i’m

t he drain . The area available for flow to the drain in-
where dL is the thickness of the saturated layer at the creases as r~ for Case I (see Fig. 10) and .ms r 1, for
per imeter of the draini ,r0 is the drain radius, andr e Case II. By increasing r13 the increased wei g ht  due to

— is the roof radius (see Fig. 10). The size and spacing pondinn g u s-er the drain can he grea ily reduced ,
of the drai ns are cr itical , since the drains must be 2. O ne severe ’ problem ss- ith drains is the possibi l i ty
capable of removing all the water without it ponding of icing because of freeze-th aw cv c l i ’s and/or the
ove r them . As shown on Figure 10, the wei ght of the dcnsification of the saturated sm iin ss ot’c rls’ iiig lire dra in .
saturated layer is much greater when the drain is i rt- When the sntoys’ oyc ’ r l u, in t g the grating is O c t  it w i l l  t e i , t i n t
capab le of accepting all the water moving through the by capib l . rni t t- ~mppr u ix in ia te ly  20 mm (0 ,8 in.) of liquid
saturated layer , The vertical percolation through the wate r in a t , i tU ndleel  lay-er at the v e r y  base of the snow ,
saturated layer directly over the dr,on is nirdependent If ys- c’ ,it hier conditions change and this lay i-n n e - I r e ’ e ’,es ,
of the thickness of that layer because the water pres- it be’c mmn n t e s  a ne , mr by intpermeable “ice lay, ’ r .” If it subse-
sures on both the upper and lower surfaces are equal . que m rt na intst onm ic o ns , disch,rnge into the drain iv
Therefore the flow through the drain Q1) is given by imni pe ’cte cf Fry nit , reduced perniteahi l ity cml this lay-er amid
the inequality: more of t he r , m boss i t e n  could be retained on the roof .

The “ ice layer ” un dergoes a thcnniiodyniamic rnet,m -
1 Q13 -~ ~ ‘ s-~r~ , (31) morp hism in the p e’se nlce of liquid s-cater ts Io5h i- se ’ n t t n n-

,nIIy n c’s t o n c ’s the permea b i l i ty  cml the sr tu i t s  u t t e r  the
The total f low - reac hing the saturat ed b ,rycr is ~~ I. drain; it uss es en , it rake ’s se’s c n m l c f,m y v tm i  e , im i v c ’ .n s i gnn i t i ’
Thus c u r t  in te r c- ,nsn ’ in /e~. \~ a resu lt the vs en gh t .idded ti n a

out by a s t n ’ m c t y ’ ra infal l  Fasting vcs - n’r ,u l c I t y  e n n u I
(r

~/ r 0 ) 2 I ‘. ale ( $ 2 )  p p t i m , u c f l  liii’ tut ,il w e ’t gb t  m l  t he i ,u inst at er f a l l i ng on
t ine ’ r u m  i t .  One mi i ’ s  i t  i r is .ipptu ,ii lt to vi Is nt tg th us problem

and there is no pon nf mng is- c r  the drain is li m e is m~ t in heat the gr ,iliiig m t order to melt ,iss - ,iy the 2 ( t -nun i
Ire

1! O~ 
I is less than ~k , It is eonieei v ,mhle that mdc ’ lay er , I Ir is v i u l r i t i u n t  e a r n  he par n ly . n e e u m n o p  sht ’ I  lt t

I.
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in the thickness of the saturated layer for small s- ,ilue’s-
of

Snow 
— - - — - — — — -

~~ 5. On a roof wit it  radial I l~ms - s , a larger vu m l unm ic  of
water is n c t ,o mn i- d as a satunat e’ d layer than on a mm m u m t  with

~T parallel 11m w to a dra int , To m l l ustr a te this p m ui n i t  the pn u-

Gnat. L a y i r  file of t he saturated ny en on ,u twu n-din nensi tu nt al  i un i t  is
given by

1 igure 11. ( /inen.- cmdvwr agcs of ci recessed drain
m)i ’( ’( a flush drain.’ I) the las--er of snow ,satwaled / 2aA’s- d — 

1
) 2 m

by cupillur,s- - - re tention will ht’ limited to the drain — - (1 - A
5 ) - , .  m ,

itself , thu.s reducin g th€- root s-s--eight , 2) //mi s
saturate d, capi / /ary layer ii ,// be les s l i / e el s - to where
tnt-c/ n ’ and block the drain , and 3,) the lowere d
drain ,v’atn’s a ‘‘tens ion qradietr t ‘‘ in f/u ’ s/ tu n- R s- ,s- ‘1~, (37)
in /mL It slightly ,,lcrc ’ uisc ’s the rate of f /o w to the ’
drain , This is also shown in Figure 12 for a drain v i/e ’ m i t  0.1

nut t he roof length. The volume of pon ded svaten on a
root s-s tb radial f l u  mss is given by’

eee ssinl g the grating as shown on F igure 11 - A m eec’s-S
of 50mm (1.97 in.) has several advantages over the
flush grating shown in I- igure 10 . First , t he I.uyc ’r of V = 2~. m~sJ rd dr -

s nu nm ss -  saturated by cap illary retert t i on is l imited to 0
the drain , t hus reducing the wei ght that this saturated

us c -n e xci Is on the en tire r u mm u t  - Seccnnd , interna l i len mc e thc ’ rat io of the s- ui lurne of ponided vs . m e -n I t in
efr , u ins form a natural heat leak from the building radial O t t o  l it  that fo r parallel f lo s s can he calculate d
w hich should help to prevent the te s es s eef s-nuts - h uim .ms a funct ion of R 0 - ‘Th is  ratio is shown nv a fu t i~ t imno
freezing. I’he gre al en the iteat leak , t he less the chances of R [) in Figure 13 for roofs of equal nrc-a , Oir the
tul cc- la yer tmm rmatnon to ,mu s t ’ el r ,u in h lmmc k.t ge , radial roof nn this fi gure , there is a s m rtg le , ce ntr. m liy

3. The’ pressure in the \s- ,m te ’ n ,ut t he tnmw e ’ st po int in located drain , and the two-dimensional m m  m~~f has a I sc - ut
t he snow’ is app rox mnn~ineI~ ,itriiusp henic ,untd dcci e,ises drain sue’ - For R 1~ equa l to 0,1, the drain t iv 

~ the
with height thu is - i’ t ltat point , This establishes a 5~7C 01 the roof and the saturated l,uy c-n t in  na di,ul I muss-
‘ ‘ tenn s u nrr  grail ient ’’ which has been ignore d in the has 751 - - more wei ght titan ton par,m l Id t lnmss - I or R
d en i s , t t : u mn t  of t he f l i r ts  equations gm vn ’nn here but in I .me t equa l to t),O I svhich is probably a mim e’ ciimniion ,ilue ,
y s m o ld increase the f low rate tnmw ,ird ,n recessed drain, the saturated i ,m y - em for r.mdia l t I s - v  c im nt ,m ins 1 ,~u(’ more

4 . -\ss iirn nng the drain is riot bloc ked and is capabl e w,n ten t itan f u n  parallel f l ow . The ,uc ls -ant n , igc ’s i it ri-
of han dling the inf i l t rat ing water without forming a creas ing the relative size of the dr,uin k 11 fn m r radial
pnmnded layer d i rect l y ’  nm s er  t he ilr,unni , the profile of f low by- using an en larg &- d grating m i s - e r  the drain is

water in the satur ,uted l,mver is given by’ suggested earlier have ncnsv been ser i f cc l . Likes -s m s -c ,

t h e  advantage of drain rig a rout by par.il Id II is - s to
(2&~’~ ) d - 12 Fr i R/R R2 + R~ ~ (33) a gutter rat her than radial floss to dIn d m 5  has been e’ s~- ‘T’

~ ~~ 
— V — ‘ ta bliched on a quantitative basis,

,- \s t im parallel I f i ts - s , t he n ,nt e mi t  m i en  e,ns,’ iii the
w here r~ 

ns t he’ radius ol the roof , saturate d la y- cr  in r,mel i,u l I First  must he dnint s ide red , liii’
thickness of the s ,rturat ed l,my e’r at t he’ perimeter of rio-

R~ — r 0j r ~ 
(34) m m m l  increases h i m  a constant  s , n f ue  of in f i l t ra t ion , i e e m t n e f -

ing tu
,nnd

d0 =d0 (O) + ,- T l / ’ ~f,( - tanh o af - I )  t ‘~~I I (39 )

R r/ r ~ . (35)
where

The diniensionless rat i nm (2af’5 l(~ dir e is shown as
function of R for various values of R 0 in Figure 12. ,-t = ~~~~~ ~ r~ ~~ 

— I r/ 4 , -101
The c I te d  of drain si/c Is- shown by the large increase

11
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f igure 12, Pro f/le of the saturated layer (d/ r ~
) s - / / t  un-t i as a function, of R for various drain,

S//CS (R n) for radial f / ow over a f/at roof: The effect of decreasing the drain size is a rapid
irncrecj se in the thickness of the saturated layer. For comparison, the corresponding profile
is given for the two-dimensional roof considered previously (dashed line). The thicA-ness
of the saturated layer is some what greater for radial than for para llel flo w.

Y ~~~r~~ ’~ ’-- T~~~

V 2 O ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
J

Figure 13. Ratio of the volume of water in the saturated layers of radial and t i n- u -
dimensional roofs shown as a functio,, of the drain size on a radial roof:
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a. 1 wo-dimensionnal roof is - I/ h a recessed gutter carries t he  tninimum
weight when the gutter depth eAceeds the s-voter depth,

~~~~w H  - 

-— - -~~~~~~~ - 
2L—  

------—
~~~~~~

-- - -— -~

b. When the gutter cannot move all of the water to the drain without
overflowing, the roof slope is effectively decreased and the weight due -

‘
to impounded water is greatly increased.

Figure 14, Flow on a flat roof for two conditions.

Front eq 38 the maximum possible volume on the roof of the saturated layer in the gutters assumes the el l ipt ical
is profile of

V = n~~ \
1/~Qk r~ (d \ 2  + (L - x)~~ 1 (3)

~d0 /  L 2

~ fe \/ ln R~ - 
R2 + R~ - ln~~~ RdR - (41) Hence the overflow would most likel y- occur near the

roof edge and extend along most of the length of the
gutter . For a steeply dipping gutter , the depth of the

In tine formulalin)n of the computer program it is saturate d layer increases linearly toward a drain and
assumed that the vu1ume of the saturated layer in- reaches a maximum lust short of the drai n , In this
creases directl y as d0 ( t ) .  case the additional wei ght is concentrated near the

drain so that an overflow would not cover s~~ii a
Flow along gutters on snow-covered roofs large area of the roof , Getters with gradual slopes ,

We’ have shown that planar two-dimension il roofs like roofs with gradual slopes , lie somewhere bctweeni
tend to carry less weight in the saturated layer than the two extremes.
radial roofs , The advantage (ml two-dimensional roofs Obviously much can be gained by increasing the
is greatl y reduced when the longitudinal gutter , which slope of a gutter , Unfortunatel y it is d f f i cu l t  lii salve
collects and moves the water to the drains , cannot the governing equations , and unlike the case f - m n  a
move the water to the drains without overflowing , shallow roof where the water volume was used as the
That is , when the thickness of the layer of water in a dependent variable instead of depth , we ritust deal
recessed gutter exceeds the depth of the gutter , the with dept h exp l ic i n lu, since t he depth of the sva ler in
overflowing gutter effectively reduces the slope of the the gutters is the limiting criterion for design, The
roof in order to increase its own slope. As shown in volume of water in the gutters per sc contributes ver y
Figure 14 , this phenomenon causes a large increase iii little t im the roof weight, Ideally the gutters should lie
the we ight on the roof because small decreases in roof able to handle all the rain intercepted by the renml
slope produce large increases in the volume of the without overf lowing but this is very un like ly f inn nor•
ponded water (see Fig. 5) .  For level gutters , the depth mal roof desi gn. Sloping the gutters reduces t he ’  weight

13
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ad d i l n um mi by u m s - e’n I Iu ms - s - smmni ie’ s- s- - ltat , but c v i i i  so , t ime inn n un i t s , lime ’ extent  , mm n d na t ure - unf ice - ny e n s  in the
eym ntc ’ rs s-s ms - m luj h.uve to he c’ \ tm  c -r oc k large’ tnt handle s t t m i s - n . c m i v e ’i nit the - grouitd ci i . m nlge ’ rapidly duri umg the
a ll the drai n age. I imi a f la t  c u l v e r t , the niaximunt ss-ar nmier spring months ss-hie n Ine ,n s - s s-ni ms - s t m m c i ’ , i s - sm me n-
c leptbt 1,1 s-s ,m te ’ m i/ it in tIme e~u i t em is- uyvi ’ mt by ated with f r e .ms y rains inc roost likel y t i m  od ium , In

genera l it se’entns safe to assume tb m,u t t ime presence m i t  icc
if = I f~L \ ‘  f i_  ~~ (42) layers will itut sugn i i l ican itl y increase the weight due to0 

~~ / ~~
‘s- / the’ presen ce of tra m msi e nt water . l i t  ms - s e ’ s - i’ m , nt must be

emp hasized that exp eu - imenta l olive-n y i n  ii inns oh the ’ de-
v s - item e l,~ is t ime’ length tnt the gutter , 2L is time width tailed st n ueture - of vn t ul wc u nv en s- on ro mf s are nlc - c e v s _ m r  y
ni l t he I m r m u t  ,mil n is the widt h of the gutter , Lquationi tnt test lime validity ’ of generalizi n g f ront snlu m s - s - - on the
42 slu tuss - ’, that the diept lt of s-s ,itc ’r in the ’ got ten inn- ground t i m  snow ort roofs ,
en c’ ,uses ss ’mt h i the’ spacing betsvecni t h e  drai n s l~ ari d .ms
the square ’ root of the ratio of roof to gutter widths Basa l layer
121 us- ) -

. I or reasmu nab le values of (2/ !tt I and There are tw m m ch aracter is - t ics cuf t i t e’ basal l,uy er  u I  —
(I nA- s- ) ~ , t Ine depth of the gutter must he’ ex eessis - ’ e ly sn t m nw which are imp mt rtaot the b.mv, nt ,iy e’i l ie - n t i le 1-
large unless the drain spacing is no more than a meter, it i l ny anmd ope’n channels, It was shown e’, mm h e r  that t h e
.- \ c e m t m d m n n g ly a ns - ’ce v se d gutter similar to the suggested pernitea bility of the basal lay-er is of r e e l s - i c e d  irnp mnr t,m nie
d r a in design (see Fi g. I I )  would he .idIv~unntageous . The because it c’ r t ter v  t he equations as a square n m u l i t .  I urt hc ’n -

mnta in advantage of this desi gn is t h a t  the longitudinal more , at small values of time’
f low along the gutter occurs in the snow-free space
beneath the grating; hence , flow along the gutter would 

~ nh “~~~~ t (43)
occur muc h more readil y, For given conditions the Lc ’u -

f ins-v rate would be greatly nc re,nsed at small values of 
,

yv .iter depth , According ly overflow would not in- Therefore , Irom eq 16 fn m r small values of t ime
cre ase ’ t he roof weight by inhibiting f low to the gutter .

d0(0) + I t/ c 5 I44t
Snow structure

In most areas of heavy snowfall , ice layers tend to w hicim shows that initiall y the th ickntcv s of thi’ s- as - e lm i s - sd
Idirm in the snowcover because of the preferential re- layer increases linearly- wi th time arid is n n’ l , u t i v e ’ h y  inse m rs - i -
tent ion m it  liquid water ,m t certain horizons . These ice Live to the permeabil i ty . This is i l l us n r ,m ted tn I gim nu - 1 ~laye rs  interrupt the downward movement of water in for s- s - s - ui values of permeab il i ty , \ n u n u  t hat the c- t h e -c t  m i t

t he unsaturated zone causing ponded layers of svater pemut icabi l i ly increases with time ,
to form above them. In extreme cases these ice layers The higher permeability - us-eel in tt t s examp le’ (10- I
a lmost completely eliminate downward water move- mm2 ) cou ld only’ represent a sve ’I I- s i i , tk u ’eI s - m is- s s-e bb
ment and it would be necessary to manua lly penetrate some open channels formed by’ melt ing in this basal
s-itch an ice layer  in the event of heavy rains, layer . The maximum thickness nmf the sat urated layer

Generall y ice layers arc discontinuous and do not is 10 times l, mrge - r for t he s - n osy of mis - sen  permeabi l i t y
pr nv ide a complete interruption of the vertical seepage . and it s  time response is mucim st u ns - s - er , These are huith
In e l fe ’ c t , discontinuous ice layers cause ,n stepwise l l m i v s important considerations regarding the s - s - i’ i~ iit ml the
of water clown to the roof. There arc t wo important basal layer , \ lorc ’ observ ations of rniof snos-v ,m r e’ nee ded
ef fec ts  of this mode ti f f low . First , more than one to te s t  the pemmea h i l t ts -  values assumed here.
saturated horizon wil l  exist since e , uc i n ice layer as well
as them roof tend to cause water pimn ding. Second ,
some areas m l  the snowc rmver may be bypassed and rc- CONCLUSION
main relatively dry while the f los-v is concentrated in
/m m nl e s - of high water saturation and high flow rates. I he - ivy r uins falling unit n u m e u ls c m  m y  ing ,m Fr i - i v y  s un uss -
According ly, we e xpect an uneven distribution n l  the load ,mre an imptmr t ,mni t is - pc - in m l  m i s t la huu m es- . The
wei ght (in the roof due to the liquid water , we ight of the ss-- ,ml e r , both c .m pi l lar y ami d tr .ur msie i i t  l i c i t u i t h  -

It us diff icult to generalize about the relative n m m m m f  sh umul il be cnrnsidered mv an •nddi timm n , ul I iii s-s hnc In nt is - ms - I
ln ads for homogeneous snow vs s-nosy cm m nt a i n ing ice he su pp mnrted Ii’, the n unit . The m.ixiniium s - v c - iz l tr  m i t
l ,my- ers , This problem is cn nipnmuntdcd by the highly liquid depe nds on p m  pc- r i  me ’s u t  t h e  s nnus - s , i tnt si/i’, s - i t
variable nature ml ice l, uy c-ms in t ime and v p ,uet -  and b~ and shape of the roof , m n  spac ing arid t y p e ’ of nb e
t he lack m mf studies of the particul a r properties of s - n u ts - s dr,u ir is , arid on in tens i t y  and dn un at inmn if the iainst or nts ,
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Figure 15. Depth of the saturated layer (d& shown as a function of time for an
intense rainstorm for two values of permeabili ty of the basal layer. The maximum
depth obtained differs by a factor of 10, a/though the permeabilities differ by a
factor of 100. The more permeable basal layer has a much more rapid time re-
sponse.

Whil e the’ depth of the snow is very important , the storms cause only a shallow ponded layer to develop
effect m i t  permeability of the snow is reduced by its because of concurrent drainage .
square or cube ru ii ml dependence . However , the For the example given for Hanover the 25-year rain-
presence m i t  open channels at the base of the snow storm falling on a heavy snow load could increase the3 wi ll have an c t f e e t on reducing the wei ght carried by total roof load due to liquid waler to 98 kg)m 2 (20
the r m mumt , lhe r u m o t size , especially for roofs with Ib/ft 2). The normal desi gn load would have to he in-
internal drains , has a s - i ’ m ’, large e f f e c t , since the pond- creased by about 50% to account for this effect. If the
ing of s- s, u t e - r m i s - e r  the rs-on l increases as the square of snow load is unevenly distributed (see cover photograph),
the clr .u nn spacing. Ihe effect of giving the roof even the loca l load due to rain falling on the snowdrif t can be
a sma ll inc f i na tmm m rt  us- s - er ’, large and must be consid- as large as that produced by covering the entire roof with
ered in iii den t i m  reduce the depth of the pondcd layer . the drift.
Lnlarg ing and rc ’ de s s - tnm g the drains increase the rate cmf
draun tage and reduce the chances of blockage ’ by re-
free z ing. LITERATURE CIT ED

Ls-e’ n h u m  ste e p ly- dipping roofs , much water can be
retained in the unsaturated snow. This water , both Cofbedk , S.C. ( t  972 1 A th e or s - of water percolation in snow .
cap illary and transient , must be considered since one /oUr,uu/ 0! G/acio/og; vol . I l , no. 63 , p. 369-85 ,
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-\ I ’ t ’ E,N l ) l  \ A . (O ’sll ’tJTE R PRO( RAM (A LCULATINC
ROOF LO-’s- DS FRO M R - \ f N - U N — S N O V ~

I I ni s - c m tmpu t em pm uig n , u nnm in l) a mt memuth Basic see f i b  Spec it y root s lu mpe ( deg ree s )
-\ l b  c , mlcu la t es t c mt , mh u s - e’ n g h t t , l r . u e t ionm e mt ra in ta l l  re- ihte root slope is i n put ti degrees mit  slope .

t , ium me ’cl , s-s e ig ht i i) t he s - m i m i  atech h,iy c m  ,unct is- c’ igh t t mt th e - 7)  Spec i f ’ ,  sta r t  inme’ , stop time , time s t e p

l i nrs - . i t L tm ateel iv i’m us .u t L t i mc l lo n  nil du ra t im m n b i n  ,n ~k - s ngnr the prm tgr anm m ike ’ s -  c , uh i um l , m n n  mis m i t  eac h s -a lue umt
b u s - n v  m i n t s - t m: i i  , mt l i m m ui  cu lt d sn u ms - s - - cm t s - c ’ m i ’ d m , i u m t  T hu .’ na ins l i u m nm ~t m i r . u t i i m r t  i.Imim ’ , m ’ mi ln t ’ m e .
Inpu t red l u n ne ’d to mcu n the p m mmgm ~uni ms - .~~ f o l i m m s - s - v (in 5) - \ i t i in l i c ’ m t ime step?

\1KS un l i ts) - The m s pem . i tm m m can m i pt imuze the time step t i m  minimize
I) S p e c i f y  A , B , C cu um puter lnnt i’ by using a small t ime s t e p  at lower
I hesi’ .irc - the e m m n t s - t d n m t s  in a des i gn bas is rainstorm values of duration ,untd ma n caving the time step at

rtt - s-~m ibi d Its- l.irger s- - ,m lues m m )  d i i m , u nm :1 s - s - Fue i  e the unput  i l t .m m t g u -v  rn- ir e
s lo s - s - h ’ ,  -

-l (r i / b 1  b A I)  T Ine’ m mutput I n ’  urn the’ pmmi g m am is the ,is- e’nag e s-s-~ :inht
per unit Jne- ,m , t I le nm , m \n nt l unim us- e i g ht pc-n unit area

and must be m bta inec l tr umn i cli maIm In mg ic ~u l rec tum ifs for mmce nm r  i rs- 5i an’, s-s-- here on the ru m i t , the m ien ii mi of the
eac h area . tota l rau mm ta l l  I e’ta incd , t h e  ,is- e r ICe wei ght m i t  the s - m u -

2) Spe c i t y II , L , I’, .5 , I’. 1 , K2 rated t ,uy Cr , am id t he R i m age - is- e i g ht oh tI ne ’ umi s a num ,mied
I / is  the t hick imess of the s - mn-  ma . L is the distance be- layer  for i’ , mL ( n s - pe r t h  me d s-aloe oh m a l t / s - n o n  ii duration .

m s - se en t he parapet and drain t n ur  parallel h i t s -s to gu t te rs -  Other outputs such as depth m mt the s- a lu m ,utm. ’d Li’, en ,
or t he ri mo b edge , m u m - the sb ur i c ’ s - n dist ,nnce between the s- s e ig l m n i i i the c,ipil Lit ’ ,  \v ,mtcr , s-ve igh t of re - f r i  i /c - ni s-v , mt er
parapet an d dr,uin for radial flo ss -- . I’ is the porosity oh or l rac t i o nm t u b  s s - e ’ t t i ng  t n im ni t  pe ntetrat iont cnmu ld be m ’ i , um l e
the s nmms - e  - 3 is the in - reducible water saturation oh the with mInor modit icat ion is , If the drains or gutters s - s e-n c -
s - Oh ms - S - 1(1 and /s - 2 are the intrinsic permeahil t ies of not capable iii remnms - ’ ing the s-s ,i f e -n s-s- i t t to ut mis -  i’r l i e n  rig,
the saturate mi basal layer aun d the unsaturated upper s - im m ln e modif icat ions would have to be ntade ten the pro-

, m y i rs , respect ively,  gram to account ton the additional w eig h t ,
3) Speci f’, radial (R) or paral le l  (/ ‘ b i b m  i’s -
Radial I l mm w iv flow t e m a central drain and parallel

f low is I l m i s - s - to a gutter which carries the water to
drains, If is as-sun ned that a square area iv drained in
ra dial bo s - s - and that the gutter e \ t u ’ndv t he entire length

I of thc ronmf for parallel b i t  t y s - , Ot her confi gurat iemns
s- s - i t uh c l  m equine ’ some modif icat ion of the prograni if
t hey could not be r e - pr e s ’ - mmted ii’, these . isv umpt uum ns .

l~ Specif ’, drain radiu s- (meters)
liii ’ cl i  cc l ive radius of the drain t i m  radial finm ’ .v .

Ni i drain or gutter m y  cm l i i  ma is assumed ,
S) Spe ’c i ‘, te mperature
l I me ’ ,mve ’ r ,tg e ’ sr mi ms - s - ne - nmmpc - r .n t i im e - is m e - u l mu i ne -d . If the

s -m m o s - v is already n ( 1  ( -
- it is , ms - ’ , u t m ed th at onl’, the

u.l p i h l , m m y  \ s - , n t t - r is pm u ’ s - u ’ mm n i n the vm t ’ i s - s -  snuch that r i m

.intecec le nmt I lnmw m u r m u r s  p n n m u r  t i m  t ite irvi n n I  the r u i n —

‘utorni .
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L I S T

RFLTR OS 02 MAR 77 13 : 03

10 REM ROOF WEIGHT DUE TO RAIN ON SNOW , MR S UNITS
100 PRINT “SPECiFY A , B ,C”
200 INF’UT A , E h , C
300 PRINT “ SF’ECIFY H ,L ,F’,S,K 1 ,K2”
310 INF’UT H~ L~ F’,SrK1 ,N 2
400 LET W 1-”917*H* (1—P )
405 PRINT “RA LI IAL (R ) OR PARALLEL (P ) FLOW ”
410 INPUT W$
415 IF W$ ”F’ ” THEN 500
417 IF W $~~”R ” THEN 425
418 GO TO 405’
425 PRINT “DRA IN RAD IUS(METER S)”
430 INPUT G
435 LET J= ,887*6/L
440 LET M= J/100
445 LET J1=J+M
475 FOR Rc~J1 TO 1 STEP M
480 LET N I= (2*LOl3 (R )~~R~ 2+J~ 2—2*LOG (J))~~(,5)*R*J
485 LET N=N’fNl
490 NEXT R
500 PRINT “ SPECIFY TEMF’(tIEG C)”
510 INF’UT T9
515 LET W5=5.73*T9*H* (P—1)
525 PRINT “ SPECIFY ROOF SLOPE ([IEG)”
530 INPUT 0
540 LET F= (1+Q/2 .2)~~(1.06 )
570 PRINT “ SF’ECIFY START TIME , STOP TIME , TIME STEF’”
580 INPUT T2~ T3~ T4
590 F’RINT “ DURATION ’, “TOT W ” , “RETENTION” , “W (SAT )” , “W (UNSAT r
600 FOR T=T2 TO T3 STEP T4
700 LET I—A* (’r+B)~~c
770 IF 19(0 THEN 815
780 IF T9=0 THEN 800
790 GO TO 500
800 LET T1 m(H*P* (1— S) )/((5470000*N2*(I~ 2))~~(1/ 3))
805 GO TO 900
815 LET ‘tl=H*P* ((i/ (5470000*R2) 1/3)* (1—S )+S)/I + 0,001*145/I
900 LET U= ((5470000*K1*1Y (1/2))* (T—T1)/(L*P)
910 LET UreU *F
1000 LET [‘=0
1005 IF 1(11 THEN1326
1010 IF W $= ”F’ ” THEN 1200
1060 LET N2=i5 .95*P*L*N* (I/ (5470000*K1))~~(.5)
1070 LET U lu ( (5470000*K1*I )~~.5* (T—T1) )/ (P*(L~ 2*LOGCL/G )— .5*L~ 2+.5*G~ 2)~~.5)
1071 l,.ET U 1 F*U1
1080 LET W2 =N2 * (EXP (U 1)—EXF ’ (—U l ))/ (EXP (U l )+EXP (—U l))

• 1681 LET W2mW2 /(,1* (54700O0*K1/I)~~(.5)* (F_ 1)+ 1)
1085 LET ti : .00101*W2/F’
1090 GO TO 1322
1200 LET tIre ((I/ (5470000*Ki)r’ (1/2))*L* ((EXP(U )_EXP (_U ))/(EXP (U )+EXP (_U )))
1320 LET W2n:785*F’*D/NF_ 1)* .1* (5470000*K1/I)~~(,5)+1)
1322 LET E= 1
1324 IF’ 1:-Ti THEN 1340
1326 LET 142u 0

Figure - A 1. Computer program.
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