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SOIL MOISTURE DEPLETION CALCULATIONS FOR WINNIPEG

-  1963

by

r  9s0

J" J.  Harni l ton

ABSTRACT

In areas of sub-hurnid cl i rnat ic condit ions, the rnoisture
received in the form of precipi tat ion is Iess than the arnount that
rnight potent ial ly be used in processes of evaporat ion and transpi-
rat ion. Winnipegrs cl i rnate is character ized by fair ly large and
protracted deviat ions frorn long-1srrr ]  nlean ternperature and pre-
c ip i ta t ion  cond i t ions .  Dur ingdrought  per iods ,  p lan ts  d raw heav i l y
upon soi l  rnoisture in storage in the heavy clay subsoi ls,  and the
result ing soi l  volurne change causes ser ious foundat ion problerns
for  rnany  eng ineer ing  s t ruc tu res .

A soi l  rnoisture deplet ion calculat ion, cumulat ive over a
nurnber of years and based on Thornthwaitets potent ial  evapotrans-
pirat ion concept,  has beenfound useful  in evaluat ingthe vegetat ion-
cl i rnate factor in soi l  rnoisture and volurne change studies. The
cornpet i t ion of shal low- and deep-rooted vegetat ion for avai lable
soi l  rnoisture, the effects of plant ing or rernoval of  t rees on si tes,
o r  the  cover ing  o f  la rgepor t ions  o f  the  ground sur facewi th  i rnper -
rneab le  sur fac ings  on the  recharge o f  subso i l  rno is tu re  a re  d iscussed.
Ernpir ical  relat ionships between calculated soi l  rnoisture deplet ion
and depth of the water table, vert ical  ground rnovernents, and the
fai lure of bur ied water-rnains due to f lexure, have been found use-
fu l  in  s tud ies  o f  these eng ineer ing  prob lems.
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Throughout the Prair ie regions of Western Canada the soi l

is of ten unsaturated to varying depths for part  or al l  of  the year because

the rnoisture received in the forrn of precipi tat ion is less than the arnount

ut i l ized by evaporat ion and plant t ranspirat ion. At elevat ions above the

saturated zone the pore water is subjected to suct ion or,  in other words,

exists at pressures below atrnospheric.  When exarnined in rout ine soi l

rnechanics tests,  soi ls under the inf luence of suct ion or negat ive pore

water pressure exhibi t  s igni f icant ly di f ferent and usual ly rnore cornplex

eng ineer ing  charac ter is t i cs  than do  sa tura ted  so i l s .

Terzagf . i rs  e f fec t i ve  s t ress  concept ,  f i r s t  pub l i shed in  I )ZJ(11 ,

has been general ly accepted as a pr inciple of soi l  rnechanics upon which

rat ional analysis of volurne change and shearing strength of soi ls can be

based. Early analyses dealt  pr i rnar i ly with saturated soi ls cornprised of

a rnineral  soi l  phase and a l iquid pore water phase. More recent ly the

concept has been extended to unsaturated soi ls,  which have a gaseous

phase included in their  pore f lu id cornponent and therefore exhibi t  the

'k  Research  Of f i cer ,  Pra i r ie  Reg iona l  S ta t ion ,  D iv is ion  o f  Bu i ld ing  Research ,
Nat iona l  Research  Counc i l ,  Canada
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increased cornplexi t ies of a three-phase systern (2).  The signi f icance

of soi l  suct ion or negat ive pore water pressures in relat ion to sorne

aspects of soi l  mechanics was dealt  with by Penner (3).  At a special

conference held in London in March I950 (4) it was shown that rnuch

could be learned about the effects of clirnate and vegetation on soil

rnoisture suction frorn the findings of agricultural and clirnatological

r e s e a r c h  w o r k e r s .

THE SOIL MOISTURE BUDGET

Agricul tural  scient ists have recognized the need for keeping

an account of the soil rnoisture available to plant life, but it has not

yet becorne rout ine pract ice to prepare periodic tnaps report ing the

"local and geographic differences in the arnount of water available in the

so i l  fo r  nour ish ing  p lan ts , "  as  env is ioned by  Koppen (5 )  in  I900.  Th is

developrnent has been delayed by inadequacies in exist ing soi l  rnoisture

instrurnents and the problern of gathering and processing the results

frorn the large number of rneasuring stat ions required to descr ibe

condit ions within even srnal l  geographic regions.

In l9+S Thornthwaite (6) publ ished a cl i rnate classi f icat ion

systern ut i l iz ing readi ly avai lable cl i rnatological  data. As a result ,

large areas of the world have been classi f ied into cl i rnat ic regions.

For exarnple, the Province of Manitoba has recent ly been rnapped (7)
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according to the latest neethods presented by Thornthwaite and his

assoc ia tes  (8 ) .  Accord ing  to  th is  c lass i f i ca t ion ,  the  reg iona l  c l imate

for the Winnipeg area is Dry Sub-hurnid (rnoist  f r inge).  f t :  general ,

"Manitoba lies in a clirnatic transition zor,e frorn dry to hurnid, one in

which srnall changes in rnoisture or ternperature will upset the balancerl

( 7 ) .

The civi l  engineer or archi tect interested in foundat ion

perforrnance prefers to descr ibe the rainfal l -potent ial  evapotrans -

pirat ion aspect of the weather in a graphic way. This report  descr ibes

an adaptat ion of Thornthwaiters calculat ion for potent ial  evapotrans-

pirat ion that uses readi ly avai lable data frorn rneteorological  reports

( i .  e. ,  dai ly rnean ternperature and actual precipi tat ion) in order to

provide a graphical  descr ipt ion of the rnoisture budget.  The cumulat ive

dif ference between calculated potent ial  evapotranspirat ion and actual

precipi tat ion was termed I tsoi l  rnoisture deplet ionrr by Bozozuk and Burn

(9),  and di f fers frorn Thornthwaitets rrsoi l  rnoisture def ic iencytt  in that

the rrsoi l  rnoisture storagerr terrn is not included.

Calculated soi l  rnoisture deplet ion has been related in the

Winnipeg area to in situ soil volurne changes and shallow foundation

perforrnance, to rrreasured soi l  rnoisture change, and to changes in

water table elevat ions under grass covered test plots" Sorne cornrnents

are rnade on design irnpl icat ions and the possible extrapolat ion of these

relat ionships into di f ferent vegetat ive or surface cover condit ions.
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CALCULATION OF POTENTIAL EVAPOTRANSPIRATION

Thornthwaite (6) found that the relationship between monthly

rrrean daily ternperature and potential evapotranspiration (adjusted to a

standard rnonth of thir ty days, each hawing twelve hours of possible sun-

shine) for four selected si tes in the United States was wel l  expressed by

an equation of the forrn

e = c t 2

in which e is the rnonthly evapotranspiration (crr)

t  is the mean rnonthly ternperature ( 'C) and

c and a are coeff ic ients that vary frorn one

place to another,  and are srnal l  in cold

cl i rnates and large in hot c l i rnates.

In order to calculate these coeff ic ients,  the fol lowing steps

are  car r ied  ou t :

r  i . 5 1 5
l.  a rnonthly index is obtained, i  = (  

U )

Z. the twelve rnonthly values are surnmed to give an appropriate

heat index I ;  this index var ies frorn 0 to 150, whi le a var ies

frorn 0 to 4. 25 and can be expressed by the relat ion:

a =  0 .000000575 13  -  0 .0000271  Iz  +  0 .0  t7g?  r  +  o .4gz3g

3.  the  coef f i c ien t  c  var ies  inverse ly  w i th  I .

The general  equat ion for evapotranspirat ion is

e  =  l . (  ' I o t ' a, r_1_r

in which a has the value given by the previous equation.



- ) -

The general  equat ion gives unadjusted rates for potent ial

evapotranspirat ion. As the nurnber of days in a rnonth ranges frorn 28

to 3I (a var iat ion of nearly I  I  per cent) and the nurnber of hours of day-

l ight (when evapotranspirat ion pr incipal ly takes place) var ies with the

season and w i th  la t i tude ,  i t  i s  necessary  to  reduce or  inc rease the  un-

adjusted rates by a factor that varies with the rnonth and with latitude.

For calculat ions of potent ial  evapotranspirat ion at Winnipeg,

two tab les  (Tab le  r  and rab le  r r )  were  deve loped by  D.w.  Boyd,  Meteor -

ologist  seconded to the Divis ion of Bui lding Research frorn the Meteor-

ological  Branch, Departrnent of Transport .  The f i rst  gives unadjusted

dai ly rates of potent ial  evapotranspirat ion in inches for var ious dai ly

lnean te rnpera tures  f rom 32o to  89 'F .  The second l i s ts  cor rec t ion

factors that account for variations in the rnaxirnurn duration of sunlight

at 50'N ( lat i tude of Winnipeg) for each day of the year.

Table I I I  i l lustrates the procedures used in carrying out

these ca lcu la t ions .  The resu l ts  p resented  are  fo r  the  rnonth  o f  June 1954.

In a typical  calculat ion for any day, the fol lowing steps are carr ied out:

l .  The dai ly ryrean ternperature is obtained frorn the metborological

reports prepared by the Departrnent of Transport  and is entered

in Colurnn 2.

Z. Frorn Table I  the unadjusted dai ly potent ial  evapotranspirat ion is

deterrnined for this dai ly lnean ternperature and is entered in

Colurnn 3.
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3" The correct ion factor for the length of sunl ight is deterrnined

frorn Table I I  for the part icular day for which the calculat ion

is being rnade and is entered in Colurnn 4.

4. The unadjusted dai ly potent ial  evapotranspirat ion is rnul t ip l ied

by the correct ion factor to give the corrected potent ial  evapo-

transpirat ion for the day (Colurnn 5).

CALCULATIONS OF SOIL MOISTURE DEPLETION

Thornthwaite def ined potent ial  evapotranspirat ion as the

arnount of water that would be returned to the atrnosphere if the soil

and vegetation were provided with an unlirnited supply of freely avail-

ab le  water .

W-hen evapotranspiration exceeds the arnount of rainfall

received by the soi l  surface, vegetat ion rnust draw on the rnoisture

stored in the soi l .  The arnount of soi l  rnoisture that can be retained by

various soi l  types is a funct ion of their  texture, organic content and

structure ( I0).  For exarnple, the approxirnate nurnber of inches of

water per foot of  soi l  that is stored by var ious soi ls and avai lable to

plants for t ranspirat ion is as fol lows:

Fine sand 0. 5 in.  of  water per

Sandy loarn  1 .7  in .  o f  water  per

S i l t y  loarn  2 .5  tn .  o f  water  per

3 .  3  in .  o f  water  per

4 .  5  in .  o f  water  per

foot of  soi l

foot of  soi l

foot of  soi l

foot of  soi l

foot of  soi l

Loam

Clay
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The eff ic iency of plants in rernoving water frorn storage

through transpirat ion processes depends on the depth and distr ibut ion

of their  root systern. As the total  depth frorn which moisture is

extracted closely approxirnates the depth of root penetrat ion, i t  is of

interest to consider sorne of the rneasured depths of root penetrat ion

for plants corrrrrronly found in Western Canada: cornmon weeds, 2to

8 f t ;  wheat,  3 to 6 f t ;  Scotch pine and Cottonwood, I  to 5 f t ;  Elrn and

Caragana, 5 to 15 f t : ,  Burr Oak, 10 to 20 f t ;  al faLfa, greater thanr 20 f t

( I0).  Based on est i rnates of soi l  rnoisture storage, the total  arnount of

water avai lable to a plant growing on a heavy clay soi l  is 4.  5 in.  per

foot of  root penetrat ion.

D i f fe rences  be tween spec ies  o f  p lan ts ,  as  re la ted  to  the

various t i rnes when growth begins and transpirat ion rates increase in

the spr ing, rnay be of s igni f icance in the total  moisture requirernent of

plants during the growirrg 
"uu."o.r .  

Transpirat ion rate is also affected

by the rate of developrnent of the root systern and the increase in leaf

area of the plants.  The depth and extent to which plants are successful

in drawing upon the rnoisture stored in the soi l  is a funct ion of the type

of plant and the history of i ts growth. Ward ( l I )  found in southern

England that the height of  a tree was a rough guide to the spread of i ts

roots and the extent of possible darnage to bui ldings, and that root

cornpet i t ion result ing frorn proxirni ty of other trees and the effects of

paving over the root systern, increased the horizontal  extent of the roots.
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Bozozuk  ( lZ )  in  1962 repor ted  on  the  darnage sus ta ined by  sha l low

foundations in Ottawa due to the effects of tree growth.

To deterrnine the arnount of theoretical soil n-roisture

deplet ion occurr ing during the day the precipi tat ion (also frorn rneteor-

ological  reports) for the day is subtracted frorn the corrected potent ial

evapotranspirat ion (Colurnns 6 and 7, Table l t l ) .  The soi l  rnoisture

decrease is posi t ive when the potent ial  evapotranspirat ion is greater

than the daily precipitation, and negative when the daily precipitation

exceeds the potent ial  evapotranspirat ion.

SOIL MOISTURE DEPLETION AT WINNIPEG

In ini t ia l  t r ia l  calculat ions for 
'Winnipeg 

i t  was assurned

that the soi l  rnoisture storage was cornpletely recharged each spring

fol lowing snow-rnelt ing, and the t tsoi l -rnoisture deplet ioni l  was calculated

frorn that daturn each year.  Typical  annual soi l  rnoisture deplet ion

calculat ions are shown inColumn 8, Table I l I .  The total  soi l  rnoisture

dep le t ion  car r ied  fo rward  f ro r r  3 l  May 1954 was 0 .30  in .  Th is  rne thod

of calculat ion, however,  did not take into account soi l  rnoisture de-

plet ion carr ied over frorn one year to the next.  Usual ly,  total  pre-

cipi tat ion during the winter was rnuch below that required to recharge

the soi l  rnoisture storage cornpletely.  Sirni lar ly,  due to this rnethod

of account ing, ear ly spr ing rainfal ls were sometirnes indicated as run-

off  when no run-off  or ponding was observed (see, for exarnple, f igures

for 8 and It June 1954 in Table III). It becarne apparent t}:.at a rnethod
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was needed for developing a curnulat ive total  f rorn year to year.

f t  was necessary to assurne a zero daturn for cornplete

ground water  recharg ing .  A f te r  cons ider ing  severa l  years  o f  rne teor -

o log ica l  records ,  the  assurnpt ion  was rnade tha t  fo r  g rass  covered areas

the soi l  rnoisture storage was colnpletely recharged after spr ing break-

up in I950, a spr ing in which extensive f looding occurred over rnuch of

the  Red R iver  Va l ley  ( I3 ) .  I t  was  a lso  assurned tha t  the  e f fec ts  o f  dew,

frost and subl i rnat ion frorn snow were insignif icant.

The curnulative soil rnoisture depletion calculated frorn the

I950 daturn is l isted in Colurnn t ,  Table I I I ,  and is plot ted on Figure 1.

This curnulat ive plot would be a true rneasure of actual changes in soi l

rnoisture condit ions i f  plants were 100 per cent eff ic ient in rernoving

water  f ro rn  s to rage,  regard less  o f  depth  and rno is tu re  s t ress ;  and i f

the assurnpt ions of no run-off ,  and no subdrainage or upward inf low of

rnoisture frorn aquifers below, accurately represented the actual f ie ld

cond i t ions .

In general ,  these ideal condit ions do not exist ,  and changes

in soi ls rnoisture storage wi l l  usual ly be less than indicated by the

soi l  rnoisture deplet ion calculat ions. Penrnan (14) has proposed a

rrroot constantrr  concept as a rneans of evaluat ing the effect of  di f ferent

types of vegetat ion and depth of root ing on the relat ionship between

rneasured changes in soi l  rnoisture storage and calculated potent ial
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evapotranspirat ion. The root constant is def ined as the arnount of easi ly

accessible water held in the soi l  within the depth of root ing: and an extra

inch is added to al low for water that can be extracted frorn the soi l  below

the roots. I t  is assurned that al l  of  this is avai lable for t ranspirat ion at

the potent ial  rate. r f ,  dur ing the growing season, the soi l  becornes

suff ic ient ly dry to i rnpede transpirat ion, the calculated def ic i t  can be

reduced by rneans of a relat ionship involving the appropriate root constant

fo r  the  type  o f  vegeta t ion  (e .g . ,  see  F igure  52 ,  p .  65 ,  B lack ,  c roney  and

J a c o b s  ( 1 5 ) ) .  T h e s e  a u t h o r s  u s e d  a  v a l u e  o f  4  i n .  f o r  g r a s s - c o v e r e d  t e s t

plots in the vic ini ty of London, and showed a good correlat ion between

soi l  rnoisture def ic i ts est i rnated frorn rneteorological  data and def ic i ts

es t i rna ted  f ro rn  pore  water  p ressure  rneasurernents .

The root constant concept is more difficult to apply in the

Winnipeg area where the cl i rnate is considerably less hurnid than that

of London and drought periods are rnore protracted. Gornparisons of

calculated soi l  rnoisture deplet ion with measured changes in moisture

storage in the top I0 f t  of  the soi l  prof i le indicate that the effect ive

depth of root ing of nat ive grasses on undisturbed soi l  prof i les is not

a constant but is t iependent on the rnoisture stress history of the plants.

Fol lowing prolonged drought periods, their  root systerns develop to

greater depths and can ut i l ize rnoisture that was previously unavai lable.

There  is  ev idence tha t  g rass  roo ts  -?y ,  under  these cond i t ions ,  der ive
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rnoisture stored at depths of.4 f t  or rnore in heavy clay areas. The depth

of root penetrat ion and suggested root constant for var ious types of

vegetat ion in the 
'Winnipeg 

area are l isted in Table IV.

In resident ial  and park areas the art i f ic ial  water ing of the

ground surface var ies widely,  depending on land use and ownership, but

usual ly the arnount of water appl ied in excess of natural  precipi tat ion is

less  than can be  u t i l i zed  by  the  grass .  The resu l t ing  cornpet i t ion  be tween

cultured grass and tree roots for the rnoisture avai lable in the top ? to 4f. t

o f  the  so i l  p ro f i le  fo rces  the  t rees  to  seek  rno is tu re  f rom greater  and

greater depths and radi i  as the tree grows. In W'innipeg, tree roots have

been observed at depths equal to or greater than those l isted in Table IV,

and at a radius frorn the tree equal to or greater than the height of  the

tree. In this si tuat ion the effects of the two root systetns are addit ive,

and the effect ive root penetrat ion is dependent on the degree of cornpet i-

t ion  o f  the  grass  and t rees  fo r  rno is tu re  in  s to rage.  Dur ing  drought  the

grass rrray ut i l ize al l  of  the rnoisture received by the soi l  in the forrn

o f  ra in fa l l  so  tha t  the  t rees  are  fo rced to  ex tend the i r  roo t  sys terns  to

new sources  o f  so i l  rno is tu re .

Even in a droug}:r't year in the 
'W-innipeg 

area, it is doubtful

whether natural  grass or short  rooted annual plants could derive rnore

than 8 to LZ in.  of  water frorn storage. 
'W'here 

plants forrning a dense

sur face  cover  cornpete  fo r  so i l  rno is tu re  w i th  deep roo ted  perenn ia ls ,

however,  i t  is conceivable that the annual dernand upon soi l  rnoisture
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storage could reach 30 in.  or rr lore. I t  is probable that condit ions or

perennial ly curnulat ive soi l  rnoisture deplet ion exist  wherever there is

cornpet i t ion between shal low and deep rooted plants.  During periods

of peak rnoisture requirernents a tree rnay severely desiccate the soi l

and cause negat ive  rno is tu re  s t resses  rang ing  up  to  I5  tons  per  square

foot throughout the root zone. W'here tree roots grow under paved areas

their annual rnoisture dernand rnay be curnulative and in a short period

of  years  very  la rge  dep le t ions  and negat ive  mois tu re  s t resses  lnay

re  su l t .

RELATIONSHIPS BETWEEN SOIL MOISTURE AND OTHER VARIABLES

The curnulat ive soi l  rnoisture deplet ion calculat ion proposed

in this report  has been found useful  by the author in est i rnat ing changes

in soi l  rnoisture condit ions in the W'innipeg area. Figure 2, publ ished

in  an  ear l ie r  paper  (16) ,  shows a  good cor re la t ion  be tween ca lcu la ted

soi l  rnoisture deplet ion and depth of the water table in a surnmer of

prolonged drought;  the ernpir ical  relat ionship being 4 in.  of  calculated

soi l  rnoisture deplet ion, corresponding to l  f t  of  ground water lowering.

Other indicat ions of such a relat ionship have been observed in connect ion

with vert ical  ground rnovernents under nat ive grass and weed cover.

In the above-rnent ioned paper i t  was shown that vert ical  ground rnove-

rnents  in  g rass-covered tes t  p lo ts  becarne s ign i f i can t  a t  a  depth  o f  8  f t

when the calculated soi l  rnoisture deplet ion reached 32 in.  of  water.
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The correlat ion between the calculated change in soi l  rnoisture

deplet ion and the rneasured change in water content of the soi l  is not as

good, and a calculated change of.4 in.  in the SMD does not indicate a 4 in.

change in rnoisture stored in a soi l  prof i le.  Tab1e V cornpares the cal-

culated with the rneasured values for the sarne test plot  at  the Universi ty

of Manitoba, where the water table measurernents were rnade.

The poor correlat ion between calculated and rneasured soi l

moisture storage rnay be due to several  factors. The actual change in

soi l  rnoisture storage probably lags behind the calculated change because

suct ion gradients rnust be establ ished before rnoisture rnovernent wi l l

take place. Moisture rnovernent over varying distances rnust take place

before plants can ut i l ize the rnoisture. The rate of tnovernent in heavy

c lay  so i l s  rnay  be  ex t re rne ly  s low,  even under  h igh  s t ress  grad ien ts .

Anot lrer factor contr ibut ing to t i rne lags in the relat ionship could be

that subsoi l  strata, st i l l  f rozer: ,  long after surface snow rnelt ing corrrrrrences,

rnay l i rni t  the depth of rnoisture penetrat ion at spr ing thaw. Very high

suc t ions  are  deve loped in  so i l  rno is tu re  ad jacent  to  g rowing  ice  lenses

in f ine grained soi ls.  These suct ions f i ray reach several  tons per square

foot,  and rnay be higher than the highest suct ion induced by plant growth.

I t  is not known whether or not subatrnospheric stresses in the soi l

rno is tu re ,  induced by  f ros t  i c t ion  or  car r ied  over  f ro rn  the  prev ious  fa I I ,

have any irnportant ef fect on the suct ion prof i le in the spr ing.
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The fact that the soil profile at the University of Manitoba

test plot  is real ly a layered systern, with a si l t  straturn between upper

and lower clay strata, rnay also affect the response character ist ics

of the soi l  prof i le to changes in soi l  rnoisture stress. When rnoisture

becomes avai lable after prolonged drought,  f issures and cracks in the

overlying clay rnay allow rapid penetration of water under positive

pressures down to the si l t  straturn, which would saturate quickly,

giving r ise to posit ive hydrostat ic pressures in the si l t  and inter-

connect ing f issures. The overly ing clay would then be wett ing

slowly frorn the top and bottom and walls of each crack, with the

result  that suct ions would slowly decrease in the clay rnass.

In this si tuat ion i t  is conceivable that soi l  rnoisture suct ion

could st i l l  be high within the rnassive clay blocks, al though posit ive

hydrostat ic heads rnight exist  in the surrounding cracks and si l t

below. In a }ayered systern such as this,  where plant roots penetrate

a fine textured straturn such as clay into a rnore pervious silt straturn

below, rnost of the rnoisture stored in the silt stratulrr can be rernoved

easi ly by the plants under low suct ions. As this rnoisture is depleted,

the plants then rnust develop higher suctions to rernove rnoisture frorn

the clay straturn.

SOME ENGINEERING APPLICATIONS

The cl i rnate in the Winnipeg area has been classi f ied as

Dry Sub-hurnid (rnoist  f r inge).  The average precipi tat ion over a long
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period of years very nearly equals the potent ial  evapotranspirat ion

during the sarne period. This rr leans that occasional s l ight var iat ions

frorn average precipi tat ion or ternperature cond. i t ions results in

signif icant changes in soi l  rnoisture condit ions. Several  years of

s l igh t ly  war rner -and-dr ie r ,  o r  coo le r -and -wet te r ,  than average

condit ions often cornbine in what som.e consider to be long-terrn weather

cycles. The result  is a curnulat ive change or trend in soi l  rnoisture

condit ions. The curnulat ive soi l  rnoisture deplet ion calculat ion pre-

sented in this report  gives a graphic indicat ion of the precipi tat ion-

potent ial  evapotranspirat ion balance. I t  indicates both long,terrn trends

and their  rate of change. I t  has been found useful  in understanding and

predict ing lnovements of pavernents, shal low foundat ions and buried

p ipes ,  and the  vo lu rne  change o f  so i l  p ro f i les  under  g rass  or  t ree  cover .

An ernpir ical  relat ionship has been found between the rate

of water-rnain breaks due to f lexure and the curnulat ive soi l  rnoisture

deplet ion. During periods when the curnulat ive soi l  rnoisture deplet ion

exceeds l6 in.  the water-rnain f lexural  fai lure rate in the City of

Winnipeg is rnuch above norrnal,  whereas when the SMD rernains below

th is  leve l  water - rna in  fa i lu res  are  a t  o r  be low average ( l? ) .  Th is  i s

understandable in the I ight of  previous rernarks on cornpet i t ion between

tree and grass roots for avai lable rnoisture during drought periods. I t

has also been observed that bui ldings bui l t  dur ing or fol lowing drought

per iods  a t  s i tes  where  t rees  have been re rnoved jus t  p r io r  to  cons t r ,uc-
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t ion have undergone serious darnage frorn heaving of shal low foundat ions

andbasernent f loors .  S i rn i la r l y ,  s t ree t  pavernents  p laced on  des icca ted

subsoi ls have subsequent ly heaved badly.  Conversely,  the growth of

trees in areas where they have not previously grown has subjected

subsoi ls to new dernands on soi l  rnoisture and resulted in shr inkage

and damage to structures founded at shal low depths.

In sorne urban distr icts large port ions of the ground surface

are shielded frorn natural  precipi tat ion and, to sorne extent,  the sub-

so i l s  a re  p ro tec ted  f ro rn  evapot ransp i ra t ion  losses .  Of ten  s t ree t  pave-

rnents, s idewalks, parking lots and bui ldings great ly change the run-off

character ist ics of an area. At the sarrre t i rne, ef forts are rnade to

preserve as many shade trees as possible in spi te of the encroachrnents

rnade on the surface area required for recharge of soi l  rnoisture. The

on ly  a rea  o f  uncovered so i l  i s  o f ten  a  nar row s t r ip  o f  g rassed sur face

forrning a boulevard or rnedian dividing street pavernents, s idewalks

or  park ing  areas .  These areas  usua l ly  rece ive  no  ar t i f i c ia l  i r r iga t ion

because they are on publ ic property and do not pond water during

per iods  o f  heavy  prec ip i ta t ion  because they  are  we l l  g raded.  As  t rees

grow towards rnatur i ty they are forced to extend their  root systern to

greater distances and depths, around and under nearby bui ldings,

buried pipes, pavef i lents or other structures on shal low foundat ions.

The soi l  shr inkage result ing frorn their  dernand.s on soi l  rnoisture causes
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serious problerns in rnany instances.

To el iminate or reduce root cornpet i t ion for soi l  rnoisture

it rnay be advisable to incorporate any one or several of the following

suggest ions  in  landscape des igns .  Sumrner - fa l low areas  beneath  t rees

equal to or larger than the canopy of the tree rnay be sat isfactory in

solrre instances in reducing the extent of root penetrat ion. 
'Where 

this

is undesirable because of rnaintenance problerns or unacceptable for

aesthet ic reasons, crushed or washed stone beds rnay i rnprove inf i l -

t rat ion and check the growth of grass or weeds. 
'w'here 

both lawns

and t rees  are  des i red ,  ho les  or  t renches  back f i l l ed  w i th  a  perv ious

rnater ial  or l ined with perrneable casings rnay aid inf i l t rat ion of sur-

face  water  to  the  roo t  aone.

Various design features may be adopted on the basis of.an

increased understanding of cycl ic or long-terrn changes in the soi l

rnoisture budget.  lMhere di f ferent ial  soi l  volurne change is expected

beneath shal low foundat ions or bur ied pipes increased f lexibi l i ty or

s t rength  is  necessary .  In  sorne  ins tances ,  en l igh tened cons t ruc t ion

scheduling rnay rninirnize the long-terrn effects of volurne changes

induced by cl i rnat ic and vegetat ion factors. Environrnental  changes

caused by construct ion or landscaping act iv i t ies often disturb the

dynarnic equi l ibr iurn condit ions long establ ished by nature. This dis-

turbance rnay have considerable effect on the perforrnance of struc-

tures and rnay lead to ser ious rnaintenance problerns.
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CONCLUSIONS

i .  A  so i l  rno is tu re  budget ,  based on  Thorn thwa i te rs  po ten t ia l

evapot ransp i ra t ion  concept ,  i s  cons idered to  be  a  f i ro re  ra t iona l  tech-

nique of evaluat ing the vegetat ion-cl i rnate factor than the cornparison

of air  ternperature and precipi tat ion records with long-terrn averages.

Z. A curnulat ive soi l  rnoisture deplet ion budget ing procedure

is required for the est i rnat ion of the potent ial  use of soi l  moisture by

vegetat ion and the magnitude of soi l  rnoisture stress for deep clay soi l

p ro f i les  in  a  reg ion  such as 'Winn ipeg,  where  the  so i l  rno is tu re  i s  no t

r e c h a r g e d  e v e r y  y e a r .

3. Ernpir ical  relat ionships have been found between calculated

soi l  rnoisture deplet ion, the elevat ion of the ground-water table and

vert ical  ground rnovernents. The curnulat ive soi l  rnoisture deplet ion

technique has proven useful  as a judgernent factor in predict ing or

understanding the long-terrn perforrnance of shal low foundat ions for

structures on volurne-changing clay soi ls.
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TABLE I

UNADJUSTED DAILY RATES OF POTENTIAL

EVAPOTRANSPIRATION (IN. ) FOR \TINNIPEG, IvIANITOBA
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TABLE III

ACCOUNTING METHOD FOR SOIL MOISTURE DEPLE TION

MONTH June r954 LOCATION Winnipeg RECORDS USED DOT
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( e  - t )
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( e  - t )

( i n . )

So i l  Mo is tu re
Moisture Deplet ion
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Ann. Curn.
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1 .34
1 .34
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0 .9?  - . 77

0 .  01  0 .  09

0 .  30 *  8 .87 *
0 .35  8 .gZ
0 .42  8 .99
0 .5?  g .0g
0 .65  9 ,22
0 .8 I  9 .38
0 .85  9 .42
0 .  18  8 .75

O'F>F  8 .  04

0 . I I  8 .  15
0 .23  8 .27
0 .01  8 .05
0 .  16  8 .20
0 .29  8 .33
0 .38  8 .42
0 .34  8 .38
0 .29  8 .  33
0 .45  8 .49
0 .35  8 .39

0 ' k *  7  .4L
o .  14  7 .55
0 .08  7 .49
0 .24  7 .65
0 .45  7 .86
0 .64  8 .05
0.  sz  7  .93
0 .67  8 .08
0 .80  8 .21
0 .98  8 .39
o .21  7 .62
0 .30  7 .71

T OTALS 3 .286 4 .48 5 .64  -1 . I 6 0.30  7 .7 r

Soi l  rnoisture deplet ion on 3l  May
On the annual soil rnoisture budget
rnust be considered to run off ,  but
assurned to reduce the curnulat ive

1954
the surplus water on these dates

on the long-term budget i t  is

deplet ion



TABLE IV

THE DEPTH OF ROOT PENETRATION AND SUGGESTED ''ROOT CONSTAI$TII

FOR VARIOUS TYPES OF VEGETATION IN WINNIPEG AREA

Plant
Root
Penetrat ion

Root
Constant

Lawn grass  ( i r r iga ted)

Native grass (no art i f ic ial  water ing)

Shal low-rooted trees anrl  shrubs
(Pine, Spruce, 

- \Mi l low, 
Cottonwood or

young trees of the fol lowing types)

Inte rrnediate -  rooted tree s
(Ekn,  Aspen,  Ash,  Caragana,  Boxe lder ,
e t c .  )

Deep- roo ted  p lan ts  and t rees
(Alfal fa,  Burr Oak, etc.  )

oct/ Sr
t o

Period Oct/  5?

Oct/ 5z ua{ st June/ 54 JuLy/ 55
to to to

Mar/ 5z June/ 54 JuLv/ 55 Aus/ s5

I  -2 f . t

z  -  4 f t

t  -  5 f t

L  -  I z f t

to Z0 ft
or  deeper

4 -8 in .

8 -16 in .

4 -20 in .

4 -48 in .

80  i n .

TABLE V

COMPARISON OT' CALCULATED SOIL MOISTURE DEPLETION WITH

ACTUAL CHANGE IN SOIL MOISTURE STORAGE AT U. OF M. TEST PLOT

to

Calc. change in soi l
rnoisture deplet ion ( in.  )

Change in soi l  moisture
s t o r a g e  ( i n . )
D e p t h : O - 4 f t

Change in soi l  rnoisture
s t o r a g e  ( i n . )
D e p t h : 4 - l 0 f t

Total  change in storage
( i n . )
Depth :  0  -  t0  f t

- 3 .40 - t - 1 .06

-9 .  5

-0 .42

+6.  s

+r .64

+5.  0

- r2 .58

- ? .58

+2.0

-o .20

- 5 .0

-3 .  ?7

+4.  r6 - r3 .92

- 3 .82 +2.70 +3 .96 +0 .  65
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