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ABSTRACT

Soil degradation in the lowland soils of the Lower Fraser
Valley area is an off-season (September-April) problem. The
legacy of the degradation’process is encountered every year-
in the form of ponding which delaysrfarming operations such
as cultivation and seeding.

It is common for the lowland soils in west Delta to be.
left in a bare, loose, and therefore unstable state in the
fall after harvest. As the result of raindrop impact on such
- a soil, ‘a disaggregation processﬂtakes place which decreases
the saturated hydraulic conductivity, the saturated water
content, the air entry pressure head, and the'waterlreleasing
ability of 'a soil. As a result of these changes the
hydrologic responSiveness of a soil will decrease; decreasing
. its ability to allow rapid infiltration and drainage.

The.objective of this thesis was firstly, to investigate_
the causes of the soil structural degradation and secondly,
to use some of the soil structural parameters to optimize the
respons1veness of a soil and thirdly, to suggest a management
model w1th the objective vof improving ,the : hydrologlc
responsiveness of a lowland soil.

To fulfill the above objectives, in the first chapter,
the . process of soil degradation was studied .on large
undisturbed soil'columns removed from two adjacent locations
within an area of Ladner in west Delta, British Columbla._It

was found that a dlsaggregatlon process caused by the 1mpact
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of raindrops on a weakly aggregated soil was the main cause
of a low hydrologic responsiveness at the beginning of the
cultivation season.

As a result of degfadation of the soil surface 1aysr, a
surface seal can form with a saturated hydraulic conductivity -
in the order of 9.7x10710 p s-1, A surface seal can
effectively decrsase the infiltration rate, 1leading to thel
formations of a pefsisteﬁt“pond which Will‘ make  a'soil
untrafficabie and unwbrkéble.

Ih the second chépter,-‘a‘concept of "designer soil" was
'developed,bwhere a set Qf.“design hydrologis parameters" were
identified for .a' partially hyﬁothétical soil. A soil
possessing hydrologic parameters better than  the design
parameters would therefofe display a certain desired
hydrologic responsiveness.

. In the third chapter, é descriptive management model was
suggested with thé' objective of achieviﬁg the ’design

parameters as identified in the second chapter.



iv

TABLE OF CONTENT

TITLE | PAGE
ABSTRACT e evvnveenecnnnsonacnsecasasannenasannnsnnnes ii
"TABLE OF CONTENTS & vevtveesnnoneoncncnonnoonnnnannnss iv
LIST OF TABLES ......... ceeses s st ecc e ser e eneane e vi
_LIST OF FIGURES ...cueeecnss et eeeiieticte e . vii
LIST OF SYMBOLS «covee... s e ix
ACKNOWLEDGEMENT v ovevecevnens ettt tereseaeeaeteaaa X
INTRODUCTION .l..‘....l.l....l‘..O..'O....‘.OO'I......;Q . 1
CHAPTER 1 -CAUSES OF A LOW HYDROLOGIC RESPONSIVENESS
lol' ABSTRACT ® ® © 0 0 0 8 6 05 06060685 0 060 0090000 e 0 a8 06080 0600000000 5
1.2 INTRODUCTION .ceceececscssse e e escescensseccsaen . e 6
1.3 MATERIALS AND METHODS ..t cesetsesscascssccssscassa 8
1.3.1 Soil and Site Description ......cccc.. e 8
1.3.2 Sampling Procedure ....csecossses b eseseseen 10
1.3.3 Laboratory Procedure .ceeesecsess creseranne 14
1.3.4 Physical Properties of the Soil ....... eees 19
i. Determination of aggregate stability ... 19
ii. Determination of organic matter content 20
1.4 RESULTS AND DISCUSSION ....... s eesecscsesnacseeas , 20
1.4.1 Effect of Drying and Cover Crop
: on Seal Formation .v.eea.. 30
1.4.2 1Internal Seal .......cccevtetnnncncnnnnnnns 33
1.5 SUMMARY AND CONCLUSIONS_ et e eccsscssscccnas ceeas 38
REFERENCES .................'..bl‘...._."...’....'...... 40
CHAPTER 2 USE OF SOIL STRUCTURE DESIGN PARAMETERS
' FOR OPTIMIZATION OF HYDROLOGIC RESPONSIVENESS
2.1 ABSTRACT +eevuvnnnn T 43
2.2 INTRODUCTION .,..ce. csescscsssne et s sescassssen 44
2.3 MATERIALS AND METHODS .(cccecossovsces ceescsnven 47
2.3.1 Determination of the Hydrologic Parameters .. 50
a) For the top SO1l ..ieeererciennnncccnnsns 50

D) For the sub-S01l]l ..cccieeteccancaccccnsonse 55



TITLE | : PAGE
2.4 NUMERICAL MODEL. ces o s Geessctesecstesestcsssesens . 55
2.5 = RESULTS AND DISCUSSION ..... R R I IIPPI 59

2.5.1 Model RESPONSE .evveeecccecscncncacscocsanss 62
2.6 SUMMARY AND CONCLUSIONS .ccccecevacococsana ceesee | 68
REFERENCES ..0...I.......‘....‘.......'.‘........I’..... . 70
CHAPTER 3 DESCRIPTIVE MODEL’OF SEAL FORMATION AND
MANAGEMENT MODEL
3.1 ABSTRACT .ccececcecocce ces s e es s seseene cees s cees 73
3.2 INTRODUCTION i eveceetnseccccosccssoncsnscs ccescee oo 73"
3.3 MECHANISMS OF SURFACE AND ' S
INTERNAL SEAL FORMATION .cceccceocss 75
304 DISCUSSION ooo..--o.o.oo;.oooooo.ooo.oo'oo’o.-.oo 83
3.5 SOIL MANAGEMENT ..cccececcsccscccns cees e s e s e e e © 86
3.6 SUMMARY AND CONCLUSIONS ceeescsccsensns cees s e 87
REFERENCES e e e s acecsc s s s s s s actenscaacecs ceesseccss e 89

CONCLUSIONS AND SUMMARY «vveveocccennens I -



CHAPTER 1

Table 1:

CHAPTER 2

Table 1:

' Table 2:

Table 3:

LIST OF TABLES

Soil profile description and some
pertinent  information for the
Ladner soil' under consideration .

Hydrologic parameters of the soil

Values obtained for some hydrologic

parameters by assuming a reasonable
behaviour for the partial retention
CUIVES ceveveeseosocscnssnsosnsnsnes

Showing time to trafficability
(tt), =~ response ¢time (rt), and
time to workability (tw) for a
number of possible hydrologic
parameter combinations ......c.....

vi

PAGE

11

53

54

63



vii

LIST OF FIGURES

CHAPTER 1 - ' S PAGE
Fig. 1: Schematic drawing of field sampling ..eceeees. 12
Fig. 2: Schematic drawing of flow measurement system.. 15
Fig. 3: Field measurement of water content vs.

depth for a soil profile under a ponded
depression. Saturation is indicated by
Solid Vertical lines .......0.......'...O.....‘.. 22

Fig. 4: Pressure head vs. depth for the three sets of
tensiometers in column 'A'. Solid horizontal -
lines show the location of tensiometers. Solid
curve shows the average value of pressure head..23

Fig. 5: Total head vs. depth for column 'A'. Short -
' horizontal lines show the location 4
of tensiometers ...ccieiiiicicnecans Ceeseeeenas 25
Fig. 6: Total head vs. depth for column 'C'. Short
horizontal lines show the location
Of tensiometers ..cciiveeecccsessssenccsssases 26
Fig. 7: Hydraulic conductivity reduction as a

function of rainfall events for different

layers of column 'A'. Zero event corresponds

to a freshly cultivated soil saturated from

DELlOW titieteeescessossssceossoscssscssscancnass 27

Fig. 8a: Total head vs. depth for column 'B' when
cultivation layer was kept saturated. The
gradient for the surface 5 mm and the cult.
layer was too small to allow K to be
MEASUYred +ieeeceeesssaasscssssssssssoscasonss .o 31

Fig. 8b: Total head vs. depth for column 'B' after

formation of a tension force at the surface .. 32
Fig. 9a: Resistance vs. rainfall for the laboratory

column. Numbers in the brackets show the

rainfall intensity .ciiiieriieciccsrsensecesas 34

Hydraulic conductivity vs. rainfall event
for an internal seal formed in laboratory
column for two assumed thicknesses '
of the seal ...ttt eeessacscssassssassss 35

Fig. 9b



“wviii

PAGE

Fig. 10: The internal seal formed on top of the
compacted pan in laboratory colum
a: top view
b: Side View ..ciereeereececisoesccccssoneasees 37

CHAPTER 2
Fig. 1: . Partial water retention characteristic curves -
- for the top 30 cm layer, and the bottom 90 cm
layer of sub-sS0il L.t iiiiiiecetetrtennn eees 51
Fig. 2: Partial flow characteriStic-curves for the .
top 30 cm and the bottom 90 cm of sub-soil ... 52
Fig;.3: Mathematical model for one dimensional,
vertical unsteady infiltration or
evaporation R I - ¥ |
Fig. 4: | Partial water retention curves at various
stages of degradation ...eeeeeeecccsesseccasss 61
Fig. 5: Showing the pfoceés of drying from an
initially flooded condition for case 3a in
Table3 ...-...'....?.....0'.......'......O...I 64
Fig. 6: Showing the'process of wetting from an
initially trafficable state (at t=7.6
days in Fig. 5) in response to a storm of
10 hr. duration and 2 cm day~! intensity ..... 65
‘CHAPTER 3

Fig. 1: Descriptive mechanisms of seal formation ...... 77
Fig. 2: Showing side views of two surface seals. A
(a & b) coarse layer at. the bottom of each seal

topped with finer particles can be identified.. 81

Fig. 3

A descriptive management model. for Lower

Fraser Valley lowland soils. Depicted at

the centre is an ideal soil and water

management path ....cceeeeeeeiiercecassocaseaass BS



o]

LIST OF SYMBOLS

.Symbql
A drainage intensity
specific water capacity
h soil water pressuré'head
hy air entry pressure héad
: hD' ‘height of water table aﬁ mid-point
between drains '
hg initial height of water table above
drain depth at mid-spacing
h¢ final height of waﬁer table above
: drain depth midway between drains
I rainfall intensity |
K hydraulic conductivity
Kg saturated hydraulic conductivity
K.E vkinetic energy \
m mass of one rain drop
a>0 drainage discharge
a<o0 rechargé |
r>0 rainfall rate
r<0 evaporation rate‘
t time
v velocity.
-4 depth (positive upwafd)
B hydrologic parameter describing the
.shape of the water retention curve
e soil water content |
e saturated water content

ix.

dimensionless
m3 m-3

m3 mf3



ACKNOWLEDGEMENTS

I would 1like to thank Dr. Jan de Vries, my research
supervisor, for his guidance and support throughout the entire

project.

The contribution and suggeétions provided by the other
members of my committee, Drs. M. D. Novak, A. Bomke, S.

T.Chieng, and Mr. M. Driehuyzen are well appreciated.

My thanks go to Mr. J. Savage, whose farm was used as the

study site.

Special thanks are due to Rosanne Rumley, Dr. Mensah
Bonsu, Trevor Murrie, Babak Shapar, and Dr. Morteza Ghomshei
for their contributions and helpful discussions throughout the

entire project.

I express my gratitude to my family for their support and

patience during the course of this work.



INTRODUCTION

This thesis is the.product of an investigation _carried out
to determine the causes (of a low hydrologic responsiveness,
manifested by widespread ponding during the off-season pe£iod
(September-March), in a lowland soil in the Lower Fraser Valley
(LFV) of British Columbia.

The thesis is a composite of three chapters. Chapter 1 is a
report of experimenﬁs designed to investigate ‘the processes
which 1lead to the degradation oflbthe surface layer of an
unprotected, freshly cultivated soii‘ These experiments were
carried out in the laboratory on undisturbed soil,celumns 504cm
deep and 25 cm in:diameter.“ It was found that a disaggregation
process caused by the impact of raindrops on a Weakly aggregated
soil triggers a degradation process which leads to the formation
of a surface seai. Formatioﬁ of a surface seal was identified
as the main cause of a low hydrologic responsiveness.

Existence of a high vresistance layer, referred to as
"internal seal", was detected on top of a compacted pan
approximately 10 cm below the soil surface. Since to the‘best
of our knowledge an internal seal has never been reported in the
literature, further investigation is necessary to determine the
mechanisms of its fqrmation in the field. In;therlaboratory |
however, an internal seal}was produced several times. Transport
of very fine sediment by conductive flow through a freshly
cultivated, loosely structured soil was identified as the main

mechanism for its formation.



Chapter 2 is devoted to the development of a concept which
optimizes the hydrologic responsiveness 6f absoil‘by using
some design structuralnparameters. As soil structuré degrades
as a fesultvof raindrop impact or compaction, soil reéponse
time increases due to changes which occur in the soil
hydrélogic charactéristic funétiqns. Soil hydrologic
characteristic functions which are intimately related 'to the
soii structufe can be defined by four parameters: saturated
hydraulic conductivity, satﬁrated water content, air entry
pressure head and a paraméter referred to as B which describes_
the shape of :thé partial water retention curve. As the
dégradation pfbcess is set in motion by the.disintegration of
the surface aggregates, soil hydrologic parameters fequire new
values in response to the changes in soil structure. In order
to defermine ‘the sensitivity of a soii system to the changes
in the hYdrologic paraméters, soil response time was evaluatéd
at different stages of soil degradation by using a
mathematical model. |

In chapter 3, a mechanism is offered for the formation of
a surface and an internal seal. This meéchanism is based on
the findings in chapter 1, and what has been reportéd in the
literature on the topic of surface sealing.

Also presented 1in chapter 3 is a descriptive management
model designed to improve the hydrdlogic responsiveness of the
LFV lowland soils. 1In this model a set of criteria proven to
be esséntial in soil and Water management of a lowland soil

are systematically stated. It is suggested that any deviation
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from the optimum management practices should be remedied by
. certain appropriate ‘actions. This model can be used as an
algorithm for develdpment of an expert system which could be’

used by farmers and soil scientists as a management tool.



CHAPTER 1

CAUSES OF A LOW

HYDROLOGIC RESPONSIVENESS



CAUSES OF A LOW HYDROLOGIC RESPONSIVENESS
‘1.1 ABSTRACT

Research was conducted on 50 c¢cm deep undisturbed soil
columns removed in April of 1987 from ponded depressions iﬁ an
intensively'¢u1tivated undrained field (site 1) in west Delta.
The degreé of degradation of the soil was judged to be maximum
as_indicated by ponding. The objective was to investigate the
céuses of a‘low hydrologic respbnsivenéss to rainfall e&ents.
Ihitial investigatibn showed the existence of a surface seal
with a saturated hydraulic conductivit¥ (Kg) of 9.7x10°10
m STl“for the 5 mm—layer thick surface. ' Also an internal seal
with a Kg of 1.0x1079 m s"l was detected on top of a compacted
pan approxima£ely 10 cm below the surface. The above soil was
compared with an uncuitivated‘ soil ;olumn removed from an
adjacént-drainéd field‘(site 2). The degree of degradation
for the lsoil was judged to be minimal. There were no seals
present in this soil, which had an effe’ctiveKs of 2.8x1074
m s'l, | | |

Both .soils were subjedﬁed to simulated cultivation in the
laboratory. The process of surface seal formation was
investigated 'under_ céﬂtrolled conditions of simulated
rainfall. Surface and'internal seals were regenerated in the
soil columns from site 1, however no seal formed on the column
of site 2. Kg of thef surface 5 mm for the site 1 soil

decreased from an initial value of 2.1x1072 after cultivation



to 1.4x1072 m s~1 after an effective seal had formed,. while
that of the siteb2 decreased only from 7.0x10-2 te 1.5x10"5'
m s~Ll. v | | | '

| It was found that a disaggregation process, which results
in the formation of a surface seal, was the main cause of the
reduction in'the hydrologie responsiveness of the cultivated.
soil. The most .important factor governing the process of
surface seal formation was identified as the surface aggregate
stability. It was also found that development of a suctien
force at the surface was an essential factor in,the formation
of a hydrologically effective seal. A cover crop was found to
be an extremely'effective tool in preventing the formation of

a surface and an internal seal.

1.2 INTRODUCTION

The importance of stable soil aggregetes to crop grthh is
well documented (Baver et al. 1972).- This importance is
largely due to a desirable hydrologic responsiveness defined
as: the ability of a soil to allow rapid infiltration and
drainage. A soil with good'hydrologic'behaviour has a short
response time, defined in this thesis as: the time to reach a
workable state from a fleoded‘condition wiﬁh the water table
at the soil surface. Workable state is a condition where the
soil water content 1is 1less than the 1lower plastic limit
(Hillel 1980).

It is widely known that soil aggregates become unstable



and slake upon rapid wetting (Emerson 1977). Also reported is
the disintegration of surface aggrégates due*<to féindrop
impact (McIntyre 1958; Ellison 1944). The combined effect of :
these disaggregation processes is the‘clbgging,'of pore-necks
(Uebler and Swartzendruber 1982) and reduction of porosity in

thé soil surface layer. Pore~clogging at the surface 1is a

precursor of surface seal formation (Bonsu 1587).

Surface seals may range in thickness from less than 1 mm
to gfeater than 5 cm (Tackeﬁt and Pearson 1965). They are.
normally more qompact, harder and more brittle when dry than
the séil just beneafh them. Surfacel seal fofmation is an
impdrtant process in terms. of its effects on infiltration,
erosion, seedling emergehce, and ponding. ‘This phenomenon has
been extensively studied in the last four decades.

Duley (1939), Lemos and Lutz (1957)7 and McIntyre (1958)
have proposed mechanisms of éeal formatibn. Tarchitzky et al.
((1984), and Evans and Buol (1968) stqdied the micromé?phology
and structure of seals. Meyer and Monke (1965), Free (1952),
Vand many others reported on runoff and soil erosion. Hillel .
and Gardﬁer (1969)' examined the effect .of sealing on
infiltration. Falayi and Bouma (1975) studiéd relationships
between the hydraulic conduétance of surface seals and soil
management.

In the Lower Fraser Valley (LFV), soil degradatibn is an
off-season process which begins early in the fall. 1Its
legacy 1is encountered every year at the beginning of the

cultivation season in the form of ponding. Windshield



surveys, conducted in the Wéstérn region of the LFV since 1982
(de Vriés, personal communication 1987),.show ponding to be -an
increasing problem in more than 90% df the cultivated fields.
This observation indicates that soils in this region are in an
on gding state of hydrologic deterioration, resulting .in a
continuous reduction in saturated hydraulic conductivity. In 
the extremely wet spring of 1984, cultivation and seeding wére
delayed . by two months as the result of ponding which rendered
the soil untrafficable (wihdshieldAsurveys and' communication
with bfarmers). Bécause of its effect on the timeliness of
farming operationé, ponding is a major: sburce of economic
1bss. Due to ' the importance of the LFV lowland soils to
British Columbia's economy, thevpresent work was undertaken
with the following objectives: 1) tob investigate the
mechanisms which' contribute to the reduction of the soil
hydrologic responsiveness, 2) to develop a concept. of
optimiiing the hydrdlogic responsivenéss of a soil by using
some design structural parameters 3) to Propose a 'soil and
water management model 'for the western lowlands of the LFV

area.

1.3 MATERIALS AND METHODS

1.3.1 Soil and Site Déscription

Large undisturbed columns were removed from two adjacent

sites within an area of Ladner soil in west Delta. Site 1 was



located in a ponded depfession in aﬁ' undrained field.‘ The
soil at this site has beeh under continuous‘cuitivatidn and
the degree Of! structure degradation 1is at a maximum. In
,cdntrast,‘site 2 was located in,an.unused portion of a drained
field (Boundary Bay research station). This site was under
permanent grass and the degree of soil structure degradation
was at a minimum.

Ladner soils are classified as Humic Luvic Gleysol
(Luttmerding 1981). They have developed from-moderately fine
‘and someNfine-textured'stone—free, mixed marine and freshwatér
deltaic déposits which are qnderlain by sandy materials at
depths below 100 cm or ﬁore. Surface textures are moétly
silty clay loam with variations to silt loam, sub-surfaces are
usually silty clay and sub-soil textures range from silty dlay
loam to silt loam. Ladner soils are moderately poorly to
pborly drained. They ére moderately to slowly ﬁervious and
have high water holding capacity and slow surface runoff.
High water tables are usual duringjthe_winter and surface
ponding is common during and aftér heavy rains. 'Ladner "soils
generally have a very dark gray, firm, silty to clayey,.
cultivated surface layer between 15 and 20 ocm thick. It is
underlain by 5 to 10 cm of grayish, partially leached; -very
firm, silty to clayey materiél containing common, reddish-
brown mottles. This, in turn, is underlain by a clayey layer
about 30 cm thick which is ‘grayish brown, very firm and
plastic, has strong, prismatic 'structure and contains many

reddish or brownish mottles. Surface and sub-surface soil
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reaction is variablé depending on management practices but is
usually very strongly or strongiy acid (Luttmerding 1981).

The soil‘prbfile f;r site 1 in April of 1987 prior to
cultivation consisted of a surface seal, a cultivation layer,
a compacted pan, and sub-soil. Site 2 soil consistedvof about
30 cm of top soil containing many‘stable'worm holes wunderlain
by subFsoil of massive éilty material consisting‘of many
stable old root holes. The characteristics of sub-soil in both

sites were the éame (Table 1).

"1.3.2 Sampling Procedure

" The sampling'method used was a'modification of the method
iﬁtroduced by Bouma and 'Dénning (1972). Three. undisturbed
columns 50 cm in depth and 25 cm in diameter encased in 2 cm
thick concrete were remdved in April of 1987 from two ponded
depresSions 40 m apart andv approximately 50 m?¢ in area
(columns A énd‘B from the same depression,' and C from the
other »one) with well-formed surface seals. One undisturbed
column was taken from site 2 (column D). | A detailed
explanation of the,sampling procedure is offered below:

In the field, a concentric pit wés‘dug and a éylindrical
soil column 55 cm long and 25 cm in diameter was .carefully
carved out (Fig. 1). A cylindrical casing 50'cﬁ long and 29
cm in diaﬁéter was construcﬁed using» 0.75 mm .thick sheet
“metal. Different layers in the soil profile (i.e.

cultivation layer and compacted pan) were carefully identified



Table 1. Soil profile description and some pertinent information

for the Ladner soil under consideration

particle size distribution

. aggregate bulk organic matter
thickness - stability density Kg %clay %silt %sand content
(n=12) (n=6) (n=6)
cm % kg m~3 m.s-! (soil type) %
Site 1
surface skin layer .05-.1 3043 - - 20.0  57.2  22.8
{ (silt loam)
seal compacted 1-2 4115 1420428 ‘- - - ‘- 7.422.3
layer
cultivation layer 7 -10 L7t4 1105433 - 20.8 67.2 12.0 9.342.5
. (silt loam)
compacted pan 10 - 17 - 1250450 - - - - -
sub-soil - - - 1076% - - - -
Site 2
) R ) '
top layer - 25 - 31 9242.5 - 10 23.0 62.0 15.0 19.643.1
(silt loam) '
sub-soil same _ as above

#Single auger hole method, personal communication, S.T. Chieng, Bio-Resource Eng. Dept., U.B.C. 1988.
¥*Ppersonal communication, J. de Vries, Soil Science Dept., U.B.C. 1988.

1T
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_and their thicknesses were measured, since two tensiometers
were to be fitted in each layer at different depths along with
one tensiometer in the sub-soil. At each depth three
tensiometers were to be fitted at 120 degrees apart to
triplicate the pressure head readings. Appropriate locatioﬁs
were marked along the length of the cylindrical casing and 7
mm diameter holes were drilled to allow the insfallation of
the tensiometers.

The tensiometers used were porous.ceramic cups 5 cm vlong,‘
and of 6 mm outside diameter with an air entry value of about
4 meters of water. The tensiometers were cemented to 6 cm
long and 6 mm inside diameter plastic tubes.

To facilitate transportation of the coluﬁns, four cast
iron rods 6 cm long and 6 mm in diameter were installed in'the
sheet metél cflinder at symmetrical positions. These were
used as handles for 1lifting the soil columns. In order to
reinforce the handles within the concrete casing, pieces of 5
cm by 5 c¢m wire mesh were‘positioned at the tip of the rods
inside the cylindrical casing. |

Beach sand was placed.around the boﬁtom of the cdre to
give a smooth base. The sheeﬁ metal sleeve was lowered to fit
evenly around the soil coré.‘.A drill bit was used to make
holes in the so0il column to receive the tensiometers.
Tenéioﬁeters were then fitted in the sample.

A Qypsum paste was poured on top of the sand in order to
prevent the concrete from seeping out;~ Concrete was then

poured and continuously vibrated with a rod until the space
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'bétween the soil core and the éheet métal casing was filled.
A rim of 6 cm deep and 27 cm in diameter supported by sheet
metal screws was pushed about 2 cm deep into the wet concrete
at the surface to créate space for ponding of water.

The concrete was left to set in the field, with the soil
core attached to the groﬁnd. After two days, ‘the core was
detached from the base, and the cdlﬁmn was removed using a
tripod and tackle and transported to the 1laboratory. To
conserve the columns between the experiments, they were kept
outside in pre-dug holes with their surface even with the

ground surface and their bottom kept moist at all times.

1.3.3 Laboratory Procedure

In the firsﬁ‘ experiment, to determine the initial soil
conditioh, the hydraulic conductivities of various soil layers
were measured for the three célumns of site i (A,B, and C), as
they were brought in ffrom thé field.- The hydraulic
conductivity of séals was assumed to be saturated due to the
large negative air entry pressure heads, while those of other
layers were unsaturated. The upper boundary for the columns A
and B had not changed from the field condition, while the
surface of column C had developed tension cracks. To control
the lower Dboundary condition, the columns were placed on a
cylindrical pail filled with tension-saturated medium sand,
ensuring a perfect hydraulic contact (Fig. 2). The sand

surfacé was kept within the tension saturated zone at all
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times by means of an outflow unit. A thermostat was used to
keep the temperature‘cﬁnstant at 18°c. -To éarry out flow
measurements, a cons%ant head was maintained at the soil
surface and the volume fldw rate was directly - measured from
the outflow unit‘at steady state. The gradient was calculated
from the tensiometer readings; enabling calculation of the
hydraulic conductivity profile by using Darcy's law; For ﬁhe
latter calculation it was"assuméd'that_all seals were 5 mm
thick, and that the pressure head distribution within each
‘layer was linear. At this stage an effective hydraulic
conductivity for column D was also determined using the same
procedure. Due to technical problems with the tensiometers a
hydraul;c conducﬁivity profile could not be determined for
this column. |

In the second experiment a surface seal was generated in
the laboratory by applying -simulated rainfall with close
observation of the sealing process and constant monitoring of
the changes in the hydraulic conductivity of different soil
"layers. The procedure was as follows:

The :cultivation layer of columns A and D were left to dry
to below the plastic limit, a condition necessary for
cultivation. The effects' of discing and plowing were
simulated in thé laborétory to a depth of 10 cm by use of a
knife and a spade. The soil was cut with a knife
perpendicular tp the surface, and then‘ turned over by the
spade. Nine sets of high intensify (120Nmm hr‘l) and. short

duration (2 to 5 minutes) simulated rainfalls, each set
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containing five events were applied to the surface. Each time
rainfall was applied until a pond was formed. The pond was
kept at a constant depth until steady state was reached and
the tensiometer readings were recorded.

- To produce rainfall, a laboratory rain maker unit was used
with hypodermic needles of gauge 21 placed at 2 cm by 2 cm
grid spacing.' Rainfall intensity was controlled by a movable
constant head wunit.  Simulated rainfall was applied from a
distance of 30 cm above the soil surface;

In the third experiment the effect of formation of a
suction force at the bottom of the surface layer upon surface
sealing was examined. The water table was gradually raised
from below to the top of a freshly cultivated column‘B and
maintained there. Rainfall was applied as before. A flooded
dondition quickly deVeloped. Using an iﬁflow unit a constant
3.5 cm depth of pond was maintained and the outflow unit was
slowly lowered to the bottom o©of the column to create a
gradient. The purpose of this procedure was to avoid the
formation of a largé suction force at the surface. Hydraulic
conductivity of different 1layers was calculated as before.
Five rainfall events were applied, each time allowing the free
water to just withdraw below the surface between tﬁe rainfall
events. Therefore, the cultivation lafer was kept saturated
at all times. After the fifth rainfall event the free water
was allowed to withdraw below the surface until the
tensiometers 1in the cultivation layer indicated negative

readings, another rainfall event was applied and hydraulic
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conductivities calculated again.

The effect of a cover crop on the fbrmation of the surface
seal was studied 1in the fourth experiment. Column C was
cultiVatéd and planted to wheat. When the wheat was 5 cm
long, "simulated rainfall was appiied and hydraulic
conductivity of different layers calculated as before.

In the first experiment a high‘résistance was discovered
to exist on top of phe compacted pan. During the course of
"the Second~expefiment a high"resistance developed at the
cuitivation layer-compacted pan boundary, simultaneous to the
formétion_of é surface seal. To investigate this effect in
more detail, a soil column was made up in the laboratory in a
20x15 cm acrylic plastic bok. This column consisted of a
porous plate made of carborundum at the bottom, for the
purpose of controlling the lower boundary condition. On top
of the porous plate a compacted pan with a bulk density of
1260 kg m~3 and a depth of 10 cm was artificially formed using
air dry pan material which had been passed through a 0.5 mm
sieve. Soil femoved from the cultivation layer of site 1 was
directly placed on top of the pan and the column gently
vibrated at the sideé~until a depth of 10 cm was reached. The
bulk density of the cuitivation laYer was calculated to be
1100 kg m~3. Four tensiometers were installed, two within the
pan (at 1 and 5 cm below the pan surface), and two within the
,cultivation' layer (at i and 5 cm aboﬁe the surface of the
pan). Simulated rainfall events of different intensities (55,

60, 139, 173, 175 mm hr~1l) were applied at the surface, each
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time until a pond was formed. The pond was kept at a constant
depth of 2 cm and after steady state had been reached the flow
rate was measured and the pressure heads were recorded. Using
Darcy's equation, resistanbe was calculated between the two
tensiometers 1 cm above and 1 cm below the pan surface as a

function of rainfall events.

1.3.4 Physical Properties of the Soil

i. Determination of aggregate stability

A wet-sieving method was used to determine the aggregate
stability of the soil 'in each column. after the first
experiment. This method is described by Kemper (1965). The
wet-sieving eéuipment cohsisted of a motor-driven mechanicall
device that would raise and lower the sieve holder through a
disténce of 2.5 c¢cm, and at a frequency of 30 strokes per
minute. The motion of the.system‘has‘both an upward stroke and
an oscillating action through an angle of 300.

A special sieve holder cépable of receiving 12 ~separate
sieves in each determination was used. The sieves had aﬁ
inside diameter of 7.5 cm and 0.25 mm mesh openings. 4 g of
air dry aggregates (1-2 mm) placed on the sieves were pre-
wetted with ah atomizer spray- (Baver et al. 1972). |

The>samples were wét—sieved with the whole set of sieves
completely immersed in a basin of water for 10 minutes. The

aggregates retained on the sieve dfter wet-sieving were oven-
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dried at 105°C for 24 hours and weighed. The aggregate
stability was expressed as the ratio of the oven-dry mass of
the stable aggregates after wet-sieving to the ovenedry mass

of a4 g Sub-sample.

ii. Determination of Organic Matter Content

The organic matter content was determined by igniting 2 g
of oven-dry aggregates (0.5-2 mm}) in a muffle furnace at a
temperature of 400°C for 8 hours. The loSs—on—ignition was
taken as a measure of the organic matter coﬁtent.

Thev majer 'drawback of wusing loss-on-ignition ee - an.
estimate of organic matter of a noncalcareous soil is the
error associated with loss of clay minerai water (Ball 1964).
This losé of adhered water is important in the temperature
range of 450-600°C (Ball 1564). Thus, previded the temperature
is kept Dbelow 450°c, the loss—on—ignition method is
eufficiently accurate for estimating .orgaﬁic matter of a
noncalcareous soil (Ball 1964). The organic matter content was
expressed as the ratio of the mass lost upon ignition to the

mass of the solids.

1.4 RESULTS AND DISCUSSION

Effective . hydraulic conductivity measured in the
laboratory for column D was 2.8x10"4 m s~1. This datum agrees

with the wvalue measured by de Vries in 1983 (pefsonal
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communication 1988) (Table 1). .This agreement shows the
stability of the soil in site 2. "

Fig. 3 shows the field water content'distribuﬁion at the
timev bf sampling at the location wheré column A'wés-removed.
With the exception of the surface seal the rest of the profile.
is unsaturated. It is assumed that under 'a4 pond the seal
"remains saturated due to a large negative air entry value.
Fig. 3 is a'graphical demonstration of a hydrologic event
referred to asl"ponding", where free water is'present at the
surface while the soil below the surface is unsaturated down
to the watéf table. This phenomenon is very interesting in
that, the soil can remainIUnsaturated while sitting under 10
to 15 centimetérs of'pond for a number of mbnths.~.

Fig. 4 shows the pressure head distribution for co;umn A
in the first experimenf. This is a typical pressure head
distributioﬁ recorded from the three sets of tensiometers
installéd in all columns. The wide range of values shows the
éompléxity:of flow paths in a structured soil. This indicates
that caution should be exercised when using tensiometry under
a natural setting. If a soil contains preferred flow paths
such as worm holes and root channels, then depending ~on
whether or not a tensiometer intercepts one of these channels,
a large or small pressure head reading would be recorded.

There have been instanceé recorded Qhere the average total
pressure profile  indicated "counterfflow" dradient. This
point raises a question as to the degree of accuracy provided

with the three sets of tensiometers. It should however be
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kept in mind that although the bverall direction of an
unsaturated flow may be danward, this does not .exclude the
possibiiity of an upward, flow at some locations within the
soil profile. | |

Fig.- 5 shows the curve of total head versus depth for
column A as it was brought in from the field. Also shown are
hydraulic"conductivities for the different layers. The total
head values are an average of the three tensiometers at each
depth (Fig. 4). Values fdf column B injthe first experiment
(not shown) are similar to those of column A. Fig. 5 shows
Ladnef‘ soil at its worst condition. Since the gradient
through .the surface seal is equal to 15 a simple calculation
shows that it_would take almost 40 days for a 5 cm pond to
recede if there Were no evaporation taking place. Surface
séaling, therefore, can;be regarded as the hain cause of
ponding.

Fig. 6 shows the total head as a function of depth in
experiment 1 for column C which had developed tension cracks
at‘the surface on arrival at the lab. This process also takes
place’in the field upon drying. A significant increase ih the
hydraulic conductivity of the surface 5 mm can be attributed
to fhe disrﬁptibn of the Surfacé Seal. All three columns from
‘the' cultivated field showed evidence of a high resistance at
the bottom of the cultivatibn layer.

Fig. 7 shows the result of regenerating the surfaée seal
aftef cultivation in experiment 2. The hydraulic conductivity

of different soil layers in column A and the effective
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hydraulic conductivity of column D are plotted as a function
of rainfall events. |

An interesting Qbservation in‘Fig. 7 is the proximity ‘of
the flux to the unsaturated hydraulic‘éonductivities of the
cultivation layer ahd the compacted pan.. This shows that the
unsaturated hydraulic conductivity of the soil below the seal
adjusts itself to the flowvrate through the seal (Hillel and
Gardner 1969).

Comparison of Figs. 5 and 7 show that the final hydraulic
conductivity of different layers in column A are approximately
equal to the values measured in experiment 1 while the column
was in its originai state, despite the high intensity rainfall
applied in the laboratory. Many investigators (e.g., McIntyre
1958, Falayi and Bouma 1975) who compared hydrologic
properties of surface' seals formed under high intensity
‘vsimulated rainfall, with those formed naturally in the field,
concluded close similarities between the two. Bertrénd and
Sor (1962), however, studiéd ﬁhe effects of different rainfall
energies on soil permeability. They concluded that the
effects of the 70 and 100 mm hr~l rainfall intensities were of"
the same magnitude, while the effect of a 40 mm hr~1 rainfall
was less. In general, it can be concluded that beyond a
certain rainfall intensity threshold any increase in the
intensity Qf the rainfall will not change the hydraulic
conductivity of the sufface-layer. This threshold intensity
is ﬁndoubtedly a function of the aggregate stability of the

soil surface and the kinetic energy'of the rainfall.



29

Kinetic energy of the simulated rainfall applied in the

second experiment was calculated for one drop using:

K.E = 1/2 m v2 | (1)
where: K.E = kinetic energy (j), m = mass of one drop = 10-4
(kg), and v = velocity (m s’l); The velocity of a 3 mm drop

. falling a distance bf 0.3 m is giveﬁ by Laws (1941) to be
equal to 2.3 m s~1. The equivalent intensity of a natural

"rainfall was caléulated from (Laws and Parson 1943):
K.E = 11.89 + 8.74 log I (2)

where: K.E = kinetic energy (j mm'l m‘z), I = intenéity (
mm h'l), with the value of kinetic energy calculated from (1).
It was féund that the simulated.rainfall applied in the
laboratory was equivalent in terms of»its energy input, to a
natural rainfall intensity of 27 mm day‘1 which is a common
rainstorm for the LFV area. |
| A cémparison of the | redﬁction in  the hydraulic
conductivities of columnsf A and D in Fig. 7 shows the
importance of aggregate stability in the formation of the
surface seal. The effective hydraulic conductivity of the
soil from site 2 [agg. stability = (92 + 2.5)%], after
laboratory cultivation and applicatioﬁ of the same number of
rainfall events as for column A [agg. stability = (47 t 4)%],

decreased only from 7.0 x 1072 to 1.5 x 1072 m's'1,  without
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any sign of a surface seal being present'at the end of the

experiment.

1.4.1 Effect of Drying and Cover Crop on Seal Formation

Figures 8a and b show the result of drying on surface seal
formation. In Fig. 8a drying. was prevented by keeping the
cultivatioh layer saturated at all times. At the end of the
experiment the surface, while having the appearance of a seal,
was exﬁremely ineffective in ‘reducing the flow réte. The
resistance of the surface layer to flpw was near zero, while
an internal seal had ,fofmed as before. Fig. 'Sb shows the
result of drying. The surface 5 mﬁ ‘after drying had a
hydraulic conductivity in the order of ld'g_m s-1.

The importance of drying on the formation and efficiency
of the suffaée seal is in the creation 6f a suctioﬁ force at
the bottom of the surface layer. As pointed out by Morin et
al. .(1981), and Tackett aﬁd Pearson (1965), creation of this
suction force causes orientation of the‘clay particles into a
continuous and dense layer.

The effect of a éover crop on surface sealing was studied
in the fourth experiment. Initially, the surface 5 mm had a
hydraulic conductivity of 3.1x10"6 m s~1. At the end of the
-experimeﬂt, this value was reduced only by a factor of two to
1.6x1076 m s'l,A also, with no sign of an internal seal being
present. It should be mentioned that the wheat provided full

coverage of the surface. It would be of major interest,
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FORMATION OF A TENSION FORCE AT THE SURFACE. |
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however, to determine the minimum required coverage necessary
for preventing the infiltration rate to decrease below a

certain acceptable value.

1.4.2 Internal Seal

Calculating the hydraulic conductivity profile for the
soil columns taken from the ponded depression prior to the
laboratory cultivation, revealed an anomaly which was later
attributed to the existence of an intérnal seal on top of the
compacted pan. This anomaly was that the hydraulic
cohductivityj of the layer between the two tensiometers
installed below and above the surface of the pan was sméller
than the hydraulic conductivity of the pan itself.

Fig. 9a shows the effective resistance between the
tensiometers installed at one centimeter below and abovevthe
pan surface in the fifth exXperiment. This resistance
increased with every rainfall. application. An interesting'
observation is that the increase in resistance is roughly.
proportional to the rainfall intensity. Since resistance is
additive, . after subtraction of the resistances dffered by‘the
cultivation layer and the compacted pan, the resistance due to
the internali seal alone was calculated and is also shown in
Fig. 9a. The thickness of the internal seal was measufed with
a ruler to vary from 2 to 5 mm. Based on these. two figures
the hydraulic conductivity qf the internal seal wds calculated

as shown in Fig. 9b. The 1last rainfall event was applied
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after a prolonged drying ﬁeriod. It is believed that the
reduction in the reéistance of the internal seal is due to
cracking of the seal.

After the experiment, the laboratory soil column was taken
apart and the surface of the pan was photographed. Figs{ 10a
. and b show close-up pictures of the internal seal. A seal can:
always be distinguished by a shiny sﬁrface when viewed from
the top, and by a densevand thin band at the surfacé, when
viewed from the side.

During the course of this experiment, movement of water
into the , soil profile was closely observed on application of
each rainfall event. It was seen that a large amount of fine
material moved through the soil profile along the crécks and
macro-pores, settling at the bottom of closed cavities, or
moving through and eventually Settling on top of the compacted
pan. |

In the fall of 1987 the soil at site 1 was examined for
any evidence of an internallseal. This.examination, however,
did not reveal the existence of any internal séal 'in a
location where the soil surface had liquefied. It can be
concluded that if the surface structure collapses prior to the
formation of an internal seal, then this will prevent its
formation. Structure of £he soil surface can collapse during
the very first rainfall event due to. a severe structural
instability. It is .of_ interest to mention that the field
under investigatidn had been sub-sciled with a conventional

sub-soiler 1in the previous fall after harvest. Sub-soiling
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has the undesirable side effect of bringing to the surface the
weakly aggregated mineral sub-soil. When exposed at the
surface, this material can easily slake as the result of a
rainfall event. An essential process in the formation of the
internal seal 1is the convective.transport of fine sediments
downward through the open cultivation layer. If such a flow
- is prevented, the formation of the internal seal will also be
prevented. This argument is not contradicted by the result in
Fig. 7 of the decrease in the hydraulic conductivity of the
surface and the' internal ‘seal as a function of rainfall
events.

A descriptive model of seal formation is discussed in
chapter 3 as an extension of the mechanisms of surface and
internal seal formation already discussed in the present

chapter.

1.5 SUMMARY AND CONCLUSIONS

A series of laboratory experiments were conducted in order
to investigate the mechanisms that reduce the nydrologic
.responsiveness of a Ladner soil. It‘has been shown that the
cultivated Ladner soil suffers from a low aggregate stability,
making it prone to disaggregaticn in response to rainfall
events. The presence of a surface seal, due to its extremely
low hydraulic conductivity, is the main cause}of ponding which
renders soil untrafficable at the beginning of the cultivation

season.
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Development of a suction force at the soil surface was
shown to play an important role inlthe creation and efficiency
of the'surface‘seals.

A cover crop was showﬁ_to be an important management tool
in preventing the formation of both surface and internal
seals, thereby preventing soil hydrologic degradation as the
~result of raindrop impact.

An internal seal was observed tq form in the labofatory on
top of a compacted pan. A laboratory investigation
demonstrated one mechanism for its formation. This mechanism
'~ was the transpért cf fine pérticles by convective flow through
the macropores and the eventual deposition of‘the fines on top

of the compacted pan.
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USE OF SOIL STRUCTURE DESIGN PARAMETERS FOR OPTIMIZATION

OF THE HYDROLOGIC RESPONSIVENESS

2.1 ABSTRACT

The eoncept of managing soil structure aceording to a  ‘set
of design hydroiogic,parameters is central in this chapter.“It:
is based on the intimate connection between soiI structﬁre and
'the shape - of the s011 S partlal hydrologlc functions. A set
of design hydrologlc parameters is used which characterizesd
the~shape of the partial hydrologic functions. A soil that is
' managed .according to ‘these design parameters meets both
predetermined hydrologic ~ response ; requirements, and
”eorreSpondinQ time to‘workabilityvrequirements. |
| To develep the concept; a one—dimensional, numerical medel
»invelving 'flowz through an integrated saturated-unsaturated
system representlng a two- layered soil is used to determine
‘the_ tlme to trafflcablllty and workability for a Lower Fraser
Valley‘lowland‘soil.v The soil is subsurfacejdrained.,The soil
structure is degraded in tsteps, from -a freshly cultivated
state“by'changingltheldesign hydrologic parameters: satdrated
' Water content, saturated hydraulic conduct1v1ty, air entry
pressure head, and a factor B whlch descrlbes the shape of the
retentien. curve beyond the air entry value. At each stage of
degradation,v-the:model calculates'the time to trafﬁicability '
and workability. The effect of changing the parameters on. the

time to"trafficability%and workability is examined to arrive
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at a better understanding of the factors which control the

“hydrologic responsiveness of a soil.

2.2 INTRODUCTION

It was shown in chapter 1 that the structure of a
cultivated soil is ‘a dynamic entity. After harvest in the
fall;'it is common for Lower Fraser Valley lowland soils to be
left in '‘a bare aﬁd fréshlf cultivated state exposed.'to the
déstructive' actidn of raindrop impact. This practice causes
deStruction'of the surface aggregatesrwhich increases the bulk'
density, decreases the porosity, the saturaﬁed hydréulic‘
conduétivity and the air entry pressure head of the surféce
layer. The structure of the cultivation 'layer will also
change to some. extent as a result of consolidation and
migration of fine particles. As the result of these changes
in  the soil structure,. the hydrologic characteristics of the
soil change, 'resulting in an increase in the soil responsé
time. Response time 1is defined as the time required for a
soil to reach a workable state from a flooded condition with
the water table at the soil surface. A soil is conéidered
workable if upon tillage it crumbles easily and forms a loose
assemblage of relatively small, soft clods (Hillel 1980).

. To carry out farming operations such as manure spreading,
a sdil mustl be trafficable (i.e, able to provide traction
withoﬁt being damaged structurally beyond limits forb good

crop growth), whereas workability is required for cultivation
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and seeding. From a hydrologic point of view, a soil 1is of
good structure if it can provide farmers with adequate blocks
of trafficable/workable days at the beginning of the
‘cultivation season. Much work has been done to predict the
effect of different factors on soil workability andb
trafficability. wind (1976) used a model of ﬁon-steady
unsaturated flow of moisture in analog and numerical moéels to
invéstigate the influence of drainage on workability in
‘spring. ‘Paul and de Vries (1983é,b) investigated the effects

of sUbéurface drainage on soil trafficability. van Wijk - and
'~Féddes' (1986) developed a model to predict the effects of
' changes in water management by drainage on trafficability and
workability in spring. Buitendijk (1985) calculated the
number of workable days for harvest of sugar beet on a sandy
iOam,Asoil in the Netheflands by appiication of a physical
model of water movement in soils.

In all ' of thé above, and in general in any model of the
flow of water in an unsaturated soil, a good knowledge of the
. soil 'hydrologic characteristics 1is required. The partial
water retention curve can easily be measured in  the
laboratory, but measurement of the unsaturated hydraulic
A COnductivity is rather difficult, particulérly for a
structured or a 1loosely aggregated soil. Many methods have
therefore been developed to represent. the partial flow
information on the basis of a function which describes the
shape of the partial water retention curve (van Genuchten

1980; Campbell 1974).
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A feature that most of the hydrologic functions have in
common 1is a set of foar parameters which can fully describe
the hydrologic chatacteristics of a soil. These are:
saturated water content (8g), saturated hydraulic conductivity
(Kg), air entry pressure head (hy), and a parameter (B) which
can characterize the water release ability of a soil, and
‘thereforev'define the shape of the water retention curve.
These parameters, referréd to henceforth as hydrologic
parameters, iare all interdependent and change as the soil
structure changes.

The central objective of this paper is two-fold: a) to
" model the .effect of soil structure degradation on | the
" hydrologic response time. »Little attention has been given to
the fact that hydroiogic parameters are dynamic in nature, as
most investigators have assumed a canstant set of values in
their modeis. b) To determine a set of design hydrologic
parameters which produces a desired response time. In other
words, to design a soil characterized by a .set of design
'parameters._ Such a soil would display the desired hydrologic
behaviour. The objectivé of soil management can therafore be
defined as to produce a soil with specified design parameters.

To achiéve the abové‘ objectives, the upper and lower
limits of ‘the hydrologic parameters were estimated for a
lowland soil at two extreme structural states, ' freshly
cultivated (assumed to be the least degraded) and the most
'degraded.‘ Further, degradation proceSs was simulated by

decreasing the 85 of the freshly cultivated soil in small
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iﬁcrements. Assuming a »réasonable shape for the partial
retention curve at each stage of degradation ~ enabled
calculation of. the values for B and h;. Each set of
parameters were combined‘with a range of Kg's énd the time to
trafficability and workability was calculated at each stage by
a’ numerical model based on the fiow equaﬁion through a two-

layered subsurface-drained soil system.

2.3 MATERIALS AND METHODS

The soil used in this work consists of two layers. A 30 cm
cultivated surface on top of an infinitely deep'sub-soil.
Drains are located at a depth of 120 ‘cm. All the ‘relevant
information such as Kg and drainage behaviour is taken from
the soil in site 2 as described in chap£er 1.

The workability criterion was set at a water content eqﬁal
to the lower plaétic limit (Hillél 1980). The plastic limit of-
the Ladner soil was determined to be 0.28 kg kg‘l (n =12,
standard deviation = $0.02). On a volumetric basis the
plastic limit was calculated for the freshly cultivated soil
té be equal to 0.30 m3 m~3 for a bulk density of 1070 kg m™3.
This value of bulk density was the lowest value measured for
the cultivation‘layer‘on April of 1987_(¢hapter 1, Table 1).

It is realiied that as a soil degrades and the bulk
density increases, the plastic limit ekpressed on a mass basis
remains -the'same, whereas éxpressed on a volumefric basis it

will increase. It can be calculated that for a porosity of
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0.40 3 m3 and a .buik density of 1590 kg m~3, the plastic
limit would be equal to 0.44 m3 m~3. It is nbt however
phyéically possible fof a saturated sdil to be workable since
it will puddle and liquefy upon being streésed and vibrated by
the tractor wheeils and the tillage iﬁplemenfs. This indicates
that expressing piastic limit on &a volumetric basis .loses
physical meaningi because it exceeds the porosity. To avoid
this problem, the workability limit for different stages of
degfadation was assumed td‘be equal to 0.30 m3lm'3.

To ‘set the trafficability criterion} o a condition
determined by Paul and de Vries (1979) is used in which a
- soil is considered trafficable if the pressure head in the top
5 cm is equal to or less than -50 cm of water. . It should be
kept in mind Nthat thié condition holds true only if the air
entrf pressure head of the surface isi greater than (less
negative) -50 cm of water. |

To éalcﬁlate the pértial unéaturated hydraulié'
conductivity function a Campbell (1974) type approach was used
becaﬁsé of its simplicity. It should however be mentioned
that the flow of water in a structured soil is more compiex
than what ié implied by the assumptions underlying Campbell's
equation. These assumptidns state that flow of water in a
soil is controlled by the smaller of two pores in a sequenCe,
only pores in "a direct sequence. contribute to the total
hydraulic conductivity, and the pores in a porous medium fit
together randomly (Childs_i969). Campbell (1974) states that

if the moisture retention function can be represented by:
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h=h, (8/6¢) P o (1)
then the hydraulic conductivity is given by:
K=Kg (0/0g)2B+3 (2)

where: h = pressure head (cm of water), ha'= air entry
pressure head (cm of water), © = water content (cm3 cm~3 );
®y = saturated water content (cm3 cm'3), K = hydraulic
conductivity (cm day'l), Kg = saturéted hyaraulic-conductivity
(cm day'l), B =.a parameter referred_to‘as "flatneés factor"
which describes the ’Shape of" the partial water retention
curve; Og, Kg, hy, and B are thé hydrologiC-parameters. The
units indicated in brackets are used in the model for
convenience. _ H

A major difficulty in wusing equations 1 and 2 is thej
determination of the hydrologic parameters at each stage of
soil vdegradatién. As the structuré of a soil changes) these
.parameters change. At every physical state of a soil,.élearly
there is only one set of values that can describe the
- characteristics of that soil. But the nature of the changes
in these parameters with a change in structure is' not vet

clearly understood.
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2.3{1 Determination of the Hvdrologic Parameters

a) for the top soil

The partial water retention curve for the surface layer
(Fig. 1) was determined in the laboratory with a tension
table, for a freshly cultivated soil_(highest 8g). A curve
described by Eg. 1 was fitted to the measured retention curve
and the value of B determined from it (Téble 1).

Using a measured value of Kg = 864 cm day'l (10°4 m s~1)
.(chapter 1), Eg. 2 was used to calculate the partial flow
curve (Fig. 2) for the freshly cultivated soil. v

Conditions for the vmost degraded state were set at a
saturated weter content of 0.40 cm3 cm~3 and an air entry
pressure head of -150 cm of water.

Saturated hydraulic conductivity for the most ‘degraded
state was set equal fo 8.64x10°2 cm day~1 (1072 m s~1)
‘(chapter I). Characteristic curves for this state of the soil
ére also shown in Figs. 1 and 2. Vaiues of the hydrologic
parameters are shown iﬁ Table 1. | |

Using the characteristic curves for the least and the most
degraded soil (Figs. 1 and 2) as upper and lower limits, _and
aSsuming a reasonable shape for the paftial retention curve at
each stage of degradation, a feasonable set of values‘was

calculated for B and hy (Table 2).-
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FIG. 1 PARTIAL WATER RETENTION CHARACTERISTIC
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F1G. 2 PARTIAL FLOW CHARACTERISTIC CURVES
FOR THE TOP 30 cm, AND THE BOTTOM
90 cm OF SUB-SOIL.
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Table 1. Hydrologic parameters of the soil

84 K h
cm3 em~3 . em gay‘l cr?i
top 30 cm:
freshly cultivated .6 864 - -1.5 6.0
most degraded .4 .0086 =150

sub-soil .35 . 8.64 0.0

0.

53
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Table 2. Values obtained for some hydrologic parameters
by assuming a reasonable behaviour for the
~partial retention curves

) h B
cm3 gm'3 c%

.59 -1.6 - 6.1
.58 -1.8 6.3
.57 -2.0 6.5
.56 -2.3 6.7
.55 -2.6 6.9
.54 -3.0 7.2
.53 . =3.4 7.5
.52 -4.0 7.8
.51 -4.5 8.2
.50 .=5.4 8.5
.49 -6.3 8.9
.48 =7.7 9.4
.47 -9.4 10.0
.46 -11.6 10.7

11.6

.45 -14.7




55

b) for the sub-soil

Characteristic curVeé' for the sub-so0il are assumed to
remain unchanged dufing the' off-season period because its
structure'does not change. These curves are shown in Figs. 1
and 2. The justification for this type of behaviour is based
on the observations, where: ‘1. when saturated, most of the
flow in the sﬁb—soil was observed to take place through the
stable root holes and, 2. when unsaturated, the matrix of the
sub-soil was noted to have a relatively low bhydraulic
conductivity (chapter 1, Fig. 5). Also, sihce the
contribution of the éonducting channels to the ©porosity is
negligible, the water content changes only slightly from

saturated to unsaturated condition.

2.4 NUMERICAL MODEL

The soil water conservation equation for a one-
dimensional, vertical, unsteady, unsaturated, and rigid porous
material under isothermal conditions can be written (Richards'

equation) as:

c(h)6h/6t = 6/86z[K(h)&h/6z] + &/62[K(h)] (3)
where: c(h) = d6/dh = specific water capacity (em~l), h = soil
water pressure head (cm of water), t = time (day), € =

volumetric water content (cm3 cm'3), K = hydraulic
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conductivity (cm day~l), z = depth (cm), positive upward with
z = 0 indicating the surface.
For the saturated condition K(h) = constant, and c(h) = 0,

therefore Eq. 3 reduces to:
62h/6z2 = 0 (4)

Derivation 'of_ these equations is detailed in Freéze (1969).

- Fig. 3 taken from Freeze (1969) shows the mathematical‘
model for continuous flow from the soil surface to thé’ drains
1océted'iat a depth of 120 cm below the surface. The model
conSistsfpf a column of npyyx nodes numbered vertically upward
froh the drain location.

‘Most soils exhibit a negative air entry pressure head (h,)
above which the values of hydraulic conductivity and water
content are equal to their respective saturated values.  Eg. 3
thus holds for all values of h < hy; and Eq. 4 for all values
of h > h,.

The bbundary condition at the elevation of the drain is:
&h/6z = [gq/K(h)] - 1 ' (5)
where: g > 0 represents the rate of drainage discharge, and

g < 0 indicates a recharge of the system. The drainage

discharge rate is calculated by:

g = AhD v (6)
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UPPER r + ve = INFILTRATION
BOUNDARY: dh/3z = r/E(h) - { where
CONDITION r - ve = EVAPORATION
nmax Q GROUND SURFACE Z : 0 ¢cm
nmax-{ -
UNSATURATED ZONE EQUATION:
c(h)dh/3t = 3/8z[E(h)(dh/dz+1))
FUNCTIONAL RELATIONSHIPS:
‘K = K(h)
© = 8(h)
¢ = ¢h)
—_— - l—ARBITRARY POSITION OF WATER TABLE (h =0)
| SATURATED ZONE EQUATION:
a2h/se22 - o
FUNCTIONAL RELATIONSHIPS:
X - Kg = constant
' ©® = g = constant
NODAL 3 ‘ c:=0
'NUMBERS 2
1 —O—— BASE OF MODEL Z = -120 cm
DRAINS AT '
14 m APART BASAL . q + ve = DISCHARGE
BOUNDARY: dh/dz = q/K(h) - 1 where
CONDITION S q - ve = RECHARGE

FIG. 3 MATHEMATICAL MODEL FOR ONE DIMENSIONAL, VERTICAL
UNSTEADY INFILTRATION OR EVAPORATION.
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where: A = drainage  intensity (day'l) (Wind and van Doorne
1975), and hp =Aheight of water table at midpoint between
"drains. Eqg. 6 is based on Hooghoudt (1938), only holding
midway between two parallel drains if the drainage resistance
(1/A) is constant (Wind and van Doorne 1975). The value of A
~used in»ﬁhe model waé obtained by the modified transient state

' Glover-Dumm equation:
A = 1n(1.16 hg/he)/t (M

.whefe: hg and hy (cm) are the initial and final heights of
water table above drain depth midway between drains at start
and end of the draw-down period, respectively, and t (day) is
the length of draw-down period. Derivation of this eguation
is detailed in Paul and de Vries (1983). Values of hy and hy
were obtained from water table recession data (provided from
the Boundary Bay station plots by the B.C. Ministry of
'Agriculture)‘taken during a rainfree period t, which folloWed
a heavy rainfall in March 1985.

It is assumed in the model that the water table can recede
" to ,a. depth of not more than 30 cm below the drains early in
the spring.

The boundary condition at the surface is:

sh/6z = [r/k(h)] - 1 | (8)
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where: r = the flow rate (cm/day) across the upper bdundary.
A positive r represents rainfall infiltration; a negative r
represents evaporation. In the absence of any precipitation,
an eyaporation of r = -0.1 cm.d'ay‘1 was assumed to take place
early in the spring. Further it was assumed that the pressure
head of the water in the surface layer dpes not decfease below
-10° cm of water.

The problem deseribed above 1is solved by numerical
analysis, using a finite differencing procedure similar to
that defailed by Whisler and Watson ' (1968). The only
difference is that at the end of each time step (0.1 day) the
value of the pressure head at the surface and at the drain
depth was calculated according to the boundary conditions
described by Egs. 5 andv8.

To solve fhe numerical problem described above a computer
programme was written in C language and it was run on. an IBM

microcomputer.

2.5 RESULTS AND DISCUSSION

~Before presenting any results, aldiscussion ef the data
presented in Table 2 is‘warranted. It was discussed in chapter
1 that as.:the result' of raindrop impact on a freshly
cultivated soil, a -‘disaggregation process takes place whieh
increaees ﬁhe response: time of e soil. This increase in the
response time 1is due to the changes which takes place in the

soil hydrolegic characteristics, defined by - 'the four
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4 hydrologié parameters. As soil éggregates break down and fill
the pore spaces, the porosity of the soil and hence its
saturated water content decreases. Furthermore, the diameter
- of .the water conducting pores will decrease, restricting the
flow -of water and consequently lowering the saturated
hydraulic conductivity. As a result of thé reduction in pore
diameter, the air -entry pressure of the soil will also
decrease along with an accompanying inérease in the value of
B. fhe hydrologic- parameters change simultanebusly as a
resulﬁ of soil structure degradation with relationships among
them thét are‘not well understood. To determine the effect of
soil structure féhaﬁgeS' on the hydrologic ‘parameters, the
_behaViou; fstated below is assumed for the partial water
retention curves in response to soil degradation:

As a soil degrades and the saturated ‘watef .éontent
decreases,' the partial water retention curves follow the
behaviour shown in Fig. 4, where: a) the horizontal part of
each successive curve must intersect the preceding retention
’éurve b) each -sﬁcceésive curve intersects the curve for the
most degraded soil, at least, at h = -150 cm and c¢) each
successive curveldoes not cross the pfeceding curve more than
once (i.e., only ét the horizontallpart). It should be noted
" that as B increases the ’curves become flatter. The
justification for the above restrictions is that at any given
value of_h, the water content of a more degraded}soil_should
be higher than that of-a lesser degraded lsoil for h < h,.

Table 2 shows the values calculated to meet the above
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0.60 é
0.50 S
. . most
31 degraded soil
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FIG. 4 PARTIAL WATER RETENTION CURVES AT
VARIOUS STAGES OF DEGRADATION.
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conditions. The model was run for some of the conditions in
Table 2 combined with a range of saturated hydraulic

conductivities (Table 3).

2.5.1 Model Response

Two different scenarios were run by the .model. First,
from an-initial condition of flooding with the water table at
the soil surface, time to trafficability and response time was
calculated with an evaporation of 0.1 _ém day‘i and zero
precipitation. Second, using the pressure head distribution
at thé trafficable state of the first run as an initial
_condition, the model was run for a typical storm of 10 hour
duration and 2 c¢m day*; intensity whicﬁ made 'ﬁhe soil
untrafficable.. The time to trafficability and workabiliﬁy was
calculated again from the time that the rainfall ceased
neglecting hysteresis. Results are shown in Table 3.

Fig. 5 shoWs the response of ' the model to drying'for
condition 3a in Table 3 from a flooded condition to a
trafficable state. _Fig. 6 shows the response of the model to
the above storm from an initially trafficable state.

Table 3 .shows the response tihe énd timé to trafficability
and workability for different soil conditions. It can be seen
that as soil structure degrades the response time increases,
whe;eas use of pressure head as an index of trafficability
does not result in a consistent pattern. This inconsistency

results from the definition of trafficability on the basis of



Table 3. Showing time to trafficability (tt) ’ responxe time (rt), and time to workability
(tw) for a : -

after a 10 hr. storm

_from a flooded condition of 2 cm day~! intensity
: soil '
h-based” w.c-bases™ status w.c-based™
case Kg o, h, 8 tt tt rt . index tt tw
no. cndaytcen®cm™d em day day day day  day
1 864 .60  -1.5 6.0 6.4 . 6.5 10.6 1.0 2.4 5.8
1a " .60  -1.5 5.5 6.8 5.4 8.6 .8 . 1.6 4.6
1 - .60  ~-1.5 6.5 6.2 8.0 12.4 1.2 3.7 7.8
1c .58  -1.8 6.3 6.7 7.6 12.1 1.1 1.8 6.4
1d 57T -2.0 6.5 6.2 7.7 12.8 1.2 1.9 6.9
le 56 -2.3 6.7 6.3 8.7 16.7 1.6 - : 2.0 7.7
2 432 .58 -1.8 6.3 6.3 7.2 11.1 1.0 2.5 7.
2a .57 -2.0 6.5 6.5 8.0 12.3 1.2 : 2.7 1.5
2b .56 -2.3 6.7 6.3 8.7 14.7 1.4 3.1 7.7
3 86.4 .58  -1.8 6.3 6.2 7.0 12.1 1.1 6.1 10.2
3a .57 -2.0 6.5 6.3 7.6 12.5 1.2 6.2 11.0
3 .56 =2.3 6.7 6.1 8.1  12.8 1.2 6.5  11.2
3c WS4 -3.0 7.2 6.2 9.7 1.7 1.4 : 7.4 12.1
3d 527 4.0 7.8 - 5.8 11.5 17.1 1.6 7.4 13.2
e 51 -h.6 8.2 5.7 13.0 19.3 1.8 7.3 13.6
X 43.2 .56 2.3 6.7 6.1 8.2 ~ 15.5 1.5 6.3  13.4
La Sk -3.0 7.2 5.8 9.1 16.3 1.5 7.9 1.5
A .52 4.0 7.8 6.1 11.1 18.2 1.7 8.8  15.4
4 .50 -5.4 8.5 5.7 13.1 20.2 1.9 12.0  19.0
5 "8.64 .52 -4.0 7.8 6.4 12.8 33.1 3.1 _ 1.1 31.9
Sa .50  -5.4 8.5 6.5 13.5 35.5 3.3 . 12.1  33.0
6 4,32 .53 -3.4 7.5 5.8 14.4 50.6 4.5 16.5  49.2
_6a 252 -4,0 7,8 1.2 17,2 52,4 5,0 17,6 51,9

*Based on a pressure potential of -50 cm at a depth of 5 cm.
**Baged on a volumstric water content (w.c) of 0.33 cmd ca™3 at a depth of 5 cm.

€9
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time =
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Fig 5. SHOWING THE PROCESS OF DRYING FROM
AN INITIALLY FLOODED CONDITION FOR
CASE 3a IN TABLE 3.
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FIG. 6 SHOWING THE PROCESS OF WETTING FROM AN
INITIALLY- TRAFFICABLE STATE (AT t=7.6 DAYS
FIG. 5) IN RESPONSE TO A STORM OF 10 HR.
DURATION AND 2 cm/day INTENSITY. |

20.
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pressure head In accordance with the restrictions imposed on
the behav1our of the retentlon curves, as the soil ;decrades,
the water content at which the pressure head reaches -50 cm of
water'increases (Fig; 4);-hence the time to trafficability may
actually decrease for a'<more degraded soil.’ This finding
:indicates that usingv pressure head- as an index of
trafricability may not be ‘adequate; A 'set of alternative
Values for time to trafficability was calculated'on the baSis<
of water content_as shown'in Table 3. This water content. was
assumed to be 0. .33 em3 em™3. | |

Slnce all the hydrologlc parameters are 1nterdependent ‘and
‘change simultaneously as a soil structure degrades; it would

' not makev bhysical sense to keep one parameter constant while
‘-'changing.the other ones. This fact restricts the way inlwhich
vthe”results in Table 3~¢can be interpreted. For. example a
comparison of the conditions 1lc and 2 indicateS~that as ks is
reduced by half the response tlme decreases by 1 day. This .
_ is contradlctory. A more meanlngful comparlson however would
be between lc and 2a or 2b.

There is :one important factor Which 1eads‘ to - over
jconservatism‘in the results presented,in}Table 3. This factor
‘which  is not considered: in the model, is the formation of
tension_cracks at the‘soil'surface. Formation of these cracks
speeds up‘the brocess of drYing'by increasing the evaporating
surface (Ross and Brldge 1984) Also, in theﬁcase of a heavy
"ralnfall event water can be conducted rapldly in the ' cracks

‘bypas51ng the SQll matrlx (Bouma and De Laat 1981). Therefore
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a Cracked soil could reach a workable stage at a much>shorter
time than that indicated in Table 3.

Setting an arbitrary upper 1imit;vof .20 days oh the
response time, the data in Table 3 show that the values of @,
Kg, hy, and B should not be worse than 0.50, 43.2 cm day'1
(5106 m s'l), -5.4 cm, and 8.5 respectively. These are the
so called design values for the hydrologic parameters. The
objective of a soil and water management programme for the
Ladner soil should therefofe be to produce a soil with the
above hydrologic parameters. To achieve this, the effect of
management practices . such as cultivation techniques and
addition of organic matter on the hydrologic parameters should
be investigated. » | |

It should be emphasizéd that the values df the design
hydrologic parameters should 'be. chosen to optimize the
response time‘ahdAnot to minimize it.. Plants need a soil with
good water retentibnvcapaéity. The soil alsoimust have good
water releaée-ability for an optimum response time.

By assigning unity "to the response time of the freshlyA
cultivated soil, an index for the hydrologic status of a soil
can be defined as shown in Table 3. An index value of larger
than 1.9 therefore, will not meet the criterion of a 20 day
limit.on Ehe response time.

It was seen that the existing trafficability and
wérkability criteria are not adequate in situations where soil
structure changes due to degradation. It is suggested that

further research should ‘be done to determine . how these
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criteria should change with sqil degradation. The concept of
plastic limit also is ambiguous with regard to degradation and
warrants further research.

‘In the 1ight of the recent advances in waste treatment
practices, many by-products are being considered for use as’
soil amendments. Addition of organic waste to the soil will
change 1its water release ability andvhence the valué of B.
Table 3 shows that increasing the value of B by 0.50 for the
freshly cultivated soil (g = 0.60), increases the response
time by almost 2 days. Keeping in mind that at the beginning
of the cultivation season, it 1is a block of workable days
which is important rather than a single workable day, this
increase 1in the response time is very significant; Therefore
it is recommended that the short and ldng term effects of any
organic ,waste_ being *considered as a soil amehdment, on the

water releasing ability.ofia soil be carefully investigated.

2.6 SUMMARY AND CONCLUSIONS

The central concept of this paper is quantification of
soil structure and thereby.soil management, in terms of the
hydrologic behaviour of a soil.

A mathematical model is used to determine the response
time and time to trafficability for a Ladner soil. A Campbell
(1974) type épproach is used to calculate the partial flow
function from the  partial water retention . curve.

Determination of the effect of structure degradation on the
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hydrologic parameters was carried out by assuming a reasonable
behaviour for the partial water retention curves in response
to degradation.

A set of design‘parameters are determined for a desirable
hydrdlogic responsiveness. The goal of soil management for
the Ladner soil considered, should be to achieve and maintain
these design parameters. Further investigation is required to
determined the effect of different soil management practices

on the hydrologic parameters.
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ﬁESCRIPTIVE MODEL OF SEAL FORMATION AND MANAGEMENT MODEL
3.1 ABSTRACT

A descriptive model for the formation of a surface and an
internal 'seal 1is offered for a Lower Fraser Valley (LFV)
lowland soil. The seal formation mechanism suggested 1is a
description of the dynamic chahges "which occur in the.
structure of the surface layer of a bare soil as the result of
rainfall events. Some of the pfocesses leading to the
formation of a surface sesl are: surface disaggregation, soil
splash, sedimentation in ponded depressions, and development
of a suction force at the bottom of the surface layer.

A management model is proposed with the objective of
improving soil hydrologic responsivcness. The model comprises
a systematic checking of conditions which 1lead to the
development of a surface seal, and provides ‘appropriate

management remedies.

3.2 INTRODUCTION

Formation of a surface seal is an important process
becauss of its adverse effects on infiltration and seedling
emergénce. Surface seals are fcrmed through the impact of
wéter droplets from rain or sprihkler irrigation, and by
slaking of the surface aggregétes in a flooded condition.

Surface seal formation is a complex process and has been
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extensively studied during the last four decades.

McIntyre (1958 a & b) described the process of surface
sealing and obsérved that deposition of fine‘particles, the
. washing of these into the soii matrix, and compaction caused
by rain drop impact. were inﬁolved. vHe noted two distinct
layers at the surface: a skin seal 0.1 mm in thickness,band a
"washed-in" region 1.5 to 2.5 mm thick. Other investigators
however, failed to verify the existence of a washed-in layer.

Tackett and Pearson (1965), and Evans and Buol (1968)
studied surface seals formed by simulated rainfall on a sandy
loam. They found the seals to be very dense, and stated that
clay particle» orientation plays an important vrole in the
sealing phenomenon.

Falayi and Bouma (1975) investigatedv the effect of
different manégement Apractices on the hydraulic conductivity
of the surface seal. They found that different tillage
practices, and crop ,rqtation had significant effect on the
conductance of the surface _seal. They also concluded that
conductances of surface seals formed under shqrt—term high-
energy experimental rainfall were not significantly different
from those formed under natural conditions. However, they
noticed a significant difference between the morphology of
surface seals formed under different conditions.

Morin et al. (1981) hypothesized that the sealing
efficiency of a surface seal is enhanced by suction forces
which cause the clay particles to be arranged into a

continuous dense skin. The suction forces at the soil-seal
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interface are created as a result of the large differences in

hydréulic conductivity between the seal and the wunderlying
soil. The suction'heéhanism accounts for the stability of the

- seal and the similarity in values of seal hydraulic
conductivity between soils varying‘greatly in their texture
and mineralbgy.

Bonsu .(1987) offers a physically-based model describing a
méchanism for surface sealing in the context of aggregate
stability. He shows the saturated hydraulic conductivity of
the cultivation layer to be positively correlated with the
aggregate stability and negatively coffelated with the minefal
matter contént.'

The objective of this chapter is to suggest a single
descriptive model of the processes which contribdte to the
formation of a surface and.an intérnal seal. This model is
based in part on the'éxpériments and observations of chapter 1
and those which have béén reported in the literature.

A management_model is also presented with thelobjective of

" preventing formation of the seals and improving soil

hydrologic responsiveness.

3.3 MECHANISMS OF SURFACE AND THE INTERNAL SEAL FORMATION

In describing the mechanisms of surface_and internal seal
‘formation, the initial condition is a cultivated bafe soil at
the end of the cultivation season. The process of sealing

‘begins with the first rainfall event and continues throughout



76

the off-season period. Therefore, we bégin with what is
cailed an open soil model (Fig. 1). As time proceeds and the
soil conditions change, different models are introduced.
These models are referred to as the surface seal model,

internal seal model, and the crécked' soil model. The term
model is used to indicate a set of processes, and the entire
bicture in Fig. vi is referred to as the mechanisms of seal
formation.

It is assumed that the mechanisms of seal formation are
the same 1in fhe field as in the iaborétory. In this chapter
| the results of the experiments in éhépter 1, conducted in the
laboratory, are extended to-tﬁe field condition.

In Fig. 1 each box describes a process. The lower box
simply shows some of the important dependent variables of the
upper box. For example, the effect of raindrop impact is a

function of the rainfall energy.

3.4 DISCUSSION

The mechanism of surfaée seal.formation can be divided
into five étages:. 1. Pre-overland flow as described by
Tarchitzky et al. (1984). 2. Post—overiand flow, formation of
a pond in the depressions. 3. Settlehent of the suspended load
in the ponded depressions. This stagé may or may not éontain
early recession of the pond, depending on whether or not an
effective seal is already present. 1If an effective seal is

not already in place and the cultivation layer is saturated,
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then the fourth stage is: 4. Recession of the pond .and the
formation of a suction force at the bottom of the surface
layer. 5. Formation of tension cracks as soil dries further.
It was discussed in the first two chapters that formation of

these cracks will- dramatieally improve the hydrologic
behaviour of the soil.

In the.first stage of surface seal formation (open soil
model) two important meehanisms are responsible for generating
the source material for the formation of the seals. One is
the destruction of the aggregates by the rainfall impact and
the other is the so0il splash which distributes the fine
particles across the surface (Al-Durrah and Bradford 1982;
Bubenzer and Jones 1971).

As shown in chapter 1, the most important factor in
controlling the course of events in this stage is the
aggregate stabilitf of the soil. Aggregate disintegration and
the consequent splash lead to the filling of micro-
depressions, causing a reduction of the surface porosity and
consequently causing surface eompaction due 4£o the reindrop
impact (Tackete end Pearson, 1965; Mitchell and Jones, 1978).
Close observation of the generation of the surface seal in the
second experiment of chapter 1 revealed that as infiltration
rate decreases, micro-ponds containing suspended fine
particles appear at the surface. As a layer of free water
covers the surface, some of the entrépped air within the soil
profile escapes in a vio;ent manner (based on the observations

of the experiments in chapter 1), further breaking up the
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aggregates and putting fine sediment into‘suspension (Fig. 1).
These processes‘ create the source material necessary fdr the
formation of a seal; and set in'motion tne sealing process.

The second stage consists of 'the beginning of overland
flow and the creation of a surface pond in the depression
areas (wetting process of surface seal model, Fig. l); Much
work has been done to desCribe_the process_of overland flow in
terms of 1its potential for causing-erosion and transporting
~ fine particles. This process is fully described by Tarchitzky
et al. (1984), Gabriel and Moldenhauer (l978); Epstein .and
Grant (1967), and many others. In chapter 1 the source
material for the generation-of the surface seal (experiment 2)
was created in-situ as the result of'disintegration of local
aggregates alone. In-the field, however, source material is
also transported into the depressions, where the most
effective surface seals are.often formed.

In the third .stage, the important‘prccess'of‘particle
settlement in tne-ponded depression takes ’place.l The author
is not aware of any studies describing this stage of the
surface seal formation. Originally the arrangement of the
particles in the soil is ~very random. Fine and coarse
particles co-exist randomly. The conglomeration of particles
into aggregates consists- of fine and coarse particles
together. - But upon rainfall, when the aggregates break ﬁp
into primary particles which are then put intO’suspension,
this randomness in arrangement is lost.

Upon settlement, as governed by Stoke's law, the 1larger
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-particles settle first, followed by finer and finer particles.v
This simple érrangement; where finer particles block the pore
spaces in between the coarser particles, reduces the porosity
aﬁd therefére the infiltration rate. A layer of coarse
particles was observed immediately below the surface seals,
when viewed under a microscobé. Figs. 2a,b show two such
seals, where the coarser layer is identified by the 1lighter
colouring.’

Next step is the deposition of clay particles by mass
flow, as the pond recedes, to form a so-called McIntyre "skin
layer" (McIntyre 1958 a & b). Studying magnified pictures of
surface seals did not reveal McIntyre's "washed-in" layer.
This also was the conclusion of Tarchitzky et al. (1954).

Formation of -a suction force is thoughF to dévelop in‘the
fourth stage of the mechanism of the surface seal formation
(drying process‘éf surface seal model, Fig. 1); However, in
reality a suction deveiops at the surface du;ing the initial
stages of the sealing process. In a non-saturated condition,
this suction force at the surface is d%permined by the suction
at the wetting front }(Morin et al. 198l). In chapter 1
(éxperiment 3), the formation of a suction force was prevented
from occurring by keeping the ehtire cultivation layer
saturated at all times. The result shows that a surface . seal
did not form until the soil was allowed to dry.

In the third experiment of chapter 1 the drying process
occurs. during the period when the water table is lowered tq

the base of the column " and the pressure head distribution
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a)

FIG. 2 SHOWING SIDE VIEWS OF TWO SURFACE SEALS. A COARSE
LAYER AT THE BOTTOM OF EACH SEAL TOPPED WITH FINER
PARTICLES CAN BE IDENTIFIED.
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approéches equilibrium; As drainage commences, a suction
- force develops ét the_pottom.‘of the seal, while the seal
itself remains tension-saturated due to its large (negative)
air entry value. Development of this tension force within the
seal causes: 1. arrangement of particles intq a mbre
continuous and denser configuration and, 2. orientation of
clay particles into a more ordered arrangement (Morin et al.
1981 ; Tackett and Pearson 1965).

| EVans cand Buol (1968), studied ., the micromorphological
feétﬁres of:surfaée‘seals formed under 'different conditions.
.They repdrted Observing numerous horizontally oriented plate-
‘like'pérticles in the surface seals. Morin et al. (1981);
attribute the sealing efficiencylof a surface seal to suction
forces which develop at the bottom of the surface layer. The
third experiment in chapter 1 showed the development of a
suction force to be an essential factor in the formation of a
surface seal.

The process of internal seal formation can be dividedbinto
two stages: 1. DoWnWard movement of water carrying fine
particlés. 2. Deposition of the fine particles on tbp of a
compacted pan.

In the simulated soil column (fifth experiment in chapter
1), it was observed that the downward flow of water through a
fréshly‘cultivated»soil carried a large amount of sﬁspended
load to the top of the compacted pan. These fine materials
were,generated either by the disintegration 6f the surface

aggregates due to the rain drop impact, or they were generated
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as a result of the cultivation practice. At the top of the
pan, fine éediment particles were deposited forming an-
internal seal. In fact, dﬁring the simulated cultivation
(second experiment in chapter 1), and at ‘the time of the
dismantling of the simulated column referred to above, close
observation of the soil struéture showed that small aﬁd very
localized ﬁicro—seals had formed throughout the cultivation
layer at dead end pores and at the bottom of closed cavities.
But this effect was much more pronounced at the interface

between the tilled layer and the undisturbed compacted pan.

3.5 SOIL MANAGEMENT

The hydrologic objective of soil management should be to
brevent the formation of an effective surface and internal
seal. For this purpose, a set of "design parameters" (chapter
2), contrdlling the soil hydrologic behaviour, should be
speéified according to the requirements of a region.
Management practices should then be désigned in.order to meet
the critéria as specified by these design parameters.

It was shown in chapter 1 that if a soil is 1left in a
loose, Dbare and. therefore unstable ‘state after the fall
harvest, 1its structure wili degrade as the result of raindrop
impact. There are a number of steps that can be undértaken in
the area of soil management that could stabilize the structure
of the soil surface and therefore minimize the reduction in

the hydrologic responsiveness.
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These management practices are described in the model
presented in Fig. 3 and are discussed below in terms of
pathways numbered 1 to 7. Each pathway consists of one or
more  soil and water management problems and suggested
remedies..»

Pathway 1. The model starts at the top with the gquestion,
"Is free water present at the soil surface?" Because of thé
nature and frequency of off-season rainfall events, it is not
always _economically feasible to meet the drainage requirement
for all fainfail events‘and thereby prevent free water from
ever being present on the soil surface (B.C. Agricultural
Drainage Manual, 1986). But for pathway 1. which' is .the
“ideal-soil and water condition pathway", after an exceptional
rainfall evenﬁ that causes flooding, free water oh the surface
will reéede quickly, and the water table will drop quickly to-
the design depth, returning the soil to a trafficable state
within a few days. in such a soil a functioning drainage
:system is présent and a proper cover crop or crop residue for
off-season surface protection exists. The so0il 1is of good
tilth and has a stable structure. This optimum and therefore
desirable pathway is depicted in the centre of Fig. 3, from
top to bottom. Any deviation from <this pathway can bé
remedied and ultimately looped back to the ideal path.

Pathway 2. If free water is present on the surface and no
'drainage system 1is 1present, the remedy is  to install a
drainagg system. Depending on the reéuirements and conditions

of a field, a surface, or sub-surface, drainage system or
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both, may be considered.

Pathway  3,:_Relative to this path, Fig. 3 is. self
explanétory; if' a sub-éurface’draihagé‘syétem is present»but
it is not'functiohihg, the cause(s) muét be determined by a
systematic_Checking pfoCedure as indicated in Fig. 3. Control
of the water vﬁable “is al direct‘ m;ans of controiling the
trafficébility ofvlowland_sdils'(Padlkand~de Vries, 1979).

Pathway 4. The presence of a cover crop dampens the
poﬁnding, aétion of the rain drops, !keeps the'éoil surface
open;r énd”hélps meet ’the infiltration requirement. ThiS‘
= requirement»ié met»if’rainfall does nét‘reSult in ponding. It
should'be uSédiin ménagément as a tool to reduce‘soil"erosioh ‘
and degradation. ‘Moré' research :is required in this area in
order to.determine the type aﬁd amount of cover crop needed to
pfévéﬁt surface'éeal formation. In the absence of a cover
crop, ;proper management of crop residue after harvest,qan '
provide an effectivé alternative.

Pathway 5. Under a condition where a sub—surféce drainage
systeh is in plade, but where a traffic pén is present, 'watér
‘may remain perched on top of the pan, or on the internal seal
afﬁer récession of fhé Qater table to the’ design. depth, The
management rémedy fbr this condition is sub-soiliné. :It_is
preferred that sub-soi1ing be done with the paraplougﬁ, which
'opens.'up the natura; cracks in the soil without transférring
.the’sﬁb—surface soil tovthe surface (J; de Vries; personal
communication 1987). | |

Pathway 6. Apprépriate cultivation methods along with the



87

supply of organic matter to the soil as well as maintenance of
a cover crop and earthworm population would improve the soil
. structure. |

Pathway 7. When a soil of good tilth is driven on and/or
cultivated under -untrafficable/unworkable conditions,
compaction/puddling will result, which in turn will result in
the accumulation of rain water on the soil surface and the
triggering of surface seal formation. For this pathway, in
particular, the remedy is education of the farmers.

To ensure the effecfiveness of ﬁhe above management
;practices, soil hydrologic parameters should be measured et
the end of each season and compared with the design
parameters. | 4

The above management model has the potential to be used as
an algorithm fpr devising an expert system for the purposes of
- soil management. An expert system 1is a data base which
contains  the opinions and experience of many different

experts{

3.6 SUMMARY AND CONCLUSIONS

A descriptive model is presented showing the mechanisms
that  contribute to the reduction of the hydfologic
responsiveness in a lowland soil. A new phenomehon referred
to as 'internal seal was identified as forming at the top of
the compacted pan, and one mechanism for its formation is

offered based on laboratory ekperiments (chapter 1).
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‘The mechanism of, the' seal formaﬁion developed in thie
kchaptervie in reality a description‘-of{;the dynamic changes
which"eccnrb in the?—structure of a‘bare soil in response to
- rainfell'events. As soilvstructure~changes, soil parameters
"which govern . the soil hydrelogic‘behayiour wili alsonchangeg
Therefore, any model  wnich is deeigned to pfediet soil
hydrologic behaviour over a long periodfof time; _Shonld take
- these changes into account'to avoid sefieus errors.
“vTovprevent formation of the»surfaee and the internei seal,‘
a»ﬂ menagementml'model ie presented. Practicing‘ -”the
recommendations made in'this model will ensure the maintenance
of an optiﬁnm hydroloéic fesponeiveness and a'shpft response
time ;for tne.->§Urposes of timei&b cultivatien - and

seeding/planting in the spring.
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CONCLUSIONS AND SUMMARY

Laboratory experiments were carried out to determine the
causes of a low hydrologic responsiveness in a lowland soil in
the Lower Fraser Valley of British Columbia. The results are
presented in three chapters.

In chapter 1, hydraulic conductivities were measured on
undisturbed so0il columns removed from a ponded depression in a
cultivated soil in west Delta. The results‘wereA compared with
another soil column removed from an unéultivated éoil in an
adjacent field. It was found that the cultivatéd soil contained
high resistance layer at the surface (surface seal) and on top
of the compacted pan (internal seal). No seals, however, were
observed in the uncultivated soil.

Cultivation was simulated on both columns and simulated
rainféll was applied in an attempt to regenerate the séals under
close observations. A disaggregation process, 1leading to the -
formation of the seals was identified as the main cause ‘of the
low hydrologic responsiveness.

In chépter 2, the process of soil degrédation observed in
chapter 1, was quantified in terms of the parameters which'
govern the hydrologic behaviour «lof the soil. This
Quantification was used to assign a set of design parameters to
soil structure. The objective of soil and watef management for
the Ladner soil is therefore to achieve and maintain a soil
structure as defined by the assigned parameters.

In chapter 3, a descriptive mechanism of seal formation is
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presented along with a management model. The mechanism of seal
formation based on the observations in chapter 1 and a
literature review, is divided into five stages.

"The management model depicts an ideal soil and water
management path and offers a remedy'for each deviation. = This
modei can be used as an algorithm for development of an 'expert
system for the socil and water management of the Lower Fraser

" Valley lowland soils.



