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flux ol
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throughfall rain intensity ms
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1. INTRODUCTION

1.1 BACKGROUND TO THE PROJECT REQUIREMENTS

Research into elements of soil suction has been undertaken in Hong Kong
since 1978. Commencing with a research programme into measurement methods
(FXD report mumbsr 8, 1979), the work expanded to research into laboratory
methods and to a field programme of suction instrumentation. In the former
case the accuracy of water retention curve estimation was a major elemsnt,
whilst the field programme sought to establish suction levels in different
materials and under different types of cover (chunam and grass). Table 1.1
summarises the main reports relating to this research, together with selected
findings. Table 1.2 summarises the principal tensiometer sites established
by the G.C.0. up to 1982. It is evident therefore, that there is a substantial
amount of available information in the following general fields :

(1) laboratory experience for suction-moisture determination and
associated accuracies of different methods.

(ii) variability of suction-moisture curves in both natural and
remoulded materials.

(iii) field experience in soil suction monitoring, together with
reliability, accuracy and installation procedures of different
systems (see for example G.C.0. 1981).

Figures 1.1-1.4 illustrate summary findings from certain of the
tensiometer installations reported in table 1.2.

For both colluvium and decomposed granite (DG) there is significant
field evidence to suggest that suction is lost even during relatively dry
years. A possible exception is the site reported by Sweeney (1c82),
although more continuous data is perhaps required here before this site can
be assessed fully.

By contrast figures 1.3 and 1.4 suggest that there is the possibility
of maintained suctions within the decomposed volcanics at depth (figure 1.3)
and under chunam.

Compared with field monitoring based inference, the predictive
capability for soil suction is somewhat more limited. McFarlane in PWD (1981)
established a statistical scheme for suction prediction.

This is summarised in figure 1.5. This scheme involves the relocation
of soil suction response to storm rainfall, on an arbitrarily established
rainfall axis, as shown in the fi ¢. This repositioning of rainfall
response is shown in figure 1.5(c). The resulting curve defines the suction
ckange with rainfall. Therefore initial suction and total rainfall can be
used to determine the minimum suction resulting from a rainfall event.

Whilst selected families of exponentially based curves can be established

this way, such a method does not allow for positive pressures to be
established. From the physical processes of soil water redistribution in the
unsaturated zone, and the comtimuity between the unsaturated and saturated soil
water phases (figure 1.6) the method outlined in figure 1.5 carmot be viewed
as particularly satisfactory.
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This limited predictive capability must be seen against the background
of both available data and current requirementsg’ to predict suction. It is

possible to isolate significant areas in the pre-existing soil suction programme

%kich now become nscessary, ana indeed popsible, to address more firmly :

(&) No existing information on chunam permeability or soil water
retention characteristics.

(b) Mo comprehensive field study of suctlon/bore pressure responses
under different covers. (Selected single point observations on
slopes are available as outlined in table 1.2).

(6) No application of soil water finite difference models to predict
80il suction/pore water pressure. (leach and Herbert (1982)
outline a finite difference model that relates to ground water
response on the Mid-levels).

(d) To information on runoff characteristics of different vegetation
types which is a necessary pre-requisite for enhancing predictive
cap?bglities of so0il sucticn by methods such as those outlined
in (c}. ’

It is these elements above that allow the establishment of a comprehensive

research programme, aimed %o meet objectives arising out of current needs.

1.2 OBJECTIVES AND SCOPE

Given the available work undertaken in Hong Kong with regard to soil
gsuction research reported in 1.1, the following objectives were established
for the current project :

(2) To determine the effect of different surface coverings upon the
soil suction regime of the underlying slopes.

(b) To evaluate the relative importance of slope material and
topography in controlling suction.

{¢c) To examine and develop a prediction model for soil suction
appropriate to objectives (a) and (»).

(d) To review current scil suction instrumention capabilities and
assess the need for further development in the context of
requirements for Hong Kong.

These research objectives demanded that a decision be made at the
onset of the programme, as to the optimum way of progressing within the
available time and resources of the project.

4 subgtantial field programme of monitoring could have been proposed,
with site selection being based upon essentially a priori criteria and
judgements, in regard of that site selection which would be most likely
to enunciate the principal contreols on 5011 suctlon ag required to meet
the ‘above objectives.

A second element of uncertainty is introduced by such a strategy, and

that relates to the question of recurrence interval between rainstorm events and
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design. An entirely empirical proposal obviously has no control on the
range of precipitation data to be experienced, and hence on the eventual
scope of the outcome in terms of general applicability of the findings.

An experimental design was thus selected which sought to maximise the
potential inference in regard to the objectivea, but vwhich simultanecusly
demanded field resources that could be met within the available resources.

In this regard it was felt that a simulation model requiring only
parameterisation and no calibration from historieal suciion data was an
appropriate methodology by which to meet the long term (say 1 in 10 or 1 in
100 ysar) design demands. The implication of such a scheme is the requirement
for a limited amount of input data e.g. suction-moisture curves, some of
which were already available for Hong Kong materials (tables 1.1 and 1.2),
but others of which (such as chumam properties) would need to be determined.
This strategy, it is contended, would serve the dual role of completing
certain important base line material property research in Hong Kong, whilst
similtanscusly facilitating more far-reaching design conclusions to be
established, than would be feasible if a purely empirical monitoring exercise
were to be undertaken.

Table 1.3 shows the atructure of the research design that was
established for this project on the basis of the above review. The empirical
work included thus sought to be both free standing (in allowing selected
empirically based conclusions to be drawn) and to be a constituent element
in the predictive capability.



- 20 -

2. SOIL SUCTION INSTRUNMENTATION REVIEW

2.1 INTRODUCTION

Soil suction instrumentation can be divided into iwo types according
to the methodology of the monitoring system: tensiometric methods which are
suitable for recording suctions up to approximately 80-90 kPa, and thermal
conductivity sensors which are capable of providing estimates of soil suction
up to 1 500 kPa. Both sysiems may be of a manual reading type or automatic.

These groups of systems will be reviewed from the standpoint of their
appropriateness to Hong Kong conditions and requirements, and to determine
whether as a result of that review, there is need in Hong Kong to develop
further instrumentation for soil suction monitoring.

Table 2.1 presents a selected list of installations and reviews that
have recently been undertaken in this field. The methodology of the two
systems has been much researched.

A tensicmeter measures soil suction by obitaining equilibrium across a
high air entry porous medium between the soil suction and a confined
reservoir of water within the tensiometer system. As soluble salts are free
to pass through the porous medium, the osmotic component of suction is
eliminated and the tensiometer measures only the matric component of suction.
4 useful trestment of the compogents of suction is given by Krahn and Fredlund
(1972). At a temperature of 20 C at sea level water boils or cavitates at
a pressure of about 97 centibars, i.e. at approximetely 1 atmosphere (or bar)
of pressure below atmospheric pressure. This places an upper limit on the
tengiometer range for measuring matric suction as the water in the tensio-
meter system cavitates as 1 bar of suction is approached. ZFor sites at
significant elevations above sea level, the range of the tensiomeier is
further reduced. It is of interest to note that fine grained =oils can
centain water at matric suctions of much greater than 1 bar without cavitation
of the water. Apparently thisg is because water in the very fine pores of
the soil takes on a molecular structure that can sustain very high tensions
or suctions (Croney and Coleman, 1952). A further problem is that even though
the tensiometer is filled with de-aired water, air in solution in the s0il
water diffuses through the high air entry medium during the egualisation
process. This air starts to come out of solution at about 55 centibars
guction at sea level and can reduce the accuracy of =oil suction measurements.
This figure is reduced by arproximately 3.5 centibars for every 300 m increase
in elevation.

Significant research on the heat dissipated sensor was underiaken in
1939 by Shaw and Baver. They concluded that hezt conductivity of a soil
gives a relisble index of the moisture content of the s0il, and that changes
in the salt concentration of the pore fluid did not materially affect the
heat conductivity of the soil. Subsequent research sought to overcome certain
of the problems encouniered using the thermistor and electrothermzl methods
of combining the heating element and temperature indicator. Analytical and
design research undertaken by FPhene, Hoffman and Rawlins (1971) resulted in
ihe development of a sensor manufactured by Moisture Control System Corporation,
known as the NCS 6000 sensor. A similar instrument was built by Watertech of
Australia and is reported in Department of Main Roads, N.S.%W. dustralia,
Laboratory Report IR11, 1977. DBoth ¥CS Corporation znd Watertech are no
longer trading and such equipment is no longer commercially available.
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2.2 FANUAL TENSIOMETER SYSTEMS FOR RECORDING SOIL WATER POTENTIALS

2e2e1 '"Jetfill! tensiometers

Jetfill tensiometers have been available from Soil Moisture Corporation
for several years, and have proved tc be robust and accurate for the measure-
ment of goil suction in Hong Kong and elsewhere. G.C.0. (1980) details the
mode of operation and specification of these units, and McFarlane (1981) has
discussed installation procedures (Figure 2.1%).

There is no other commercial unit available, as far as the author is
aware, that is equivalent, nor are there any improvements that can be made
for the purpose for which the jetfill tensiometers are designed. A smaller
unit (2100 series - Figure 2.23 is available with a ceramic cup approximately

8 mm diameter (see Ingersoll 1981).

2.2.2 'Quick Draw' tensiometers

The. 'Quick Draw' tensiometer (Figure 2.3) is an adaptation of the
Jjetfill tensiometer, designed fo give very rapid response iimes, and is
intended for portable use, The principal restriction is the available
probe depth = a maximum of approximately 0.5 m. Notwithstanding this
limitation, response times are very rapid. Figure 2.4 illustrates results
given by Sweeney (1982} in an application in Hong Kong. Similar resulis
have been obtained by the author in both the Caribbean and U.K.

As can be seen from Figure 2.3, the high air entry ceramic tip is
connected to a wvacuum dial gauge by means of a very small bore capillary
tube, which runs inside the tensiometer rod. As SwWweeney (1982) obaerves,
the internal water volume of the unit is very small, so that the deirimental
effect of the large thermal expansion and contraction of water is reduced to
an insignificant level. This allows s0il suction measurements to¢ be made
quickly and accurately, even when the temperature of the tensiometer is
greatly different from that of the soil.

2.3 AUTOMATIC TENSIOMETER SYSTEMS FOR RECORDING SOIL WATER POTENTIALS

2+3.1 BScanivalve based unit for goil water potential monitoring

Transducer~tensiometer systems for the measurement of soil water
potentials in both natural and artificial slopes have been reported in the
literature (Table 2.1). Burt (1978) describes such a system in detail with
a single transducer serving 22 tensiometers through a Scanivalve fluid
switche DPlate 2.1 illusirates a prototype system used for a 3=year field
research programme. A number of successful field applications of such
instrumentation have now been reported (G.C.0., 1980, and inderson and Burt,
1977, for example) and there is therefore no need here to outline the system
in full. However, in all reported applications of such systems the transducer
outputs to a chart recorder. To obtain the necessary accuracy of soil water
potentials for all 22 tensiometers, a chart speed of 1=2 mm min ' is required.
Where the interest is to examine detailed potential variation over storms
with durations of several hours, and to monitor the subsequent drainage
process, this can be extremely consumptive of power if the chart recorder is
rated at Ce3 Amp hr. under continuous operation (the JJ Eductional Measurement
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CR 552B recorder, for example, has a current consumption in this range).

High current consumption from 12 volt cells at remote field sites, combined
with a demand for continuous data and perhaps infreguent field site visits,
renders such a chart recorder based system to be of extremely limiied utility.

With such demands as these in terms of data and site visits, it was
seen as highly desirable to have developed and tested a unit which could
" effectively replace the chart recorder element in the transducer-tensiometer
gystem. Plate 2. illustrates the unit that was constructed and subjected
to UeK. field trials. Two enclosures are visible, together with a 12 volt
rechargeable cell. The Scanivalve enclosure on the right comprises the
bulkhead fittings taking the hydraulic lines from the tensiometers elsewhere
on the hillslope to the Scanivalve switch mounted cenfrally in that enclosure.
The 'reading line' from the Scanivalve, kept as short as possible to maintain
high accuracy, is shown connected to the transducer. The essential elemenis
of this enclosure are identical to the Scanivalve system described by Burt
{(1978). The output from the transducer passes to the electronic enclosure
housing the microprocessor unit and thermal printer.

It is this enclosure that replaces the former chart recorder, and
represents the principal innovative element in the gystem. Here solid state
electronics with microprocessor and associated memory banks have been incor-
porated. All components are mounted on printed circuit board and use CMOS
integrated circuit technology. The system has been designed to economise on
power consumption and enable a wide variety of functions to be performed.
Numerical Decode Switches are used to preset (i) the number of tensiometers
required to be read {maximum 22), (ii) the time {minutes) each tensiometer
is connected by the Scanivalve to the transducer (the dwell time), (iii) the
interval time (hours) between each complete cycle of readings, and (iv) the
real time. Vhen the real time is entered into the unit the quartz clock is
activiated thus providing an accurate time base for all subsequent automatic
operations. The current consumption of the elecironic unit represents a major
advance over conventional chart recorder based systems. In continucus
operation a total power consumption of approximztely 50 milliamps can be
expected, and when shut down, the drain on the battery is approximately 20
milliamps.

Two references can be included within the cycle of readings. The first
is open t0o atmosphere, and the gecond can be connected itc a pressure reference
equivalent to the full-scale range of the transducer. In this way, the
calibration of the iransducer is sutomatically checked in each sequence of
readings. FEach time the transducer is connected to the, zero reference, a reading
iz obtained and stored in the microprocessor. This stored reading is then
subtracted from all subsequent readings. In this manner, an auto-zeroing
facility has been incorporated. The print-cut indicates on a2 single line
the day number, real time, station number and water pressure or suction in
the range =9.99 m to +9.99 m. For pressures or suctions outside this range,
the units digit and two decimal places remain the only ones recorded. TFor
practical purposes this is hardly restrictive since for a given elevation
potential position the soil water potential would have to be capable of
changes in excess of aprroximately one atmosphere between readings for any
confusion to be possible. The thermal dot matrix printer thus has a maximum
capacity of 18 characters per line, and prini out is on heat sensitive paper
57 mm wide with the automatic winding of printed paper incorporated. For
each station dwell time, three readings are printed at equally spaced intervals
during that time. In this way, it is possible to detect drift which may be
indicative of air in a tensiometer line. Thus this diagnostic capability
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renders the printer system almost as good as a conventional chartd recorder
in this regard; in all other respects the microprocessor unit is clearly
superior. The printer unit can, of course, be replaced by a tape output
device and, with the appropriate modem, the output can be transmittied on
a telephone line.

Whilst the sealed 12 wvolt rechargeable lead-acid accumulator should
power the system on continuous operation for a period of approximately four
weeks, in the event of the battery discharging to the point at which erroneous
readings are likely, 'Battery Low' is displayed on the printer and the complete
system is immediately shut down.

The principal specifications of the system are as follows:

Pransducer : Range =100 to +200 kPa {enabling the system to
monitor positive and
negative pore water
pressuresgo

Stiffness ix 10"9:115k1\f-1

Tubing . Stiffness 0.5 x 10 2mokN ™'
(see G.C.0. 1980)

Scanivalve : Drive = WSS - 24
Wafer = W06022/1P - 24T

Response times : dependent upon transducer and fubing stiffness but
Table 2.2 summarises a selection of such systems
showing response times to be generally of the order
of 60 seconds.

The transducer design which the author assembled at Bristol, U.K., and
which was adopted for the Mid-Levels study (G.C.0. 1980) is shown in Figure
25 The tensiometers consist of a 22 mm external diameter, one bar air
entry porous ceramic cup glued to a cyclindrical perspex body of a similar
diameter. The manufaciurers quoted transmission rate of water through the
cup wall is 5.3 ml hr 'cm 2_per 100 kPa of pressure difference across the
cup wall. A rubber bung through which a longer reading line and a shorter
de=airing return line pass, forms a seal at the upper end. The two lines
are made from twin polythene covered nylon tubing 2.7 mm I.D. and 4.7 mm O.D.
The de—airing line can either be terminated at the 'soil surface above the
tensiometer, or returned to a centrally located de-airing board housed with
the scanivalve and electronic enclosure..

2.3.2 Institute of Hydrology U.K. pressure iransducer tensiometer system

Announced in November 1982 by the Institute of Hydrology, is a pressure

transducer tensiometer (PIT) system, manufactured under licence by Geotechnical
Instruments.

- This unit differs from the system reported in 2.3.1 above,-only in that
each ceramic cup has its own transducer. Whilst this dispenses with the need
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for a Scanivalve fluid switch system, the configuration is significantly more
" expensive, since it requires one transducer per ceramic cup.

Three variants have been developed: basic non-purgeable, purgeable and
borehole. The resolution of soil suction measurement claimed by the manu-
facturers is O.1 kPa.

The non-purgeable PTT is simply a standard 50 mm x 25 mm porous pot,
cemented to a collar which mates via an O-ring seal to a pressure transducer.
The porous pot is filled with de-aerated water before installation and must
be removed from the soil periodically for refilling.

The purgeable PIT employs the same type of porous pot and transducer
but is also fitted with purging tubes and valves. Figure 2.6 illustrates
the purgeable unit.

The borehole PTT uses the non-purgeable units with the porous cup
shrouded and potted with plaster of paris into an open-sided mounting.

2.4 RESPONSE TIMES OF TENSIOMETER SYSTEMS

Response time information is critical to the employment of t{ransducer
tengiometer systems. Notwithstanding this obvious reguirement to maximise
the full potential of such systems in terms of tensiomeler reading frequency
using automatic systems, there is only a restricted number of studies that
have examined field response times. Table 2.2 summarises certain of the
jnformation available. In general, response times are of the order of &0
seconds, and in consequence a 3 minute connection time to each tensiometer
on a fully automatic system may be considered appropriate. Anderson and
Kneale (1980) showed that recovery to 994 of the equilibrium value could
be achieved for step changes of 10 kPa within 120 seconds, with tengiometers
installed in Oxford Clay. The use of tubing as specified in G.C.0. (1980)
for the tensiometer connections to the Scanivalve enclosure, a very short
{30 om or less) 'reading' line from the Scanivalve to the fransducer, and
pre-installation pressure testing of all the components and fittings, are
the principal design guides which will ensure response times are of the order
of 1«2 minutes.

2.5 THERMAL CONDUCTIVITY SENSORS

The rate of heat dissipation in a porous material of low heat con-
ductivity is sensitive to water content, therefore the water content of a
porous material can be measured by supplying a heat source at a point
centred within this material, and by measuring the temperature rise at that
point. Figure 2.7 shows the basic circuit design for the MCS equipment -
the sensor is used as a heating element and a temperature measuring device.
Thus the sensor consists of a diode which is surrounded by a heating coil
and embeded in a porous medium. In a complete study of the MCS 6000 sensor
Lee (1983) reports the following principal findings. Firstly, the sensitivity
in the range 0-100 kPa is + 6 kPa. Above 200 kPa the results from the
sensor must be ver, much open to guestion ~ see Figure 2.8. However a
principal congtraint on its use is the time required for the sensor to give
a stable reading. On the desorption cycle, that time increases with a
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decrease in the water content. Whilst for the absorptiion cycles, the

response time exhibits a greater degree of non-linearity. Figure 2.9 shows
‘that in either case response times are of the order of 160 hours, illusirating
the severe constraints on such systems (see Table 2.2) for transient soil
water conditions of interest in Hong Xong materials.

The available reports on the Watertech system, being similar to the
NCS 6000, are rather imprecise. The Department of Main Roads, N.S.W.
Australia (197?) report the principal problems to relate to equipment
malfunction - they make no report of response times or accuracy.

2.6 DISCUSSION

For the purpose of measuring soil suctions in the range 0-80 kPa in
Hong Kong, it is clear that the field evidence of both installation procedures
and response times as regards manual tensiometer systems, has shown the Jetfill
tensiometer 4o be appropriate for mosi requirements. The use of automatic
tensiometer systems in Hong Kong should take the form of the system described
in 2.3.1 with the tensiometers ghown in Figure 2.5 « The output device
should be either an electrosensiiive printer or cartridge data logger.
Thermal printers have shown too great a level of long term unreliability to
be considered suitable.

The thermal conductivity sensors have too great a response time to be
considered for most applications in Hong Kong. However, if suctions in the
range 80=200 kPa were required to be determined, such a system, despite the
restrictions noted in 2.5 alove, is the only available system.

Considering the commercially available tensiometric systems reviewed
above, together with the tensiometer design shown in Figure 2.5, there is
no justification for any instrumentation development specific to Hong Kong
soil suction monitoring needs. The responge times and installation procedures
for the systems reported in 2.2 and 2.3 are known and established, and meet
current practice needs.
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3e MODELLING SOIL WATER CONDITIONS

3.1 BACKGROUND TO MODELLING AFPROACHES

3.1.1 Soil Moisture Deficit Approaches

Soil moisture deficit is a widely used concept in the context of
hydrological modelling. The concept has received much attention specifically
in the context of aquifer recharge modelling, as well as in terms of agri-
cultural applications. In both these regards recharge of soil water for a
specific time interval may be stated as:

Rg = Ba + Ro + A4S | (3.1)
where Ry = rainfall

Ez = actual evapotranspiration

Ry = runoff

AS = change in soil moisture deficit
or as

.ASER;"RO'EG,

0f course, there is some difficulity in the actual calculation of
recharge using equation. There is difficulty in knowing exactly how to
measure and evaluate actual evapotranspiration. In addition, the recharge
process is dependent on flow in the unsaturated zone which is subject to
hysteresis. This aspect will be treated in more detail in the following
gection ; it is sufficient at this stage to note certain approximations
inherent in the SVMD approach. Leach and Herbert (1982) note Rushton et al's
(1979) application of equation 3.1 in which they suggest that some recharge should
occur even when the SMD is zero. They go on to define the necessary conditions
appropriate to the SMD approach.

During a particular time interval, actual change in storage is
AS = F (R = Ro — Ep)

the function P being the slope of the drying curve of the vegetated so0il and
E, is the potential evapotrangpiration.

It igs assumed that the actual evaﬁotranSpiration takes place at the
potential rate (i.e. F = 1) up to the root constant (RC) above which the
actual evapotranspiration falls to 1/1C the potential rate (i.e. F = 1/10).

The root constant is a measure of the amount of water readily available
within the root zone of the soil and is effectively equal to depth of root
zone multipled by effective porosity of the soil {expressed in millimeters
of water).

In practice actual evapotranspiration will continue at the reduced
rate until a maximum deficit (D) is reached and beyond which no soil moisture
is available.
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The following three conditions must be considered:
(i) 0 <€ S RC - then By = By

(ii) If RC< S< D then asds = F(Rf ~ Ro - Ep)
E, = (1 = F)(Rs = Ro) + F.E,

(iii) If S =D Ep =0

Notwithstanding the above discussion, a perhars even more restrictive
element in the SMD approach however is the fact that for a given time
increment all changes within the balance formulation are effected instantly.
This aspect poses perhaps the most severe constraint on the SMD concept when
one wishes t0 use it in terms of eguivalence to soil suction in cases with a
high resolution space~time requirement, since it operates essentially as a
linear reservoir {Figure 3.1). Notwithstanding these general comments, SMD
approaches have been attempted in a general spatial context. Malone and
Shelton (1982) for example, illustrate the relationship between SMD and
frequency of failure for landslides in Hong Kong 1978~1980. Whilst this
study does illustrate the general accordance between slide occurrence and
SMD it must be stated that some 11% of the slides they illustrate occurred
with an SMD greater than 10 mm. This testifies to results we would expect
from the foregoing discussion, namely that whilst the majority of slides
may occur with saturated or near saturated conditions, there are important
exceptions. Leach and Herbert (1982) and Leach‘(19825 utilise the SMD
concept more specifically in modelling terms, in their study of a groundwater
recharge model as applied to the Mid-Levels. Here, for computational purposes
the slope section is modelled by iwo lines of nodes, a near surface seguence
and one at depth with recharge being estimated by SMD {equation 3.1) at the
near gurface nodes.

This example is introduced initc the discussion since it illusirates an
important regquirement usually attaching to the employment of SMD in hydrolo
modelling, namely that of model calibration. In the case of the Leach (1982
model, this calibration process resulted in adjustments being made to the
storage coefficients in the colluvium and the CDG and minor adjustments had
t¢ be made in the shape of the @ index curve. In effect such adjustmentis
represent the accommodation of inaccuracies in the modelling approach, and
although SMD cannot be adjusted (since, in effect, S is a forcing function
defined by measured inpui data - egquation 3.1, Figure 3.1) by the model set
up, there are inevitably errors in the recharge component which are implicitly
adjusted by accommodation. Such a scheme requirement renders the SMD approach
appropriate for general post-dictive conditions relating to slide mechanics
{(e.gs Crozier and Eyles, 1980), and for inclusion in predictive models for
which an adequate length of calibrating data is available (e.g. Leach, 1982).
We have observed that SND cannot be accourately calculated by the use of
equation 3.1, although it must be recorded that maps of SMD are prepared,
for example’on a weekly basis for the UK. by the Metecrological Office.

A more explicit approach to medelling was reguired in the current
research programme, since a wide range of conditions were reguired to be
simulated for which no pre-existing soil suction or pore pressure information
was available. Accordingly, a physical modelling approach was taken. This
approach contrasts sharply with the soil moisture deficit approach of course.
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3,1.2 Soil water finite difference models

Tor three dimensional flow in a homogenous isotropic media Darcy's Law
is represented by:

V=-k (@) (v;!_) (3.2)
where ¥ = the discharge velocity |
= total potential
¢ = moisture content
¥(®) = hydraulic conductivity

The equation of continuity can then be written:

2 gg:) T [ng;‘;x) S22 ng‘zfz)] (3.3)

where ( is the density of water. If density change can be neglected

e ..y.7 (3.4)

combining Darcy's Law and the equation of continmity gives

¢ _y.[xews) (3.5)

If we oW agsume that the absorption potential, chemical potential,
osmotic-pressure potential and thermal potential may bte neglected, then the
total potential can be written

P $+z ' (3.6)

where Y = moisture potential
7 = gravitational potential

fquation {3.5) now becomes:

%9;. = v. [K(Q)v(p+z) ] =V. [K(&)V‘[{l+a§(%l (3.7}

For homogeneous soil:
p®) = k(e (af/de) " (3.8)
where D = soil moisture diffusivity

thus egquation {3.7) can be written:
g;f‘ - V. [n(&)ve ] + %%& (3.9)

Tquation {3.9) is sometimes known as the non-linear Fokker - Planck
equation. For vertical flow only this reduces to:

0©G- _ o |D(&) 3% dk D&
ot 'ﬁ[()ﬁ]+$§7 (3.10)
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If we now substitute equation (3.8) into equation (3.10) we have:

which is equivalent to the Richards equation:

cl{y) 8 __b_-K()éi’ +d k(@)
‘f'a_%-)zl. ‘f’az} L (3.12)

where C(f) = d6/dy = volumetric water capacity.

If we follow the logic of Bruce and Whisler (1973) equation (3.12) ocan
be rewritten to include soil depth dependent changes in physical properties:

ofy2) 98 . & ((pr2)38) Pz (3.13)

This relatively well established and lengthy analysis is of course
based upon an empirical relationship - Darcy's Law (equation 3.2). Although
this was established for saturated soils, this application extends it to
unsaturated soils with the requirement for single value relationships between
ky, & and ¥. This validity of Darcy's law is generally held to be good for
Reynolds numbers less than 1.0, and whilst slight departures from Darcy's
Law have been observed for nearly impermeable clays, such details are
generally not important and in soil water modelling Darcy's Law is assumed

to apply.

There are two principal areas which have been investigated in the last
15 years or so and which are especially critical to the empirical utilization
of the equations detailed above in simulations. These relate firstly to the
determination of the k~Cand ¥ ~Prelationships, and secondly to the varia-
bility of those and related parameters in the field.

Whilst numerous experimental determinations of hysteresis in soil
hydraulic properties have been made, they are far less common than deter-
minations of the drying curves of @ -{¥ due to experimental difficulties.
Experiments that have been undertaken, largely in materials with high
hydraulic conductivity, have shown hysteresis in®@-%¥and k-%¥(e.g. Topp and
Miller 1966; Topp 1969; Poulovassilis 19703 Talsma 1970 and Tzimas 1979).
Little information iz however available as to the degree of hysteresis in
the 8- ¥relation, and no information as to the hysteretic or non-hysteretic
nature of the k-©vwelation for undisturbed field soils (Tzimas 1979). The
summary of most findings in this field suggests that hysteresis associated
with k tends to be small enough to ignore in most applications. Secondly
it is theoretically evident that hysteresis in these relationships should
be more pronounced in sands than clays {low hydraulic conductivity materials)
- see Hillel and Vanbavel 1976. Experimental evidence does not always
suppert the significance of hysteresis however. GOillham et al. 1979 used a
finite difference solution of the Richards equation (3.12) to compare
hysteretic and non-hysteretic behavicural responses in a laboratory column
of sand., They found 2 non-hysteretic simulation of a slow drainage-rewet
experiment predicted the pressure head distribution as accurately as did the
hysteretic simulation. As Gillham et al. suggest, further experimentation
is needed to assess the generality of this result. Watson et al. (1975)
found hysteresis to be significant in a field soil, but in considering secil
variability, they speculated that a mean'¥ -®relationship might be satis-
factory to account for water movement,



A number of soil water simulation models have been developed, and the
selected characteristics of certain such models are summarised in Table 3.1.
Finite difference models of this form do not lend themselves to as great a
degree of generalisation as finite element models. Accordingly, the models
listed in Table 3.1 relate to a specific set of site conditions. Figures
3.2, 3.3 illustrate this point further, with Figure 3.2a showing the basic
élements in the Jensen (1981) model. This model, developed for plant growth
gtudies, emphasises the detailed processes of transpiration and interception
loss at the soil surface, but does not include perched water table or multi-
layer soil elements of varying permeability. By contrast, the two dimen=—
sional model of Hillel (1977) consolidates the surface and root zone evapo-
transpiration processes into a single function; again perched water table
conditions are excluded. In three dimensions similar decisions have to be
made relating to the degree of process consolidation that is accepiable.
Figure 3.3 shows the basic structure for the S.H.E. (1981) Institute of
Hydrology model. This model is not yet operational.

3.2 OUTLINE OF THE MODELS USED IN THIS STUDY

3.2.1 Basic Model Structure

The basic model structure employed in this analysis is shown in Figures
3.4 and 3.5. The profile used was of finite depth and divided into NL
compartments of different thickness. The water movement between compariments
obeyed Darcy's Law in finite difference form (equation 3.12). The soil surface
incorporated a detention capacity, the maximum for which must be specified.
When no precipitation occurs, evaporation takes place according io a sine
function algorithm which is described in more detail below. Runoff takes
place when the surface detention capacity is filled and rainfall intensity
exceeds the infiltration rate. The average hydraulic conductivity for flow
through the boundary between adjoining cells I and J is weighted according
{0 its thickness:

Kpp = (T TI)/(TJ + TI) (3.14)
where T is the cell thickness.

The flux through the bottom boundary of the NL cells could either de
taken to be equal to the hydraulic conductivity of the bottom cell, or to
zero. The flux between each cell then followed Darcy's law in discrete
form:

Qr = (fr - #1) « Kyg/(T5 + T1) (3.15)

where § is the total potential for the respective cell. Unsaturated flow
was assumed to tzke place in the vertical plane, whilst saturated flow was
allowed to occur in both horizontal and vertical planes.

In the field, the description of infiltration is highly complicated
since the initial and boundary conditions are usually not constant while the
s0il characteristics may vary with time and space. Haverkamp et al. (1973)
have illustrated the variety of finite difference solutions employing differ-
ent forms of the non-linear Fokker-Planck equation (3.9) and different ways
of discretization. They were able to show that the six numerical models
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examined yielded comparable results, which were not significantly different
from the measured water contents. The scheme followed here is essentially
that of the CSMP method {Hillel 1977); an explicit scheme. hilst Haverkamp
et al. showed the CSNP method to reguire a larger exeoution time than the

" implicit models they examined, it has a definiie advaniage in the relative
eage of programming. The execution time may be reduced by increasing the
layer thickness and adjusting the time step as a funciion of the soil water
diffusivity. If Dpay is the maximum value of the soil water diffusivity in
the so0il profile at time t, the CSMP method with a rectangular integration
method is stable wheni

At < (e (A2)°/Dpax) (3.16)

where Az is the layer thickness

r a coefficient (Staple (1966) used r = 0.15-0.30
for a loam, whilst Haverkamp et al. 1973 set
r = 0,50 for a sand).

In this study the values for r were used as indicated, together with
r = 0.10 for a clay (a highly conservative value - see Pall et al. 1981).
Thus the instability criterion was used to determine 4% given 4z. If
desired of course the criterion can be reversed such that 4z is determined
givm Ato

There is a second source of instability which is process based and
which must be noted.

Hillel (1980) has reviewed the occurrence of ingtability during the
flow of water in unsaturated scil through crusts. However, Raats (1973)
observed that profile layering is not a prereguisite for wetting front
instability. Raats hypothesis, based on the Green and Ampt infiltration
model provides the following criterion for the onget of instability:

¥ (1= ¥) /K (3.17)

where JL = the hydraulic resistance of the crust
' (thickness divided by hydraulic conductivity)
L = depth to the wetiing front
¢ = pressure head at the wetiing front
K;, = hydraulic conductivity of the subcrust.

Thus instability of the wetting front is favored by high crust
resisgtance, a small value of =¥, (high anticedent wetness of the subcrust
s0il) and a large value of Xy. PFigure 3.6 provides an example of the
instability criteria for both the numerical solution (equation 3.16) and
the wetting front (equation 3.17). Obviously the former is much the more
important in this analysis.

3.2.2 Procedures for the estimation of unsaturated permeability

The soil moisture-hydraulic conductivity and soil moisture-mairic
suction relationships have to be defined to allow modelling of the water
flux through both saturated and ungaturated conditions.
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Either empirical curves can be used for this purpose, or a suction=
moisture curve can be assumed and the hydraulic conductivity s0il moisture
relationship derived. This latier procedure ensures physical consistency
and is now well established. It was considered sensible to aveid any
experimental errors in this ares, and thus the K~ff curve was derived from
the following relationship {Campbell 1974, Millington and Guirk 1959 and
Jackson 1972 provide details of the theory, whilst Hillel 1977 exemplifies
its use in a simulation study directed to ecological problems):

M

z (23 + 1 - 21)\01"2

K, =K_ (g./0)P J =41 =
1 78 4's Mo (@ - DY )

(3.18)

i=1

=y

where K; corresponds toei, @y, and K, refer to the respective parameter
values at saturation and the summations are made over the j-®@increments
for wnich the calculation is made. Iguation 3.18 is the so called
Millington-Quirk (MQ) method.

Thus from selected & — ¥ curves, physically consistent K~ € curves
can be obtained.

Jackson {1972) showed that egquation 3.18 could be used to provide
acceptable estimates of X (see Figure 3.7), and he suggested the use of
P = 1 which has been shown to describe the & = ¥ —K relationships well
for a range cf soils (see too Whisler 1976). Hysteresis in¥ -8 was not
incorporated into the current model.

An alternative estimation procedure for unszturated permeability is
the Campbell (1974) method. Campbell showed that the scaling of K¢ to K
can be succesgsfully effected by the following simple relationships:

2h+2
K = Xg (9/6;) (3.19)
where b is the co_e_»gficient in the relationship
Y =¥, (e/05) (3.20)

This latter equation simply indicates that on a log-log ploi, the suction
moisture curve becomes linear, defined by two parameiers, a and b.

. g ' &
Since: log — = lo +B1 —
g ¥ g A4 °8 o

€ S
and thus log Tr?' = log A + B (log& - log® ) (3.21)
a

where (log 9-5) is a constant of course, then the gradient, b, is independent
of the units employed, and thus for convenience of calculation equation 3.21 can
be rewritten as

log"l" = -a -0 log© (3.22)



-33 =

The principal restriction of this method is that a suction value of
0 kPa cannot be reached, and so it is appropriate to consider saturation
to ococur at 1 kPa. Other than this element of uncertainty at low suctions,
the method is substantially easier to compute than the M-G method.

In the analysis undertaken here, the M-Q method is used in the finite
difference model becauge of its consistent performance over the complete
suction range to saturation, whilst the Campbell method is employed in
analysis, where representation of the & =4 curve by two parameters is deemed
advantageous.

A further potential complication in the soil water retention curves is
that related to surface crusting effects. Whisler et al. 1979 discuss two
principal methods of representing this process. One approach is to impose
a boundary corndition of a descreasing flux as a function of time. 4 second,
and more physically realistic approach is to let the soil water retention
characteristics change with time. Whisler et al. propose use of the
following adjustments:

K(¥ 2z} =X 0<tgtey
K(¥, 2) =Kj = By (t=to1)Ky teletg b
K(¥, z) = BKji tooctsty
tp = time rainfall stops

tep = time crust starts to form

tgo = time crust fully formed

K; = the unadjusted value of conductivity

By and By are constants determining the rate of conductivity decrease.

This scheme therefore provides for a linear change in soil properties
(®, can be similarly treated) with a then constant value for these properties.
Yo comment is made as to the functions which may describe the reversal of this
effect to facilitate this procedure in a multiple, rather than single event
model. However, this procedure was included as a subroutine in the overall
model, to provide an option for crust formation. It is however evident, as
reported by Whisler et al., that more data needs to be obtained to more
realistically model crusting phenomena and to assign appropriate linear
functions.

that is clear though, is that there is a basis here for utilizing

such concepts to simply reflect vegetation induced runoff by interception.
This is further commented on in Chapter 6.

3.2.3 Evaporation estimation

Two approzches to modelling evaporation sould be-undertaken in the model.
Firstly a simple isothermal evaporation routine was used. This function
allowed evaporativity, E, {the maximum and limiting rate of evaporation
possible from the soil as long as the surface is kept sufficiently wet )
to vary as a sine function during the day:
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Ey = Epay sin (2wrt/86400) (3.23)
where t = time in seconds from sunrise

= the maximum midday evaporativity when the soil moisture
content in the top cell exceeds the air dry value ed, evaporation takes
place at rate Ey (i.e. flux (1) = - By, see Figure 3.5). After the top
cell dries to its minimum matric potential the evaporation rate becomes
equal to the rate of upward transmission of moisture by the profile or to
Es whichever is the smaller.

The obvious attractiion of this procedure ig its simplicity; with only
the requirement of specifying Ej,y. The night time evaporation rate was set
equal to 1/100 of the maximum daytime value. Figure 3.8 details a summary
of this procedure.

A more complete model of evaporation however is provided by assumptions
of non~isothermal coriditions. The energy balance approach reguires knowledge

of the factors contributing to the thermal balance at the evaporation surface.
(Figure 3.9).

Following Wiesner (1970) we can set up a surface energy balance:
Sa =I=0C+H+L.E (3.24)

where the radiation terms are:

Sa = incoming radiation into a surface of albedo gy
and I is the thermal IR radiation

G = heat flux from ground

H = heat flux from air

L = latent heatl

E = evaporation

(In the notation of Weisner 1970 Sa ~ I is equivalent to R (1-r)-Ry
where r is the albedo and Ry the thermal IR)

The net radiation, Rn (the left hand side of equation 3.24) is the
summation of the solar energy input (modified by the albedo) (Sa) and the
thermal IR input (I). The thermal model detailed in Balick et al. (1981)
can be used to calculate Fn, H and L such that E can be estimated.

3.2.4 MNodelling perched water taﬁles

In terms of the application requirements here with regard to Hong Kong
conditions, it is a necessary prerequisite that perched water tables should
be included in the modelding framework, and that pore pregéures be evaluated
at selected points throughout the perched zone. The mechanisms that can
induce positive pore pressures are either a reduction in permeability, or
theoretically, entrapment of air during infiltration. This latier process
is ignored in all soil water physics approaches to the estimation of =0il
water conditions, and extensive work in the 1970's by Morel-Seytoux and others
has not led to any requirement to incorporate such a process in current
applications.

Figure 3.10 illustrates four possible approaches to the generation of
positive pore pressures in the context of perched water tables.
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Firstly, the condition that as soon as part of the column is saturated
(¥Y<¥.), hydrostatic conditions are developed. This is an extreme situation
and one which would represent a worst condition, reflecting for example a
transient condition of perching above boulders in colluvium. Saecondly,

a similar situation, but one in which hydrostatic conditions are only generated
if ‘1!1 > %5. Both of these two conditions are considered within a homogeneous
g0il, and may prove so transientry that they would be inappropriate %o base
further inference on.

The third and fourth conditions (Figure 3.10) reflect the occurrence
of perching at a K1/K2 interface occasioned by a permeability reduction.

In the third condition we can set the criteria that §q =4 and that
Ko € Kq»

The maximum pore pressure (Pma.x) at the interface can then be expressed
as:

Prax

=1 - (K2/K1)0'5 (3.25)

h-x
from the following analysis.

At time t & water column has descended a distance x into a medium with
permeability Ko.

Let p be the pore water pressure at the K1/K2 interface. Then the
hydraulic gradients are:

.. b =x-Po _ 2
M h-x ' Th-x . (3.26)
X X

For continuity, flux = K{i1 = K2ip = % n

when n = effective porosity.

Let & = K,/K, and B = x/h then from the continuity of flux and after
simplification we have

p (1 -) B(1 -8)

}-1.=°<(1—F)+3 (3'27)
and P ocours at § = (°°2)/(1 + <)
h max
amd? = (1 -)/(1+ o0
h max
P
thus “max _ (1 = o0"9) (3.28)

h=x
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Condition 3 on Figure 3.10 therefore considers the solution to
equation 3.28 in which the maximum pressure at the interface during the
passage of the column of water is generated, Solutions to eguation 3.28
in terms of both {Ppax/h) and (Ppax/(h-x)) are shown in Figure 3.11.

Of course this again represents a 'worst' solution, since p is a
function of time. This dynamic condition is reflected in equation 3.27
which can be rewritten:

Py (1 -o) By{1 -By) (3.2
by ~ A ll - Pt) * P+ , 3:29)

and a solution given in termsof time t. Figure .12 illustrates the solution
under the conditions of K4, h and n specified. Here t = 107T secs i.e.

T = 1 represents 2.78 hours, T = 10 = 27.8 hours. Thus as o reduces i.e.

Ko becomes much less than Kq, the relatively high pore pressures at the
K2/K1 interface are sustained for increasingly longer periods.

This dynamic condition {equation 3.29) reflected in Figure 3.12, was
considered the most realistic one to be incorporated into the finite differ-
ence model, and accordingly this equation was adopted to provide solutions to p.
for all times t. Pore water pressure conditions above and below the inter—
face to the saturated/ﬁnsaturated boundary were thus calculated by multiplying
.Pt/ht by the previously determined distances from the end points of saturation
to the interface, thus pressures decline pro rata from the interface io zero
at the top and base of the saturated column.

3.2.5 One Dimensional and Two Dimensional lModels

The scheme as so far described allows for infilitration and wvertical
flow in heterogeneous soils with pore pressure estimations made according
t0 equation 3.29 for all locations within perched water tables {see table
3.2)

~ To generalise this model o two dimensions reguires further approxi-
mations. In coupling several one dimensional models (Figwre 3.5) together
to form a two dimensional mcdel {Figure 3.2b) it is convenient to employ the
Dupuit-Forchheimer assumptions. These assumpiions state that in a system of
gravity flow toward a shallow sink (i.e. the toe of the slope) all the
groundwater flow is horizontal, and that the velocity at each point is
proportional to the slope of the water table but independent of depth.
Hillel {1977) observes that these assumptions are not correct in the strict
sense but they provide feasible soluticns in a very simple form. Thus if
the effective gradient is taken to be. egual to the slope of the water table
(dh/dx) above each point, and allowing only horizontal flow we have:

Q =K % (3.30)

where h is the height of the water table above an impervious floor. Using
this procedure, groundwater flow can be induced on a horizontal flow basis,
cell to cell. Figure 3.13 illustrates the two models used in this study.
There are several constraints on the two dimensional model however which
ghould be noted here. Firstly, it does not accommodate horizontal flow from
perched water table zones - all water movement down to the groundwater is
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assumed to be vertical. Secondly, there is a problem with the geometry of

the computational points on steep slopes, since to effect simulations at
significant backslope distances, a very large number of points are reguired
involving unduely large computational times. Thirdly, in application, there

is the prerequisite for knowing the complete distribution of K and€~¢¥

curve throughout the entire slope section., Finally the unsaturated soil
water/groundwater interface can cause instability problems in finite difference
calculations and so the model is not easy to establish in a generally appli-
cable form.

In terms of the current investigation, the two models were used as
follows:

1 dimensional : for the examination of cover effects on near
surface soil water conditions

for the examination of =oil water conditions
at depth {up to 20 m) providing there is
evidence of dominant vertical flow in the
profile, providing

the data input {see 3.2.6) could be obtained
from readily available site information

2 dimensional : for representation of soil water conditions
when the K and @ - ¢ distributions throughout
the entire slope were known

when groundwater conditions were controlled
strictly by the boundary or infiltration
condition as modelled {i.e.there was no other
form of recharge 1o the modelled section)

when the slope geometry permitied the estimation
procedure to be sufficiently congervative in the
total number of computational points.

It must be stressed, that there is no generally applicable soil water
forecasting model that can be applied to all situations of interest in Hong
Kong. The faci that the groundwater condition is but one boundary condition
and this itself cannot be adeguately forecasted in Hong Kong at specified
locations, serves to emphasise the problems faced by atiempts to provide
angwers to guestions relating to the iransient siates of soil suction on a
basis sufficiently general o be compatible with reguirements.

Notwithstanding this factor which is inhereni in the problems under
investigation as outlined in Section 1.2, the following chapters provide examples
of model applications, pursuant of these aims which it is argued are
appropriate given the constraints given in this seciion.

31.2.6 Summary of input variables to the s0il water model

Table 3.2 summarises the data input regquirements for the 1-D model.
The =zdditional input for the 2-D model is the height of each computational
colum above an assumed impervious plane (Figure 3.2b) and the horizontal
digtances between computational points.
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The question of field variability is an important one in assessing
the results from simulation procedures of this type. The optimal procedure
here is to establish the distributions of field variability for the input
parameters (Table 3.3). These distributions would then be input as part
of the simulation procedure, with in each run of the program, values of each
parameter being stochastically selected from the aprropriate distribution.
In this manner, the robustness of the simulated outcomes will fully reflect
field induced uncertainty and permit more realistic assessments to be made
regarding the likelihood of a specified condition occurring, such as saturation
throughout a profile for example.

The ICL machine does not have suitable stochastic sempling distributions
available (as they are on many IBM and Honeywell systems using 'Censtat' and
similar software) and thus such a scheme (as outlined in Figure 3.14) could
not be modelled in the subsequent applications. It is most important in
terms of inference, that this point is recalled when those resulis are
agsessed.

Figure 3.15 shows a flow chart of the principal components relating
to computation of the upper most soil water conditions in the model ie.
soil surface conditions. HNote that in the current =zpplication nc
gtochastic variability was undertaken for the reasons mentioned. Migure
3+16 shows the nature of the operations in the model undertaken for each
time increment. There is ne provision for surface runoff gensration
other than by infiltration excess is. the effect of vegetation canopy
runcff, as well as transpiration processes are excluded. In such an
epproach it is suggested that the simplest possible way of modelling
vegetated surfaces is ito apply an "effective" rainfall concept. This
would take the form of reducing rainfall available for infiltration by
2z given amount appropriate to specified vegetation types. If this were
unsuitable, then as figure 3.15 shows, it is necessary to examine the
modelling strategy in more detail by refining the evapotranspiration
processes for example, along the lines perhaps suggested by Jensen (1981).

The concept of vegetation surface ineclusion is treated in more
detail in the following sections. It is sufficient at this stage to note
that the requirement for imput variables may be expected to depart from
thaese implied by table 3.2 as further information relating to vegetation
runcff characteriztics in Hong Kong, ars obtained in the current project.
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4s DATA ACQUISITION

4.1 DATA REQUIREMENTS

Commensurate with the objectives and the available resources, three
areas of empirical work were identified as being potentially the most
productive and the most central.

(a) To maximise the modelling work in this project, as well as
subsequent analyses, chunam suction-moisture curve and associated
saturated permeability determirations should be made.

(b) To explore the effect of cover two reguirements were seen:

(i) the establishment of a chunam and adjacent grass
slope which would be monitored for soil suction,

(ii) the establishment of plot studies utilizing different
vegetation cover, so that the bulk runoff could be
ascertained with the ultimate aim of accommodating
vegetation in the finite difference model.

(¢) To analyse the effect of backslope topography on soil water
corditions experienced in a cut face. This aspect involves the
analysis of data acquired by the author and D.P. McNicholl in a
previous project.

The basis of this seleciion of empirical work was made, as was outlined
in 1.2, with a view to obiaining sufficient field data to permit significant
conclusions to be drawn, whilst simultaneously providing data for model
parameterisation and verification. As discussed in 1.0 this is seen as all
important in a design context, since different recurrence interval storms can
be input to such finite difference models as were outlined in 3.0, only when
such data is available.

With the exception of the very limited data available for b(i) above

(McFarlane, 1980), all the areas of data acquisition were new in the Hong
Kong context.

4.2 CHUNAM SOIL WATER CHARACTERISTICS

4.2.1 Chunam suction-moigture curves

The modelling approach detailed in 3.0 allows chunam cover 1o be
included, providing that it can be assigned a suction-moisture curve and a
saturated permeability.

Since no suction=-moisture curves for chunam had been undertaken
previously, it was necessary to acquire such data within the current project.
Samples of granitic and volcanic chunam were taken in the field from the
following locations:
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Granitic chunam : King's Park Eold chunam;
King's Park (new chunam
Clear Water Bay Road (upperg
Clear Water Bay Road (lower
Lung Cheung Road

Volcanic chunam : Lam Po Road (two samples)
Tai Po, St. Christopher Bend Enew chunam)
Tai Po, St. Christopher Bend (old chunam)

Figures 4.1 = 4.3 show the derived suction moisture curves. The single
most noteworthy feature of these curves is of course the steepness of both
the drainage and wetting curves. This represents a point of convenience in
modelling since, in effect, the only discriminating element is the volumetric
moisture content at saturation, when the sensmitivity of finite difference )
modelling output is accounted for. This aspect is discussed further in 6.0,

4.2.2 Permeability determinations of chunam

Whilst very limited empirical data testifies to the higher maintained
suctions under properly maintained chunam (Figure 1.4), McFarlane (1980)),
the permeabiliiy of chunam has not been evaluated. This is an imporiant
pre-requisite for modelling (see Table 3.3) as well as for comparisons with
rainfall intensity, as has been discussed. Two studies were therefore
undertaken with regard to chunam permeability. Firstly samples were taken
from field sites, and the results of those analyses are presented in this
section. Secondly, the effect of the mix proportions on the permeability
of newly formed chunam is examined in 4.2.3.

Sampling for chunam permeability was undertaken on the samples used
for the determination of the suction moisture curves as given in 4.2.1.

As specimens of 100 mm diameter were required, field samples had to
be larger. Their sizes were more or less 300 mm x 300 mm. Cracks were
delibverately avoided.

Various methods were used for final trimming. Due to the brittle
nature of chunam, coring was not successful. Nost of the samples were
prepared by sawing.

Two tests were undertaken to determine chunam permeability. Firstly,
a ponding test was undertaken. In this test, water was allowed to pond
over the test specimen and found its way out only through the specimen.
The variation of remaining water head with time was monitored. In effect,
it was a falling head permeability test.

The apparatus set up (Figure 4.4) was extremely simple, thus saving
a lot of errors arising out of unnecessary complications. A transparent
plastic cylinder of 100 mm internal diameter was mounted over the specimen
which was trimmed to a diameter of 100 mm. The contact was kept watertight
by a sealant which provided some structural strength during handling. Two
kinds of sealants had been used, namely paraffin wax and silicon sealant.
The former had to be applied in layers and because of this, watertightness
was not always possible. On the other hand, the latter sealant which was
manufactured by Z-bond could be applied easily. Its only disadvantage was
that it regquired a day's time for curing before the actual test could be
carried out. .
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The specimen with the cylinder was then soaked in water for saturation.
Afterwards, the cylinder was filled.with water which was then allowed to seep
through the soil to an outside trough which held water up to the top of the
specimen, thereby avoiding withholding of water by suction. Outflow head
could be maintained by overflowing or manual removal of excess water if the
flow rate was slow.

The water head used was limited by the length of the cylinder which
was 0.2 m long. Under a head of that order of magnitude, the chunam
specimen usually reguired a week to finish the test. For such a long period,
evaporation might account for a large quantity of water loss. A cap with a
small air vent was provided to minimize evaporation.

The second permeability test employed was a falling head test.

The apparatus for this test was a triaxial cell and a buretie. Water
was allowed t0 run from the buretie through the base of the itriaxial cell
into the test specimen. Flow was confined to the specimen by plasiic membrane
together with the use of O-rings (Figure 4.4).

It had been congidered to use lateral pressure to confine the flow
into the specimen only. However, the triaxial cells available in the
laboratory employed all-around cell pressure for lateral pressure simulation,
hence if flow was to be induced, the water head required would be very large.
Yeanwhile, an alternative arrangement using O~rings faced another difficulty.
Because of the irregularities of the sides of the chunam specimens, C-rings
could not fit perfectly around them. As a solution, a smooth-sided paraffin
wax ring was cast around the specimen to shield off the irregularities.

The calculation basis of this procedure is as follows:
Let a = cross—sectional area of buretie
cross-sectional area of sample
water head at time t

water head at time zero

height of sanmple
coefficient of permeability

by
== T
a0 0 nonw

In time +,
G@G=ah

By Darcy's Law,

-%:KiA

where i

hydraulic gradient
h

H

[=2

=
o+

ahs=

dn KA
DL Ly
Inh =52 + 1o no (4.1)
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Therefore, a semi-log plottingkﬁf water head against time will give a
straight line with a slope equal to 3§, from which the coefficient of
permeability can be evaluated.

Generally, the method using burette gave a higher value for the
coefficient of permeability. This can be attributed to twoe facts. One
reason is that in this method, the water head was higher ranging from 0.8 m
the highest to 0.2 m the amallest, whereas in the alternative method-ponding,
the water head ranged from 0.2 m to zero. The permeability of chunam may not
be constant over these two ranges of water head. Secondly, there seemed to
be a substantial amount of side leakage between specimen and wax ring in the
burette method. This can be reflected in the results : the burette methed
gives a permeability three hundred times that given by the ponding method.

The ponding method is a cloge simulation of possible site conditions.
The actual ponding depth will seldom exceed 0.2 m especially on slope surfaces.

Table 4.1 details the full resulis of the chunam permeability tests.

Except for one specimen, the permeability values were guite constant
and repeatability of results was high. The only exception is the sample
from Lower Clearwater Day Road. Over a period of ien days, the permeability
varied from 5 x 10~7 m/s o Tx 108 m/s and finally settled down to the
latter value. This is probably due to silting up of pores by fines.

For chunam made from decomposed.frénite, the coefficient of permeability
-wasTre?prded 1o be in the range of 107 %o 10=8 m/s. An average of 1.2 x
10=f m/s.

For. shunam made from decomposed volcanics, the coefficient of permeability
ranged from 108 to 10” m/s, with an average of 1.4 x 10-8 m/s. The lower
value reflects a higher proportion of fines in decomposed volcanics.

4.2.3 The relationship of chunam mix to permeability

4 total of 30 trial mixes were made in this siudy. 12 mixes were
laboratory reconstituted chunam from King's Park Decomposed Granite and
another 12 mixes from Tai Po Decomposed Volcanics, King's Park Decomposed
Granite and Tai Po Decomposed Volcanics were preferred bhecause significant
amounts of suction related engineering data were already available from
previous investigations. The 12 mixes for each s0il type were made according
1o the mix proportions given in Table 4.2. Water content was varied accord-
ingly in each case to produce the necessary workability. The remaining 6
mixes were made with Clear Water Bay Road Decomposed Granite to obtain site -
specific data fogﬂthg pregpnt study. The mix proportions for the 6 mixes are
given in Table 4.3. Again, water content was varied accordingly in each
mixz {0 produce the necessary workability. Ordinary Portland cement was used
for the trial mixes, the brand being Golden Eagle. The water used for the
trial mixes was tap water. Kwan (1983) provides detailed information on the
particle size distributions of the soils used.

Cylindrical moulds of nominal internal diameter 73 mm and nominal
thickness 42 mm were used in the preparation of samples.

Moulds for the chunam samples were removed one day after mixing. The
samples were leftindcorsiand air cured. No special curing was made.
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The formation of cracks in chunam is directly related to its shrinkage
property. The area shrinkage is relevant in respect of crack formation in
view of the fact that chunam plaster on slopes is very thin when compared to
its area extent. The Geotechnical Manual for Slopes (G.C.0. 1979) states:
‘chunam should be applied to the surface in two layers each not less than
20 mm thick'.

It is noted that other factors as well may contribute to crack
formations. Field observations show that chunam made of coarse sand
generally has cracks wider than those of fine soils. High water - cement
ratio will alsc lead to severe cracking in the chunam.

During curing of the samples, measurements of the diameter of the
samples were made daily for seven days. Three diameters, spaced evenly,
were marked on the samples. The diameters wesre measured by a screw gauge.
The percentage shrinkage is calculated from the following formula:

: . - _ average measured area
percentage shrinkage = (1 ;;EFE?;TE;EEIEET_E;EE) x 100% (4.2}

Since the cement and lime content of the trial mixes vary and there may
be cases in which cement and lime contents are nil, the water to soil ratio
was adopted for comparison and analysis instead of the usual approach of
water to cement ratio. The amount of water in each trial was adjusted so
that all the trial mixes were consistent with their workabilities. Since
there is not a quantitative measurement of workability for chunam, the
reguired workability is a matter of personal judgement. Due to the silty
nature of the Tai Po Decompoged Volcanics, the mixes were very cohesive.
Compaction of the mixes by method of tamping was not practicable. King's
Park Decomposed Granite is sandy and much less cohesive. Clear Water Bay
Road Decomposed Cranite is gravelly send and chunam made from it has
properties approaching that of concrete. The determination of the reguired
workabilities depends largely on experience.

Measurement of the area shrinkage of the chunam samples began one day
after the preparation of the mixes when the moulds were removed. All the
samples were left indoors and air cured. The temperature and humidity changes
were very small and their effects on the curing of the samples were minimal.
Tables 44 ~ 4.6 show the variation in area shrinkage with age for the chunam
for all the trials undertaken. Comparisons within these iables reveal that
chunam mixes of Tai Po Decomposed Volcanics are generally more susceptible
to shrinkage than that of King's Park Decomposed Granite with chunam mixes
of Clear Water Day Road Decomposed Granite the least susceprtible. A
comparison of the particle size distribution curve for the three soil types
indicates a gradual transition from high silt content (Tai Po Volcanics)
t0 high sand content with the presence of gravel {Clear Water Bay Road
granites). A significant portion of the shrinkages occurs in the first
7 days of curing, although Ho (1978) reported in a recent study that more
thar 70% of the shrinkage was obtained at the end of 60 days. The compara—
tivelylarge proportion of shrinkage obiained in the first T days for the trial
mixes here may be attributed to small size of the samples and the curing
condition. Less humid conditions and smaller samplesiboth lead to drying of
the sample at a faster rate. Cracks were generally not observed in the
samples except for a few cases which have low cement and lime content,

It is desirable to isolate and identify the principal conirols on
shrinkage. The data in Tables 4.4 - 4.6 in association with the cement,
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and lime content and water to soil ratio (as given by the trial numbers -
Tables 4.2 = 4.3) were subjected to multiple regression analysis.

Let Y = % area shrinkage at age of 7 days
X4 = cement to s0il ratio
Xp = hydrated lime to s0il ratilo
X3 = water to soil ratio

Tre form of the regression model is

A
Y = A+ BqXq + BoXo + 13313 (4-3)

The following are the results for chunam mixes of the two soil types:
(2) Chunam of Tai Po Decomposed Volcanics

$ = 5.3 - T1.8%p - 24.6%; + 20.2%;3 (4.4)
adjusted R = 0.81
standard error = 2.0% area shrinkage

standardized regression coefficients:
B, = -0.67
fr = =0.54
B, 0.55

Negative values of the partial regression coefficients for cement and
lime contents (X1 and Xp respectively) imply that the increase in cement or
lime content will reduce the area shrinkage. Other things being equal, the
standarized partial regression coefficient ﬁ's indicates that one standard
deviation unit change of the cement to soil ratio (f4) would introduce the
greatest changein shrinkage and one unit change inlime to soil ratio (E;)
the least.

(b) Chunam of King's Park Decomposed Granite

o .
Y = —0.49 ~ 31.2Xq - 10.8% + 16.1%; (4.5)
adjusted R° = 0.57

standard error = 0.83% area shrinkage

standardized regression coefficients:

ﬂ’ = -1.06
Fz = -0.86
B, = 0.87

In this case, only 57% of the variance in shrinkage is explained by
cement, lime and water content jointly as indicated by the adjusted RZ.
Again, negative values of P, and B, indicate that increases in cement or
lime content will reduce shrinkage. A4lso, one standard deviation unit
change of the cement to scil ratio introduces the greatest change in shrink-
age and the effect of lime content on shrinkage is the least.



- 45 -

It is however important to recall that the water to soil ratio and the
cement, lime content are not strictly independent. Regression equations
ghow that increases in lime and cement content reduce shrinkage. At the
same time, increase in lime and cement content leads to an increase in water
content which acts to nullify the effect.

The second stage of the laboratory experiment sought to determine the
control that mix proportions have on permeability.

The falling head method (4.2.2) was used to measure the permeability
of the chunam samples. No leakage from any part of the apparatus or the
sides of the sample was observed. Hence complete water—tightness could be
assumed. :

Generally, the permeability values were quite constant and repeatability
of results was high. There were iwo samples the permeability of which dropped
nearly an order of magnitude over a period of one week. This is probably due
to silting up of pores by fines. A case which had been encountered before
(Chan (1982)). There were algo two cases in which the permeability increases.
The increase may be attributed to the higher degree of saturation of the
sample during the running of the permeability test. Saturation of the samples
was undertasken by percolation and no check of the degree of saturation was
made. Checking of saturation would require the application of back pressure
and the use of triaxial test apparatus. Since at least six ftests would run
at any one time, it was not practicalle to saturate the samples by back
pressure. '

Table 4.7 detzils the permeability results obtained. Comparison of
these results with those of field samples (Table 4.1) shows the laboratory
reconstituted samples have values lower than the site samples. The differ-
ence may be up to an order of magnitude for some soil types. Laboratory
reconstituted mixes were under more stringent quality control than the site
mixes and this factor, as well as aging may account for the observed differ—
ences.

Mix No. 1 of each soil type is simply the permeability of compactied
remoulded scil. Bearing in mind that laboratory result may be 2 orders of
magnitude lower than comparable field tests, close agreement of results wmas
obtained. With the addition of cement or lime, it would drastically reduce
the value of permeability.

Controls on the chunam trial permeability values (Table 4.7) were
sought. No statistically significant relationships were found between
permeability and ¢ area shrinkage, cement and lime content, or water content.
It is more probable that the conservative variation in permeability that was
observed, is due to such factors as the compaction of chunam mix during

preparation.

Figure 4.5 summarises the controls on chunam performance in the context
of mix wvariation which can be stated as follows:

(a) The standard specification 1:3:20 mix, i.e. mix No. 7, compared
with other mixes has low shrinkage and medium to low permeability.

(L) The permeability of intact chunam is unrelated to the mix
properties,

(¢} The priﬁ&ipal effect of mix variation is thus related to chunam
shrinkage.
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(d) Particle size distribution of the soil part of chunam mixes is
the most important determining factor of the properties of the
mixes (see Tables 4.4 — 4.6). Chunam mix of fine soil is
associated with large drying shrinkage and lower permeability.

(e) Both cement and lime stabilize the soil. Increase in cement or
lime content alone reduces the shrinkage. Increase in water
content results in larger shrinkage. Statistical correlation
indicates that the effect of change in cement conient is most
prominent while lime content is the least.

(£f) Since variation of cement and lime content necessitates a
corresponding change in water content, there exist an optimum
cement content. The existence of such an optimum content for
lime is not so obvious regarding the influence on shrinkage.
For fine material, high cement content is desirable (lime
content proportions are irrelevant). For coarser material,
cement and lime content assume egual importance. The actual
proportions are unimportant providing the cement content is
1320 or greater. :

4.3 SOIL SUCTION COMPARISONS ON A CHUNAM AND GRASS SICPE

4.3.1 BSite details and instrumentation

Two slopes some 300 m apart on Clear Water Bay Road (see Figure 1.7)
were selected for instrumentation. It is important to recall, that previous
work in Hong Kong (}oFarlane, 1980) had made only point comparisons between
grass and chunam slope responses. A more comprehensive ingtrumentation plan
was therefore sought in this investigation - one which would a2llow compre-
hensive conclusions to be drawn regarding the slope behaviour as a whole,
and secondly a plan that would provide for sufficient resolution of data
that could be used to verify the application of the soil water model {3.0).

Plans of the two slopes are given in Figures 4.6 and 4.7 together with
the depth and location of Jetfill tensiometer positions. Figure 4.8 gives
the tensiometer locations in profile, the deeper locations being seen to
accord with the depth of interest in stavility terms, as can be seen from
the resistance envelopes for both sites (Figure 4.9).

Plates 4.1 and 4.2 show the two sites, and illustrate the similar
backslope spur topography, being CDG. Plate 4.3 shows the detail of one
tensiometer installation {group C on the top berm of the chunam slope =
Figure 4.6), whilst Plate 4.4 shows the location of the raingauge, currently
being installed, on the lower berm of the chunam slope. The rainfall data
used in the analysis in this report is from G.C.0. raingauge K04, which is
some 0.8 km from the site.

Daily readings from all the tensiometers commenced on April 24, 1983,
and analysis of the data through to 1 July 1983 is undertaken in this report.

The quality of the chunam cover is extremely good (Plate 4.4).
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4.3.2 Soil Suction response to storms

During the ipril = July 1983 period there were some eleven storms
ranging in terms of total precipitation from 5 mm to 285 mm (the storm of
June 17, 1983).

The broad pattern of storm response is shown with regard to three
storms of markedly different storm precipitation. Figures 4,10 and 4.11
show the unchanging pattern of s0il suctions to 9.5 mm of rainfall on 6 May
1983, Figures 4.12 and 4.13 show the response to 254.5 mm between OOCC hours
on 26 May and 1300 hours on 28 lay 1983. 4 significantly more intensive
storm on June 17 1983 (recurrence interval in excess of 2 years) is shown
in Figures 4.14 and 4.15 together with the associated responses.

From these data several general features are apparent:

(a) generally, soil suction contours are approximately parallel to
the slope face in both the chunam and grass slopes to the
maximum instrumented depth of 4 m,

(b) there is evidence to show that significant recharge occurs from
> the upslope unprotected area or the chunam slope during prolonged
low intensity rainfall (see Figure 4.12).

{¢) +the chunam slope, excepting the circumstance outlined in (b),
maintains higher suctions than the grass slope. This aspect
can be analysed further. Figure 4.16 illustrates the mean
suction difference, at 3 m and 4 m depth, between the grass
and chunam sites, based on the lowest suctions resulting from
the sgtorms in the study period. Suction differences exceed 5 kPa,
in locations other than the i0op slope and base slope locations.
Whilst these mean differences are significant, they do not by
themselves imply a consistent difference between the iwo slopes
for all storms. To ascertain whether such a sustained difference
exists, then it is appropriate to employ discriminant analysis.
Figure 4.17 and 4.18 show the resulis of the analysis in which
the only site that does not exhibit a significant difference
between grass and chunam is at the lowest slope location at
4 m depth.

4.3.3 The prediction of goil suctiorn response

Within the restricted amount of data available ii was considered
appropriate to attempt a multiple regression estimation of the suction
recovery in the post storm period at a variety of depths.

The first znalysis undertook a prediction of the resulting suctions
('RESU') for different days ('TIKE') afier the cessation of rainfall, with
the start suction conditions ('STSUY) being the lowest suctions during the
storm.

Input into the first analysis were all observations at 1 m depth of
lowest storm suctions, and the recovery suctions for all days afier the
storms for which no rainfall was recorded. Separate regressions were
undertaken for ithe chunam and grass slopes at 1 m depth, and then the
analysis repeated for 3 m depth. The results were as follows:



1 m depth:
Chunam RESU = =0.2323 + 0.0401.TIME + 1.0519.5TSU (4.6)
r = 0.941
standard error = 2.17 kPa
Grass RESU = 0.7012 + 0.0539.TIEE + 0.9704.5TSU (4.7)
r = 0.947
standard error = 1.87 kPa
3 m depth:
Chunam RESU = 0.9242 + 0.0085.TINME + 0.,9919.57sU (4.8)
= 00987
standard error = 1.14 kPa
Crass RESU = 1.6644 + 0.0160.TIME + 0.9409.STSU (4.9)
r = 0,954

gstandard error = 1.73 kPa

Variable definitions:

RESU : resulting suction (kPa), TIME days after the rainfall
has ceased

TINE days after rainfall ceased

STSU s lowest storm induced suction {kPa) at the location on
the slope that it is desired to predict the recovery
suction (RESU), TIME days after razinfall has ceased

-

These relationships are graphed in Figures 4.19 = 4.20. They
illustrate several points:

(a) the linear increase in suction with time (upto 5 days) after
cessation of rainfall. At 1 m depth on grass, the rate of
suction increase exceeds ihat of the chunam slope to satisfy
the evapotranspiration demand. At 3 m depth, the rates of
suction increase are similar on both slopes = in this case
of course such increases are gravity drainage (suction—
moisture) controlled.

(b) given the very high correlation coefficients and low standard
errors, it is appropriate to consider these eguations as useful
predictors of the resulting suctions at all positions on the
slopes. The entry points to the use of these eguations are
solely therefore the lowest suction resulting from the storm
at the point of interest on the slope (STSU) and the number of
days after the storm for which the recovery suction is reguired.

As more data becomes available, then such equations should be recomputed
~ recall the limited 3 month data availability at the time of writing.
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Of course, establishment of similar relationships, using total storm
rainfall ('RAIN') and pre~storm suction ('PRSU’) is possible. Figure 4.21
shows the possibility of such a relationship configuration in which these
two variables could be used to predict lowest storm suction, which then
becomes the entry point to equations 4.6 - 4.9. Figure 4.22 shows the
prediction of lowest storm suctions, from total rainfall and pre-storm
suctions, at 3 m depth. The relationships were as follows:

3 m depths
Chunam LOSU = =0.6384 = 0.0106.RAIN + 0,9563.FRSU (4.10)
T = 0.984
gtandard error = 1.30 kPa
Grass 1OSU = 0.8346 = 0.0187.RAIN + 0.9033.PRSU (4.11)

r = 0.960
standard error = 1.76 kPa

Variable definitions:

LOSU lowest resulting suction (kPa) from a storm of 'RAIN' mm
RAIN = total storm rainfall mm

FRSU Pre-storm soil suction (kPa) at location on the slope
that it is desired to predict the lowest storm induced
suction (LOSU), which can then be the entry point (STSU)

40 equations 4.6 = 4.9.

It is therefore of interest, given the significance of the above
relationships, to effect the complete prediction scheme, as outlined in
Figure 4.21 for 3 m depth for all the available storms in the study period.

Thus if eguations 4.8 and 4.10 are coupled for the chunam slope at
3 m depth, the resulting suctions, TIME days after a storm, can be predicted
from total storm rainfall (RAIN) and pre-storm suction (PRSU) at the point
of interest. Figure 4.23 illustrates the predicted and observed resulting
suctions for all days of recovery {up to 5) for all 11 storms in the study
period. Figure 4.24 graphs the corresponding comparisons for the grass
slope. The maximum error in both cases is approximately 5 kPa, with a
consistently much better performance for the majority of observations.

As increased data becomes available, with longer recovery periods
occurring, then more representative equations corresponding to (4.6) - {4.11)
can be established. It is nevertheless encouraging from a predictive stand-
point, that what data has been obtained, indicates a commonality of drainage
response over the entire slope lengths. This being so, a case is argued in
53 that one application of the recovery relationships lies in modification
of the current {(1983) landslide warning index for Fong Xong.

4.3.4 Direction of soil water movement and implications for modelling

For the vertical tensiometer profiles an analysis in terms of total
potential was undertaken to ascertain the existence, or otherwise, of a
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vertical flux over the period of available data. As would be anticipated,
in all cases a vertical flux was shown to dominate conditions within each
profile. Vhat is of interest, however is, the dominance of this flux during
and after the storm of 26=27 May 1983 at the chunam top slope location,
where the data in Figure(§;12 has shown gignificant recharge 1o be occurring
from the unprotected backslope area. Figure 4.25 illustrates the nature of
the fluxes for profile A (see Pigure 4.6), the topslope location on the
chunam slope for a selection of three storms.

But of course of greater significance are the soil water flow directions
in the entire slore. This can be crudely estimated by drawing orthogonals to
the total potential lines, which themselves have to be estimated by inter-
polation (see Figure 4.26a) because of the enforced instrumentation location
points in relation to the slope geometry (Figure 4.8). Figures 4.26b and
4.26¢ show the range of flow directions up to 4 m depth estimated in this
manner. The flow directions are thus dominantly vertical on the basis of
total flux calculations {as opposed to vertical flux components - Figure 4.25).
The implications here are that, like selected instances in the Mid-Levels,
it is apopropriate 1o consider a one dimensional simulztion procedure for an
examination of general response in these relatively shallow depths with, of
course variations in start moisture conditions as appropriate. A requirement,
whether 1«0 or 2-D modelling is underitsken, is the acquisition of suction
moisture curves. Compatible with the chunam suction-moisture curves for this
site (Figure 4.2), suction-moisture curves for the CDG at the two slopes
were obtained from each berm location., These curves are given in Figures
4.27 and 4.28, in preparation for the modelling undertaken at this site
which is reported in 6.C.

1

4.4 TUE EFFECT OF BACKSLOPE TOPOGRAPHY ON SOIL SUCTIONS

The site at Clear Water Bay Road, the preliminary results for which
have been presented in 4.3, illustrates conditions of so0il suction response
under essentially one dimensional control. However, in topographically more
complex conditions, and especially where there are significant hillslope
hollows immediately backslope, then the dominant controls on soil suction
response in the near surface zone need no longer be one dimensional. MNoreover,
the groundwater response in such conditions need not be infiltration con-
trolled, but may be influenced by complex three dimensional interaciions.
This has clear implications for modelling strategies (6.0)s Also, in terms
of possible maintenance of zones of near surface saturation, several studies
have shown that hollows or dishes in hackslope fopography can initiate soil
water convergence (Anderson & Kneale 1982). The result is a concentration
of higher pore pressures {or lower suctions) than in cut slopes where the
back slope topography is regular. VWhere the convergence process occurs in
humid temperate dimates it has been demonstirated that localised zones of
saturation can be maintained for several days and weeks in the absence of
rainfall.

" S0il water movement is governed by total potential # which is the sum
of the so0il water potential,¥ , and the elevation potential Z. The usual
expression is f = ¥ + Z and all variables are quoted in length terms (m).

4 can be positive for positive pore pressures and negative for negative

pore pressures (scil suction). Z is measured from an arbitrary datum and
will dominate the total potential, and hence soil water behaviour, in steep
topography. Under these circumstances we may expect soil flow paths {ortho=
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gonals to eguipotential lines) to be reasonably approximated by orthogonals

to topographic contours as has been noted in 4.3+.4. Conversely, in ghallow
topography, seasonal or storm induced variations in the so0il water potential,
Y, may exceed Z, and hence the pattern of soil water movement on such slopes
may not be effectively controlled by topography alone, but be more related

to local antecedent soil water conditions. Such contrasting soil water flow
path patterns (static in steep topography, and temporarily variable in shallow
topography) have been exemplified by Anderson and Kneale (1982) in natural
slopes in the K.

Extending this knowledge to the conditions prevalent in Hong Kong, we
might expect the following principles to apply

(a) in the typically steep topography, the soil water flow paths
should be relatively static,

(b) where hillglope hollows exist, these will give rise to pronounced
zones of soil water convergence,

(e¢) where s0il water convergence does occur it will resuli in locally
higher soil water content, higher pore pressures, or indeed in the
more permeable materials such as colluvium, the establishment of
piping in such zones. (Jones, 1981)

4.4.1 Site description and insirumentation

4 site at St. Christopher Bend near Tai Po Road (Figure 1.7) had been
instrumentated and monitored by Anderson and McNicholl (1983) and the site
was found to be suitable for a comprehensive sgtudy of the important relation-
ship between topography and soil water conditions. TFigure 4.29. shows the
general location of the site which is a road cutiing 45 m high at the crest
and trending roughly south east - north west. Two contrasting backslope
topographies are evident. To the west of the cut slope crest on the south
side of the cutting is a pronounced hillslope hollow, whilst to the east of
the same cut face, is a recticlinear slope. Two piezometers, at the same
ground level elevation (109 m), can reasonably be associated with those
respective topographies. The piezometer Pl is at the rectilinear backslope/
cut face boundary, whilst piezometer P3 corresponds to the hillslope hollow
configuration. BRinnie & Partners' {1979) stability report for the slope
indicates the upper four berms to be in zone B (highly weathered) material,
while the two lower berms are in zone D rocks. The ends of the slope are
formed in volcanic rocks but the central part is intrusive (probably grano-
diorite). In addition a shear zone extends diagonally across the face from
just south of piezometer P4 in an easterly direction (Figure 4.29 ). As is
often the case in Hong Kong, there is a laycr of colluvium in the hillslope
hollow and other areas of the backslope. Plate 4.5 shows a general view of
the site. Of particular interest is the response of the twe piezometers P1
and P3. Figure 4.3C shows a typical type of response, with the general
ground water level being some 6 m lower adjacent to the rectilinear slope
(piezometer P1) than at P3. This difference, whilst narrowing during storm
events, is still appreciable congidering the ground elevation of the piezo-
meters is identical (109.3 m).

From an initial appraisal of the site, a possible mechanism that may
explain such locally different ground water elevations is that of s0il water
convergence in the hollow area backslope of P3. It is noteworthy ithat seepage
was observed in the cut face at a location corresponding to the hillslope
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hollow outfall. This field observation combined with the evidence of studies
already referred to, was a useful guide to the placement of tensiometers in
the hillslope hollow area. Jetfill tensiometers were employed and the exact
locations of these installations are shown in FPigure 4.31. 1In addition,
horizontal drains were already installed on the lower three berms as shown.
With the exception of location T8, all tensiometer locations had tensiometers
at 1.5 m depth; tabled.8provides the tensiometer depths and piezometer infor—
mation for all the sites shown on Figure 4.31.

Tensiometer, piezometer and horizontal drain records were taken during
two principal periods’1 June 1980 -~ 10 October 1980 and between 1 June 1981 -
1 October 1981. In particular the tensiometer data was intended to identify
the presence of soil water convergence processes near surface, should they
exist.

4.4.2 Backslope soil water conditions

For the storms occurring within the study period, convergence was found
to exist within the instrumented hollow area (Figure 4.29). Two storms were
gelected for further investigation and so0il water conditions were mapped at
1.5 m depth. Figures 4.32 and 4.33 illustrate the marked nature of the topo-
graphically induced soil water convergence. Figure 4.32 shows contraction of
the zone of positive pressures to take place after the storm, whilst Figure
4.33 illustrates the maintenance of a saturated zone after five days without
precipitation {July 30 - August 4 1980). The subsequent storm commencing
fugust 5 results in a significant expansion of that area where pore water
pressures exceed O kPa. In both these examples it is to be noted that the
" 80il water potential lines are, in many instances, orthogonal to the topo-
graphic contours — a clear indication of the significant s0il water conver—
gences. If there was no soil water convergence occurring, then soil water
potentials at a given depth {(in this case 1.5 m) should be the same at all
points over the slope. This point is further illustrated by plotting
orthogonals to total potential lines. Figure 4.34 illustrates such a plot
for the 12 July data, showing convergence to be focusing close 1o piezometer
P3 at a point nearly coincident tol horizontal drains A and B. From this
figure it can be seen that out of the fourteen horizontal drains on berm 3,
only four exhibited any flow during the study period, and these were located
in the region of the cut face corresponding to the zZone of convergence
already noted. Flow from these drains (Figure 4.35) shows an approximate
four day delay, and is appreciably higher at drain A than elsewhere.

The maintenance of a zone of saturation in the centre of the hillslope
hollow is a factor worthy of further comment. It can te seen from Figure
4.33, that such a zone at 1.5 m depth is still relatively extensive even
though there had been no rainfall in the previous five day periocd, as we have
observed. This can be taken as an indication that during much of the wet
seasgon, topographic convergence provides for a probably permanent zone of
saturation which varies in extent according to antecedent rainfall, aid
which must serve %o preferentially charge the groundwater in this restricted
locality. The efficiency of this mechanism is of course dependent upon the
detailed variation of permeability with depth throughout the catchment area
that could potentially contribute to convergence. All that can be said here
is that convergence is seen here to maniflest itself in a saturated zone.

The detailed variation of permeability with depth is unknown, but it is likely
that the upper layers are more permeable and that diminution of permeability
with depth occurs at similar depiths below ground surface. This is particularly
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the case where there ig a layer of colluvium over the residual soils as in
the hillslope hollow. These faciors together would result in perching of
water near surface and facilitating increasingly marked topographic conver—
gence of so0il water.

In a situatiorn in which a topographic hollow occurs at the immediate
backslope vicinity of a cut face, then it would appear that

(2) There is the possibility of soil water convergence in the
backslope hollow causing, and maintaining, a zone of saturation
within the s0il at shallow depths.

(b) Purther, this zone of saturation may be sufficient to surcharge
the underlying local groundwater conditions at that point.

(c) The results in terms of the groundwater conmditions are :

>
L]

(i) the maintenance of higher groundwater in the vicinity of
the zone of near surface soil water convergence, but a
relatively small, infiliration induced, response to siorm
rainfall

(ii) the maintenance of lower groundwater conditions at similar
ground elevations away from the zone of saturation (e.g.
P1 on Figure 4.29) - see Figure 4.30. However, in these
locations storm responses are very pronounced {e.g. 2min
response to 0.268 m of rainfall). L

(@) The much more pronounced groundwater response to rainfall away
from the topographic hollow (i.e. piezometer P1) is likely
therefore to be induced by groundwater interaction parallel to
the cut face — stimulated by the infiltration induced rise at
P3, setting steeper lateral hydraulic gradients. BSuch rises,
as measured at F1 are, as we have commented and as the simulation
has suggested, far too large to be induced by vertical infiltration
alone.

In demonstrating the ocourrence, at a single site, of so0il water
convergence, its likely relationship te groundwater levels and horizonial
drain discharge differences in relatively short distances, there remains
the question of generalising the resulis of such soil water mechanisms to
other sites. It is evident, that in a general sense, due regard must be
taken of topographic features hackslope from cut faces, but it is a matier
beyond this project to establish 'convergence criteria' for the parameter
modification of standard stability analyses in such circumstances. Anderson
and Kneale {1982) have showun that analytically derived indices from saturated
flow eguations under specific assumptions, mey prove ugeful in this regard.
For example, Beven and Kirkhy (1979) derived the index af/tan g (where a =
area drained per unit contour length, and B = local slope angle); this index
is high in hillslope hollows, and lower elsewhere and has been shown 1o be
successful in predicting gones of s0il water convergence.

Elsewhere, generalisation of soil water convergence process has been
achieved in regard of cut slopes in residual volcanic materials in the
Caribbean. /nderson (1982, 1983; has shown that with regard to soil suctions
at shallow depths (less than 5 m) the effect of topography (i.e. s0il water
convergence) as measured by slope plan curvature, diminishes with decreasing
permeability (Figure 4.36a and 4.36b). Noreover, such a topographiocally
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induced soil water condition lends itself as a significant discriminator in
the context of deriving failure bounds in relation to shallow slips (Figure

4437}

4.5 VEGETATION - RUNOFF RELATIONSHIPS

4.5.1 Background to data requirement

The effect of cover differences (chunam and grass — Plates 4.1 and
4.2) has been explored in the context of two sites using available data to
date, Whilst this has allowed certain tentative conclusions o be drawn,
there remains the guestion of meking comparisons with other vegetaiion types.
There are three ways in which this could be achieved:

(a} a substantial empirical pfogramme of monitoring could be mounted,

(b) a smaller instrumentation scheme could be established to provide
base-line data and to provide the necessary information to
parameterise the top computational point in the s0il water model
(3.0) such that vegetation can be accommodated in the simulation,

(c) the existence of pre—existing data be established and utilized.

In terms of the general research philosophy as outlined in 1.2, a
substantial field investigation programme with the available resources could
not be justified.

As has been shown, modelling intact chunam is relatively straight-
forward. In the context of cover effects on s0il water conditions, with the
saturated permeabilities and suction-moisture curves having been determined
(4.2.1), then the chunam can be modelled directly as part of the soil profile,
albeit with markedly different characteristics. With the processes of
interception, detention and root zone permeability changes in regard to
vegetated surfaces, then the existing model cannot accommodate both the
increased number of processes in the upper layer together with their variation
in respect of particular forms of vegetation combinations. ' :

To aid the model refinement at the coarsest level, runoff data for
different vegetation covers is required. Such data could then be used to
derive an 'effective rainfall' which would be regarded as that available
for infiltration to the soil surface. This is of course the minimum of
information that is required to effect top boundary changes to the modelling
structure, and the mechanics of that modification are outlined in 6.1.2.

The immediate requirement here is some knowledge of runoff production from
differing vegetation covers. ’

4.5.2 Available runoff/vegetation data

An extensive literature search was undertaken to ascertain the avail-
ability of runoff data for different vegetation types. In summary, nearly
all available material that could be found, was inappropriate to Hong Kong
conditions on the basis that the slopes studies were too shallow and the
rainfall regime was too dissimilar to the high intensity tropical rainfall
experienced here. Table 4.9 summarises selected material from that
literature search. This situation forced the analysis to centre on work
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undertaken in Hong Kong alone. In this regardtwo pieces of work are relevant
to this study. Firstly the work reported by Hsu (1983) in which a chunam and
a grass slope were monitored for runoff. The slopes at ike Chinese gniversity
of Hong Kong were sgme 50 — 60 m, with the chunam slope being at 45 and the
grass slope at 40.5 . Figure 4.33 shows results from iwo storms of different
intensity. Reanalysis of their results was undertaken and presented in the
form of Fzure 4.39. Of particular interest from these resulis is the fact
that the grass slope generates significant runoff (20=-35%) for storms of
moderate intensity.

Certain caution needs to be exercised in the interpretation of the
numerical results from this study however. The small plot size will be
recalled, and with it the very amall runoff volumes that are recorded, even
in the most intense storms. To effect a measurable stage rgse ( maximum
30 cm), the recording V-notch weir was designed with a 2.12° angle. There is
no evidence in the report to detail calibration of the weir with the British
Standard weir flow formulation quoted in the report. If indeed no calibration
was made it is most likely that the absolute discharge values are in error,
although the comparative response of chunam and grass may still be valid.

The second area of direct relevance to the work here is that relating
to grass andé trec species planting practice in Hong Kong. This is fully
documented in G.C.0. (1983?. Table 4.10 illustrates the principal grasses
used, and emphasises that most of the work in Hong Kong to date has con-
centrated on planting and establishment rates in association with erogion
control. Appended to Table 4.10"is a qualitative assessment of possible
runoff production from different grasses (Forbes, personal communication).
It must be stressed that there is as yet, no field evidence in Hong Kong for
runoff discrimination by grass, or other vegetation types, and that the
possible runoff production inclusion in Table 410 is a personal assesgsment
that there may well be expected to be significant differences in runoff by
grasses currently employed in Hong Kong.

4.5.3 Bunoff plot requirement

From the foregoing discussion, it is evident that both to0 acquire
runoff data from different vegetation covers employed in Hong Kong, and to
enable modifications %0 be made to the fop houndary condition of the soil
water model, it was necessary to establish plot studies within the current
project. Only in this manner it is argued can the effect of cover be
adequately assessed, bearing in mind the near absence of relevant data as
we have observed. At the time of writing, runoff plois were being established,
or in the planning stage!

(a) Chunam : Clear Water Bay Road (Plate 4.1)

(p) Grass : Clear Water Bay Road (Plate 4.2)

{c) OCOrass : Tsuen Wan (Figure 1.7 )

{(d) Shrubs and grass : Tsuen Wan (Figure 1.7 )

(e) lMature shrubs and trees : Tsuen Wan (Figure 1.7 )

(£) = () Newly seeded plots : Chuk Yuen (Figure 1.7)

(i) Grass fill slope : Kohima Barracks (Figure 1.7 )
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The approximate plot size for all sites is 4C0 m2 and necessary drainhage
modification, as required, are currently underway. Runoff will be recorded
by Clarke water level recorders {maximum stage 225 mm) using 7 day clockwork
mechanisms.

Whilst Nassif and Wilson {1975) have shown that the effect of slope
angleoon infiltration rates in grass slopes is negligible on slopes in excess
of 25, it was considered desirable to establish three trial plots (f - h)
on the game slope location. This allows hydroseeding and turfing to be
undertaken on two plots, with a change to the standard hydroseeding mix to
be undertaken on the third plot.

Thus, having established the need for. undertaking the empirical work
with regard to vegetation — runoff data in Hong Kong, it is anticipated that
results from the zbove mentioned plots will be available in 1984.
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5e GENERAL APPLICATIONS OF SOIL CHARACTERISTIC CURVES AND RELATED DATA

51 INIPIAL APPLICATION OF SUCTION~MOISTURE CURVES

In 3.2 it was shown that swotion-moisture curves can be approximated
in many instances by a straight-line relationship on a log-log plot, with
regression ooefficients a and b. This faot has great potential in the
utilisation of these curves and the following sections detail the estimation
of the ooefficients & and b for selected Hong Kong soils together with
applications of thegse coefficients to the estimation of cover effects and in
terms of landslide warning improvements for Hong Kong. I+ ie firstly necessary
to estimate the a and b parameters.

S¢%e1 TIeterminaticn of a and b coefficients

The data in McFarlane {1981) were analysed in detail and indeed a
linear relationship is obtained on a log=log plot. The values of "a" and
"p" were obtained for each sample tested. PFigure 5.1 shows the values of "a"
plotted against "b" for the samples tested and for the 5 results presented
in Campbell {1974). Rawls et al (1981) present statistical data on moisture
contente at 33 and 1500 kPa guction for various asocil types. The values of
"a? and "b" as determined from these data are also shown in Figure 5.1
It is seen that different so0il types are grouped in different parts of the
plot. This provides a classification of =20il based on suction-moisture
characteristics similar to Casagrande’s plasticity chart based on soil
consistency. A lower limit of all the points is conveniently represented
by the line & = & .. 1, It is meen that soils of similar grading lie on a
straight line, biit that position on the line varies tremendously depending
on s0il structure. For the Tai Po Volcanic, the "b" value ranges from 3%
to 36 for the natural material and from 15 to 30 for the remoulded material.
The variation in "b" value can be attributed to the difference in remoulding
moiature content. For the King's Park Granite, while the "b" value of the
natural material is around 6, it ranges from 11 to 18 for the remoulded
material. This time no simple explanation for the variation of b is found.

For practical purposes, the proposed moisture-suction relationship can
be considered valid up to 1 kPa suction, where field saturation can be deemed
to occur. This is a convenienti end point since log 1 = 0 and 1 kPa also repre-
sents the limit of precision of measurement of field suction. The average
degree of saturation at 1 kPa guotion as calculatsd from the proposed
moisture-suction relationship (taking into account volume change) is 92% for
the granite and 96% for the volcanic.

One of the great advantages of being able to express the moisture
suction curve in the form log ¢¥ = = a = b log @ is that unsaturated permea-
bilities can be estimated easily from it. Several methods have been proposed
for obtaining unsaturated permeabilities from numerical integration of the
poil suction-moisture curve based on idealized model of an assembly of fine
capillary tubes of various diameters. These methods are found to be guite
acourate when the permeabilities are normalized (matched) by ameasured value

at one water content, generally at eaturation. Campbell (1974) showed that
when the suction moisture relationship can be expressed in the form log Y =
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- a =1 log 6, the unsaturated permeability can be expressed in the form:
2b 43

K = 13(59;) in terms of @, or {5.1)
x-x;&ﬁ*% in terms of ¥. (5.2)

Taking field saturation to be represented by a suction of 1 kPa as
before, the above equation is plotted in Figure 5.2 for different values of
b. This figure can be used to estimate the effeot of a protective cover
(such as chunam) in reducing infiltration and maintaining suction. When
the rate of infiltration ie limited to an amount less than the saturated
permeability of the s0il, the suction in the soil will be kept at the value
where the unsaturated permeability is equal to the rate of infiltration.
From the graph it can be seen that for b = 6 to 30 obtained for Hong Kong
80ils, protective covers 10, 100 and 1000 times less permeable than the
s0il would maintain suctions of 2 to 3, 6 to 9 and 16 to 27 kPa respectively.

In this analysis it is assumed that -the empirical equation derivations
relating moisture content and so0il suction (used to estimate b) exhibit
correlation coefficients in exvese of 0.95,, sinoce utilization of eguation
(5.2) in the manner described and illustrated in Figure 5.2 depends on using
a regression equation as X on Y, although computed for Y on X.

5.1.2 Utilization of suction moisture curves to estimate water table rise

7 The suction-moisture curve gives of course a measure of volumetric
moisture content at specified suoctions. Irn the context of water table rise
through vertical infiltration, it is therefore impliocit, that, given known
soil water oconditions in the profile to the water table, the amount of
infiltration required to raise the water table x metres, establishing a
new p0il water profile, can be estimated. To ease the method of computation
and analysis, it is more convenient to oconsider a solution as estimated by
drainage. Initial trials at estimation of a solution by wetting were not
completely successful. To compleie a solution by drainage, the following
assunptions are made:

(a) Infiltration tekes place vertically, there being no other form
of recharge

(b) The seil is homogeneous

(¢} The water table is horizeontal

(d) Both initial and final s0il water conditions in the profile
are hydrostatic

(e) The suction moisture content of s0il can be described by a
linear log-log plot (equation with coefficients a and b

, There is therefore no hysteresis, and saturation cccurs at 1 kPa.
(Yis suction in kPa and 6 the volumetrio water conmtent).

From an initial condition with the water table at the surface, assume
that drainage from below lowers the water table by an amount H, then the
amount of drainage is given by:
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H
j (6g - 05) ax (5.3)

x =0

where @y is the volumetric moisture comtent of the s0il at a distance x
metres from the water table. {see Figure 5.3a)

Since log = - ia + b log ) (a and b treated as positive)
= - {log 10 2 + log &%)
= « log 1029°

then Y= (1o&ob)’1

or o= 1 .

1
1070 y'/v (5.4)

For hydrostatic equilibrium, ¥« fox 4+ 1

0y -6y = 1070 o g0 ey L 4700 (fox + 1)"/®)
B

H
S(es-o,)ax - 10'5'/“ J‘(1-(wa+1)"1/h)dx
0

x =0
1/ .
1-1h
- 10’3/"/:- o duxt /
Xw 1—% 0
a 14
= 10 /v H—(JHH"'U b, 1 (5.5)

Yo 1= Yo (1-3)

Byuation 5.5 gives the depth of water (m) drained, in lowering the
water table from the surface to depth H. Of course, the amount of water
drained in this mamner is equivalent to that water (infiltration) required

to raise the water table from H to the gurface. This can then be generalised

to provide the infiltration, I (M), necessary to raise the water table from
depth Hz to Hjy:

1

t-3
(H2 - (10Hs) . 1 ) _

1001 - %) 10(1 - 2)

I = 10

-2

1

1
(- ] e
10(1 - %) 1001 - %)
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Thus, in Hp metres of soil {initial depth to water table) I m of
infiltration are required to raise the water table (Ho - Hy) metres

(Figure 5.3b).

In equation (5.6) with respect to eguation (5.5), )rwn + 1 is approxi-
mated by 10H.

Using equation (5.6), parameterised for specific moils by coefficients
a and b from Figure 5.1, then for a soil depth (H2) of 10 m, Figure 5.4 shows
the response of selected soils to given amounte of infiltration. Figure 5.5
shows the corresponding results for a 20 m depth of soil. These figures show
the relatively greater responses for the volcanic eolls compared to granitic
soils for gimilar infiltration amountas.

513 Modifioation of the existing criteria for the issue of a landslip
warning :

The ourrent (1983) practice for issue of & landslip warning incorporates
a relationship between recorded rainfall on days 1-15 and day 16 rainfall, as
ghown in Figare 5.6. Such an index measure is likely to overestimate riek,
gince no account is taken of drainage in the 1-15 day rainfall. The presence
of a large storm can, therefore, have a significant distorting effect. '
It is proposed that some improvement to the current procedure can be made from
the work reported here.

The proposed modification to the index employs, for the depth of interest
selected in the context of landslip risk, observed or predicted suotion
recovery, combined with the drainage model given in equation 5.6. The modi~
fied index is illustrated with respect to the June 17 1983 storm of 285 mm.

Figure 5.7 shows the recorded rainfall, iogether with two hypothetiocal
gtorms which will be uped to illustrate the difference between the two methods
of warning estimation.

Consider the soil suction at 0.9 m depth, lacation J at Clear Water
Bay Road site (Figure 4.7 ). Figure 5.7 shows the measured suction in
response to the June 17 storm. If conditions are then taken to be hydro-
statio, the water table depths can be estimated during the period as shown
in Figure 5.7. It is then, for the given material as characterised by
coefficlents a and b, a matter of substitution in equation 5.6 for two water
table depths, to determine the amount of drainage taking place between two
selected times. This drainage can then be imterpreted as an amount by which
the rainfall in the 1-~15 day index should be reduced by at any time.

This estimation was undertaken for the Clear Water Bay site as ghown.
Hy was pet at 2 m on 23 June, and Hp set at 2.6 m on 26 June to estimate the
regponse to hypothetical atorm 1. For hypothetical storm 2, Hp was set at
2.8 m on 30 June. Accerdingly, drainage losses were calculated by equation
5.6 and gubstracted from the 1=15 day rainfall. Figure 5.7 illustrates the
1-15 day rainfall estimations by the modified index and the current summation
index, for the two hypothetical storms. Figure 5.8 plots the positions of
these storms in relation to the warning line. I% is clear that for the
intense storm 2, the ourrent index would have prescribed the issue of a
warning, whilst the modified index (in accommodating drainage) would not
have done a0, in fact by a significant margin.
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Whilst the method outlined may provide a more realistic framework
for detailing the antecedent conditions, it should be noted that the
following elements are required to apply the procedure :

(2)

(v)

(o)

the selection of the parameters 'a' and 'b' (see
figurs 5.1) which have been adopted to describe
the suction-moisture curve. The question of
both the spatial variability within materials
and the between material differences in suction
moigture curves becomes a key element. Clearly
a conservative ('safe') approach of siraightward
gsimplicity is to select, for universal application
of the method, the steepest suction-moisture
curve determined for material in Hong Kong. This
upper bound will represent conditions of least
drainage, and be associated with the highest
values of the gradient b.

the selection of a depth of interest. This
is a requirement so that the hydrostatically
implied water table depth can be assessed
(see figure 5.7).

the determinatioﬁ of suction recovery to
provide for estimation of the falling water
table. There are three possibilities :

(i) measurements of past storm suctions as
dicated by the likely occurrence of
storms, following a particularly large
event (e.g. June 17 1983). In this
case, then sites must be selected which
are considered in some way representative.

(ii) Recovery of suction can be predicted as
has been shown by equations 4.6 = 4.9.

(1ii) Perhaps most usefully however, are rates
of similar suction recovery in past
storm conditions as shown in figure 5.9.
Further scil suction data could be
analysed confirm these rates at given
depths.
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I+ should be noted that "with from the data used to obtain figure 5.9
(see figures 4.19 and 4.20) = 4 from thc Clear Water Bay Road application
of the proposed model (Liguce 5.7) a linear rate of drainage, in the
context of mm rainfall equivalent, is observed. This may well therefore
serve to support ithe application of a simpler linear reduction technigue
to antecedent rainfall in the 1-15 day index, without the need to resort
to the mors detailed method outlined here. This possibility is currently
being examined by J. Premchitt.

Se1e4 Summary of prinoipal spplications of suction-moisture curves

(a)

(v)

(o)

(a)

(o)

Suction-moisture relationships in residual and remoulded Hong
Xong s0ils are linear in a log-log plot over a wide range of
suctions and therefore can be described hy two parameters a
and b where —a, =b are the iniercept and gradient of the
straight line in the plot. :

Different eoil types and soil structures are reflected in the
values of a and b. A graphical plot of a against b provides a
classification based on suction-moisture characteristics
(Figure 5.1) similar to Casagrande’s plasticity chart based on
poil consistency.

Remoulded s0ils of similar grading exhibit a wide range of
suction-moisture characteristics depending on the remoulding
conditions. For Tali Po Volcanic this can be atiributed almoat
entirely to the remoulding moisture content. For King's Park
Cranite the interaoction between remoulding moisture ocontent
and density are tco complex to allow simple analysis.

Ratio of unsaturated to saturated permeability can be estimated

Yy Campbell's method (Figure 5.2) and from it the effect of surface
protection cover in maintaining suction can be assessed.

Protective covers 10, 100 and 1000 times less permeable than

the 20il would maintain suctions of 2 to 3, 6 to 9 and 16 to 27
kPa respectively in one~dimensional infiltration.

For the ideal case of one dimensiopal infiltration under initially
hydrostatic conditions, the responsive rise of water table to
infiltration can be estimated from the suction moisture character-
istics (Figures 5.4 and 5.5). A water table in natural Tai Po
Volcanic would respond much wore violently than one in natural
King's Park Granite, for the same amount of infiltration. This
oan be attributed to the higher initial degree of maturation in
the volcanjc. Remoulded s0ils would exhibit a wide range of
response depending on the struoture of soil produced by remoulding.
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(£) The ourrent landslip warning index can be modified by accounting
for drairage in post storm conditions. The modified index ntilises
the suction-moisture ourve, and the drainage model outlined in
quation 5.6.

5.2 PREDICTING THE EFFECTS OF CRACKS IN CHUNAM

In section 4.2 initial data relating to olunam characteristics in terms
of permeability and suction-moisture curves were obtained. In that section,
the anelysis dealt with chunam as being intaot. The laboratory investigation
on the effect of the chunam mix on the resulting oharacteristics of the chunam,
gshowed conclusively that shrinkage was the major result of mix variations.

In the field, the consequence of such shrinkage is of course oracking,
and it is therefore necessary to consider evaluating oracked chunam in the
context of determining the effectiveness of chunam cover in reducing
infiltration.

Cracked chunam effectiveness can be evaluated in two ways, either a
model for flow through oracked chunam could be established and a seleoctive
field study undertaken to parameterise such a model, or a substantial field
programme of monitoring could be undertaken. The resources of the project
together with the range of solutions desired, made it desirable that the
former approach was taken.

5.2.1 Establishment of a model to predict flow through chunam cracks

A seepage model, outlined by Harr (1962) was adopted and used for this
purpose. Here a crack of width B and vertical extent fchuna.m thickmesa) H
is assumed. The flux passing through the crack can then be determined by:

o0
-f_’i o (20 = 1)

Ko (20 - 1)°

(5.7)

and where K soil permeabilitx m....1
crack width m m™
flux ms~!

chunam thickness (head) m

< w

Since ® is a function of 1(, 4, can be found only by iteration.

0f major interest in terms of effective chunem proteciion ia the
effective orack width (By - see figure 5.10 g and the effective width at
depth when the seepage becomes parallel {B_,;). The former spread immediately
nunder the chunam can be given ae:
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3 =~ 4% ) 1= Rt (5:8)
343 (2n - 1)°

n=1

whilat the spread at depth becomes:
B, = ¢/ . (5.9)

Table 5.1 illustrates solutions to equatiocna 5.7~5.9 with H =« 0.05 m,
K = 1 x 10~6ms™! and selected values of crack width B. It is to be noted
from these resulis that the ratio of B:B_, is approximately 1:10.

However, before such a model can be considered suitable for application
it is necessary to determine the crack permeability with respect to the soil
permeability below, since in the above solution it is assumed that there is
no head loss within the crack. The following parailel plate flow model
(Maesey, 1970) can be usged:

q - 12/u(dp*) (5.10)

where b = length of crack
B = crack width

p* = piezometric head
dp '

= " piezometric head gradient along direction of flow

el

dengity of fluid
gravitational acceleration
hydraulic gradient

Vs viscosity

(see Figure 5.10)

By Darcy's Law egquation 5.10 reduces to

K = ‘;3/3. (e (5.11)

for unit area calculation.

Ll I
LI I |

If the orack spacing is regular and of distance 35, then the total length
of transverse and longitudinal cracking per unit area is

2
b = S
and thus
K = -i'; (’3? | (5.12)
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Taking /= 1.0 x 10kg 8 '8~ at 20°C then (5.12) can be evaluated
for different crack widths (B) and orack spacing (Sg, thereby providing
estimates of crack permeability. Selected estimations are provided in Table
5.2. Calculations show the unrestricted permeability of cracks in chunam is
likely to approximate 10~3mg~1, which is far greater than the underlying
soils. Thus, it can be assumed that the flow in cracks is governmed by ihe
50il permeability, and by equations 5.7-5.9.

On this basis then,values of flux for different crack widths, and soil
permeabilities, assuming a crack depth of 50 mm have been calculated (utilizing
squations 5.7=5.9) Figure 5.11 shows the change in flux for changing craock
widths. These results show that the influence of crack width is small, since
the effeotive orack width B is controlled principally by the head (Es.

The solutions presented in figure 5.11 confirm the minimal head loss
that ooccurs in the crack prior to emtry., Taking a 1 mm crack at 1 m spacing
with a aoi% permeability of K = 1 x 10~°ms™1, then from Figure 5.11 q =
4.38 x 10~ w21 and from Table 5.2 K = 1.64 x 10”3ms~), Since head H = g/

/X by Darcy's Law then the actual head lose = 1.3 x 107m, or 0.27% of the
total head of 0.05 m.

With these conditions it therefore becomes possible to esiimate the
equivalent permeabdility of chunam. The total flux through the chunam (Qp)

is glven by:

QT = Qi + Qc (5'13)
where Qe = flux through the crack
and Qj = flux through the intact chunam

For a unit area the effective chunam permeability (Ke) is
2
Ko = K5+ () (5.14)

where K; is the permeability of intact chunam, with crack spacing S as
defined in equation 5.12. Figure 5.12 illustrates the effeotive permeability
of chunam (Kg), based on eolutions to equations 5.7=5.9 and 5.14 with a
crack width of 12 mm. This illustrates the dependency of the effective
chunam permeability on the permeability of the underlying seoil.

Thus, the effective permeability of chunam can be estimated by use of
the crack model (equations 5.7=5.9), knowledge of the intact permeability
of chunam (K5 - see Section 4.2) and the crack spacing (see equation 5.14).

Having established the methodology for this estimation procedurs, a
limited crack survey was undertasken to present an evaluation of chunam
performance based on the model procedure outlined. It is t0 be noted that
a laboratory investigation in whioh the principal aim was to validate the
model predictions {eguations 5.7-5.9) had been initiated but was incomplete
at the time of writing.
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5.2.2 Application of the model of effective chunam permeability to field
conditions i

A field survey of chunam cracke was undertaken in order to parameterise
the crack model (equations 5.7=5.9) and thereby to facilitate an estimation
of effective chunam permeability. Eight aites were selected for this
analysis. These are detailed in table $5.3. The guality of the chunam was
claggified in the 'CHASE' report on the basis of visual inspection only.

The field survey, carried out for these eight aites followed the
procedurea helow:

(a) an area with a crack density representative of the chunam surface
was selected

(b) a1 u° area was marked on the surface

(¢) the widths of the cracks and their ocorresponding cummlative
length within the area were measured

(d) for large extents of chunam, two areas were selected for measure-
ment in order to improve the representative aspect of the survey.
These were designated areas A and B.

Table 5.4 summarises the data obtained, and plates 5.1-5.8 illustrate
the actual mites.

The crack length and width data obtained was then used to estimate the
flow through the cracks, according te the relationships shown in Figure 5.11.
Ignoring hairline cracks, this summation of total seepage was evaluated for
each site and ig shown in table 5.5. The seepage, together with the intact
chunam permeability, taken to be 1 x 10~Cme=! {gee Table 4.1) allows the
effective chunam permeability, Kg, t0 be calculated by equation 5.14, where
regular crack spacing is now replaced by total length estimation (Table 5.4)
as shown in Figure 5.13.

Figure 5.14 summarises the effective permeabiliiy predictions made on
the bagis of the field survey and the crack model as reported in Table 5.5.
These results suggest that for soils of high permeadility {1 x 10"4315"13
the condition of the chunam needs to he good for the chunam to be considered
effective. In Figure 5.14, good protection is considered to be an effective
chunam permeability of less than 1.0 x 10=6ms~1 the duration of rainfall is
the only important factor (see Figure 5.15).

In the interpretation of Figure 5.14 and Table 5.5 several factors must

be noted: ,
(a) the effective permeability, ir association with crack condition
{poor ~ average) is a predicted association by equation 5.7=5.9.

(b) the model used for the prediction assumes no void space below
the chunam. Field conditions frequently suggest the presence of
such & void {hence a likely increase in effective crack width B,
- Figure 5.10). We might therefore expect the protection level
of chunam to be lower by this factor than Figure 5.14 would
suggest .

(o) the crack model assumes the crack to be formed by two parallel
plates. Departures from this condition in the field may lower
head losses within the crack and this factor may increase the
protection shown in Figure 5.%4.
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5¢2.3 Summary of modelling crack effects in chunam

(a)
(v)

()

(a)

(e)

(£)

(g)

A model has been outlined which predicts flow through cracks
under specified conditions (equations 5.7=5.9).

This model can be used to estimate the effective permeability
of chunam with cracks (Figures 5.12 and 5.13, equation 5.14).

From a field crack survey, chunam effective permeability was
predicted for poor to average chunam condition cover, as defined
Ly the CHASE report (Figure 5.14).

From the standpoint of _gain.t‘a.ll intensity, an effective chunam
ermeability of 1 x 10 me™' or less needs to be achieved
fFigure 5.15). This is the distinetion made in the summary
graph (Figure 5.14).

Selected factors have been outlined which may serve to reduce or
increase the effective permeability of chunam for a specific
crack dietribution. These are factors such as vertical crack
irregularity and void space at the chunam=scil interface that are
not modelled.

The effective permeability of {1 x 10"‘6ms"'1 renders the slope
independent of rainfall intensity (Figure 5.15), and in consequence,
only dependent on rainfall duration.

Whether 1 x 10-6me™! is a sufficiently low effective permeability
t0 render the underlying soil free from saturation under specific
rainfall duration recurrence intervals, can only be answered by
reference to sinmulation studies undertaken by the scil water model
outlined in Section 3.0.
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6o APPLICATIONS OF MODELLING CAPABILITY

6.1 ONE DIMENSICNAL VERTICAL INFILTRATION MODEL

The basis of this model has been cutlined in section 3.0, together with
the general circumstances in which it can be used. Before any application
can be made using the model with respect to evaluating the performance of
chunam, or indeed any other purpose, it is necessary to underiake a series
of validation tests : The programme of validation tests is outlined in the
following section, after which the effectiveness of different slope covers
are simulated.

6+1+1 Validation of wertioal infiliration model

Table 6.1 details the five locations which were selected for the
validation programme. A range of geology, storms, cover, and sim:lation
depths were selectied.

For the Mid-levels sites (locations 1-3), permeability values were
talkken from the Mid-levels report Pigures 3+.1=3+3. Suction - moisture curvea
were uged as shown in table 6.1. Curves additional to these already referenced
were required, and figure 6.1 shows these for CDV and colluvium. The former
curve was establighed in the laboratory, whilst that for colluvium was a
matched curve from the PSD data given in the Mid-Levels report (tables B1-B3)
(after Arya and Paris, 1981). All simulations assumed a surface detention
capacity of 0.02 m, with the exception of the chunam site at Clearwater Bay
in which surface detention was set to zero. The simulation iteration
time used was 30 seconds.

Location (1)

Figure 6.2 shows the results for the simulation of the August 30
gtorm at Realty Ridge. The simulation was staried on 29 August 1980
at 000 hours and run through at the 30 second calculation time
interval, to 5 September 1980. The predictions for 5 September are
shown {at 0900 hours), together with the minimum suctions simulated
during the seven day period. It must be noted here that such
minimum suctions as shown, do not necessarily occur simultaneously
throughout the profile. The predictions for 5 Sepiember are
generally in error by less than 5 kPa.

location (2)

In colluvium, field evidence suggests suctions tend to zero
throughout profiles to depths of up to 20 m (figure 1.1) figure 6.3
shows the results of simulating the storm of May 9-11, 1981 at Chater
Ridge. Start conditions used were those measured, as shown, and the
simulated end of storm suctions (72 hours) accord very closely with
the measured values ~ everywhere better than 5 kPa.

location (3)

Sweensy (1982) reports a Mid-levels site in CDG with recorded
suctions to 38 m depth (see figure 6.4). There are no storm response
data for this site, but the general thesis of Sweeney's report
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is the suggestion of maintained suctions. As this is the deepest
recorded suction data for Hong Kong it was considered appropriate to
undertake a simulation, the only element of 'validation' being the
Presumed absemce of saturation throughout the profile. Figure 6.5
shows the result of simulating the May 1981 rainstorm (figure 6.3) on
the 'start' conditions shown for 13 September 1980 in figure 6.4 (being
reasonable wet season values). From the results of the simulation

it can be seen that suction is maintained, although near zero values
are recorded within the colluvium. In figure 6.5 it is the worst
suctions for each depth during the storm and five day post storm
peried that are plotted.

looation {4)

On the chunam slope of Clear Water Bay Road (plate 4.1), location C
was selected (figure 4.6) for the simulation. It has already been
shown that flow is dominantly wvertical throughout the chunam slope
to the instrumented depth of 4 m (figure 4.26). Using the chunsnm
permeability determined for this site in addition to the suction
moisture curve, a simumlation was undertaken of the response to the
17 June 1983 rainstorm event (see figure 4.14). Figure 6.6 shows
the measured and predicted suctions in the six day perioed 16-21 June
1983+ The simulation time increment used was 20 seconds, although
in the graphed comparison only predicted vaslues at times coincident
with the observed values are plotted. Correspondence between
measured and predicted values is seen to be good with again errors
less than 5 kPa with the exception of 0.9 m depth, where errors

are seen to be approximately 6 kPa after June 18 {post storm).

Location (5)

At the grass slope at the Clear Water Bay site, location I was
selected for the simulation of the same 17 June 1983 storm. Figure
4.7 details the exact location which corresponds to location C on
the chunam slope. Figure 6.7 shows the measured and predicted
values. In this instance because of nature of the surface cover,
the data from the Chinese University runoff study was used to
provide an estimate of runoff due to the vegetation. For the

storm of 17 June this would be estimated from figure 4.39 to be
approximately 40%. Thus 60% of the rainfall shown in figure 4.15
was applied to the model. This aspect of incorporating vegetation
type in the model as the top boundary condition is treated fully in
section 6.1.3. The predictive performance at this location is
relatively poor. The principal reason for this is seen to be
incomplete knowledge of the vegetation canopy induced runoff, together
with root zone permeability.

Location (6)

At Tai Po, St. Christopher Bend@ this formed part of a two
dimensional simulation which is reported in section 6.2 below.
However, the one dimensional model was uged at location T3 at this
study site (see figure 4.31) to simulate conditions relsting to

the storm of 10=14 July 1981. The suction moisture curve used was
that for colluvium (figure 6.1b) and CDV at 2 m (figure 6.1a).
Start conditions were these shown in figure 6.8 for 10 July and the
permeabilities used were the measured permezbilities for colluvium
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and CDV (G.C.0. (1982) figures 3.1 and 3.2). Figure 6.8 shows
that hydrostatic pore pressures were recorded in the near surface
zone to 2 m depth (representing local perching of water). The
model, as set up could accommedate perched water induced by
permeability decrease. Due to tEg abg?qee of further field data a
conatant permeability of 2 x 10 " ms = was applied from O.3 m to
6 ms Indications are therefore of a decrease in permeability within
this zone. This example again emphasises the mear overriding
importance of knowledge of the permeability in order to predict
80il water response to desired levels of accuracy; emphasing the
obgervations to be made in the following section.

601.2 Summary of infiltration model verification

(2} For locations 1-4 (table 6.1) there is generally good agreement
between measured and predicted soil suction values. The relatively
constant permeability with depth within given geologies at certain
locations has been noted, and this must account for the good
performance of the ome—dimensional model as shown.

(b) In locations 1«3 no runoff modification to the rainfall was made
i.0. it was assumed that all rainfall was available for
infiltration. The interest here is the good performance of the
model at the two Mid-levels sites where there is mature vegetation,
suggesting the absence of cancpy runoff. Available storm loss
data for the Mid-levels (G.C.0. 1980 table 2.5 and figure 2.7)
are generally supportive of this, although the quality of the
data is acknowledged to be poor.

(c) Chunam protection has been shown to be capable of being modelled
satisfactorily (location 4). However, due to the thin upper
layer in the model representing chunmam, instability was found
to occur in several trial runs due to too large a time increment
for simulation and a correspondingly too small a computational
point distance (see figure 3.5).

(d) For graas slopes, the evidence confirms the known requirement to
have accurate knowledge of canopy induced runoff and root zone
permeability, before adequate simlations can be satisfactorily
undertaken. This aspect is treated in Section 6.1.3.

(e) The apecific conditions which are suitable for the vertical

infiltration model and the data input accuracy needs are outlined
in section 6.3.

6+1.3 Predictions of soil water conditions in decomposed wolcanics

In section 1.1 it was shown that what limited field evidence there
was in terms of soil suction for Hong Kong, suggested that in most materials.
Other than perhaps, the CDV, suctions were reduced to zerc in wet season
conditions. It is therefore of interest tc examine the predictions of the
vertical infiltration model in this regard.

The model was set up with the following input data

Suction - moisture curve : CDV figure 6.1
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Satured permeability t G.C.0. (1982) figure 3.3

Start conditions in profile : GoCeOe (1981) figure C2.18
(as figure 6.2)

Surface detention t 0.02 m

The storm rainfall to be used represents a problem of resolution in
utilising finite difference models. Table 6.2 shows the rainfall for various
recurrence intervals in Hong Kong. There is of course no information on
the distribution of rainfall within the specified duration. However, the
finite difference model as structured for the remeach project had the
capability to input hourly rainfall. Thus, an even intensity of rainfall
has to be assumed to give the worst conditions for suction maintenance
in any specified duration. This was the initial strategy adopted. PFigure
6+9 shows the results of applying 1 in 100 year rainstorms of specified
duration {2 hour to 15 day) as given in table 6.2, on the profile conditions
as specified above (lowest suctions are plotted).

The depih of the elimination of soil suction is of course dependent
upen storm duration, with the 48 hour and 7 day storms inducing perching at
the 5=-10m depth range. The 15 day storm now yields a depth of saturation
less than the 7 day since the rain intensity falls to a value just below
the saturated permeability of the soil. Table 6.3 summarises the runoff
and infiltration results.

It is to be recalled that the storms used in figure 6.9 are of even
intensity. The effect of redistribution of the specified rainfall within
the storm duration is worthy of examination. Figure 6.10 illustrates changes
that were made to the 1 in 100 year 24 hour storm to illustrate this factor.
Storm reallocations (1-3) produce little change in the lowest suctions
recorded at each depth. Storm (4) however produces a measurable increase
in the minimum recorded suction, since for 20 of the 24 hours the rainfall
is at a rate less than the saturated permeability of the lowest soil layer
(X3 ~ figure 6.9).

Undertaking a similar sensitivity analysis, but this time with respect
to the saturated permeability of each of the three soil layers yields much
wore significant changes in predicted suctions. Figure 6.11 shows the
result of both increasing and decreasing the permeabilities used in figure
6+9 by half an order of magnitude. This magnitude of change ie within the
measurement error of such determinations in the field, as shown by figures
3.1=3.3 in G.C.0. (1982).

For a decrease in permeability by half an order of magnitude then
significant suctions are maintained to depths below 7 m; whilst an increase
in permeability of the same amount renders the profile saturated to
approximately 20 m depth.

The salient aspects of this analysis are therefore :

(a) With vertical infiltration only, suctions in CDV can be destroyed
by 1 in 100 year sﬁgrms ?o depths of 18 m, if the permeability
is taken ag 1 x 107" ms . _

(b) Permebilities less than this wvalue will ensure the maintenance
of suctions at progressively shallower depths.
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(c) The evidence clearly shows a requirement to provide permeability
data to an accuracy better than half an order of magnitude
{gee figure 6+.11). Failure in this regard will negate any
conclusions such as (a) and (b) above.

(d) The analysis on which the above conclusions are based represents
a condition in which lateral throughflow is absent. Such
conditions in implying a downslope increase in throughflow
discharge would of course lead to lesa favourable conditions
for suction maintenance than those illustrated by figure 6.9

(e) The rainfall intensities used in the analysis represent the
least favourable from the standpoint of soil suction maintenance,
since they are computed as equal rain intenaity for the entire
storm duration. Trial variations of within-gtorm intensities
reveal suction responses significantly less than changes
associated with permeability wariations (figure 6.10).

6+1+4 Predictions of chunam 'effecfiveness' uging the vertical infiltration
model

The analysis of chunam permeability and suction-moisture curves in
section 4.1, together with the crack model summarised in figure 5.14
facilitates a more detailed assessment of colmnam performance by making use
of the vertical infiltration model.

Here, layer 1 of the model was set to comprise the chunam surface,
having 3 computational points or cells (see figure 3.5) with two subsequent
s0il layers to 9 m depth. Of course there are in numerable combinations of
permeability, rainfall and start conditions that can be used in such a
modelling scheme. In addition, it must be noted that the analysis of chunam
performance summarised in figure 5.14 assumes a constant permeability of
s0il with depth. On the groumds just cutlined therefore it might be expected
thet revisions to the chunam effective performance (figure 5.14) could be
revised by results from modelling {section 3.0) these conditions of soil
heterogeneity and start conditions not so far considered.

A standard suction-meoisture curve for chunam was adopteds that of
figure 4.2 ¢, and the suction-meisture curve adopted for the soil was that
correasponding to CDQ figure 4.27 b, Start conditions in the profile were
these of figure 6.4 i.e. a mean start suction of approximately 20 kPa.

Two rainfall svents are shown here. Firatly, the 9=11 May 1981 event
(figure 6.3) of 228 pm was used, and secondly the 1 in 10 year 3 day event
distributed according to that event was generated from figure 2.4 in G.C.0.

(1982).

Figures 6.12 and 6.13 show the results of simulations using the
conditions ocutlined, and portraying the lowest recorded suction at each depth
in a 200 hour simulation periocd (storm length T2 hours). ’

Figure 6.12 shows the improvement rendered by a decrease in chunam
effective permeability of one order of magnitude to 10~71 ms™1, Under the
1 in 10 year svent the ?erched water table,present when Kgq = 10-6 me~1,
is absent when Ke = 10~! ms~1. This result is consistent with the summary
Plot of figure 5.14 and table 5.5. In that table the conditions in figure 6.12



plot as poor protection (Kg = 106 ms-1) and good protection (Ee = 1077 ms=?)
respectively. Although in figure 5.14 this latter condition is clasmsified
as good protection (since Ke is two orders of magnitude less than the
underlying scil), it is observed from figure 6.12 b that it is just
insufficient to prevent saturation occuring.

An increase of K, to 10~° ms~! under the same storm conditions (‘'very
good' protection as classified by table 5.5 and figure 5.14) renders the
80il profile safe from saturation under the 1 in 10 year event used.

. As has already been observed, the rainfall cornditions represent the
worst possible from the standpoint of the destruction of soil suction,

since an even rain intensity was used in the model for each of the three day

rainfall totals. It is well known that there is considerable intensity

variation which would serve to better maintain soil suctions than figure 6.12

and 6.13 would suggest.

From these simulations, as well as others undertaken, it is appropriate
to consider Ke = 10-T ms—1 as a level of protection that under normal field
start conditions and typical 1 in 10 year events should maintain at least
low suctions. The large permutations of conditions that are possible in
relation to this problem cammot all be gimulated, but the indications from
this analysis are that of Ky = 10~7 me~1 is an acceptable and realistlc
boundary value for practical purposes.

It is appropriate in the light of this amalysis to refine the associations
shown in figure 5.14, to clearly elucibate good protection (i.e. Ke £ 106
ns 1) and protection likely tc ensure the maintenance of some degree of
suction (i.e. Kg < 107 mg=1), Figure 6.14 shows the appropriate refinement.
The associations here were establighed by the following procedure which
obviously has the potential tc be more thoroughily researched :

(a) Determine soil permeability (or estimate from available sources ).

(b) Determine permeability of intact chunam (an estimate from this
- study should be adequate — see table 41).
(W

(c) Undertake field crack survey (as outlined in section 5.2).

(d) Use the crack model to determine the flow through the total
recorded cracks (as outlined in section 5.2.2)

(e) Mzke a preliminary assessment of chunam effectiveness (as shown
in table 5.5 and figure 5.14).

(£) If desired, input the effective permeability determined in (a)
(equation 5.14) into the soil water finite difference model in
asgociation with the soil permeability (a) to examine the
protection under storm types of particular interest.

6.15 Modelling surface cover effects — vegetation

The verification procedure of the vertical infiliration model
illusirated the need to evaluate the top model boundary conditions in some
detail when it is desired to incorporate vegetation (figure 6.7).
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In order to provide a modelling capability that can accommodate
vegetation cover for Hong Kong then it was considered that three sieps were
necessary ¢

(a) establishment of runoff plots to provide data on vegetation -
runoff relationships. A
Thig need has been discussed in section 4.5%

(b) to examine whether a simple "effective rainfall" concept, having
aquired the data in (a), can be used in the current model with
gufficient accuracy and discrimination for different vegetation

types;

(c) +to evaluate whether, depending on the Tesults of (b), it is
necessary to model the processes of transpiration and surface
bydraulic behaviour of the vegetation in a more detailed
determinigtic manner.

As has been outlined in section 4.5, the runoff plots as tabulated in
gsection 45 are being established. Prior to the data aquisition in the 1984
wet season however, it is possible to prescribe simple procedures that can
be utilised when the runoff data become available.

A basic model of vegetation control on runoff production and
infiltration can be envisaged; figure 6.15. In this model two conditions
are shown. Firstly, that the vegetation camopy is such that the rain
intensity allowed to reach the ground surface is léss than the permeability
(X1) of the root zone. Under such conditions no soil surface runoff is
possible of course, and arny recorded runoff from such a configuration must
be initiated at the canopy level, and entirely due to the vegetation therefore.

The second condition shown in figure 6.15, is that in which the
vegetation allows a rain intensity through the canopy at a rate which
exceeds K{. Under these gircumstances, soil surface runoff will be generated.
Since the throughfall rain intensity exceeds K3y, the presence of the vegetation,
in terms of runoff production at least, is irrelsvante.

These basic postulates have a series of related assumptions which
must be sxamined before any uses can be proposed for this initial scheme :

(a) the runoff indwuced by the canopy is time invarient

(b) the hydraulic resistance to flow on the cancpy surface is time
invarient

(¢) +the root zone permeability can be measured in the field, given
the steep slope geometry.

(4) surface detention can be determined in the field for parameterising
the goil water model, as discussed below.

(¢) on steep slopes, it is assumed that surface detention allows
vertical infiltration, and that the slope is thereby recharged
irreaspective of slope angle.

If these assumptions and conditions can be accepted then illustrative
similations, using the vertical infiltration model can be uged to demonstrate
interpretation of data ensuing from the runoff plots.
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A profile was set in the vertical infiltration model with start
moigture conditions, permeability and suction-moisture curve as shown in
figure 6.16. In effect, this represents a profile of CDG in the high
permeability range (G.C.0. 1982 figure 3.2). With these conditions, and a
surface detention capacity of zero, figure 6.17 shows, for a 1 in 100
2 hour rain storm, the simulated percentage runoff as K1 varies and the
canopy induced Tunoff changes. Thus in the model, for an assumed 20%
canopy runoff (being an assumed characteristic of a particular vegetation
type) then 80% of the rainfall (0.8 x 219 mm - see table 6.2) is made
available to the soil surface in the model for infiltration, surface
detention storage and possible soil surface runoff. Since 0.8 x 219 mm in
2 hours corresponds to an intensity of 2.4 x 10D ms‘1, then at a K1 value
of this, there can be no soil surface runcff. '

An equality line (figure 6.17) is thus established.- Above this line
the vegetation is the dominant barrier, since all the rain that penetrates
the canopy can enter the soil (model (b) in figure 6.15). Below this
equality line the soil permeability is the dominant barrier. For a given
K9 within this zone, runoff production is a constant, although of course
the canopy/scil surface proportions may vary.

With increased surface detention, the runoff responses change. Figure
6.18 illustrates the situation with a soil surface detention capacity of
2 cm - all other conditions are as for figure 6.17. The presence of
vegetation is Tcw more important, since the throughffqr from the canopy
can be atored \water which in the former case ~ figure 6.18 - would have
Tunoff on the soil surface). This process is shown by the dropping of the
breakpoint in the runoff lines.

The procedure for interpretation of the effectiveness of vegetation
can be illustrated by reference to figure 6.18 3

(a) storm size 219 mm in 2 hours

(b) estimated soil surface detention of 2 cm

(c) use figure 6.18, derived by mimulation for these conditions

(4) estimate X; - say Ky = 2.1 x 105 mg™!

(e) obtain total measured runoff - say 35% of storm

(£) locate X4 on Y axis of figure 6.18

(g) move along that Ky line to the point at which 35% runoff is
encountered

(k) since this point lies above the equality line, then the
vegetation is effective (model b, figure 6.153

(1) with OF% canopy runoff (ie.e. no vegetation) then for Ky = 2.1x
10-5 ms=! then 104 runcff would result. :

{j) therefore 35%--10% = 25% more runoff occurs than would occur,
without the presence of vegetation

(k) with zerg surface detention, and no vegetation for K1 = 2.1 x
13;? ms~1 (figure 6.17) then the runoff generated would be
30%.

This example can be made additionally clear by stating that for
35% runoff to be observed, only 10% runoff is generated by the soil surface
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conditiona, with the Kt value of 2.1 x 10-5 ms~1, Hence for 35% runoff,
the soil must be unsaturated, and thus all the runoff observed is
attributable to vegetation. Figure 6.19 summarises the salient elements
of the relationships.

As runoff data becomes available, then it may be possible to assign
vegetation type/species to the respective zones above or below the line
which demarcates the importance, or unimportance, of vegetation in rumoff
generation - see figure 6.20.

The simulation model is required for this analysis, since, as can be
seen from figure 6.18 the impact of soil surface detention capacity can
be significant in terms of moving the vegetation discrimination line away
from the permeability/throughfall intensity equality line.

The simulations undertaken here, and presented in figures 6.17 and 6.18
. relate to one storm only. As runoff data from the plots that are being
established becomes available, then this data can be analysed in the

manner outlined in this section for a variety of storm conditions, in

order that an average performance of a particular vegetation type can be
assesped. _

This is, as outlined at the beginningdofthis section, the first
simple form of analysis that should beattempted: Implicit are the assumptions
as discussed, which may necessitate more detailed modelling of the top
boundary to achiesve adequate resolution for vegetation - runoff relationships.

6.2 VALIDATION OF TWO DIMENSIONAL SOIL WATER MODEL

The form of the two dimensional soil water model has been ocutlined
in section 3.2, and is shown diagramatically in figure 3.5. It is apparant
that, as has already been stated in section 3.2 there are mpecific demands
that such a model places on the user that considerably exceed that of the
one dimensional model. The principal additional input requirements are @

(a) knowledge of permeability throughout the slope

(b) estimation that the groundwater boundary conditions in the field
are as modelled : :

{c) a slope geometry that permits the model to be adequately set up
in terms of a realistic number of computational points.

Clearly, these requirements under Hong Kong conditions and with available
data sources are not easy to meet. However, the model was teated at Tai Po,
St. Christopher Bend, where certain basic data was available and it was
considered further in sights into the modelling restrictions could be
gained.

6.2.1 Application of two dimensional soil water model to Tai Po, St.
Christopher Bend site

The storm of 10-14 July 1980 was used for the simulatioﬁ; a storm
vwhich has already been observed to induce a 0.4 m rise in piezometric
level at the study site piezometer P3. The site plan is given in figure 4.31
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and the storm and piezometer response in figure 4.30. Initial moisture
conditions were obtained from tensiometer locations T3, T8 and T14; and

it was along this transect that the simlation was undertaken. Soil water
conditions below the maximum tensiometer depth were extrapolated linearly
to the groundwater as given by piezometer P3. The permeability and suction-
moisture curve used for this site have already been given in section 6.1.
Figure 6.21 shows the results of modelling the soil water response to the
storm of 11-14 July. Of principal interest is the discipation of the
surface zone of saturation with time, and the charging of the groundwater
through vertical unsaturated flow. This mechanism, from the start
conditions on July 11 is sufficient to account for a 0.4 m rise in
groundwater at.P3 by July 13, 1980. This accords with the observed
condition (figure 4.30).

It is possible to make limited but useful comparisons of the performance
of the soil water simulation model as compared with alternative approaches
currently available. Since the model deseribed here, predicts groundwater
response, comparisons can be made with predictions from the wetting band
theory of Iumb (1975), as exemplified in the GCO Mamual (1979). This
latter approach pre-supposes direct rainfall addition to the groundwater,
albeit at a rate which is a function of material permeability, as given
by -

E
h = anJ-Toy (6.1)

where K = permeability (ms-1)
t = rainfall duration (s)
n = porosity
S8f = final degree of saturation
So = initial degree of saturation
h = rise in ground water level (m)

An alternative approach to the wetting band theory has heen developed, and
reported in section 5.1.2. In a uniform soil with negative hydrostatic
conditions extending from the ground surface to a water table, then with a
given suction - moisture curve for the soil, the amount of infiltration
required to produce a given groundwater rise can be evaluated. Thia
procedure provides only for initial and final conditions that are
hydrostatic (negative hydrostatic above and positive hydrostatic below the
water table).

If we compare the predictions of groundwater response by these methods
for the July 11-14 storm, then the following resulis are cobtained ¢

Measured response at P3 Q.37 m

Predicted responses.

(1) Wetting band theory 8.64 m

(2) Suction - moisture curve method 5.00 m (Section 5.12)

(3) Soil water simulation hodel 0.40 m
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The transient nature of soil water conditions above the water table,
are not well accommodated by either the wetiing band theory or the suction
- moisture curve method. This explains the better performance of the
soil water simulation model.

Nevertheless, although the two dimensional model has performed well
on the transect selected, other transects in the same locality were much
less successful on the principal basis that the lower boundary condition of
the model (i.e. the groundwater) was imappropriately confi d for the
field conditions. The site, as has already been outlined (section 4e4)
is one in which convergence of soil water has been shown to occur in
backslope conditions, and aside from that zone of convergence, groundwater
conditions are most likely dominated by three dimensional processes.

There are a set of conditions that can be detailed in which soil
water finite difference models may be useful in the context of estimating
both the effectiveness of cover and the prediction of soil water conditions
in different materials. These aspects are discussed in the following
section.

6.3 DISCUSSION OF MODELLING UTILITY FOR DESIGN PURPOSES

6+3«1 Choices of available models to make predictions of soil suctions

Essentially there are three types of 'models’' available

(a)} empirical relationships of the form given in equations
4+6=4.11 where observed data are related by multiple regression
me thods.
This technique in terms of strict statistical inference, does
not allow astimation of soil suctions for recurrence interval

storms that are required for design, unless such models incorporate

that data from historical records. In addition, a potential
weakness in the context of general utility is that such an
approach need have no physical basis.

(b) finite difference approaches of the form used in this report and

discussed in section 3.0. Having a strong physical basis,it

has been shown that such models have high resclution capability
in terms of predicting soil water conditions in the unsaturated
zone. There is however, from the standpoint of general utility
an increased demand in such models for clear asssssments of the
input data accuracy, since of course no calibration in the

model is involved. Table 6.4 summarises the principal types of
acouracy regquired in the context of applications made in this
report.

From this table, as well as from the results of figure 6.11,

it ia clear that knowledge of permeability to a very high

field accuracy is required to substantiate for example, the
maintenance or otherwise, of soil suction by the use of finite
difference models at a particular site. This point is
re—emphasised by cross reference to figure 6.22 which summarises
selected permeability determinations for Hong Kong. However,
,one of the clear advantages such models have is their parsimonious
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data input requirement (table 3.3) when corpared with the
resolution of output. In addition, all the required imput

data variables relate to routine site investigation information
or to laboratory derived slements {e.g. suction - moistufe
curve) of which there are an increased amount available (see
section 4.0).

(¢} finite element approaches, which have certain
advantages over finite difference models. The primary
advantages are those of generality and treatment of the
boundary conditions (see Papagiamnakis, 1982 and table 6.4).
Whilst the general model equations and accuracy needs parallel
those of the finite difference models, programming solutions
for finite difference models are easier. Within the available
time for the project, and bearing in mind the specific
requirements of the research, time was not available to develop
a general finite element model. It is contended here that (the
finite difference approach was appropriate given these balance
of advantages.

6e3.2 Summary of circumgtances in which soil water conditions can be

accurately estimated for dezign purposes

The general distillation of approaches and data needs given in
6.3.1 and table 6.4 can be used to prescribe sets of field circumstances in
which the methods outlined in this report can be expected to provide
acceptable estimztes of soil water conditions. These field conditions are
summarised in table 6.5. FEwmpirical evidence is only acceptable under
very restricted condidtons. This then is seen to automatically involve
the use of forward explicit finite difference schemes if actual soil
suction is the prineipal focus of the predictive capability.

Such model structures have been shown to be analytically capable of
providing the forecastiing requirement. However, a large rumber of field
conditions may affect the boundary conditions of such formulations in ways
that cannot be easily modelled. The upper (surface cover) and lower
(groundwater) boundaries have both seen to be major limitations in this
regard. Elements of this report have sought to exemplify these conditions -
these are cross referenced in table 6.5. The upper boundary condition is
generally easier to satisfy than the groundwater boundary under Hong Kong
conditions in the context of finite difference model rsquirements. Again,
it must be recalled that currently no accurate groundwater prediction model
is available for sites within Hong Kong, and yet this represents just the
lower boundary condition for soil suction forecasting requirements. This
point emphasises both the sensitive nature of the so0il suction forecasting
models, and the current inevitability of their spatially restricted utility
to Hong Kong.

However, the research programme here has sought to emphasise that such
models provide the principal predictive capability for seil suction, and
that general statements can be successfully made especially in regard of
the maintenance of suctions in different materials (section 6.1+3) and of
the effects of surface cover (section 6.1.4) within the general
limitations of table 6.5



Te CONCLUSIONS AND RECOMMENDATIONS

7.1 IESIGN CONCLUSICNS

T«1e1 Cover

There are three, progressively lesgs restrictive criteria by which
to judge the effectiveness of chunam :

{a)} Maintenance of soil suction beneath the cover @

(v)

(c)

Both field and modelling evidence {figure 6.14)
suggest the necessity of having }he effbctive permezbility
(Ké%eof the chunam less than 10 ' ms ' to achieve
maintenance of suctions for 1 in 10 year rainfall
events. Effective permeability is defined by equation
Se14e

Providing significant protection in terms of percentage
surface runoff generated (suctions not now necessarily
maintained ).

An effective permeability of 1076 ms™" in relation to

rainfall provides significant protection {see figure 5.15).
This condition is in fact achieved by a wide range of
chunam quality and underlying soil permeabilities {see
figure 5.14).

Prevention of infiltration under conditions of high
s0il permeability (1074 ms 1) and chunam in 'bad!
condition.

Even under these extreme conditions chunam affords
some protection against the volume of water allowed
$o infiltrate into the slope.- Table 5.5 shows 5 1
typically that in those circumstances K, = 1 x 10 “ mg ,
vhich still prevents of the order of 40% of rainfall
infiltrating in storms typified by that shown in figure 5.15.

The question as to whether amy types of vegetation cover can
provide equivalent protection in those categories can only be ascertained
after results from the runoff plots {currently being established) are
known. The methodology for making those assessments, once the runoff
data has been obtained, has been established (section 6.1.5).

Other more detailed conclusions relating to chunam cover from
field and laboratory work undertaken are principally :

(a)

(o)

The intact permeability of chunam has been shown to be
insensitive to the exact mix proportions. Within the mix
trials undertaken and reported_%n sg?tion 4.0, Ks was
congistently lower than 9 x 10 “ ms '. Intact field
samples show a permeability in the range 2 x 107 ms~ | to
2 x 1079 ms™1 (section 4.0). This discrepancy is assumed
to be the product of age.

Significant recharge of a chunamed slope has been shown
to occur from the upslope unprotected area. The downslope
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extent of this influence is limited however, being

confined to part of the upper most slope sector only. Unless
detailed permeability estimates are available for the

entire upper slope and backslope sector, two dimensional
gimlations cannot be used to estimate the degree of
protection required backsleope to meet specified requirements
relating to pore water conditions in the slope.

(c) Below this upper zone influenced by recharge, vertical
infiltration has been shown to dominate the remainder
of the chunamed glope studied during the wet season.
The impljcations here are that one dimensional
infiltration simulation models are appropriate for
design and cover maintenance prediction needs (see
section 6.1.2).

(d) The mean difference in suction at mid-slope locations
between a comparable chunam and grassed slope has been
shown to be in excess of 10 kPa at depths up 40 4 m
(see figure 4.16).

T+1e2 Materials

(a) In colluvium and CDG there is ample field evidence, (section
1.1) which is supported by selected simulation results,
Esection 6.0) to show that even in relatively dry years

e.g. 1980 - Mid-levels Study) scil suctions in the upper -
20 m of such materials are reduced to zeroc.

(b) Simulations have shown that even where empirical evidence
implies the maintenance of suctions in such materials (e.g.
Sweeney 1982 — CDG), then for a 1 in 10 year rainfall
event such suctions may be lost.

(c) In CDV there is selected field evidence to show that
suctions may be maintained at depths below about 15 m
(see section 1.1). Thig ascertion is supported by
gimlations only under fairly restrictive conditions.

(d) The principal restriction is the need, as demonstrated
by the simulations undertaken in section 6.1, to have
knowledge of the saturated permeability with depth,
to better than half an order of magnitude.

(e) Specific sites in CILV may be capable of sustazining
suctions at depths of 1520 m against 1 in 100 year
storms. Before such a claim could be made however, the
results hers indicate a firm requirement to have reliable
estimates of Ks to the accuracy specified (section 6.3)
at all depths of interest. From the permsability
variation known to exist on a point to point basis,
it is perhaps unlikely that this requirement can be
met in many circumstances.

For the reason given in (e) it is considered impossible to
generalise soil suction behaviour simply in terms of material type alone.
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Te1e3 Prediction of soil water conditions

Two prediction procedures for soil suction have been outlined.
An empirical statistical model has been established for the prediction
of goil suctions under both grass and chunam in CIG (Clear Water Bay
Road Site -~ section 4.3.3). Predictions of post-~gstorm suction recovery
are shown to be good (figures 4.23 and 4.24).

To enable longer term recurrence interval conditions to be
evaluated a mumerical simlation procedure was adopted. The principal
findings from this analysis are 3

(a) It is unlikely that two dimensional finite difference models
of soil water movement (of the type outlined in section 3.0)
can be used for making reliable predictions under Hong Kong
conditions. Principally this is because of the limited
information available related to saturated permeability.

(b) Where vertical profile data in terms of permeability is
available, then one dimensional infiltration models for
hetercgeneous soils have been shown to perform well in
the selected applications that have been made in this
study, for CDG, CDV, colluvium and chunam (section 6.0).

(¢) Before such one dimensional models can be used for
design purposes, the scheme outlined here needs toc be
refined in three principal areas 1o achieve acceptable
generality of application :

(1) Stochastic variability of the input data needs to
be incorporated mo that the outcomes fully reflect
the known field conditions (see section 3.2).

(ii) Alternative schemes to the M~Q method for estimation
of unsaturated permeability should be evaluated.
Available evidence however, which is reviewed in
section 3.2.2, suggests this to be the most minor
of the modifications which should be examined.

(iii) When runoff data from the study plots becomes
available then it will be necessary tc re-~define
the upper boundary conditions of the model
outlined in section 3.0 so that assecciations can
be made with specific vegetation types.

(d) Particular attention must be paid to the model boundary
conditions to ensure they realistically reflect the field
conditions and processes pertaining to surface cover and
groundwater. It has been shown that backslope topography
can initiate processes (three dimensional soil water
convergence and groundwater movement) that may not be
capable of being modelled in either one or two
dimensions. Such boundary condition requirements
(outlined in section 6.3) restrict the suitability of
such one and two dimensional models to specific field
cases, principally : rectilinear slopes, where
groundwater is either directly controlled by infiltration
or is well helow the *toe of the slope, and where permeability,
together with the other required input data are known (see
table 6.5).
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(e) A simple model, based upon soil water drainage under
hydrostatic start and finish conditions has been
proposed as a posgible procedure to improve the
current landslip warning method. It has been shown
(section 5.1.3) that such s methed can quite significantly
change the circumsiances for the issue of a landslip
warning, since soil drainage is a constituent element
in the proposed model.

Te1e4 Instrumentation for sgoil suction

Currently available soil suction monitoring equipment has been
reviewed. The conclusion from this review is tkat the current practice
adopted in Hong Kong, both as regards installation procedures and
equipment specification is satisfactory. In the light of commercially
availahle equipment there appears no justification for further
equipment development at the current time.

7.2 RECOMMENDATIONS FOR FURTHER WORK

I+t is recommended that consideration be given to the following
work being undertaken immediately 3

(a) Incorporation of vegetation specification intc 1~D soil
water model :

The runoff data from the projected runcff plots to be used 3

(i) to evaluate the performance of the different vegetation
types in preventing infiltration in accordance with
the simulation procedure outlined in section 6«15

(1i) specify vegetation type in terms of effective
, rainfall, thereby characterising the vegetation in
the simplest possible terms for inmclusion in the
existing model. '

(iii) if such a simple scheme provides insufficient
resolution, as could be expected, then vegetation
runoff production must be modelled dynamically
{albeit in simple terms).

(b) Modification of landslip warning procedure

The proposed method for refining the current procedure
outlined in section 5.1.3 should be tested against
available field data, and assessed az a means of
justifying a simple linear reduction in rainfall, as
has been discussed.

(c) Verification of chunam crack model (section 5.0)

The model used for the estimation of the effective
permeability of chunam (section 5.2.1) requires
laboratory verification. Similation results in
section 6.0 are undertaken with values that are deemed
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to be effective chunam permeability, but thers remains
the need to verify experimentally that the crack
impact, in terms of chunam permeability, is as the
model used here predicts (figure 5.12). At the time
of writing, this project had been initiated, but no
results were available on either the suitability of
the experimental procedure or the chunam flux results.

The following items represent longer term research proposals,
which may be undertaken when the results from the runoff plots are
known :

{a) Refinement of 1-D soil water model for 'design' purposes 3

As detailed in section 7T.1.3, there is a need to fully
generalise the current research program to accommodate
variability in field parameters (e.gz. establish an 'n'
s0il layer model, with stochastic variable sampling),

and to ensure the program is entirely 'user friendly'.

(b) Role of vegetation in slope stability :

On the agsumption that runoff-vegetation relationships can
be established and employed in the soil water model as
suggested in section 6.1.5, then such a scheme should be
comnbined with the corresponding root strength patterns so
that the total impact of vegetation on slope stability can
be assessed.

{(c) Degree of backslope protection recommended for chunam slopes @

The qualitative association of recharge from upslope
unprotected areas with the downslope zone of influence
under the chunamed surface (section 4ed) requires further
investigation. ZEither an empirical study ne=ds to be
undertaken or a mumerical simulation procedure could be
established, providing sufficient field datz on material
permeability and scil retention characterisztics was
fortheoming. In these circumstances confidence could
then be placed upon results from a two dimensional
simulations.
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Table 1.1 - Summary of selected reports relating to seil suction

research in Hong Kong

1982

G.Cu0.

Da te deport Remarks

1378 S0il Suction Remearch — Binnie and lartners® Paychrome ters affirmed to be insufficiently reliable
Propasal Meeting reportis in Q-2 bar range.

1979 Materials Division Report Fo. 8 - Final Testing programme emphasising measurement capability
report on the Use of Psychrometers for in 0-1 bar range, showing that thermocouple
Measurement of Soil Suction in Hong Kong psychrometers cannot give reliable measurements in

this range.

1979 Soil Suction Research - Interim report Pirst uge of tensiometers in Hong Kong. Installations
at H.XK.U., Mid-Levels and Chai Wan emphasising nesed
to study remoulded samples for suction.

1980 Fethode for the Determination of Soil Preasure plate, ceramic plate and volumeiric pressure

Suction-moisture Relationships - P.W.D. plate sxtractor methods outlined.
Interim report

1980 50il Suction Measurements in llong Kong Joil - Five sites with single tensiometer installations.
Instrumentation and Preliminary Results,

PeW.De Interim report

1981 An Bvaluation of the Accuracy of Soil Possible error in degree of saturation aof 10%.
Suction-moisture Relationshipa Using
Volumetric Pressure Plate Extractors
P.W.D. Materials Division Report No. 20

1981 Suction-moiature Relationships in Residual Variability of suction-moisture relatiénship in
and Remoulded Hong Kong Soils undigturbed samples.

P.4.D. Materials Division Report Jo. 24

1081 50il Suction and Its Relation to Fainfall Drediction model established for soil suction -
P.W.D. Haterials Division deport No. 25 rainfall.

1981 Mid~levels Study Hydrology Subject deport Tensiometer equipment installation and testing,
Volumes 1 and 2 togother with detailed over-storm results from

automatic tensiometer systems
lid-levels Study Extensive tensiometer suction data reperted for

hid-levels.

Note : {1) Sites used and referred to in this report are shown in figure 1.7.

-E‘6-
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Table 1.2 = Principal tensiometer sites in Hong Kong up to 1982

Yo. of

Chiistopher Bend

Site CGmology Date tensioms bers Remarks
Mid=-Levels Study
- (GaCeOe 1982)
Mid-levels oV 1980 » 200 Installation in
caissons up to W0 m
deep.
Vegetated cut slope,
King's Park e 1980 19 chunamed cut slope
chunamed £ill slops. -
Lung Cheung Chunamed and vegetated
Road DG 1980 15 cut slope
No=-fine concrete
Kennedy covered cut slope and
Town ov? 1980 8 vegetated natural
slope.
o Shan Road v 1980 3 Uragsed slope.
Grassed fill slope,
Hong Kong G 1980 12 :
Sani tarium vegetated matural.
Sleope and spray
1981 18 concrete protected
. fill slope. '
So Uk Estate - 1981 1 Chunamed f£ill slope.
Pak Tin Estate - 1981 9 Chunamed fill slope.
. Chunsmed cut slope and
Tai Po, St. v :ggg 53 vegetated backslope

hollow.




Table 1.3 Soil suction study research design

Latoratory Data

Meld anll.hﬂn.

Related Previous Studisea

(4.2) (a2) 7 " (s.2) (2.0) (4.3} (4.5:3) " (aese2) -4) {1.1)
Sus t La- Perwesbllity Chupas Soil Juntion Runoff Studiss Chinese Backalope Existing B.K:
Wolature Cruwok Sustion Profile Tnivermity Soil I‘-hr/ Suotion Data
Curvs Study Intrus— Sudy Runoft Topogeaphy 3
entation Study
Raviaw
Counan/vegetation {2} Bew Plote
{b} Yegetation (1)
{o) Yegetation {ii)
Clear Vater fay (a) Yagetation (iii) {(a) Yogetation w/vem
Chunes ol Chucas Soil Roud v (o) Counan (o} Chunam 1980-1981 Swdy | »
f . . N L . A
Wster Tabla Bffeat Emplrioal Espirioal Lco-puhonnij ffect of Tinited
Mas Model of Compariscns Comparisons Topogrephy on Empirical
Cracka Soil Suction Comparisons
and Groundvatar
Modal Inputs
(3.0} 1-0 Infiltration Model Hodel Ver:lfication

Yo oalibretion required
{6.1) i {a) Chupaw Effeatjvepssas in Caperal Terss o

{b) Chunas Kiz/Msintainence Needs
{c) Potantial for Comparisons to Other

Yagetation Cover AT Ausaff/Equivalent «
Parmeability ia Known

!

Hodel Verificeticn

(6.2) 2-D Soil Watar Model

Mode) Mourcdacy
conditions

tower
—>

|

{a) Speaification of Topography
Suitsble for 1D and 2-D Modelling

NodeT limitations

Kats : Mumbers in brackets refer to sectiona in thas report.

.-..g6..



- 96 -

Table 2.1 -~ Selected examples of reports detailing
tensiometer and thermal conductivity systems

TENSIOMETER SYSTEMS

THERMAL CONIUCTIVITY SENSORS

Field installations (>0°C)

Anderson and Burt (1977) (2.3.1)
Anderson and Kneale (1980) (2.3.1)
Rice (1969)

Williams (1978) (2.3.1)

Watson (1967)

Harr (1977)

Sweeney (1982) {2.2.2)

Chipp et al. (1982) (2.2.1, 2.3.1)
GoC.04 (1980) {2.2.1, 2.3.1)

Field installation (<0°¢)
Colbeck (1976)

Ingersoll (1980), (1981)
McKim et al. (1976)

Reviews of tensiometric technigues

Field installations
Lee (1983) (2.5.1)

Department of Main Roads,
NeS.W., Australia

Phene, Hoffman and Austin {1973)

(1977)

Review of thermal conductivity

Ingersoll (1981)
McKim et al. (1980)
Schmugge et al. (1980)

Response_times (empirical and
theoretical

See Table 2.2

methods

Lee {1983)

Note: (1) Numbers in brackets following the year of publication refer to
the relevant section in this repori, detailing the eguipment

used in the investigation.




Table 2.2 — Response

Times of Transducer-Tensiometer Systems

Cup Cup Air Transducer Empirica%/ I . Response| Level of
Authors Date | Material | Sntry Value | Sensitivity [Theoretical] Soil Material Time Accuracy
Klute, A, and 1962 | fritted - 3x103 mb.cm“3 B - 1 sec -
Peters, D.B. glass
Watson, K.K. 1965 | ceramic 86cm water 1x102 psi.mn—3 B sand 0.1 sec -
1300cm water | 1x10° psi.om™ | B sand 29.6 sec
i -5 3 -1
Watson, K.K. & 1967 | ceramic  {1300cm water | 5x10 © cm mbar T - 9.1 sec -
Jackson, R.J.
Young, N.C. (36) 1568
Fitzsimmons, D.W. 1972 | porvic [ 3x10% mb.en™ | ® depending on
& Young, N.C. (polyvianl - material & 1sec to -
chloride) saturation 60 sec
Williams, T.H.L. 1978 | ceramic [1000cm water 131'10-'4<:.m3m’ba.:r"1 T - 1 sec -
Boels, D. et al 1978 | ceramic - T heavy clay-wet 60 sec 1%
-medium | 98 sec 1%
~dry
sandy clay-wet 60 sec 1%
 loam-medium | 125 sec 1%
~dry 450 sec 17%
Towner, G.D. 1980 T
Anderson, M.G. & 1980} ceramic {1000cm water E clay 100 gec -

I{_neale’ P.E.

_L6-



- 98 -

Table 3.1 - Selected soil water finite difference models

Model Dimension

1D 2D

-

Hysteresis in & -¢

Yes No

Condition Dynamic

Lower Boundary

Yex No

Stochastic Parameter
Variability of Input

Yes No

Dynamic Evaporation

Included

Yes No

Pressure Calculations
throughout Perched
Water Table

4
®
)
5

Freeze (1969)

Feddes (1974)

Hillel & Van Bavel (1976)
Hillel (1977)

Jackson (1980)

Freeze {1980)

Pall et al (1981)

Jensen {1981)

This study

TN TS T

~

S~

Tl Tl TN TN TN TN .

B

.

e TN T

T N M TN T N NS

Note : (1) A review paper by Haverkamp et al (1977) compares numerical
solutions to the Fokker-Planck equation.
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Table 3.2 - Summary of model equations

Condition Fquation Application
Saturated Darcy's Law Bagis of soil water movement
Flow (3.15) extended to unsaturated flow
Darcy's Law with Groundwater movement in 2-D

Dupuit-Forchheimer model
approximations (3.30)

Pore water pressures | Estimation of transient pore
in perched water table | pressures throughout perched

(3.29) water table
Unsaturated Millington=Quirk Estimation of unsaiurated
Flow (3.18) permeability for specified

g0il moisture content

Boundary Evaporation Sine based forcing function
Conditions (3.23) for evaporation at top
computation point

Model base Set drainage to O (impermeable
base) or to any selected
gondition up to permeability
of base computation poini

Surface detention Set to a specified wvalue to
represent surface ponding’
effects

Note : {1) The effect of vegetation canopy-induced runoff is not yet
modelled; the results of the studies described in.section 4.3
are awaited. Saturation excess runoff is generated.
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Table 3.3 - Input variables to soil water model

Input variables Units
Yoisture content at saturation (layers 1 - 3) mom >
Maximum evapotranspiration m
Surface detention capacity of soil m
Saturated permeability (layers 1 ~ 3) ms
Suction -~ moisture curve (layers 1 - 3) mom~> and m
Hourly or daily precipitation m
Time precipitation starts houf
Tnitial moisture contents at all points . non~>
Number of computational points in each soil layer -
Distance between each computational point ' m
Simulation time step increment s
Similation run time hour

Note : (1) The base boundary condition must be set (see figure 3.4)

(2) There is no requirement to input unsaturated permeability -
suction relationships, as the M-4 method {equation 3.18)
is used in the program. '
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Table 4.1 - Permeability of chunam from field samples

Permeability (ms—1)
Sample Location
Using Burette Using Ponding

° King's Park 1.5 x 1077

-

Ea)

: -7 -8
o Upper Clearwater Bay Road 1.4 x 10 5.2 x 10
o

9 -3
S Lower Clearwater Bay Road £.9 x 10
g

g -1
A Lung Cheung Road 2.3 x 10

'Po lam Road (P1) 6.0 x 10~° 1.6 x 1070

o

2 o £ 8
éf% Po lLam Road (P2) 7.5 x 10 2.2 x 10
0 O

O rd

S -1 -9
% | Tai Po (MB) - New 8.9 x 10 I 2,6 x10
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Table 4.2 - Trial Mixes for laboratory reconstituted chunam samples of
Tai Po Decomposed Volcanics & King's Park Decomposed Granite

Parts by weight of Hydrated Lime
per 20 parts of soil
0 1 3 5

o Tast -
o0 | ® | O | ®
g line
(] o]

-~
4 O : ‘
Q@
% © o )
-% @ ! @ Standard PWD
2% Specification
g

o)
m oy
2l 0 ® | @ | ®
e S

NHote : Numbers @ refer to test rnumber.
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Table 4.3 - Trial mixes for laboratory reconstituted chunam samples of
Clear Yater Bay Road Decomposed Granite

Parts by weight of Hydrated Lime

per 20 parts of soil

Tegt # :
Hase- 1 4
line

7

Standard FWD
Specification

Parts by weight of Cement

per 20 parts of soil
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Table 4.4 — Variation of area shrinkage with age for

chunam of Tai Po Decomposed Volcanics

Trial Mix No.

% shrinkage at ages (in days)

1 2 3 4 5 & 7
1 - 11.0 15.0 17.3 - - 17.9
2 - 10.1 | 11.9 | 12.5 - - 13.1
3 - 8.1 - 10.5 - 11.1 11.7
4 3.3 8.1 - 10.5 - 11.0 11.0
5 2.3 - 4.6 5.2 | 5.8 5.9 6.1
6 - 4.0 4.6 4.5 | 4.8 - 4.9
7 2.2 4.8 5.4 - 6.0 6.1 6.1
8 3.2 5.9 6.3 - 6.7 6.8 6.8
9 1.2 2.9 3,2 - 4.2 4.4 4.5
10 1.4 1.9 - 2.3 | 2.4 2.5 2.6
11 2.0 3.5 - 4.4 4.4 4.4 4.4
12 2.2 3.7 - 4.2 | 4.4 - 4.6

Note : (1) Trial Mix No. 7 is PWD Specification
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Table 4.5 = Variation of area shrinkage with ags for
chunam of King's Park Decomposed Granite

Trial Mix No.
(see Table 4.2)

% shrinkage at ages (in days)

1 2 3 4 5 € 7
1 3.4 3.8 b 4-2 - 4.6 4.6
2 1-2 1.5 - 1-9 - 2.2 2-4
3 1.2 1.9 - 2-6 - 2.3 2-4
4 2.0 - 3.2 3.4 - 3.5 3.6
5 0.2 it 004 0-9 — 009 1.3
6 1.1 - 1.4 1.6 - 1.6 1.8
7 002 0.2 003 - 007 - 0.7
8 0.3 0.4 0.4 - 0.7 - 0.7
9 0.2 - 0.2 - 0.5 0.6 0.6
10 - O|7 - 009 101 - 1.0
11 0.5 - 0.5 - 0.6 0.8 0.9
12 - 1.0 - 1.2 1.4 - 1.4

Note : (1) Trial Mix No. 7 is PWD Specification
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Table 4.6 - Variation of area shrinkage with age for
chunam of Clear Water Bay Road Decomposed

Granite
4 shrirkage at ages (in d@ys)
Trial ¥ix No.

1 2 3 4 5 6 T
1 2.2 - 1.8 1’8 - 1.8 1.8
4. TIT - 2.0 2.0 2.1 2‘0 1‘9
7 0.1 0.3 - - - 0.3 0.3
9 -0.1 0.0 —-— — 0.0 011 0.1
11 Oo? 009 - - 0.8 008 008
12 1.1 - 0.7 0.6 - 0.7 0.7

Note ¢ (1) Trial Mix No. 7 is PWD Specification
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Table 4.7 - Permeability of trial mix chunam samples

Parts by weight of hydrated lime per 20 parts of soil
0 1 3 5

-
Q -
4 6.3 x 1070 3.1 x 1072 5.7 x 1072 5.8 x 107
8
I ‘ . '
m - L)
fa 8.5 x 1072 8.6 x 1077 2.1°x 1077 5.5 x 1077
5
g
8 1.28 z 10 1.71 x 1072 9 x 1077 1.7 = 1072
o
o
&
B 2.4 x 1077 4.2 x 1077 1.8 x 1077 2.2 x 1077
2
fir]
e 7.8 x 1072 2.6 x 1072 2.0 x 1072 2.2 x 1077
K .

King's Park Tai Po

Decomposed — bt Decomposed

Graznite Volcanics
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Table 4.8 Instrumentation details for Tai Po, St. Christopher Bend Site

Tensiometer locations

Depths {vertical) m

Location Number 0.3 0.75 1.0

o
.
un

2.0

Tl
T2
T3
T4
TS
T6
T7
T8
T9
T10
Tl
T12
TL3
T14
T15
T16
TL7 X X
T18
T19 X
T20 X
T2l X

PP M M M M
>

LT T - -
b
»
oM M P X MR M O M X B bd 3 o be M 3 MM

Piezometer Locations

Location Number Ground Level Tip depth below
G.L.{m)

Pl 109.3 20.7
P2 A/B 124.1/7124.1 36.6/19.5
P3 109.3 16.7
P4 A/B 102.6/102.6 14.0/6.7




Table 4.9 - Selected studies relating to vegetation and runoff production

General Texis

Carson and Kirkhy (1972)
Sanchez (1976)

Viessman et al (1977)
Lull (1964)

Ward (1976)

Vegetation type and runoff

Barnett et al (1372)
Suarez d¢ Castro, Rodriguez (1972)
Branson & Owen (1970)
Branson (1975)
Mehdizadeh et al (1978)
Kowsar et al (1978)
Kowsar (1982)

Ezaki (1981)

Ezaki et al (1979)
Federer (1973)

Hudson & Jackson {1959)

Runoff, water guality and vegetation

Gilmour & Marx (1981)
Frere (1976)
Tou durant (1971)

lodelling vegetation/runoff relationships

Sellers and Lockwood (1981)
Emmett (1972)

Hillel (1977}

Renard (1977)

Feddes et al {1976)

Hong Xong Studies of vegetation and
vegetation/runoff

Tsu et al (1983)
Ashcroft (1983)
Forbes (1983)

- 601 ~
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Table 4.10 - Characteristics of grass species commonly used in Hong Kong

] i e Possible
Grass* Bo;:;;ca] H%L%Pt Characteristics Runoff
Production
Root system is extensive and strong,
affective for erosion control,
Bahia nota tum 0.3-0.5 | planting, well adapted to wide range High
‘ of sites, good shade, drought and
wear tolerance; early growth rate may
be slow.
Cvbod Root system is extensive, effective
d yobodon 0.3 for erosion control, well adapted to Low
Bermuda dactylon a wide range of sites; browns in
winter.
Root system is extensive and strong,
Cenchrus .
Buffel ciliaris 0.7-1.5 fire and drought tolerant, will grow -
on infertile sites.
Root system shallow but effective
Axonopus ‘ for erosion control, usually planted
Carpet compressus 0.1-0.2 by sprigging/turfing; prefers moist -
conditions, browns in the winter.
Will grow on infertile sites, easily _
Cantipede Erﬁggg?;gg 0.20 established, effective for erosion
P control.
Rhodes i;&g;;f 0.5-1.0 Tufted**, aggressive, fire tolerant. High
s . Quick germination and good early
Per;;gzal Lolium 0.1-0.9 growth, winter sowing recommended; -
perenne does not survive very hot weather.
Weeping Eragrostis 0.5-0.9 Tufted**, aggressive; chokes out High
Love curvula U other grasses, browns in winter.
Legend :
* A1l species listed are perennial {long-lasting)
ok Tufted denotes a cluster of shoots arising from
a common root system, and may not be as effective

for erosion control as nontufted grasses.




- 111 -

Table 5.1 - Illustrative relationships of crack geometry

Under surface

Effeotive crack

Crack width effective crack flux width at depth
(8) width (B3) (q) n?e? (B )
m per metre m per meire m per metre
-
00005 0.019 3.75x 10 0.038
-8
0001 0.022 4.40 x 10 0.044
-8
0.002 0.026 5¢14 x 10 0.051
-8
0.003 0.029 5.73 x 10 0.057
-8
0,004 0.031 6.20 x 10 0.062
-8
0.005 0.033 6.60 x 10 0.066

Notes ; (1) Solutions based on K = 1 x 10™Oms™

gee equations 5.7=5.9.

1

(2) sSee Figure 5.10 for definition diagram.

) H = 0005
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Table 5.2 -~ Predicted permeability of cracks from equation 5.11!

Crack Crack width (B) m

Spacing 5,00E~4 | 1.00E-3 | 2.00E=3 | 3.00E-3 | 4.008-3 | 5.008-3
0.250 8.18E4 | 6.54E-3 | 5.23B-2 | 1.77B-1 | 401981 | 8.18E~1
0.500 4.09E4 | 3.27E-3 | 2.628-2 | 8.83E-2 | 2.09B~1 | 4.09E~1
1.000 2.,048~4 | 1.64B-3 | 1.31E-2 | 4.418-2 | 1.05B-1 | 2.04E-1
2,000 1,028-4 | 81854 | 6.54B-3 | 2,21B2 | 5.238-2 | 1.02B-1
5.000 4.09E-5 | 3.27E~4 | 2.62B-3 | 8.83E-3 | 2.09B-2 | 4.09B-2

Note : Permeability values in mg™}
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Table 5.3 - Slope locations for chunam crack survey

'CHASE' report

slope mumber Location Coordinates Chunam Condition

89 Ngau Chi Wan 220758 40225E Bad
Platform Road

98 Ngau Chi Wan Foad 217758 40300E Average

99 0ld Clearwater 21650 40700E Average
Bay Reoad

102 Fei Ngo Shan Road 2172§N 41275E Average

106 Jats Incline Road 235008 40700E Poor

112 Jats Incline Road | 22925N 40225E Bad

113 Jate Incline Road 22900F 40250E Bad

114 dJats Incline Road 229258 40275E Foor
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Table 5.4 - Summary of chunam crack survey

élcf:?;o. 89 | 112 | 113 | 106 114 98 99 | 102
Shunas . |Bsd | Bed | Baa |Poor Lpoor - i“mg; Average|Average
Grack Widths
mm
Hair Crack | 3350 1530 | 8840 | 720 1170 [ 1080 1780 | 1890 | 1750
0.5 mm | 2790 350 320 330| 670 | 630
1.0 650 | 3620 | 1890 610 | 1270 | 510
1.5 410 380
2.0 2210 490 | 3050
3.0 750| 510
4.0 501 250 1330
5.0
640 85

Note § Numbers in tab%e are the total length of cracks of given crack
width in a 1 ®° area.




Table 5.5 — Summary of crack seepage and effective chunam permeability

YCHASE* Slope No. 89 112 113 106 114 98 99 102
Chupam Condition Bad Bad Bagd Foor . Poor Average Average | Average
A B A B
Chunam Soil
Permeability|Permeabdlity

9 1.53E=T | 1.43E=T | 2.10E-T | 1.33E-8 | 9.45E-8 | 3.40E~T | 4.00E-8 | 1.40B-8 | 2,50E~-8 | 2,30E-8

1.E=6
Kg | 1463E=T | 1.53E~T | 2,20E~T | 2.33E~8 | 1.45E~7 | 3.50E~7 | 5,00E-8 | 2.40E-8 | 3,50E-8 | 3.30E-8
9 1.53E=6 | 1.43E=6 | 2,10E~6 | 1, 331-3—? 9 .45E—7 3.40E=6 | 4.00E~T | 1.40E~T | 2450E~T | 2.30E~-T

1.0E-8 1.E-5 :

Kg | 1.54E=6 | 1.44E~6 | 2.11E-6 | 1.43E=T | 9e55E=T | 3.41E~6 | 4, 10E=T | 1.50E-7 | 2.60E~7 | 2.40E=7
9 | 1.53E-5 | 1.43E-5 | 2.10B~5 | 1.338-6 9.45E=6 | 3.40E=5 | 4.00E=6 | 1.40E=6 | 2.50E=6 | 2.30E~6

1.E~4
Ko | 1e53E=5 | 1:43E~5 | 2.10E=5 | 1.33E~6 9.:4515-6 3,40E~5 | 4400E=6 | 1.40E=6 | 2.50E~5 | 2,30E=6

Notes s (1) 9 is seepage through oracks based on crack model (equations 5.7-5.9) (n38-1)
(2) X¢ is effective chunam permeability based on equation 5.13 (ms-1)

(3) A1l permeability values are ms~1.



Table 6.1 - Sites selected for 1 dimensional model verification

Permeability

Suction moisture

Irofile

Location Geology - cuTve Depth m Storm date Slope cover
. _5 .
. CCILUVIMY 2,0 x. 10_¢ figure 6,16 )
1. Realty Ridge — 1 % 107 figure 6.1 a 11 30 August 1980 | Mature vegetation
2. Chater Ridge CCLLUVIUN 2 x ‘IO“5 figure 6.1 D 9 10 May 1981 Mature vegetation
3, Jite 2, Shaft A(1) COLLUVIUM 2 x 10:2 figure 6.1 b 35(2) 10 May 1981 Bare eround
(Sweeney, 1982) CDG 1 x10 figure 4.27b ay er
Clearwater Bay Road | i | 5.2 x 107 | figure 4.270 4 |17 June 1983 | Chunam proteoted
4. Clearwater Bay Ro CIG 3.0 x 10 figure 4.27h P
5. Clearwater Bay Road )¢ 3.0 x 10—6 figure 4.27b 4 17 June 1983 Thin-medium grass
cover
6. Tai Po St. coLTuVIUM | 1 x 1072 figure 6.1 b Dense grass -
Christopher Bend CDV 2 x 10‘6 figure 6.1 a 3 10-14 July 1980 slope 8

Notes : (1) o detailed validation is possible because of non-regular recording

(2) Deepest records of suction for Hong Kong.

of suction data.

- 9Ll -
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TABLE 6.2 « STATISTICAL ESTIMATES OF EXTREME RAINFALLS

Rainfalls for vafious return periods (1, 2)
Duration
2 5 10 100 1000
Hours: 1 68.2 88.5 102 144 185
2 94.3 128 150 219 286
4 119 . 169 203 307 409
8 146 213 257 395 530
24 214 309 371 567 759
Days: 2 253 366 440 675 904
4 311 441 527 796 1061
7 iss 495 585 868 1148
15 483 642 747 1078 1402
31 668 847 965 1336 1700
Months: 3 1200 1480 1660 2240 -
6 1800 2250 2550 3480 -
Notes: 1. Rainfalls in mm, return periods in years.

2, Based on Royal Observatory records, 1884-1939 and
1947-77.
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Table 6.3 — Summary of infiltration and runcff for the

sinulations undertaken in Figure 6.9

1 in 100 year storm

Duration

2 hour

8 hour

24 hour

48 hour

T day

15 day

Rainfall
(Table 6.2)

Infiltretion
given start
condition
(Fig. € 2.18
G.C.0.1981)

Runoff
(% of storm)

Fun time

to derive

suction
inima

{see Figure
6.9)

(mm)

(mm)

(hours )

219

84.4

240

395

97

7544

240

567

250

55.9

240

796

400

43.7

240

868

868

480

1078

1 078

480




Table 6.4 — Summary of principal data accuracy required for finite difference models

complied with by
model

L Absolute
Qualitative Source in
Acpouracy needed a;zgg:qy this report Remarks
Input variable
better than can be difficult to
K very high half an order figure 6.11 achiev? (sea Néelsen
of tude et al (1973), G.C.0.
magnl (1982))
within usual field tests undertaken by
e-v moderate variability range author at Bristol
high for specific
surface detention applications e.g. 2 om figure 6.17 gcarcity of published
vegetation runoff and 6.18 gources
studies
within-atorm
rainfall intensity not too - figure 6.10
sensitive
Boundary Conditions
_ empirical guide-
. . lines to be figures 6.7,
(1) Vegetation high determined (see 6.17 and
pper Section 6.15)
high in terms of .
(2) Chunam crack density figure 5.12
, will geverely limit
Appropriate fisld 2-~D model applicat-—
Lower 3 Groundwater conditions to be gee table 6.5 figure 6.21 iona in Hong Kong

especially coupled
with permeability
needs.,

- 6LL -
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"Table 6.5 — Acceptable Circumstances for Establishing Seil Suetion

Conditionas for Design Purposes

ACCEPT-| UNACCEPT—
ABLE ABLE NOTES
A. EMPIRICAL EVIDENCE
Rainfall
(1) 1 in 10 year X
event of
aoceptable
even intensity
(ii) A1l other X But gives guide to processes and
gtorms soil water start conditions to be
used in modelling
B. MOLELLING EVIDENGCE
Topography
(i) straight slopd X See Section 6.1.1
condition

{ii) spur cut X

(iii) hollow ocut X

(iv) backslope X See Section 4.4

variable May be accegfable if it can be
topography demonsirated that convergence of
80il water can be accommodated by,
say, wet inltial conditions in a
2-D model :
Cover
i ch X Aggeptable if or urv or

(1) unamn e%fggtive permea%?%i%y-og?éhunam,
can be provided - see Section 5.2.

{ii) vegetation X Acceptable only if the upper
boun condition can be
expressed in terms of effective
rainfall or effective permeability
as a minimum - see Secgion 6.1.5.

Geology

(i) hard rock X Joint controlled conditions
predominate.

(1i) decomposed X Acceptable if permeabilit
variations can be acoommoﬁatsd by
the mode]l structure — see

(iii) so0il X Section 6.1.3

Groundwater

i) direct infilt- X
(1) ration combiml
ii) more gomplex X h induced b i

(i1) gro%ndfager ~ ¥3§o§¥§p I'lc ggntrglgeologlc or

ontrols

Notes :

(1) Unacceptability of a single characteristic is a sufficient criteria
for rejection of a complete site acceptance of soil suction in design.

2) Acceptable conditions for_ the modelling,a ach a -
(2) pr1g_:.kagoratory_23§ fgelé gnputf&a%gg(sggzgiblepgf pgggezgét}igggro
conditions, especi in terms of permeabili iati
accommoanted by ihe madsl. P ¥ variauion, can e
(3) An acceptable modelling outcome can only be regarded as such, providing
it can be shown thai, with stochastic sampling from field parameter dis-
tritutions, the outcomes yield suctions at the location of interest
(see Figure 3.14).
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Figure 1.1 - Selected measurements of lowest recorded suctions in

colluvium
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Soil suction, kPa
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Figure 1.2 - Selected measurements of lowest recorded suctions in
decomposed granite
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Figure 1.3 - Selected measurements of Towest
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recorded suctions in
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Figure 1.4 - Selected measurements of lowest recorded suctions in
slopes protected by chunam
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‘Suction (KPa)
5 ¥ 8 3 ?
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SUCTION RAINFALL RELATIONSHIP

LOCATION : KING'S PARK - Chunam. Promcted Slope
DEPTHI{m}: 0.5

Wnitial Suction : 74 KPa [Measured before rainfail} (a)

Final Suction : 48 KPa ( Minimum value measured after minfall}
Total Ranfall : 15 mm

25 KPa
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4 KPa
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¥ k) L] ) 1
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(b)

15KPa
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SUCTION
L «X~125 Raintall

Suclion (KPa)
]

¥

L SUCTION s X ¢ %018 [Raintal }

i A Paliid D, PN

I ot L L ' L

Rainfall

Figure 1.5 - ITlustration of the procedure for the soil suction

prediction model outlined by McFarlane (1981)
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Figure 1.6 - MWater content and suction changes in the saturated and unsaturated zones
(after Papagiannakis, 1982)
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used in the research programme

Figure 1.7 - Principal field sites
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INSTALLATION DETAILS - METHOD A

SOI. COMPACTED ARQUND

TENSIOMETER
TUBE AT TOP OF HOLE ~—R

CONCRETE SEAL

21.5mm FORMED HOLE

NOT TO SCALE

CERAMIC TIP

METHCD B

100mm CEMENT-BENTONITE
PLUG AT 500mm INTERVALS

RECOMPACTED SOIL \

21.5mm FORMED HOLE
(—— CERAMIC TIP

Figure 2.1 - Installation procedures for "Jetfill" tensiometers in
uniform soils. Method (A) for depths to 1.5 m (B) for
depths greater than 1.5 m
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FILLER CAP

PORQUS CUP——

QUTER
NYLON TUBE

—1 VACUUM DIAL GAUGE
INNER -3 -
NYLON TUBE = +— VENT SCREW
FLARE FITTING 7
%S

| e ————
D —
p—y o — — —

MOUNTING BOLTY

Figure 2.2 - 8 mm ceramic cup tensiometer (2100 series - Soil-Moisture
Equipment Corporation) with flexible tube
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Dial gauge

Lo

 p—

Knurled nul!
:Dm !]l! E“—adjusting knob

T 77777
2 07
7

SRR

Probe

SN

20112 R IR A

E
N

N

//  Porous ceramic
=—— gensing tip

Figure 2.3 - "Quick Draw" tensiometer (Soil-Moisture Equipment Corporation)
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Figure 2.4 - Response times of "Quick Draw" tensiometer (after
Sweeney 1982}
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Valve

De - airing
return line

Ground surtface

Nylon tubing

4
_—

Reading iine Rubber bung
l
Perspex tubing
:
8 22mm
| [ Porous ceramic
IR
N
£ %
o Zid
o f §
/E %

Figure 2.5 - Tensiometer design for use with automatic scanivalve system
(after Anderson and Burt, 1977)
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Figure 2.6 - Institute of Hydrology pressure transducer tensiometer system
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IOOQ.

' WTWWWW vou‘
1 L3V
AMMETER
ot e e
200 2 ¥
HEATER :

I . TEMPERATURE

; : LCOMPENSATING
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i
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Figure 2.7 - Measuring circuit for temperature - compensated matric
potential sensor (after Phene, Hoffman and Austin, 1973)
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MEAN MCS SENSOR READOUT

{volt)

Figure 2.8 - Mean voltage readout of the MCS 600 sensor with suction

{from MCS 600 System User's Manual)
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Figure 2.9 - Response time of the MCS 600 sensor in labortory testing
using a glacial til11 {after Lee, 1983)
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Figure 3.1 - Illustration of the SMD concept (after Leach and
Herbert, 1982)




JENSEN (1981) MODEL STRUCTURE

(a)
Precipitation

l

Interception

loss
Infiltration Evaporation
} ' — Runoff
¥
. Effective
Transpiration root zone

Percolation l . fCapilIary rise

Computational points

§ ———
-
.

1 Phreatic surface

———————

HILLEL (1977) MODEL STRUCTURE

(b}
! 1 rainfall
1 N l
———
F T\ gpHnT.
‘ F channel
T lQ— T
— X
I {p =
water
table ; <
= _¥ ¥ v
T = d
TR B S5
wTT

impervious plane

Figure 3.2 - Diagramatic representation of (a) 1 dimensional and (b) 2 dimensional soil water models

-QE{-—
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S.H.E. MODEL STRUCTURE (1981)

Evapotranspiration
loss model

{

Rain and snow
input

——4—~{Canopy interception
model

——L ayered snowmelt

Root zone
model

1 dimensional unsaturated
zone model for each
grid element

Ax %

Saturated flow model (rectangular grid)

Figure 3.3 - Diagramatic representation of 3 dimensional 'SHE'
model structure
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EVAPORATION _ }
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3

UNSATURATED ZONE

. 20 0K B . o3V
EQUATION: 7= -5520 - S (K(B) 52)

2]

FUNCTIONAL
RELATIONSHIPS: K = K{8), ¥ = y(8)

NO HYSTERESIS

SATURATED ZONE
2

EQUATION: %;,L 0

FUNCTIONAL

RELATIONSHIPS: K = Kg = CONSTANT, 6 = 85 = CONSTANT
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TABLE POSITION™ — T~ ——¢— —— — ==
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®
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~ ."‘;, "‘u’

BASAL BOUNDARY
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Figure 3.4 - Governing equations used in soil water model (note evaporation and base conditions

may be varied)
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Figure 3.5 - Basic one dimensional soil water model structure
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Figure 3.6 - I1lustrations of two types of instability in soil
water modelling
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Figure 3.7 - Estimation of unsaturated permeability using the M-Q method,
compared with that of Marshall and experimental methods



EVAPORATION (E) MM HR-

Epmax = 1.8 mm he!

SUNRISE 0600

SUNSET 1800

t = TIME {SECS) AFTER SUNRISE

PRECIPITATION

|

20 o Emax E = EpyaxSIN{2n1/86,400)
{0600-1800 HRS)
10 b _
{1800-0600 HRS)
/E = Epmax/100
0 | A } J
0000 0600 1200 1800 00 0600 1200 1800
TIME, HOURS

Figure 3.8 - Sine based evaporation concept
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CONCEPT FOR EVAPORATION MODEL
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Figure 3.9 - Concept for evaporation model (after Ballick et al, 1981}
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Figure 3.10 - Four methods for considering pore pressures induced by perched water table
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Figure 3.11 - Solutions to equation 3.28
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Figure 3.13 - Illustration of one and two dimensional models used in this
study
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Figure 3.14 - Suggested strategy for the incorporation of field variability into the modelling framework
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Figure 3.15 - Flow diagram for top computational point of soil water model
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Input : start soil moisture Top 'cell’ Lower boundary
conditions conditions conditions
: Kg (see figure
iy - 8 curves 3.15)
: rainfall

I

Generate stochastic sampling of
input variables to model
(see 3.14)

3
1

Compute unsaturated permeability -
8 relationships by M - Q method
for all soil layers

Compute so0il suction for all paints

1

Compute total potential for all points

I

Compute permeability for all points

15 there saturation

YES
at the X,/K,; boundary?

Compute new pore
pressures and total
potentials {see
section 3.2.4)

Compute net fluxes point to point

1

Recompute volumetric water content in each
cell

Figure 3.16 - Flow diagram illustrating overall model approach
(also see Figure 3.15)
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Figure 4.1 - Suction moisture curves for volcanic chunam
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Figure 4.2 - Suction moisture curves for granitic chunam
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Figure 4.3 - Suction moisture curve for granitic chunam
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F1gure 4.4 - Ponding and burette methods used to determine
the permeability of chunam
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See
section PARTICLE SIZE DISTRIBUTION OF SOIL
4.2.3 (-
See
equations CEMENT/SOIL LIME/SOIL WATER/SOIL
4.4 and
4.5
- = +
i % AREA
- SHRINKAGE
No l
significant +|
control ¢
- PERMEABILITY
?
AN
COMPACTION
DURING
PREPARATION
NOTE :

shrinkage.

(1) The soil PSD is the factor with largest single control on

Cement/soil ratio is the second most important
single factor.

(2) + and - indicates direction of causation.

Figure 45b - Controls on the shrinkage and permeabf]ity of chunam
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Figure 4.6 - Site plan of the chunam slope, Clear Water Bay Road (see figure 1.7)
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(a) Chunam slope

(b) Grass slope

Scale Ll
01 2m

Legend :

Dots represent depth of tensiometer tips

Figure 4.8 - Tensiometer locations at the Clear Water Bay Road site
(see figures 4.6 and 4.7}
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(a) Chunam slope
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Figure 4.9 - Resistance envelopes for the grass and chunam slopes
at Clear Water Bay Road
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Figure 4.10 - Soil suctions on chunam slope relating to the storm of 6 May 1983
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Figure 4.11 - Soil suctions on grass slope relating to the storm of 6 May 1983
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Figure 4.12 - Soil suctions on chunam slope relating to the storm of 16-28 May 1983
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Figure 4.26 - Directions of near surface soil water movement at the
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Figure 4.29 - Tai Po, St. Christopher Bend, Study site (see figure 1.7)
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Figure 6.8 - Simulation of soil water conditions at Tai Po, St. Christopher
Bend site (see Figure 4.31)
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Simulation of soil water conditions with chunam cover.
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Figure 6.20 - Hypothetical relationships which may emerge from runoff plots
and soil water simulations
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Plate 4.1 - Chunam slope instrumented as shown in figure 4.6

Plate 4.2 - Grass slope instrumented as shown in figure 4.7
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Plate 4.3 - Jetfill tensiometers installed at Tocation C on
chunam sTope (see figure 4.6).

Plate 4.4 - Raingauge location on chunam slope (see figure 4.6)
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Plate 4.5 - Tai Po, St. Christopher Bend site
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Plate 5.1 - Crack survey - slope 89 - see table 5.3

Plate 5.2 - Crack survey - slope 98A - see table 5.3
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Plate 5.3 - Crack survey - sTope 99 - see table 5.3

Plate 5.4 - Crack survey - slope 102 - see table 5.3
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Plate 5.5 - Crack survey - slope 106 - see table 5.3

Plate 5.6 - Crack survey - slope 112 - see table 5.3
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Plate 5.7 - Crack survey - slope 113 - see table 5.3

Plate 5.8 - Crack survey - slope 114 - see table 5.3
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Appendix A

laboratory Verification of Crack Model Used in Section 5.2

In view of the programme of work utilising the seepage model outlined
by Harr, and discussed in section 5.2, it was sesn necessary to obtain
gome verification of the effective chunam permeability predicted by the
model. A laboratory column was set up, being 300 mm diameter and 225 mm
high. The lower 50 mm oontained a filter above which was placed 125 mm
of soil. Chunam was then formed on top of the soil according to FWD
specification. A crack forming strip of desired width (within the range
1 om to 6 mm) was placed on the s0il before the chunam was poured.

The complete apparatus could be used to measure (a) the permeability
of the soil prior to the chunam pouring, (b) the discharge through the
‘cracked ' chunam, and (c) the final permeability of the soil (with the
chunam removed ). Plate A1 shows the laboratory equipment.

In the initial trials undertaken crack widths of approximately 1,
3y 4 and 6 mn were formed and the crack and chunam discharge measured
through a sg%l of kg = 6.9 x 10"2 ma~'. A further trial on a soil of
Eg=1'x 10" ns 1 With a 6 mm wide crack was also completed.

Table A1 summarises the measured discharge through the crack
widths stipulated. In addition, the flows predicted by equations 5.7-5.9
are also shown.

It can be seen that the measured flow exceeds the predicted flow
in the case of the more permsable soil. This difference is of the order
of half an order of magnitude.

It ig to be noted that for the less permeable soil the disparity
between predicted and measured flow is somewhat larger, and in this
instance the predicted flow exceeds the measured flow.

By reference to figure 5.10 and the analysis in section 5.2 it is
clear that the initial spread below the chunam (B4) is 2 critial
determinant in the resulting discharge. The nature of -the bonding
between the scil and chunam is obviously important in this regard. In
the context of the laboratory experiment it was observed that in the
less permeable soil the chunam, rather than remaining as a distinct
layer above the soil, had bonded very strongly with the underlying soil
during the curing process. TFor the case of the less permeable soil, the
depth of bonding within the soil was observed to be much less.

Permeability tests confirmed this, as table A1 indicates. The
question upon which interpretation of the results hirges, is therefore
the nature of the chunam/soil bond under field conditions. If the field
application of chunam results in a somewhat superficial degree of bomding
(by which it is implied that the chunam layer and soil layer are readily
distinct in permeability terms, and without the permeability gradation
shown in the less permeable soil ~ table A1), then the Harr model
(equations 5.7=59) slightly under-estimates the diascharge and effective
chunam permeability. The nature of this degree of bondinz is judged to
be that commonly exposed in field conditions where substantial areas of
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cracked chunam are exposed. If this association is accepted, then the
predictions based upon the Harr model in chapters 5 and 6 are not over
estimating the effective chunam permeability required to prevent
infiltration according to the selected criteria.

The indications from this laboratory testing programme are therefore
that the results given in table 5.5 and figures 5.14 and 6.14 are broadly
supported, with the possibility that the chunam effective permeabilities
in table 5.5 may be slightly under predicted, but to a degree that does
not alter the conclusions atated in chapter 7.



Table A1 3 Results of chunam crack discharge tests
Soil bilit
o1t permlabtEW Crack width mm
ms .
Flow
.
bafore test after test 1.4 2.9 4.4 6.0
measured 1.6 10~ 1.9 x 1\{)"5 2.2 x 1('.)"'5 2.4 X 10~
6.9 x 1072 5.9 x 1077
predicted 4.4 x 10“6 6.6 x 10—6 T2 x 10"6 7.9 x 10'6
measured 5.2 X 10~2
1.2 x 1075 2.1 x 1077
predicted 3.1 x 10'8

- e -
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Plate Al : Laboratory equipmeht used to test crack model
(equations 5.7-5.9)
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