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PREFACE

In keeping with our policy of releasing information
which may be of general interest to the geotechnical
profession and the public, we make available selected internal
reports in a series of publications termed the GEO Report
series. The GEO Reports can be downloaded from the
website of the Civil Engineering and Development Department
(http://www.cedd.gov.hk) on the Internet. Printed copies are
also available for some GEO Reports. For printed copies, a
charge is made to cover the cost of printing.

The Geotechnical Engineering Office also produces
documents specifically for publication. These include
guidance documents and results of comprehensive reviews.
These publications and the printed GEO Reports may be
obtained from the Government's Information Services
Department.  Information on how to purchase these documents
is given on the second last page of this report.

7

R.K.S. Chan
Head, Geotechnical Engineering Office
December 2007
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FOREWORD

This Specia Study on the potential effect of blockage of
subsurface drainage by soil nailing works has been carried out
by Halcrow China Ltd on behalf of GEO.

All of the hydrogeological modeling and much of the
reporting has been carried out by Dr Jimmy Jiao of the
Department of Earth Science, Hong Kong University with
assistance from Dr S Hencher, Mr Greg McGuire and Mr Martin
Devonald of Halcrow China Limited. The input and advice
from the Working Group of GEO and in particular Mr W K Pun,
Chairman of the Working Group, Mr'Y K Shiu, Dr W K Chang,
Mr H C Chanand Mr T S Kwong is gratefully acknowledged.

Gerry Daughton
Project Director
Halcrow China Limited

Agreement No. CE 5/2004(GE)
10-Year Extended LPM Project,
Phase 5, Package A, Tuen Mun
and Tsuen Wan, Landdip
Preventive Works on Government
Slopes and Related Studies —
Study on the Potential Effect of
Blockage of Subsurface Drainage
by Soil Nailing Works
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ABSTRACT

An investigation has been made into the potential effect of blockage of subsurface
drainage by soil nailing works. Numerical models have been set up in both 2D and 3D for
various geological settings, subjected to infiltration. Infiltration events modeled have
included applying an average daily wet-season rainfall in Hong Kong until a steady state is
achieved and applying intense rainfall over a 4-day period to simulate one of the maor
rainstormsin 1982. Various run off conditions were also modelled.

Models were initially run without nails to determine base conditions. Models were
then conducted including nails represented as.

(1) discrete, low hydraulic conductivity elements (in 3D),

(2) discrete, low hydraulic conductivity elements (in 2D). “Pseudo-K”
values were assigned to the nail elements as an average for the nail and
surrounding ungrouted soil,

(3) grouted soil nail “horizons’ to simulate lateral migration of grout so that
the whole horizon had reduced hydraulic conductivity, and

(4) a generad zone with hydraulic conductivity reduced by an order of
magnitude (3D model).

In general it is concluded that under typical conditions, where there is little grout loss
during the grouting operation, there should be no significant blockage of the drainage paths
and therefore little or no adverse effect on slope stability.

It is found that only if excessive grout loss were to occur and this is responsible for
reducing hydraulic conductivity over extensive zones or horizons would there be significant
adverse consequences for slope stability.

It is recommended therefore that where excessive grout 1oss occurs during installation
of soil nails, the cause should be investigated and, if necessary, measures taken to monitor
risesin hydraulic head and to take action to drain the ground upstream of the nails.
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1. INTRODUCTION

1.1 Previous Studies on the Influence of Anomalous Hydraulic Conductivity Zones
on Hydrogeol ogy

A soil nail, together with the grout around the nail will generally provide a zone of
lower hydraulic conductivity than the country soil into which the nail has been installed. The
impact of zones of anomalous hydraulic conductivity much higher or lower than that of the
background aquifer, on groundwater head distribution, pumping test data analysis, and
parameter estimation in regional numerical models has been researched by several workers
(e.g., Butler, 1988; Butler & McElwee, 1990; Butler & Liu, 1993; Jiao, 1993; Jiao, 1995; Jiao
& Lerner, 1996; Jiao & Zheng, 1997). It is clear from these studies that the impact of such
zones depends on the relative size of the zone of low or high hydraulic conductivity compared
to that of the groundwater flow system. The position and extent of such zones will also affect
the hydrogeological impact.

Butler (1988) and Butler & Liu (1993) derived analytica solutions for aquifers
containing circular disk of anomalous properties. They concluded that the change in
drawdown is sensitive to the hydraulic properties of a discrete portion of an aguifer only for a
limited period. In the long term, drawdown is independent of properties of that discrete
portion. Butler & McElwee (1990) conducted sensitivity analysis of hydraulic head to
parameters in different aquifer zones under various pumping conditions and concluded that
conventional pumping tests are of limited effectiveness for identifying the spatial distribution
of aquifer properties.

This special study report has been carried out to ascertain, through numerical
modelling, the potential damming effect on groundwater patterns of systematic soil nails with
associated grouting. Most of analysis has been carried out using symmetrical 2D models with
the hydraulic conductivity of the soil nailed zones either set very low to investigate potential
damming or adjusted to allow for 3D flow around the nail themselves through the soil-nailed
horizons. Models have been carried out for a variety of assumed geological settings.
Verification analysis has been carried out in some cases using 3D models.

1.2 Soil Nailing Techniquesin Hong Kong

Soil nailing is a technique commonly used in Hong Kong to improve slope stability.
Figure 1 shows a possible configuration for soil nailing in aslope. The detailed configuration
varies from slope to slope, depending on the geometry and soil properties of the slope.
According to GEO Report No. 56 (Wong et al, 2000), the soil nail group may consist of afew
to more than 10 rows of soil nails. The spacing between soil nails typically varies from 1 m
to 2 m and the length of a nail can vary. To install a nail, a hole with a diameter of about
100 mm is commonly drilled, the nail inserted into the hole and then cement is injected under
alow pressureto fill the annulus between the nail and the soil.

On occasions 3 to 5 times the theoretical annulus volume of grout and even more is
injected during the grouting. The additional grout is probably lost down open joints, into
voidsin the colluvium/saprolite or into oversized holes.
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For most slopes in Hong Kong, downhill groundwater movement below the toe of the
slope and through the slope surface in the form of seeps or springs are the main ways that
infiltration and throughflow from above the slope is discharged. There is concern that, in a
slope with extensive soil nailing and grout leak, the grouting injected around a nail may
spread out widely, thereby filling in voids and fractures and blocking preferential flow paths
such as natural soil pipes or fracture zones. The worst case scenario is that the soil nail zone
might become a low permeability dam that blocks downhill movement of groundwater flow.
The potentia for soil nails to affect groundwater conditions adversely and thereby cause a
reduction in Factor of Safety are the subjects of this special study.

2. TWO-DIMENSIONAL MODEL SETUP
2.1 Slope Configuration and Mesh Design

Seep/W V5.15 has been used to investigate the impact of soil nails on subsurface flow
in slopes.

A basic slope configuration is shown in Figure 2. The soil nail layout and orientation
are based on the typical settings in GEO Report No. 56 (Wong et al, 2000). The modelled
zone is about 45 m wide by 30 m high. The vertical distance from the toe to the crest of the
cut slopeis 10 m.

To represent the location and orientation of the soil nails that intercept the slope
surface at a certain angle accurately, the mesh design begins with the soil nail zone. This
zone is modelled as a rectangular area with one side representing the slope surface. The soil
nail zone is the focus of the model and is represented by fine elements of size 0.30 m x
0.37 m. Each soil nail is represented by a linear zone about 0.30 m wide and 11.4 m long
(Figure 2).

After the mesh in the soil nail zone is generated, the rest of the model area is
discretized into elements of various sizes. The general principle is that elements in and
around the soil nail zone are fine but those away from the zone become gradually coarser. In
that way the impact of the soil nails on groundwater flow is adequately simulated but the
model remains computationally efficient.

The models conducted focus on the long-term impact of the soil nails on groundwater
flow and hydraulic head in the slope for various configurations of soil nailing and
hydrogeological conditions. For each model, two steady state flow conditions are simulated,;
one before soil nailing and the other after soil nailing. Some “observation points’” A, B, C,
and D are selected for the purposes of monitoring the detailed change in total head in the
models (Figure 2).

2.2 Boundary Conditions

The impact of groundwater flow on slope stability in Hong Kong has been studied
numerically since the 1980’s. A typical groundwater flow model to study the impact of pore
water pressure on slope stability is atwo-dimensional cross-sectional unconfined flow model.
The model domain usually covers only a narrow superficia strip of the saprolite around the
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immediate vicinity of the potential slope failure area and the bottom boundary is chosen to
coincide with the interface between saprolite and bedrock, which is assumed to be a no-flow
boundary.

It may be adequate to choose such a small area for studying the engineering
performance of soil and rock, but if groundwater flow through the potential failure areais to
be studied, a much larger area, preferably one that includes the entire groundwater flow
system of the hillslope, is needed (Nandy & Jiao, 2001; Jiao et al, 2004). Groundwater exists
in a system with recharge, by-pass, and discharge areas. It is inappropriate to isolate a small
portion of the system for groundwater flow modeling.

For modeling studies of groundwater flow in slopes, usually there are three options for
boundary conditions. fixed-head, no-flow and specified flux (such as rainfall/infiltration)
boundaries. A fixed-head boundary means that the boundary can take (or release) unlimited
amounts of water from (to) the model domain when there is a source (sink) in the model. A
fixed-head boundary near the toe may be a reasonable approximation if the toe is near the sea,
a stream, or a maor spring, but a fixed-head boundary near the crest of a landdlide is
physically unreasonable for most Hong Kong situations and may lead to misleading modeling
results.

Experience in groundwater modeling has shown that errors in placing the upper
boundary have a great impact on the modeling results. It is believed that the appropriate way
to address the issue is to assume the upper boundary is at a water divide such that an entire
hydrogeological system is simulated. In this case, the upper boundary can be represented by a
natural boundary i.e. a no-flow boundary at the water divide, with only infiltration within the
model boundary contributing to changes in head.

For this study, the lower boundary is set to be a fixed head boundary with head at the
arbitrary level of +9 m. The ground surface is set with a constant flux to represent rainfall
infiltration. The bottom boundary, which is located below the interface of the saprolite and
bedrock, is an impermeable boundary.

2.3 Parameters
2.3.1 Infiltration Rate

The average annua rainfall in HK is 2210 mm with 1742mm occurring in the wet
season (from May to September), which is about 80% of the annual rainfall. Because the aim
of this study is to consider the influence of potential damming on slope stability in the wet
season, the average rainfall in the wet season is considered in the model.

The rainfall intensity in the wet season is taken as 1.34 x 107 m/s with the infiltration
rate at 50% of the rainfal intensity (GCO, 1984). Whilst this number might somewhat
overestimate the infiltration, it is a reasonable assumption to simulate a relatively onerous
hydraulic case for dope stability. Therefore, the infiltration used in the model is
6.7 x 10° mis.
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2.3.2 Hydraulic Conductivity (K)

Throughout this study, the term hydraulic conductivity (K) is used in preference to
permeability (k) as hydraulic conductivity (with dimension of L/T), is a parameter that
depends on both the nature of the material and the liquid passing through it whereas
permeability (with dimension of L?) is a parameter dependent only on the geological material.

Three zones are included in the basic model with boundaries approximately parallel to
the sloping ground above the crest of the cut slope. Various combinations of the hydraulic
conductivity values have been applied to the zones thereby representing different conditions.

If al the zones are given the same K values, the model represents a uniform slope. If
the three zones are given progressively lower hydraulic conductivity values with depth, the
model represents an unconfined aquifer system, which is generaly taken to be the typica
situation for slopes in Hong Kong. For example, Zone 1 might be a given K of 10 m/s to
represent colluvium or fill, Zone 2 is given a K of 10° m/s to represent completely
decomposed igneous rock and Zone 3 is given a K of 10® m/s to represent bedrock. A
perched water table scenario may be generated if avery low K zone is added between the first
two layers. A confined, relatively high hydraulic conductivity (K) zone (HKZ) at depth may
be represented in the model by setting the second layer in the 3 layer model to the highest
hydraulic conductivity.

Each discrete soil nail zone including the grout zone is taken to have a low hydraulic
conductivity of 10° m/s, i.e. one order of magnitude lower than the bedrock. Models have
been run using various assumptions regarding the extent of grout leakage away from the nall
annulus as discussed below.

3. 2D SIMULATION AND DISCUSSION OF VARIOUS MODEL S

3.1 Introduction

A series of models have been conducted to investigate the potential effect of fully
grouted nails on hydrogeological conditions for avariety of settings.

Many of these models have been run with two different assumptions for the hydraulic
conductivity of the soil nails (in 2D), namely:

1) The horizons (planes) containing the lines of soil nails are
taken to have K = 10° m/s. This is an extreme scenario
representing the loss of grouting laterally (but not vertically)
to block many of the groundwater pathways in that horizon,

2) The effect of grouting is restricted to the immediate location
of each soil nail. In this case (the best case), the plane
containing nails at each level can be taken as having a
“pseudo-K” in 2D, with the “pseudo-K” used as a means to
simulate the 3D case which is considered more redlistic.
The “pseudo-K” is calculated as a simple average K of the
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nail itself and that of the geological materials between the
nails on a plan area basis (Appendix A).

3.2 Modedl 1: Effect of aSingle Soil Nail Horizon on Flow in a Uniform Slope

In this model, the effect is ssmulated of single soil nail horizons, extending laterally in
a slope of uniform K = 10° m/s. The nails are installed in each of the locations in turn
(Figure 3). Four ‘observation’ points A, B, C, and D are selected for comparison. A and B
are located at the lower part of the zone for possible soil nailing and C and D are located to
the right and above this zone. Figure 4 shows the head increases at observation points A, B,
C, and D with the nails installed at different locations compared to the head developed at the
same locations with no nailsinstalled. The detailed information is presented in Table 1.

Figure 4 shows that the effect of nail installation on head at Points C and D are quite
similar. The highest head increaseisfor nailsinstalled at location 3.

Heads at points A and B are most strongly influenced by soil nails installed directly
above or below (Locations 5 and 6) as might be anticipated given the geometry of the
situation.

Figure 5 shows how the groundwater flow pattern is modified by installing the nails at
different locations. Compared to the flow pattern in the slope without soil nailing (Figure 5A),
the groundwater flow in the unsaturated zone is somewhat disturbed when the soil nails are
installed in Location 2 (Figure 5B). The flow below the water table is only dightly modified
since the tips of the nails at this location have only just reached the water table. When the
nails are installed at Location 4 (Figure 5C), which is largely below the water table, the flow
in both saturated and unsaturated zones are significantly modified and the water table above
the soil nailsis considerably elevated. An unsaturated zone is observed below the nails and a
perched water table is formed. Consequently two seepage zones are generated in the slope
surface, one above the nail horizon and one at the toe of the slope. When the nails are
installed at Location 6 (Figure 5D), the groundwater table is generally elevated. The mgjority
of the groundwater flow is forced to pass through the region below the soil nail. The
groundwater flow velocity is significantly increased in this region. This might, for this
extreme scenario, lead to the generation of soil pipesin thisregion.

The model demonstrates that the change of total head in the slope in response to soil
nailing can be quite complicated for this extreme scenario of fully grouted horizons. Overall,
the head in the majority of the slope will be increased with adverse consequences for Factor
of Safety, but the head in the immediate vicinity of the nails may be decreased, particularly if
the observation point is located below and shadowed by the nail (e.g. point A).

3.3 Modd 2: Effect of a Group of Soil Nails on Flow in aUniform Slope

In this model al six nail horizons are installed in the slope of uniform hydraulic
conductivity of K = 10° m/s. The nail loci represent lateral continuous horizons of low K.
To understand the overall change of total head in the entire slope after soil nails are installed,
the contours of head difference before and after soil nailing are plotted in Figure 6. The
model shows that head is increased in the entire slope except for the area below the lowermost
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soil nail where total head is decreased. The increase in head in the area above the second nail
isover 2 m. The areawith most significant head increase is near the crest where the increase
iIsover 4m.

Figures 7A and 7B show flow nets and water table distributions before and after soil
nailing, respectively. Detailed changes in head at observation points A, B, C, and D are
presented in Table 2. The increase in the total head is more significant from B to D. The head
at A actually decreases because it is closest to the discharge point (the toe) and because the
multiple soil nails retard groundwater flow to thislocation.

Prior to installation of nails there is a water divide in the sope (Figure 7A). The
infiltrated water to the left of the divide seeps out at the toe of the slope while the infiltrated
water to the right of the divide flows to the left boundary of the model.

After installation of soil nails the flow pattern becomes more complicated. Multiple
water tables or perched water tables develop and seepage velocity increases in the area below
the soil nail zone.

Table 2B presents the total inflow (infiltration), outflow through the surface of the cut
slope and outflow through the left boundary for the slope with and without soil nails. It can
be seen that, after installation of soil nails, there is a minor increase in seepage through the
slope surface whilst the discharge through the left boundary is decreased.

3.4 Modedl 3: Soil Nailsin Uniform Slopes of Different Background
Hydraulic Conductivities

To investigate the potential influence of soil nailing in slopes of different hydraulic
conductivity, in model 3, three uniform slopes with background K = 10° m/s and 10°® m/s,
5 x 107 m/s, respectively are smulated. The soil nailed zone is modelled with low
permeability horizons. Figure 8 shows the simulation results. Detailed changes of heads at
Points C and D are listed for comparison in Table 3. In thismodel, soil nails are taken to have
aK of 10° my/s.

The ssimulation results show that the change in total head does not increase linearly
with the decrease of hydraulic conductivity of the slope materials. The changeintotal head in
response to soil nailing is low where the slope comprised materia with high K = 10® m/s.

Thisis probably because the water table islow and most of the nails are above the water table.

When the background K = 10 m/s, the increase in total head with installation of nailsis very
significant. When K =5 x 107 my/s, the increase in total head is still marked but less so than
in the previous case because the head prior to soil nailing was already high.

In Figure 8C, when K = 5 x 10" m/s, the water table after soil nailing shows a
depression in the water table with the groundwater flow dipping against the dip direction of
the slope in the area above the soil nail zone. This apparent anomaly is a function of the
whole model set up with uniform infiltration rate across the upper surface of the ground
model.
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3.5 Modd 4: Soil Nailsin a Multi-layered Slope with Extensive Grout L oss

A typical slope in Hong Kong might consist of three layers comprising colluvium or
fill over saprolite and over bedrock. Typica hydraulic conductivities for the three zones
might be K = 10° m/s, 10° m/s and 10°® m/s, respectively. Soil nails are modelled as planes.
Figures 9A and 9B show the flow nets and water table distributions before and after soil
nailing, respectively for thismodel. As can be seen from the flow lines, the groundwater flow
without soil nails mainly occursin layers 1 and 2 and is more or less parallel to the layers of
the dlope. Thereislimited groundwater flow in the bedrock.

Overall, the water table after soil nailing is elevated by about 4 metres and becomes
almost horizontal. Table 4 shows the detailed changes at observation points C and D.

Again the flow pattern is complicated after the soil nails are installed. Before soil
nailing, a large portion of infiltrated water flows toward the left boundary (Figure 9A), but
most of the water seeps out through the slope surface after soil nailing because the nails
intercept the downslope flow (Figure 9B).

The hydraulic gradient in the region between the lowest nail and the bottom of the

model is significantly increased. This may enhance the possibility for soil piping to occur in
thisregion.

3.6 Moded 4B: Soil Nailsin aMulti-layered Slope with Little Grout L 0ss

As noted in the introduction to modeling (Section 3.1) the models reported above are
for nailed horizons where the materia between the nails, lateraly, is assigned the same low K
value of 10 m/s to simulate an extreme case with extensive lateral dispersion of grout. Each
horizon containing nails therefore acts as an aquiclude. In reality this condition is unlikely
and an attempt to simulate a reduced 3D effect in 2D mode has been attempted by adopting a
‘pseudo-K’ for the nail horizons, calculated as an average of the soil nail K plus intervening
soil K, proportional to their areafoot prints as explained earlier in 3.1.

Model 4 has therefore been re-run using soil nail pseudo-K values as indicated in
Figure 9C. The K values are about 20% lower than the K for the background soil. In all other
respects Model 4B is the same as Model 4.

Table 4B shows the calculated heads at points C and D and it can be seen that
providing the soil nail grouted holes are discrete (no loss of grout locally), there will be little
effect on the groundwater pattern. Figure 9D shows the flow patterns and water table after
soil nailing for the three-layered slope. Figure 9D is generally similar to Figure 9A prior to
soil nail installation and again demonstrates that the nails themselves (0.3 m diameter at 2 m
spacing) will have little effect.

3.7 Model 5: Soil Nailsin aThree-layer Slope with the Middle Layer having the Highest
Hydraulic Conductivity

Model 5 comprises a slope consisting of three zones with K = 10° m/s, 10° n/s and
10® m/s. Since the middle zone has the highest hydraulic conductivity, it may be a good
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drainage layer for the slope if this zone outcrops at the slope surface. In this case, the zone is
beneficial to slope stability. However, if this zone is blocked at the toe of the dope, it is
likely to have an adverse effect on slope stability since a highly confined aquifer may be
formed, especialy during the wet season.

As can be seen from Figure 10A, before soil nailing the groundwater flow in this zone
is essentially paralel to layer surfaces but the groundwater flow in the top layer is almost
perpendicular to the layer interface. All the groundwater flow is toward the left boundary.
There is no seepage from the face because the water table is below the toe of the slope.

Figure 10B shows the flow net and water table distribution after soil nailing with
extensive grout loss (using K = 10° m/s). The third nail from the top plays the most
important role in changing the flow pattern. As can be seen from the flow lines, most of the
flow is intercepted by this soil nail which then directs the groundwater flow to the slope
surface. An interesting featureis that appreciable seepage develops at the face above the third
nail. Flow toward the left boundary is significantly reduced.

Overall, the water table after soil nailing is increased by about 8 m. Table 5 shows the
detailed changes at observation points C and D. The increase in the head when thereisa high
K zoneis more significant in all the cases than for previous models. The drainage through the
high K zone has been effectively blocked by the soil nails and the nails direct the groundwater
flow to seep out through the slope surface. Seepage can be observed along the whole slope
surface of the soil nail zone, but the seepage above the third naill from the top is most
significant.

Table 5B presents the total inflow (infiltration), outflow through the surface of the cut
slope, and outflow through the left boundary for the slope with and without soil nails.
Without the nails, water is entirely discharged through the left boundary. When the soil nails
are installed, the seepage through the slope surface is 80% and the discharge through the left
boundary isonly 20%. The changeis significant in this case.

3.8 Model 5B: Soil Nailsin a Three-layer Slope with the Middle Layer having the Highest
Hydraulic Conductivity but for Soil Nailing Works with Little Grout L oss

Model 5 has been re-run using the same soil nail pseudo-K values used in Model 4B
(Figure 10C). The K values are about 20% lower than the K for the background soil.

Table 5C shows the calculated heads at points C and D which are dightly increased.
Figure 10D shows the flow patterns and water table after soil nailing for the three-layer slope.
Again Figure 10D is very similar to Figure 10A prior to soil nail installation demonstrating
that the nails themselves have little effect.

3.9 Model 6: Impact of Soil Nail Orientation on the Buildup of Water Table

In Model 6, the impact of different soil nail orientations is investigated. The mesh
system was redesigned for this model to simulate horizontal nails (Figure 11).
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Figures 12 A-C show the flow pattern in a uniform slope with K = 10°® m/s and the
flow patterns in the same slope with inclined or horizontal soil nails, respectively. Detailed
changes of heads at points C and D are listed in Table 6. It is noted that the increase in the
total head in response to nailing is much smaller for horizontal nails than when inclined nails
are used.

A similar sensitivity study was carried out for a layered slope with K = 10 m/s,
10°® m/s and 10° m/s. The results are shown in Figure 12 D-F and Table 7. In this case, it
seems that the use of inclined nails will increase the total head more than the case where the
slope is uniform. Generally, soil nails installed horizontally will have less impact on the
groundwater flow within the slope compared with inclined soil nails.

3.10 Model 6B: Impact of Soil Nail Orientation in the Buildup of Water Table
using Pseudo-K Valuesfor Soil Nails

Model 6B is the same as the slope with uniform background soil (K = 10° my/s) in
Model 6 except that the K for the soil nailsis given avalue of K =8 x 107 m/s.

Table 7B shows the calculated heads at points C and D. The heads are dlightly
increased.

3.11 Modd 7: Soil Nailsin aLayered Slope with aLow Hydraulic Conductivity Zone

The model comprises a slope with of three main layers K = 10° m/s, 10° m/s, and
10® m/s and a relatively thin zone of low hydraulic conductivity sandwiched between the
upper two layers. This zone that might represent a dyke in reality is about 2 m thick with a
hydraulic conductivity of 108 m/s. All the soil nails are installed a minimum of 2 m above
the toe of the dlope (Figure 13).

As can be seen from Figure 14A, before soil nailing, two separate water tables are
observed. There is aregional water table below the low K zone. Near the slope surface, a
very small-scale water table is perched above the surface of the low K zone. Two seepage
zones can be observed from the slope surface where the two water tables crop out. The
regional water tableis at the location of about 11 mPD.

Figure 14B shows the flow net and water table distribution after soil nailing with
extensive lateral grout loss (10° m/s). The nails modify the flow pattern significantly.
Multiple water tables are generated near the slope surface. The drainage through the second
layer has been significantly blocked by the soil nails. Large amount of seepage appears on
the dlope surface, including the crest area of the slope. Flow toward the left boundary is
considerably reduced.

With soil nails, in this worst case scenario the overall water table in the system is
increased by over 7 m. The water table in the top layer is higher than the crest and higher
than the water table in the second layer. Table 8 shows the detailed changes at observation
points C and D. Theincrease in the heads at the two locationsis over 40%.
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3.12 Modd 7B: Soil Nailsin a Layered Slope with a Low Hydraulic Conductivity Zone
but for Soil Nailing Works with Little Grout L oss

Model 7 has been re-run using the soil nail pseudo-K values given in Figure 14C. The
K values are about 20% lower than the K for the background soil. Model 7B is the same as
Model 7 except for the values of hydraulic conductivity for the soil nails.

Table 8B shows the calculated heads at points C and D. The heads are dlightly
increased. Figure 14D shows the flow patterns and water table after soil nailing for the three-
layer slope. Figure 14D isvery similar to Figure 14A where no soil nail isinstalled.

3.13 Modd 8: Sail Nailsin aUniform Slope with aVertical Dyke of Very Low
Hydraulic Conductivity

Model 8 comprises a slope with a uniform K = 10° m/s and a vertical dyke of
K = 10® m/s. Thisdykeis2 mthick. The configuration isshown in Figure 15. In addition to
points C and D, point E, which is near the crest, has been selected to observe the detailed
changesin head.

As can be seen from Figure 16A, the dyke causes a significant build-up in the water
table upstream. The water table in the right part is over 10 m higher than that of the left. A
seepage zone is generated along the area where the dyke intercepts the slope surface. While
most of the water in the right part flows through the dyke and discharges to the left part of the
slope, some water seeps out along the seepage zone.

Figure 16B shows the flow net and water table distribution after soil nailing (10° m/s)
(assuming extensive grout loss). The flow system on the right is little affected because the
nails are largely located in the left part of the Slope. Conversely there is a significant increase
in the water table in the left part of the ope. Multiple water tables are generated near the
slope surface and considerable seepage occurs at the slope surface.

Table 9 shows that the increase in head at points C and D, located to the right of the
dyke, are less than 2%. However, the increase in head at point E, which is located near the
crest of the left part of the slope, is over 50%. If alower bound, pseudo-K approach had been
used in defining the K values for the soils, the influence of nailing would have been
considerably reduced (i.e. negligible) as per the other models.

3.14 Modd 9: Impact of Distance (L) from the Toe to the Left Boundary

A series of models has been run to test the sensitivity of the models to the distance
assigned for the left boundary point beyond the slope toe. Using a uniform slope with a
K = 10° m/s the sensitivity to boundary point distances of 6.4 m, 8.0 m and 10.0 m,
respectively, have been analysed. Figure 17 shows the results. Detailed changes of heads at
points C and D are listed in Table 10.

When the distance (L) from the toe to the left boundary increases, the heads at points C
and D in the slope with or without nails increase as shown in Table 10. This is because an
increase in the distance means an increase in the length of flow path, which in turn will reduce
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the discharge to the left boundary, so that heads in the slope become elevated. However, the
rise in head compared with the change of distance L isinsignificant. Only a0.7% increasein
head is observed when the distance L is increased from 6.4 m to 10 m, i.e. an increased
distance of 56%. This demonstrates that the head is not very sensitive to the distance from the
toe to the left boundary.

When the distance (L) from the toe to the left boundary increases, the head increase at
points C and D due to soil nailing is decreased, but the change with L is very small, compared
to the change in L itself. This demonstrates that the total head increase due to soil nailing is
not very sensitive to the distance between the toe and the left boundary. Figure 17 also shows
that the general shapes of the flow nets are insensitive to distance L.

3.15 Moded 10: Pseudo Hydraulic Conductivity in the Soil Nail Zone

For the various models described earlier, two extreme situations have been modeled.
In one type of model the low hydraulic conductivity due to the nail + grout has been restricted
to the nail itself (a 300 mm width zone). For these models, in 2D, an averaged “pseudo-K”
was calculated for each horizon containing the nails by averaging the permeability of the nail
and soil within the same horizon on a plan area basis. Such models simulate the no loss of
grout scenario. In other cases, to test the sensitivity, the complete horizon containing each of
the 300 mm nails was assigned the same low conductivity as the nail itself. This situation
represents a scenario with considerable loss of grout.

For Model 10, the situation is considered where the grouting materials may spread out
generally in the soil nail zone and reduce the overall hydraulic conductivity of that zone. To
evaluate its effect on the groundwater flow system, the zone is given a pseudo hydraulic
conductivity of 107 m/s (or 3.16 x 10" m/s) which equals the volumetric average of the K
for the nails (10° m/s) and the K for background soil (10° m/s). The soil nail zone is
represented in brown (Figure 18).

Figures 19A, B, and C show flow nets and water table distributions for the slope
without soil nails, with soil nails, and with a soil nail zone of hydraulic conductivity modified
by grouting, respectively. Detailed changes in head at observation points C and D are
presented in Table 11. The increase in the total head is most significant when the hydraulic
conductivity of the soil nail zoneis modified by grouting.

Table 12 presents the total inflow (infiltration), outflow through the surface of the cut
slope, and outflow through the left boundary for the slope without soil nails, with soil nails
and with a soil nail zone of hydraulic conductivity modified by grouting. With soil nails only,
the modification of the nails on the discharge through the left boundary and the slope surface
is insignificant. However, when the soil nail zone is given a generaly reduced pseudo
hydraulic conductivity of 107> my/s, the tota infiltration is reduced. The percentage of
groundwater discharge in the form of seepage through the slope surface is also reduced but
the groundwater discharge through the left boundary is increased.
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3.16 Moded 11: Sope with and without Soil Nails under Severe Rainstorms (Uniform)

Previous models have been assessed assuming a steady state with rainfall infiltration
assumed to be 6.7 x 10® m/s, which is based on the average rain fall during a typical wet
season. Model 11 is designed to investigate the effect of increased infiltration due to severe
rainstorm conditions. Only the case simulating extensive grout loss is investigated because
the damming effect due to soil nailing works with little grout loss has been shown to be
insignificant even for the study state based on the results of the studies on the previous models.
The Model 11 layout is similar to Model 4 which includes three layers with hydraulic
conductivities K = 10” m/s, 10°® m/s and 10°® m/s respectively. The nail horizons are taken to
have K = 10 mys.

A total four day rainfall of 654 mm, recorded at the Roya Observatory for the period
28 — 31 May 1982 was selected as the rainstorm for this modeling. This rainstorm represents
an event that could be expected to occur perhaps once every 15 years (Tang, 1993). The
intensity of this rainstorm is equivalent to 1.9 x 10° m/s. Assuming that only 50% of the rain
will infiltrate the ground (GCO, 1984 at Section 4.2.2), an infiltration of 9.46 x 10 m/s is
added to the model. No antecedent rainfall is modelled before the storm and the initial
groundwater table istaken as flat and located at an elevation of 9 m.

Table 13 lists the detailed change of total head in response to rainfall at points A and D,
which are below and above the soil nail zone, respectively. At point D there is a significant
head increase in the case with soil nails. The response to rainfall becomes less proportionally
towards the end of the rainstorm.

It is interesting to note that the head developed at point A isless in the case with soil
nails. The reason is similar to that discussed regarding Model 1, i.e. the soil nail zone with
reduced hydraulic conductivity restricts flow towards the toe region.

Figure 20A shows the change of water table in response to the storm at time = 0, 2, and
4 days. The water table startsto rise in the area near the toe because in this area the thickness
of the unsaturated zone is small and the infiltrated rainwater can reach the water table quickly.
The wetting front moves from left to right. This modeling result is very similar to that of Jiao
et a (2005) using a separately devel oped research code.

The changes in water table during the rainstorm at point A with soil nails installed is
shown in Figure 20B. In this case the water table increase is less marked because of the
shadowing effect of the zone containing low K nail horizons and with lower overall hydraulic
conductivity.

As atrial, the model has been run with continued rainfall. With time, the damming
effect of the soil nail zone to the down-slope groundwater movement becomes more
significant. Figures 20C and 20D present the simulated water table or saturated water body at
time = 20 days. In the case with soil nails, the overall water table is much higher than the
case without soil nails. Figures 20C and 20D indicate that the lower rock level remains
largely unsaturated (above the initial head condition at +9m). In contrast, a complex water
table is developed in the upper two soil layers above the bedrock. This phenomenon has been
simulated and discussed in detail by Jiao et al (2005).
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From the above discussion, it can be concluded that, at the beginning of a storm, a
slope with soil nails and extensive grouted zone may exhibit a lower rise in water table than
the equivalent slope without soil nails because the soil nailed zone with low hydraulic
conductivity reduces recharge to the groundwater table, especialy near the toe of the slope.
As rain continues, infiltrated rainwater along the upper part of the slope becomes important.
If the downhill movement of the infiltrated water becomes blocked by the soil nail zone, a
higher water table can be expected to develop in the slope.

3.17 Moded 11B: Slope with and without Soil Nails under Severe Rainstorms (Non-uniform)

Model 11B is based on Model 11 but with non-uniform rainfall infiltration. The
infiltration rates are taken to be 0%, 20% and 50% at the ground surfaces below the toe, at the
cut slope and above the crest, respectively. These assumptions model the situation where the

platform below the slope is paved (but not confining) and the steep cut slope has higher runoff.

Table 13B lists the detailed change of total head in response to rainfall at points A and
D, which are below and above the soil nail zone, respectively. Compared to Table 13, the
head increase at point A is much reduced because of the lower rainfall infiltration below the
crest. At point D, the head increase is similar in each case because the infiltration rate above
the crest isthe same.

Figure 21A and 21B shows the change of water table or saturated water body in
response to the storm at different times. Overall they are similar to Figure 20. At time =2
and 4 days, there is a water mound near the toe, but the water table height is much smaller
because the rainfal infiltration is much lower.

Figures 21C and 21D present the ssimulated water table at time = 20 days. In the case
with soil nails, two separate saturated water bodies develop. The lower is regiona
groundwater with surface slightly modified through infiltration from the cut slope; the upper
body is generated entirely by the infiltration from the upper slope surface. When the two
water bodies eventually coalesce, the pressure in the slope would increase dramatically over a
short time.

4. THREE-DIMENSIONAL MODEL SETUP

For 3D modeling studies the slope configuration, mesh design, boundary conditions
and parameters have been input such that they may be compared to the 2D numerical case
studies directly. Very fine elements of 0.3 m dimension have been used in order to develop a
slope configuration similar to that adopted in the 2D modeling. Nevertheless it is very
difficult to produce identical model layouts and, as such, some discrepancy is unavoidable
between the 2D and 3D model configurations.

In order to prepare the input data files for the complicated mesh system required to
model a cut slope with different soil layers and soil nails, the default FEMWATER source
code has been modified using a series of FORTRAN codes written specifically for this study.
The default FEMWATER setting requires the number of layersin the vertical dimension to be
the same for the whole model domain in the x-y dimension. This has resulted in a cuboid
model domain of 40 m x 25 m x 20 m (Figure 22) in size, which has been divided into
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106,330 elements (39 x 70 x 60) and 114,949 nodes. In order to reduce the numbers of nodes
and elements, the height of the 3D model is selected as 25 m, instead of 33 m used in the 2D
model.

As the number of elements and nodes for this study are significantly more than the
limits allowed in the default FEMWATER code, the original code has needed to be modified
and recompiled. This has been achieved using a series of FORTRAN codes that resolve the
mesh file and adjust the coordinates of the nodes in the intended soil nail zone and allow
inclined soil nails to be represented. An additional FORTRAN code has been written to
specify the locations of the soil nails (seen as small red squares on the slope surface in Figure
22) and zones of different soils. The final mesh system is shown in Figure 22. Each soil nail
is represented by a beam of about 11 m long with a0.3 m x 0.3 m cross section. Consequently,
the soil nail zone is represented by very fine elements. On the cut slope surface, there are 6
rows of soil nails and each row has 11 soil nails. To represent these soil nails, very fine
elements have to be included in the soil nail zone and all the layers passing through the soil
nail zone.

As in the 2D study, four “observation” points A(14,10,11), B(20,10,11), C(26,10,11)
and D(26,10,17) (the number in the brackets are coordinates in metres) are chosen for detailed
discussion. All these points are located on a cross section (I-11) through the middle of the
dlope. A and B are located at the lower part of the nail zone, C and D are located on the right
and upper part of the nail zone, respectively.

5. 3D SIMULATION AND DISCUSSION OF VARIOUS MODELS
5.1 Model 12: Effect of a Group of Soil Nails on Flow in Uniform and Non-Uniform Slopes

Model 12 is of a uniform slope with hydraulic conductivity of 10° m/s. All other
parameters, infiltration and boundary conditions are the same as those adopted for the 2D
Model 2. Figures 23A and 23B show the simulated total head and water table distributions.

Subsequently 66 soil nails (6 rows and 11 columns) with discrete, localised hydraulic
conductivity K of 10° m/s are installed in the uniform slope. The simulated total head after
installation of the nails is shown in Figure 24A. The detailed heads at A, B, C, and D are
shown in Table 14. The soil nails are shown to have very little effect on the total head
distribution within the slope.

Similarly a slope of three layers with hydraulic conductivities K = 10 m/s, 10° ms,
10® m/s, respectively has been studied. The total head distributions in the slope with and
without soil nails are smulated. Figure 24B shows the total head distribution in the slope
when soil nails are installed. Detailed heads at the observation points are listed in Table 15.
Again, the discrete soil nails in the layered slope have little effect as shown similarly for the
2D models earlier using a pseudo-K approach (i.e. with nailed horizons having an averaged
decrease in hydraulic conductivity of only about 20%).

5.2 Modedl 13: Effect of Soil Nail Zone with Low Hydraulic Conductivity

In an attempt to model the potential effect of the whole soil nail zone suffering a
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reduction in hydraulic conductivity due to grout migration from the soil nail, the whole nailed
zone has been given a K of 10’ m/s. Figure 25A shows the total head distribution in a
uniform slope with such a soil nail zone. The detailed heads at the observation points are
listed as Case 3 in Table 16. The head increase is very significant, e.g. the head increase at
point D is more than 84%.

The model has been run again for a three layer slope of hydraulic conductivities
K = 10° m/s, 10° m/s, 10® m/s, respectively, with a soil nail zone of K = 107 m/s. Figure
25B shows the total resultant head distribution in the layered slope. The detailed heads at the
observation points are listed as Case 3in Table 17. Again the head increase is significant, e.g.
point D has a head increase of over 74%.

5.3 Model 14: 3D Slope with and without Soil Nails under Severe Rainstorms

Asfor the 2D casein Model 11, a severe rainstorm event has been taken as the input to
Model 14 for the 3D case of three layers with hydraulic conductivities K = 10 m/s, 10° m/s,
10® m/s, respectively. An infiltration of 9.46 x 10" m/s has been applied to the full ground
surface of the model. No rainfall has been assumed prior to the storm and the initia
groundwater table has been taken as flat and located at an elevation of 9 m as per Model 11.

The modeling results show that the discrete soil nail zones have virtualy no effect on
the head distributions under the storm condition. Table 18 lists the detailed change of total
head in response to rainfall at point D in the slope with and without soil nails.

Figure 26A and 26B are cross sections through the 3D model showing the water table
at time = 4 days for the slope without and with the soil nails, respectively. The results are
virtually identical to the 2D model illustrated in Figures 20A and 26B. The water table starts
to rise in the area near the toe because in this area the thickness of the unsaturated zone is
small and the infiltrated rainwater can reach the water table quickly. This result is very
similar to that of Model 11, although the results from 2D and 3D models are not entirely
comparable due to slightly different slope heights and model setup.

5.4 Model 14B: 3D Slope with and without Soil Nails under Severe Rainstorms
(Non-Uniform)

Model 14B issimilar to Model 14 but rainfall infiltration is taken as non-uniform. The
infiltration rates are 0%, 20% and 50% at the ground surfaces below the toe, at the cut slope
and above the crest, respectively.

The modeling results show that the soil nails have virtually no effect on the head
distributions under storm conditions. As an example, Table 19 lists the detailed change of
total head in response to rainfall a point D in the slope with and without soil nails. By
limiting the infiltration on the cut slope and below the toe there is little build up in water at
the slope toe (unlike Model 14).

Figures 27A and 27B show the water table at time = 4 days for a layered slope without
and with soil nails.
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5.5 Modd 15: Comparison of 2D and 3D Models

Finally, a 2D model (Figure 28) with the same slope height as the 3D model has been
designed to examine the comparability of the 2D and 3D model results. Figure 23B shows
the water table in a uniform 3D slope with hydraulic conductivity K = 10° m/s and discrete
soil nails K = 10° m/s. In the 2D model, each soil nail horizon is given a hydraulic
conductivity of K =8 x 107 m/s, a pseudo-K calculated by averaging the discrete nail zone K
and the soil K within the same horizon laterally. It isfound that water tablesin Figure 28 and
Figure 23B are very similar but a careful examination of the two water tables shows that the
water table calculated from the 2D model is slightly higher. The water table in Figure 23B is
close to or below the ground surface but in Figure 28 a seepage zone can be seen from the cut
slope surface.

Table 20 presents the heads at points A to D (along cross section -1l in Figure 22)
from the 3D model and the heads at the locations closest to the corresponding points
calculated from the 2D model. Although it is difficult to compare the results from the two
models because configurations, discretisation, numerical algorithms and the representation of
soil nails used in the two models are not precisely the same, it seems that the 2D model with
pseudo-K representation of the influence of soil nails overestimates the impact of the soil
nails to some degree. However, both the 2D and 3D models show that the effect on the water
table due to discrete soil nailing with little loss of grout is negligible.

6. INFLUENCE ON SLOPE STABILITY

6.1 Introduction

The findings from this study show that, in general, the installation of fully grouted soil
nails at typical spacings of about 2 m centres without excessive grout loss are going to have
little effect on the hydrogeological conditions in a slope and therefore little negligible adverse
influence on stability with respect to blocked drainage. This is true of the variety of
geological settings that have been modeled in this study.

Other models in which each discrete soil nail horizon has been taken as an aquiclude
with alow hydraulic conductivity of 10° m/s deal with the scenario of extensive loss of grouit.
In one 3D model (Model 13), the whole nailed zone has been modeled with hydraulic
conductivity reduced from 10° m/sto 10" my/s.

These models which simulate the conditions where grout might migrate away from the
soil nails to block water pathways laterally and extensively, do show that such conditions
could give rise to adverse changes in the hydrogeol ogy of slopes.

To investigate this effect, slope stability analyses have been carried out on several of
the models used in the hydrogeological modeling. The three conditions analysed are:

(1) slope with groundwater due to modeled rainfall event but no
nail installation,
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(2) dlope with nails installed but limited effect on groundwater
(findings from the pseudo-K models), and

(3) slope with horizons and zones of low hydraulic conductivity
giving rise to significantly worse groundwater conditions.

It is to be appreciated that where there is excessive grout loss that permeates voids
within the ground, whilst there may be adverse hydrogeological effects, there may also be
some compensatory improvements in shear strength and moduli whilst thisis a possibility, as
if adeliberate attempt had been made to improve the ground through grouting, it is considered
that this potential benefit cannot normally be relied upon in any quantifiable way and has
therefore been conservatively discounted in the stability analysis.

Results from slope stability analyses are presented in detail in Appendix B.

6.2 Models4 and 4B

Comparative analyses have been carried out using SLOPE/W on the three steady state
outcomes from Models 4 and 4B, i.e. without nails, with nails (using a pseudo-K) and worst
case scenario with nails and excessive grout loss (using discrete elements with permeability =
10° m/s). The complex head distributions shown in the hydrogeological models have been
smoothed for the purpose of the exercise. The ground model adopted for stability analysis of
Models 4 and 4B is shown in Figure 29. The soil shear strength parameters adopted for
stability analysis have been selected in line with typical values for Hong Kong soils as
presented in Table 8 of Geoguide 1 (GEO, 1993). The main groundwater table is affected by
the grouting works in the worst case scenario as shown in Figure 29. Details of these analyses
are presented in Appendix B, Figures B1 and B2 and a summary of the resultsis presented in
Table 21.

It can be seen that, for the pseudo-K case, the typical soil nail arrangements
recommended in GEO Report No. 56 are sufficient to increase the minimum F of S from 0.71
to 1.4 for this model. However, in the event of excessive grout loss leading to significant
blockage, the F of S could be reduced by about 33% compared to the pseudo-K case giving a
minimum F of Sjust lessthan unity.

6.3 Models5 and 5B

Similar comparative analyses have been carried out for Models 5 and 5B. The ground
model adopted for stability analysis, including effect on the groundwater level in the worst
case scenario, for Models 5 and 5B is shown in Figure 30. Details of these analyses are
presented in Appendix B, Figures B3 and B4 and a summary of the results is presented in
Table 21.

As for Models 4 and 4B, for the pseudo-K case, the typical soil nail arrangements in
GEO Report No. 56 are sufficient to increase the minimum F of S from 0.95 to 1.79 for this
model. However, in the event of excessive grout loss the F of S could be reduced by about
49% compared to the pseudo-K case, giving aminimum F of Sjust less than unity.
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6.4 Models7 and 7B

The ground model adopted for the comparative stability analysis of Models 7 and 7B is
shown in Figure 31. In this case the main groundwater table is somewhat |less affected than
the previous models, however, a perched water table aso develops above the low
permeability layer. Details of these analyses are presented in Appendix B, Figures B5 and B6
and a summary of the resultsis presented in Table 21.

Again, for the pseudo-K case, the typical soil nail arrangementsin GEO Report No. 56
are sufficient to increase the F of S from 0.93 to 1.65. Due to the reduced effect on the main
groundwater table for this model even in the event of excessive grout loss, the F of S, whilst
reduced by about 7%, would still achieve the required minimum F of S of 1.4 (1.53).

6.5 Models 8 and 8B

The ground model adopted for the comparative stability analysis of Models 8 and 8B is
shown in Figure 32. In this model the groundwater behind the low permeability zone is
already high prior to soil nailing and is relatively unaffected by soil nail installation. However,
in the worst case scenario there is also a significant build up of groundwater in front of the
low permeability zone. Details of these analyses are presented in Appendix B, Figures B7
and B8 and a summary of the resultsis presented in Table 21.

For this particular model, the typical soil nail arrangements in GEO Report No. 56

only increase the minimum F of S from 0.92 to 1.2 for the pseudo-K case. In the event of
excessive grout loss the minimum F of Sisreduced further, by about 31% (0.83).

7. ADDITIONAL 2D SIMULATION

Following completion of the draft Study Report, comments were received during the
presentation of the findings of this study at the LPM Liaison Meeting in October 2005. As a
result an additional model was run to study the case where a large through-flow of
underground water affects the 2D model. Model 3B (see Figure 8), a uniform slope with
background K = 10°® m/s, was selected to undertake this additional modelling. Details of the
modifications made to, and comparisons with, the origina model are given in Appendix C.

The additional modelling showed there was an overall increase in the water levels
prior to soil nailing as a result of adopting a fixed head upper boundary, but also showed that
the soil nails had little or no affect on the relative groundwater levels in the slope, providing
that there is no significant lateral migration of grout (ie the pseudo-K case)

8. PRACTICAL IMPLICATIONS

This study shows that soil nailing and associated grouting will generally not have any
significant adverse affect on the hydrogeological regime. This is because the overall
hydraulic conductivity of the soil nailed zone is only reduced by perhaps 20 or 30% when a
soil nailed horizon is considered in plan. The effect would be even less if considered
volumetricaly.
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It has al'so been demonstrated however that if there was considerable grout loss so that
the soil nailed zone is generally made less permeable (as if one were deliberately trying to
grout the ground to form a cut off) then there may be an adverse effect and there could be an
unacceptable reduction in factor of safety if the potential benefit of the grout loss on the shear
strength of the soil mass isignored. The fact that soil nails are generally grouted under low
pressure means that excessive loss of grout will generally be associated with infill to highly
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permeabl e pathways or voids with potential detrimental effects.

It is suggested that:

D

)

3

(4)

The reasons for any excessive grout loss during soil nailing
should be investigated, as the damming effect of excessive
grout loss may impact on the stability of the upslope as well
as the subject slope,

In the event of excessive grout loss from a high proportion
of soil nails, abeit locally in a zone, piezometers should be
monitored to check for higher head than allowed for in
design,

In geological settings where loss of grout might be
anticipated to adversely affect hydrogeological conditions,
preferred practice would be to place piezometers
immediately behind the anticipated extent of the soil nailed
zone, in order that long term monitoring can be undertaken
prior to and after soil nailing.

In the event that excessive hydraulic heads are developed,
drains should be designed to draw down the excessive head.
As a general rule raking drains should be designed to draw
down water from behind the nailed zone.

9. CONCLUSIONS

1.

Numerical models of effect of fully grouted soil nails (with
little grout loss during construction) on groundwater flow
and hydraulic head distribution in a dope indicate that
impact is insignificant.

Comparison of results from 2D and 3D models indicate that
a 2D model using an areabased, average, pseudo-K
parameters for soil nailed horizons can give reasonable
representations of 3D conditions comprising discrete
grouted nails with low K in ahigh K soil mass.

The influence of soil nails can be significant where grout

escapes laterally to affect larger volumes of the country rock.

This is demonstrated by 2D models where lateral grout
spreading is represented by soil nail horizons of low
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hydraulic conductivity and by 3D models in which the
spread of grout is represented by soil nail zones of low
hydraulic conductivity.

4. Oveal the hydraulic head may be increased due to soil
nailing (with excessive grout loss), but head at locations
near the toe of the slope may be only dlightly increased or
even reduced because of shadow effects from the horizons
limiting through flow. The crest above the soil nail zone or
the area upslope of the soil nail zone has the most
significant head increase.

5. Inamultilayered sope with bedrock at shallow depth below
the toe, soil nailing (with excessive grout loss) can lead to
much greater head increase than a uniform slope of typical
K (K = 10° m/s), especially when the soil nails penetrate
into the bedrock, as discussed concerning Models 2 and 3.

6. Where a highly conductive zone through a slope becomes
blocked, this can lead to a high head increase as
demonstrated in Model 5.

7. It followsinevitably that in the event of excessive grout loss
and extensive blockage of flow paths, there may be a
reduction in Factor of Safety as a result of an increased
groundwater table.  That reduction may be partially
recompensed by an unintended increase in the strength of
the mass, but such a benefit is considered unquantifiable.

8. Excessive loss of grout should be investigated, especially
where numerous adjacent nails exhibit such loss such that an
extensive zone with low K might develop.

9. Whilst it is unlikely that such grout loss will be linked to
permeation grouting, if that seems to be the case, care
should be taken to monitor head behind the soil nails so
affected and appropriate drainage measures adopted to
remedy the situation.

A specific slope geometry and soil nail pattern was adopted for this study to alow
comparison of the impact of the grouting operation between different assumed geological
sections in both 2D and 3D. Generally the heterogeneity of real slopes cannot accurately be
modelled, however, the above serves as an useful illustration of the likely effects of grouting
on the hydrogeological conditions within a slope. It is likely that different slope geometries
and soil nail patterns will have different effects/impacts on the hydrogeological regime and
stability of each specific slope. However, as demonstrated in this report, the effects of the soil
nailing and grouting operation are likely to be insignificant regardless of the configuration
adopted.
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Table 1 — Detailed Changesin Total Head (m) when a Soil Nail isinstalled

at Different Locations (Model 1)

L ocation Head Change Head Change Head Change Head Change
aA aB aC aD
1 -0.03 0.01 0.394 1.271
2 -0.051 0.028 0.662 1412
3 -0.103 0.038 1.016 1.614
4 -0.327 -0.204 0.955 1.309
5 -0.664 1.403 0.782 0.919
6 0.775 0.724 0.428 0.509
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Table 2 — Detailed Changes of Total Head (m) after Six Soil Nails

areinstalled (Model 2)

Location | Head without Nail | Head with Nail | Changein Head | % Change in Head
A 11.5 11.0 -0.5 -4.5
B 125 135 1.0 8.0
C 13.2 15.0 1.8 13.7
D 135 16.6 31 22.9

Table 2B — Tota Inflow, Outflow through the Surface of the Cut Slope, and Outflow
through the Left Boundary for the Slope with and without Soil Nails

(Model 2) (unit: m?/s over unit width)

No Nail With Nails
Total inflow 3.17 x 10°® 3.12 x 10°
Outflow through cut slope surface (%) 1.30 x 10°° (41.0%) 1.34 x 10°® (42.9%)
Outflow through |eft boundary (%) 1.87 x 10° (59.0%) | 1.78 x 10° (57.1%)
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Table 3 — Detailed Changes of Total Head (m) at Points C and D for Soil Nailing
in Uniform Slopes of Different Hydraulic Conductivities (Model 3)

Head at Point C Head at Point D
) N(.) Wit.h Increase % N(.) With Increase %
Nall Nail Increase | Nalil Nail Increase
10°m/s 957 | 9.96 0.39 4.1 9.61 | 1011 | 050 5.2
10° m/s 13.20 | 15.01 1.82 13.8 1354 | 16.50 2.96 21.9
5x 10 'm/s | 15.96 | 17.04 1.08 6.8 16.62 | 19.34 2.72 16.4
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areinstalled in a Layered Slope (Model 4)

Table 4 — Detailed Changes of Total Head (m) after Six Soil Nails

Location | Head without Nail | Head with Nail | Changein Head | % Change in Head
C 154 18.1 2.7 175
D 15.7 20.1 4.4 28.2

Table 4B — Detailed Changes of Total Head (m) after Six Soil Nails are installed
in aLayered Slope using Pseudo K (Model 4B)

Location Head without Nail | Head with Nail | Change in Head | % Change in Head
C 154 155 0.1 0.65
D 15.7 15.8 0.1 0.64
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Table 5 — Detailed Changes of Total Head (m) after Six Soil Nails
areinstalled in a Slope with aHigh K Zone (Model 5)

Location | Head without Nail | Head with Nail | Changein Head | % Change in Head
C 10.5 16.7 6.2 59.4
D 10.5 18.0 7.4 70.3

Table 5B — Total Inflow, Outflow through the Surface of the Cut Slope, and Outflow
through the Left Boundary for the Slope with and without Soil Nails
(Model 5) (unit: m?/s over unit width)

No Nail With Nails
Total inflow 3.43x 10° 3.31x10°
Outflow through cut slope surface (%) 0 (0%) 2.65 x 10°® (80%)

Ouitflow through left boundary (%)

3.43 x 10°° (100%)

0.65 x 10°° (20%)

Table 5C — Detailed Changes of Total Head (m) after Six Soil Nails areinstalled
in a Slope with aHigh K Zone using Pseudo K (Model 5B)

Location | Head without Nail | Head with Nail | Changein Head | % Changein Head
C 10.51 10.54 0.03 0.29
D 10.55 10.58 0.03 0.28
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Table 6 — Detailed Changes of Total Head (m) in a Uniform Slope with Inclined
or Horizontal Nails (Model 6)

Points Head without Head with Head Increase %
Nail Inclined Nail acC Increase
C 13.20 15.01 1.82 13.76
D 13.54 16.50 2.96 21.89
Points Head Without Head With Head Increase %
Nail Horizontal Nail acC Increase
C 13.25 14.33 1.08 8.13
D 13.59 15.33 1.75 12.85

(Note: without nails the head at C =13.20 in the slope mesh designed for the inclined nails which is dightly
different from C = 13.25 in the slope mesh designed for the horizontal nails. This is because the two mesh
systems are very different and the location for C in the two systems is not exactly the same)

Table 7 — Detailed Changes of Total Head (m) in aLayered Slope with Inclined
or Horizontal Nails (Model 6)

Points Head without Head with Head Increase %
Nail Inclined Nail acC Increase
C 15.44 17.94 251 16.23
D 15.71 19.69 3.98 25.31
Points Head Without Head With Head Increase % I ncrease
Nail Horizontal Nail a C 0
C 15.51 17.18 1.67 10.76
D 15.79 18.28 2.49 15.74
Table 7B — Detailed Changes of Total Head (m) in a Uniform Slope
with Horizontal Nails using Pseudo K (Model 6B)
Location Head without Nail | Head with Nail | Change in Head | % Change in Head
C 13.20 13.29 0.09 0.68
D 13.54 13.63 0.09 0.66
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Table 8 — Detailed Changes of Total Head (m) after Soil Nails are installed
inaSlopewith aLow K Zone (Mode 7)

L ocation Head without Head with Change % Change
Nail Nail in Head in Head
C 12.8 18.0 5.2 40.1
D 13.0 19.2 6.2 47.5

Table 8B — Detailed Changes of Total Head (m) after Soil Nails are installed
in a Slope with aLow K Zone using Pseudo K (Model 7B)

Location | Head without Nail | Head with Nail | Changein Head | % Change in Head
C 12.85 12.82 -0.03 -0.23
D 13.02 13.00 -0.02 -0.15

SJUsU0D JO B|geL

SJuUauU0)D JO 3|geL SJuUauU0)D JO 3|geL

SJUaU0D JO B|0eL



- 40

Table 9 — Detailed Changes of Total Head (m) after Soil Nails are installed

in a Slope with aVertical Low K Zone (Model 8)

L ocation Head w_ithout Head With _Change % Change
Nail Nail in Head in Head
C 23.0 23.3 0.3 1.2
D 23.2 23.6 0.4 1.7
E 13.2 20.4 7.2 55.0
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Table 10 — Detailed Changes of Total Head (m) at Points C and D for Soil Nailing
in an Uniform Slope with varied Distance (L) from the Toe to the
Left Boundary (Model 9) (for L = 6.4, 8.0, and 10.0 m)

Distance Head at Point C Head at Point D
(m) from
Toeto No | with || % No | With | %

Left Nail | Nail Increase | Nail Nail Increase

Boundary
6.4 13.04 | 14.95 191 12.8 13.38 | 16.44 3.06 22.8
8.0 13.20 | 15.01 1.82 13.8 13.54 | 16.50 2.96 219
10.0 13.27 | 15.07 1.79 135 13.62 | 16.56 2.94 21.6
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Table 11 — Detailed Changes of Total Head (m) at Points C and D (Model 10)

Head With Nail With Nail and Pseudo K
Location | Without
Nail Head | Change | Change% | Head Change | Change %
C 13.2 15.0 1.8 13.8 15.6 2.4 18.1
D 135 16.5 3.0 21.9 17.2 3.6 26.8

Table 12 — Total Inflow, Outflow through the Surface of the Cut Slope, and Outflow
through the Left Boundary for the Slope without Soil Nails, with Discrete
Nails, and with *Nail plus apseudo K for the Soil Nail Zone’ (Model 10)
(unit: m%s over unit width)

. . . With Nails +
No Nail With Nails Pseudo K
Tota Inflow 3.17 x 10° 3.12x 10° 2.98 x 10-6
Outflow through cut 1.30 x 10°® 1.34 x 10°° -1.09 x 10-6
slope surface (%) (41.0%) (42.9%) (36.6%)
Outflow through left 1.87 x 10° 1.78 x 10° -1.89 x 10-6
boundary (%) (59.0%) (57.1%) (63.4%)
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Table 13 — Changes of Total Head (m) at Points A and D in aLayered Slope
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with and without Soil Nails during Rainstorm Conditions (Model 11)
(% Change relates to the Initial Head of 9 m)

Head At A Head At D
Time | Head with Nail Head without Nail Head with Nail Head without Nail
d
- Head ChZ?lge Head ChZ(r)lge Head ChZ?\ge Head ChZ;ge
1 9.6 7 9.8 9 10.3 14 9.7 8
2 10.2 13 10.5 17 11.4 26 10.4 16
3 10.6 17 11.0 22 12.2 36 11.0 22
4 10.8 20 11.3 26 12.9 43 115 28
Table 13B — Changes of Total Head (m) at Points A and D in alayered Slope
with and without Soil Nails during Rainstorm Conditions
using Pseudo K (Model 11B)
(% Change relates to the Initial Head of 9 m)
Head At A Head At D
Time | Head with Nail Head without Nail Head with Nail Head without Nail
d
- Head ChZ:]ge Head ChZ(r)lge Head Ch(;/;ge Head Ch(;/;ge
1 9.2 2 9.3 3 10.2 14 9.6 7
2 94 4 9.6 6 11.3 26 10.3 15
3 9.6 7 9.9 10 12.2 35 10.9 21
4 9.8 9 10.3 14 12.9 43 11.4 26
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Table 14 — Total Head (m) at A, B, C, and D in aUniform 3D Slope (Model 12)

, _ Head Head Head Head
Brief Description of Models aA 4B 4C 4D
Uniform slope 10.231 10.250 10.193 10.983
With nails 10.231 10.252 10.195 11.003

Table 15— Total Head (m) at A, B, C, and D in aLayered 3D Slope (Model 12)

. - Head Head Head Head
Brief Description of Models a4 A 4B o4 C 4D
Layered slope 10.911 11.012 11.035 11.615
With nails 10.920 11.026 11.051 11.642
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Table 16 — Total Head (m) at A, B, C, and D for a Soil Nail Zone of Low Hydraulic

Conductivity in aUniform 3D Slope (Model 13)

Case Brief Description of Head Head Head Head
Models a A aB acC aD
Uniform slope 10.231 10.250 10.193 10.983
2 With nails 10.231 10.252 10.195 11.003
With nail zone
3 (K =107 m/s) 13.022 16.698 18.811 20.258

Table 17— Total Head (m) at A, B, C, and D for a Soil Nail Zone of Low Hydraulic
Conductivity in aLayered 3D Slope (Model 13)

Case Brief Description of Head Head Head Head
Models a A aB acC abD
Layered slope 10.911 11.012 11.035 11.615
2 With nails 10.920 11.026 11.051 11.642
With nail zone
3 (K = 107 ms) 12.525 16.777 19.449 20.291
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Table 18 — Detailed Changes of Total Head (m) at Point D for Soil Nailing
inaLayered 3D Slope with and without Soil Nails under

Uniform Rainstorm Conditions (Model 14)

Time (day) Without Nail With Nail
1 9.162 9.161
2 9.560 9.561
3 10.172 10.176
4 10.890 10.898

Table 19 — Detailed Changes of Total Head (m) at Point D for Soil Nailing
inaLayered 3D Slope with and without Soil Nails under

Non-uniform Rainstorm Conditions (Model 14B)

Time (day) Without Nail With Nail
1 9.127 9.128
2 9.457 9.460
3 9.965 10.972
4 10.554 10.565
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Table 20 — Comparison of the Total Head (m) obtained from 3D and 2D
Modelling of a Uniform Slope (Model 15)
[ The numbers in the brackets are coordinates (m)]

3D Results 2D Results
A(14,11) 10.231 A’(13.9, 11.6) 11.550
B(20, 11) 10.252 B’(19.6, 10.7) 12.195
C(26, 11) 10.195 C'(26.3, 10.8) 12.642
D(26, 17) 11.003 D’(26.2, 16.9) 13.065
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Table 21 — Summary of Stability Analysisfor Various Models

48

Minimum Factor of Safety

After Soil Nailing

Model No. Condition Before soil
Nailing pseudo-K worst case
case (% reduction*)
4 (4B) Unconfined three layer slope 0.71 1.40 0.94
(eg typical saprolite with (-32.9%)
colluvial cover)
5(5B) Confined three layer slope 0.95 1.79 0.92
(eg high permeability shear (-48.6%)
zone within saprolite soil)
7 (7B) Low permeability zone within 0.93 1.65 1.53
uniform soil (-7.3%)
(eg persistent clay seams
within saprolite soil)
8 (8B) Confined case due to vertical 0.92 12 0.83
zone of low permeability (-30.8%)

(eg low permeability dyke
within saprolite soil)

Soil nail layout is based on the recommendations of GEO Report No. 56 for the typical slope
height of the above models, as adopted in the groundwater modeling for this Study

* reduction in F of Sisin comparison to the ‘ pseudo-K’ case
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Figure 1 — Configuration of Soil Nailing in Slopes
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A uniform infiltration is applied to the ground surface. The head at the left boundary is
fixed, with a piezometric surface at 9 m. Other boundaries are set to be no flow
boundaries. The three zones represent colluvium or fill, saprolite and bedrock. The red
lines represent soil nails. Locations A, B, C and D are monitored as the model is run

Figure 2 — Basic Slope Configuration used in this Study
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Figure 3 (Model 1) — Possible Six Locations for a Single Soil Nail in aUniform Slope
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Figure 4 (Model 1) — Changes of Total Head in the Slope at Observation Points
A to D after aSoil Nail isinstalled at different Locations
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(A) Flow in slope of
K=10"° m/s, No nail

(B) Flow in slope with
nail at Location 2

(C) Flow in dlope with
nail at Location 4

(D) Flow in slope with
nail at Location 6

Note that a perched water table (blue line) and two seepage zones are generated and that
the head below the nail can be reduced when the groundwater flow is blocked by the

nail (Location 4, Figure 5C).

Figure5 (Model 1) — (A) Flow net with no Soil Nail; (B) Nail installed at Location 2;
(C) Nail installed at Location 4; (D) Nail installed at Location 6
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Figure 6 (Model 2) — Contours of Change of Total Head (m) in the Slope
with a Group of Soil Nails
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Figure 7 (Model 2) — Uniform Slope with K =10 m/s before (A) and after (B) Soil Nailing
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(A) Flow in slope with
K =10° m/s

Figure 8 (Model 3) — Comparison of Flow Patterns and Water Tables before (l€eft)

And After (right) Soil Nailing for a Uniform Slope with
K =10° m/s (A), 10° m/s (B), 5 x 10" m/s (C)
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Figure 9 (Model 4) — Comparison of Flow Patterns and Water Tables before (A)

and after (B) Soil Nailing for a Three-layer Slope
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K =10°
4 pseudo K of nails 25 K =10°
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3 > K =10

11m pseudo K of nails
8.2x 10°

K = Hydraulic Conductivity

Figure 9C — Pseudo K (m/s) calculated for Model 4B

(Vaues calculated with regard to Area Footprint
of Nailsin Plan within the Parent Soil)
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Figure 9D (Model 4B) — Flow Patterns and Water Table after Soil Nailing
for a Three-layer Slope using Pseudo K
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Figure 10 (Model 5) — Comparison of Flow Patterns and Water Tables before (A)
and after (B) Soil Nailing for a Three-layer Slope with the
Highest Hydraulic Conductivity Zone in the Middle
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(e.g. colluvium and loose colluviunvfill)

pseudo K of nails

8x 107 (e.g.1V/V Granite Saprolite)

pseudo K of nails
8x10°

s (e.g. 11111 Granite)

K =10%

pseudo K of nails
8.2x10°

Figure 10C — Pseudo K (m/s) calculated for Model 5
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Figure 10D (Model 5B) — Flow Patterns and Water Table after Soil Nailing for a

Three-layer Slope with Highest Hydraulic Conductivity
Zone in the Middle using Pseudo K
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Figure 11 (Model 6) — Horizontal Nails and Mesh System in a layered Slope or Uniform
Slope if all the Zones are given the Same Hydraulic Conductivity
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(D) Flowin
layered slope

(A) flow in uniform slope

(E) Flow in slope with

(B) Flow in slope with S .
inclined nails

inclined nails

(C) Flow in slope with
horizontal nails

(F) FHlow in dlope with
horizontal nails

LK -

(A) = (C): no nail, inclined nail, and horizontal nail in auniform slope; (D) — (F) no nalil,
inclined nail, and horizontal nail in alayered slope

Figure 12 (Model 6) — Comparison of Changesin Flow Patternsin a Uniform Slope (left)
And a Three-layer Slope (right) in response to Inclined or
Horizontal Soil Nails
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Figure 13 (Model 7) — Soil Nails and Mesh System in the Layered Slope with

Thin Zone of Low Hydraulic Conductivity
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Figure 14 (Model 7) — Comparison of Flow Patterns and Water Tables before (A) and after (B)

Sail Nailing for a Slope with Thin Zone of Low Hydraulic Conductivity
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Figure 14C — Pseudo K (m/s) calculated for Model 7B
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Figure 14D (Model 7B) — Flow Patterns and Water Table after Soil Nailing for a

Three-layer Slope with a Thin Zone of Low Hydraulic
Conductivity using Pseudo K
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Figure 15 (Model 8) — Soil Nails and Mesh System in a Uniform Slope with

a Vertical Dyke of Low Hydraulic Conductivity
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Figure 16 (Model 8)— Comparison of Flow Patterns and Water Tables before (A) and

after (B) Soil Nailing for a Slope with a Vertical Dyke of Very
Low Hydraulic Conductivity
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(A) L=6.4 m

Where L =6.4 m (A), 8.0 m (B), and 10.0 m (C)

Figure 17 (Model 9) — Comparison of flow patterns and water tables before (left) and
after (right) soil nailing for a uniform slope with K =10 m/s
and varied distance from the toe to the left boundary
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Soil nail zone, shown in brown, is given a Pseudo K of 107> m/s

Figure 18 (Model 10) — Soil Nail Zone with a Pseudo Hydraulic Conductivity
in a Uniform Slope
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Figure 19 (Model 10) — Flow Pattern in a Uniform Slope, without Soil Nails (A), with

Discrete Soil Nails (B) and with Soil Nail Zone of pseudo K (C)
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(A) Water table at t=0, 2,
4 days (no nail)

(B) Water table at t=0,
2, 4 days (with nail)

(C) Saturated water body
t=20 days (no nail)

(D) Saturated water body
at t=20 days (with nail)

Figures A and B show the water table at time = 0, 2, 4, days and Figures C and D
show the water table or saturated water body at time = 20 days, the number 0 on the

boundary indicates pressure =0.

Figure 20 (Model 11) — Comparison of Water Tablesin aLayered Slope with (right) and

without (left) Soil Nails under Rainstorm Conditions
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(A) Water table at t=0, 2, 4
days (no nail)

50%Rain

20%Rain

0%Rain

(B) Water table at t=0, 2, 4
days (with nail)

(C) Saturated water boundary
at t=20 days (no nail)

(D) Saturated water boundary
at t=20 days (with nail)

Figures A and B show the water table at time = 0, 2, 4, days, Figures C and D show the

water table or saturated water body at time =

indicates pressure = 0.

20 days, the number 0 on the boundary

Figure 21 (Model 11B) — Comparison of Water Tablesin alayered Slope with (right)
and without (left) Soil Nails under Rainstorm Conditions

using Pseudo K
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Figure 22 — The Finite-element System used for 3D Modelling in this Study
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Figure 23 (Model 12) — Simulated Total Head Distribution (A) and Water Table (B)

inaUniform 3D Slope
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(The small red squares shown on the slope surface are the soil nail locations)

Soil Nails (A) and aLayered 3D Slope with Soil Nails (B)

Figure 24 (Model 12) — Simulated Total Head Distributionsin a Uniform 3D Slope with
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Figure 25 (Model 13) — Simulated Total Head Distributions for a Soil Nail Zone with low

Hydraulic Conductivity in aUniform 3D Slope (A) and

alLayered 3D Slope (B)
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(A)

Red Bars represent the Soil Nails

See Figure 22 for location of cross section

Figure 26 (Model 14) — Water Table along Cross Section I-11 in alayered 3D Slope without

(A) and with (B) Soil Nails after Four Days of Rainstorm Conditions
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(A)

Red Bars represent Soil Nails

See Figure 22 for Location of cross section

without (A) and with (B) Soil Nails after Four Days of

Non-uniform Rainstorm Conditions.

Figure 27 (Figure 14B) — Water Table along Cross Section I-11 in alayered 3D Slope
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Figure 28 (Model 15) — 2D Model for Comparison with the 3D Model for a Uniform Slope

with Soil Nails (ie Figure 23B)
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Unconfined Case - eg saprolite with
colluvial cover 3m
k =10°/10*

(eg colluvium)

T

Design GWT for
worst case

k = 10 (eg saprolite)

H =10m .. Design GWT for
existing condition
and pseudo-K case

k = 108 (eg bedrock)

k = hydraulic conductivity

Figure 29 — Cross Section for Stability Analysis of Model 4/ 4B
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Confined Case - eg high permeability
zone within saprolite

K =106 (eg saprolite)

Design GWT for
.« = Worst case

o —T

k=10* (eghighK
zone)
H =10m

k = 10 (eg saprolite)

Design GWT for
existing condition
and pseudo-K case

k = hydraulic conductivity

Figure 30 — Cross Section for Stability Analysis of Model 5/ 5B
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L ow Permeability Case- eg persistent clay
seam within saprolite

k =10%
. Perched GWT
25 for worst case
A k =108
15° _NV_ ..

H =10m

2m ' T = worst case
—
B s I v _.
_ y v (== T =  Design GWT for
e 55° existing condition
and pseudo-K case
3m 11m Bedrock

k = hydraulic conductivity

Figure 31 — Cross Section for Stability Analysis of Model 7/ 7B

SJuUauU0) JO 3|geL

SJuUauU0)D JO 3|geL SJuUauU0)D JO 3|geL

SJuUaU0) JO 3|geL



L ow Permeability Case- eglow permeability
dyke within saprolite

A Design GWT for
worst case

H =10m

_\(eg saprolite)

\
T

Design GWT for
existing condition
and pseudo-K case

\
—
AN

k=108
(eg weathered dyke)

k = hydraulic conductivity

Figure 32 — Cross Section for Stability Analysis of Model 8/ 8B
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Calculation of Psuedo-Kx between consecutive nails using an Area Based Equation (Figure A)

Equation used

An
Kn
As
Ks

(An.Kn)+(As.Ks)

(An + As)
Area of nail
Hydraulic conductivity of the soil nail
Area of sall

Hydrualic conductivity of the soll

Soil nail spacing is 1.5 m
Soil Nail Hydraulic conductivity is 10
Soil Hydraulic conductivity 10™

m r

Area of Soil Nail m 3.14152 0.15 0.0706842
K of Soil Nail 1x10”
An.Kn 7.06842E-11
Area of Soil Between Nails (1.5 x 0.3)-Area of soil nail 0.379316
As.Ks 3.79316E-05
Therefore (An.Kn)+(As.Ks) = 7.07E-11 + 3.79E-05
(An + As) 0.45
Kx = 8.42926E-05
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Calculation of Psuedo-Ky between consecutive nails using an Area Based Equation (Figure B)

Equation used (An.Kn)+(As.Ks)
(An + As)
An Area of nail
Kn Hydraulic conductivity of the soil nail
As Area of soil
Ks Hydrualic conductivity of the soll

Soil nail spacing is 1.5 m
Soil Nail Hydraulic conductivity is 107
Soil Hydraulic conductivity 10™

Height of slope = 10 m and contains 6 rows of nails

Soil strip width 1.5 m

Area of Soil Nalil
K of Soil Nail 1x10°°

An.Kn

Area of Soil Between Nails

As.Ks

Therefore (An.Kn)+(As.Ks) =
(An + As)

Ky =

length with
1 0.3 0.3

3E-10
1 1.5=1*1.5-0.3 1.2

0.00012
3E-10 + 0.00012

15
8.00002E-05
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Calculation of Psuedo-Kx between consecutive nails using an Area Based Equation (Figure A)

Equation used

An
Kn
As
Ks

(An.Kn)+(As.Ks)

(An + As)
Area of nail
Hydraulic conductivity of the soil nail
Area of sail

Hydrualic conductivity of the soll

Soil nail spacing is 1.5 m
Soil Nail Hydraulic conductivity is 107
Soil Hydraulic conductivity 10

m r

Area of Soil Nail T 3.14152 0.15 0.0706842
K of Soil Nail 1x10°
An.Kn 7.06842E-11
Area of Soil Between Nails (1.5 x 0.3)-Area of soil nail 0.379316
As.Ks 3.79316E-06
Therefore (An.Kn)+(As.Ks) = 7.07E-11 + 3.79E-06
(An + As) 0.45
Kx = 8.4294E-06
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Calculation of Psuedo-Ky between consecutive nails using an Area Based Equation (Figure B)

Equation used (An.Kn)+(As.Ks)
(An + As)
An Area of nail
Kn Hydraulic conductivity of the soil nail
As Area of soil
Ks Hydrualic conductivity of the soil

Soil nail spacing is 1.5 m
Soil Nail Hydraulic conductivity is 107
Soil Hydraulic conductivity 10°

Height of slope = 10 m and contains 6 rows of nails

Soil strip width 1.5 m

Area of Soil Nail
K of Soil Nail 1x10°

An.Kn

Area of Soil Between Nails

As.Ks

Therefore (An.Kn)+(As.Ks) =
(An + As)

Ky =

length

3E-10

0.000012

8.0002E-06

with
0.3 0.3
1.5=1*1.5-0.3
3E-10 +

1.2

0.000012

15
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Calculation of Psuedo-Kx between consecutive nails using an Area Based Equation (Figure A)

Equation used

An
Kn
As
Ks

(An.Kn)+(As.Ks)

(An + As)
Area of nail
Hydraulic conductivity of the soil nail
Area of sall

Hydrualic conductivity of the soll

Soil nail spacing is 1.5 m
Soil Nail Hydraulic conductivity is 10
Soil Hydraulic conductivity 10

m r

Area of Soil Nail m 3.14152 0.15 0.0706842
K of Soil Nail 1x10”
An.Kn 7.06842E-11
Area of Soil Between Nails (1.5 x 0.3)-Area of soil nail 0.379316
As.Ks 3.79316E-07
Therefore (An.Kn)+(As.Ks) = 7.07E-11 + 3.79E-07
(An + As) 0.45
Kx = 8.43081E-07
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Calculation of Psuedo-Ky between consecutive nails using an Area Based Equation (Figure B)

Equation used (An.Kn)+(As.Ks)
(An + As)
An Area of nail
Kn Hydraulic conductivity of the soil nail
As Area of soil
Ks Hydrualic conductivity of the soll

Soil nail spacing is 1.5 m
Soil Nail Hydraulic conductivity is 10
Soil Hydraulic conductivity 10

Height of slope = 10 m and contains 6 rows of nails

Soil strip width 1.5 m

length
Area of Soil Nail 1
K of Soil Nail 1x10°°
An.Kn 3E-10
Area of Soil Between Nails 1
As.Ks 0.0000012
Therefore (An.Kn)+(As.Ks) =
(An + As)
Ky = 8.002E-07

with
0.3 0.3
1.5=1*1.5-0.3
3E-10 +

1.2

1.2E-06

15
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Calculation of Psuedo-Kx between consecutive nails using an Area Based Equation (Figure A)

Equation used

An
Kn
As
Ks

(An.Kn)+(As.Ks)

(An + As)
Area of nail
Hydraulic conductivity of the soil nail
Area of sall

Hydrualic conductivity of the soll

Soil nail spacing is 1.5 m
Soil Nail Hydraulic conductivity is 10
Soil Hydraulic conductivity 10

m r

Area of Soil Nail m 3.14152 0.15 0.0706842
K of Soil Nail 1x10”
An.Kn 7.06842E-11
Area of Soil Between Nails (1.5 x 0.3)-Area of soil nail 0.379316
As.Ks 3.79316E-09
Therefore (An.Kn)+(As.Ks) = 7.07E-11 + 3.79E-09
(An + As) 0.45
Kx = 8.58632E-09
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Calculation of Psuedo-Ky between consecutive nails using an Area Based Equation (Figure B)

Equation used (An.Kn)+(As.Ks)
(An + As)
An Area of nail
Kn Hydraulic conductivity of the soil nail
As Area of soll
Ks Hydrualic conductivity of the soll

Soil nail spacing is 1.5 m
Soil Nail Hydraulic conductivity is 107
Soil Hydraulic conductivity 10

Height of slope = 10 m and contains 6 rows of nails

Soil strip width 1.5 m

Area of Soil Nalil
K of Soil Nail 1x10°°

An.Kn

Area of Soil Between Nails

As.Ks

Therefore (An.Kn)+(As.Ks) =
(An + As)

Ky =

length

3E-10

0.000000012

8.2E-09

with
0.3 0.3
1.5=1*1.5-0.3
3E-10 +

1.2

1.2E-08

15
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Elevation (mPD)

12

10

Unconfined Case
(eg saprolite with colluvial cover)
consider infiltration and perched water table

Case 1) Groundwater for soil nails influence modelled using pseudo-k approach V
° /

LPMT
File Name: Figure Bl.slp
Analysis Method: Morgenstern-Price

Colluvium
Unit Weight: 19
/  Cohesion: 3

P /  Phi: 33
Soil nails:

Drillhole dia. = 100mm
Bar dia = 32mm
Spacing = 1.5m c/c both horizontal and vertical

— Slip FOS w/o FOS w/ Granite Saprolite

No.  soil nail soil nail Unit Weight: 19
1 0.955 >1.4 Cohesion: 5
1.047 4.303 Phi: 36

1.159 2.695

0 2 4 6 8 10 12 14 16 18 20
Distance (WD Scale 1:100

Figure B1 — Stability Analysis of Model 4 Before and After Soil Nailing

Elevation (mPD)

10

Unconfined Case
(eg saprolite with colluvial cover)
consider infiltration and perched water table

Case 2) Groundwater for worst case damming effect of soil nails
[
LPMT
File Name: Figure B2.slp
Analysis Method: Morgenstern-Price

/ Colluvium

Unit Weight: 19
/ Cohesion: 3
Soil nails: Phi: 33
Drillhole dia. = 100mm
Bar dia = 32mm
Spacing = 1.5m c/c both horizontal and vertical
~ GWT

I~ slip Fosw

No. soil nail
1 >1.4
2 3.949
gl— 3 2.344
: i3 11m
5 1.243
6 0.953
61— 7 0.935 .
’ o Granite Saprolite
Unit Weight: 19
{IVIV Granite Saprolite} “11m Cohesion: 5
! Phi: 36
2
M
° \
0 2 4 6 8 10 2 1 5 18 »
Distance (m) Scale 1:100

Figure B2 — Stability Analysis of Model 4B Assuming a Worst Case Groundwater

Due to Damming Effect of Soil Nails
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Confined Case with Soil Nails
(high permeability zone within saprolite e.g. ashear zone)

Casel) Groundwater for soil nails influence modelled using pseudo-k approach

¢ LPMT Saprolite
File Name: Figure B3.slp gz‘l:evsvli'r?h; 1
Analysis Method: Morgenstern-Price Phi: 36 ’

Soil nail:
Drillhole dia. = 100mm
Bar dia = 32mm
[~ Spacing = 1.5mc/c both horizontal and vertical

Slip  FOS wio FOsS w/

No.  soil nail soil nail
1 0.948 >1.4
81— 2 0.935 >1.4
3 1.030 1.887
4 1.160 1.787
5 1.348 1.842

Elevation (mPD)
®
I

{V sap

11m

{V Saprolite}
High permeability

| GWT

rolite}

Low permeability

0 2 4 6 8 10 12 14 16
Distance (m) Scale 1:100

18 20

Figure B3 — Stability Analysis of Model 5 Before and After Soil Nailing

Confined Case with Soil Nails
(high permeability zone within saprolite e.g. ashear zone)

Case?2) Groundwater for worst case damming effect of soil nails

@ LPVT Saprolite
File Name: Figure B4.slp gg;:egz:gh;: 19
Analysis Method: Morgenstern-Price Phi: 36 3
Soil nail:
Drillhole dia. = 100mm
Bar dia = 32mm
[~ Spacing = 1.5mc/c both horizontal and vertical

Slip FOSw
No. soil nail
1 >1.4
8 — 2 1.402
3 1.084
4 1.034
5 1.090

Elevation (mPD)
>

11im

{V Saprolite}
High permeability

~ GWT

11m

{V Saprolite}
Low permeability

0 2 4 6 8 10 12 1 6
Distance (m) Scale 1:100

18 20

Figure B4 — Stability Analysis of Model 5B Assuming a Worst Cast Groundwater

Due to Damming Effect of Soil Nails
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®

10 —

Elevation (mPD)
I

Persistent Low Permeability Layer Case

Case 1) Groundwater for soil nails influence modelled using pseudo-k approach

LPMT 5)‘
File Name: Figure B5.slp /
Analysis Method: Morgenstern-Price

. ) / Saprolite
Soil nail: / / Unit Weight: 19
Drillhole dia. = 100mm / ; / Cohesion: 5
. {V Saprolite} N
Bar dia = 32mm g iy Phi:36

/ . e
/ High permeabijlity
7 )

/ /

Slip FOSw/o FOSw/ /Low permeability
No. soil nail soil nail

1 0.948 >1.4
2 0.927 2.123
3 1.012 1.722
4 1.130 1.649
5 1.286 1.699

Spacing = 1.5m c/c both horizontal and vertical

4l—
2=
" 11m
{Bedrock
0 1im | |
0 2 4 6 8 10 2 14 6 8 »
Distance (m) Scale 1:100

Figure B5 — Stability Analysis of Model 7 Before and After Soil Nailing

Persistent Low Permeability Layer Case

Case 2) Groundwater for worst case damming effect of soil nails

¢ Lpmr
File Name: Figure B6.slp

Analysis Method: Morgenstern-Price Saprolite

Soil nail: / Unit Weight: 19
Drilhole dia. = 100mm v Shoroey | Cohesion: 5
i : High permeability Phi: 36
12 — Bar dia = 32mm )
Spacing = 1.5m c/c both horizontal and vertical / /
S/ / PWT_ v saprolite}

10— il;p Fsc;ﬁ :g" / — / Low permeability
o S/
3 1.570
8 4 1524
&) 5 1.586 1m
a
£
ﬁ
)
{Bedrock}
. 11m | I
Distance (m) Scale 1:100
Figure B6 — Stability Analysis of Model 7B Assuming a Worst Cast Groundwater

Due to Damming Effect of Soil Nails
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14

12

10

Elevation (mPD)
®

Confined Case
(Damming effect of alow permeability dyke)

[ Case 1) Groundwater for soil nails influence modelled using pseudo-k approach )1

LPMT

— File Name: Figure B7.slp

Analysis Method: Morgenstern-Price [ GWT
Soil nail:

— Drillhole dia. = 100mm
Bar dia = 32mm

Spacing = 1.5m c/c both horizontal and vertical .
Saprolite

Unit Weight: 19
Cohesion: 5
Phi: 36

Slip FOSwo FOSw
No.  soil nail soil nail
1 0.921 >1.4

2 0.915 1.838
3 0.929 1.447
4 0.934 1.273 1im
5 0.957 1.202

Distance (m) Scale 1:100

Figure B7 — Stability Analysis of Model 8 Before and After Soil Nailing

16 —

12 —

Elevation (mPD)
®

[ File Name: Figure B8.slp

Confined Case
(Damming effect of alow permeability dyke)

Case 2) Groundwater for worst case damming effect of soil nails )‘

LPMT

Analysis Method: Morgenstern-Price

Soil nail:
Drillhole dia. = 100mm
Bar dia = 32mm

Spacing = 1.5m c/c both horizontal and vertical Saprolite
[ Unit Weight: 19
Slip FOS w/ Cohesion: 5
No. soil nail Phi: 36
1 >1.4

2 1.187
3 0.866
4
5

0.829
0.872

Figure B8 — Stability Analysis of Model 8B Assuming a Worst Cast Groundwater

Due to Damming Effect of Soil Nails
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APPENDIX C

ADDITIONAL MODELLING FOR LARGE THROUGH-FLOW
OF GROUNDWATER
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Additional Modéelling for Large Through-flow of Groundwater

1. Introduction

Following completion of the draft Study Report, comments were received during the
presentation of the findings of the study at the LPM Liaison Meeting in October 2005. As a
result additional model has been run to study the case where a large through-flow of
underground water affects the model.

2. Modedl 3-add: Soil Nailsin Uniform Slope with a Fixed Head Upper Boundary

Model 3B (see Figure 8), a uniform slope with background K = 10°® m/s, was selected
to undertake this additional modelling. The following modifications were made to the original
model:

(1) The upper vertical boundary is changed to a fixed boundary condition, with a
head at 20 mPD, to model the situation where a large amount of underground
water flows into the model from upsiope.

(2) Thereisno infiltration from rainfall.

(3) Sail nails are modelled using a pseudo-K of 8 x 107 m/s

All other aspects of the model remain unchanged.

2. Comparison of Additional Modelling

The modified model has been run before and after soil nailing and the two cases have
been compared with the detailed changes in head at Points A, B, C and D shown in attached
Table 3b.

The simulation results show that there is very little change in total head as a result of
the soil nailing. In addition, the flow patterns and water table in the slope are very similar
before and after soil nail installation. It is noted that the fixed head boundary at 20 mPD
results in higher groundwater levels in the slope than for the original Model 3, which adopted
infiltration as the source of water in that model.

Thus despite the increased water levels, as a result of adopting a fixed head upper
boundary, the simulation again demonstrates that the soil nails themselves have little or no
affect on the relative groundwater levels in the slope, providing that there is no significant
lateral migration of grout (ie the pseudo-K case).
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Table 3b — Detailed Changes of Total Head (m) after Soil Nailing a Uniform Slope
with Fixed Head Upper Boundary (Model 3b)

Location | Head without Nail | Head with Nail | Changein Head | % Change in Head
A 14.103 14.072 -0.031 -0.22
B 15571 15.563 -0.008 -0.05
C 17.177 17.186 0.009 0.05
D 17.208 17.230 0.022 0.13
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20

THHH

Distance (m)
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012345678

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44
Distance (m)

Model 3-add — Comparison of Flow Patterns and Water Tables before (top) and
after (bottom) Soil Nailing a Uniform Slope with K = 10° m/s
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GEO PUBLICATIONS AND ORDERING INFORMATION
EINTRERTIY RETRER

A selected list of mgjor GEO publications is given in the next
page. An up-to-date full list of GEO publications can be found at
the CEDD Website http://www.cedd.gov.hk on the Internet under
“Publications’. Abstracts for the documents can also be found at
the same website. Technical Guidance Notes are published on
the CEDD Website from time to time to provide updates to GEO
publications prior to their next revision.

Copies of GEO publications (except maps and other
publications which are free of charge) can be purchased either
by:

writing to

Publications Sales Section,

Information Services Department,
Room 402, 4th Floor, Murray Building,
Garden Road, Central, Hong Kong.
Fax: (852) 2598 7482

- Calling the Publications Sales Section of Information Services
Department (I1SD) at (852) 2537 1910

- Visiting the online Government Bookstore at
http://bookstore.esdlife.com

- Downloading the order form from the |SD website at
http://www.isd.gov.hk and submit the order online or by fax to
(852) 2523 7195

- Placing order with 1SD by e-mail at puborder@isd.gov.hk

1:100 000, 1:20 000 and 1:5 000 maps can be purchased from:

Map Publications Centre/HK,

Survey & Mapping Office, Lands Department,
23th Floor, North Point Government Offices,
333 Java Road, North Point, Hong Kong.

Tel: 2231 3187

Fax: (852) 2116 0774

Requests for copies of Geological Survey Sheet Reports,
publications and maps which are free of charge should be sent
to:

For Geological Survey Sheet Reports and maps which are free of
charge:

Chief Geotechnical Engineer/Planning,

(Attn: Hong Kong Geological Survey Section)
Geotechnical Engineering Office,

Civil Engineering and Development Department,
Civil Engineering and Development Building,
101 Princess Margaret Road,

Homantin, Kowloon, Hong Kong.

Tel: (852) 2762 5380

Fax: (852) 2714 0247

E-mail: jsewell @cedd.gov.hk

For other publications which are free of charge:
Chief Geotechnical Engineer/Standards and Testing,
Geotechnical Engineering Office,

Civil Engineering and Development Department,
Civil Engineering and Development Building,

101 Princess Margaret Road,

Homantin, Kowloon, Hong Kong.

Tel: (852) 2762 5346

Fax: (852) 2714 0275

E-mail: wmcheung@cedd.gov.hk
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