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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://lwww.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
isgiven on the last page of this report.

(e

R.K.S. Chan
Head, Geotechnical Engineering Office
August 2006
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FOREWORD

The Drill Process Monitoring (DPM) technique was
developed by the Department of Civil Engineering, University
of Hong Kong for rea-time, continuous monitoring of soil nail
drilling operation and site characterization based on the
measured drill penetration rates. A trial use of the technique
was carried out at a sope upgrading works site under the
Landslip Preventive Measures (LPM) programme to evaluate
the feasibility of adopting the technique. This Report describes
the mechanism of drill-hole formation, discusses the various
factors affecting drill penetration rates and reports the results of
the sitetrial.

This study was undertaken by Mr J.S. Lam under the
supervision of Mr C.K. Siu. The triadl was carried out in
collaboration with the Department of Civil Engineering,
University of Hong Kong and the Works Division who
respectively provided the DPM equipment and made the
necessary arrangements for conducting the trial in a LPM site.
Technical Officers of the Specia Projects Division, Messrs
CK.Lee, SY. Tse and C.P. Wong were responsible for
analyzing and plotting of the test data. All their contributions

are gratefully acknowledged.
%

W.K. Pun
Chief Geotechnical Engineer/Standards and Testing
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ABSTRACT

The University of Hong Kong has devel oped a technique,
viz. Drilling Process Monitoring (DPM), to monitor the drilling
process for soil nailing works and have used it to characterize
the ground conditions at a number of slopes. In collaboration
with the HKU, atrial use of the DPM technique was carried out
at asite under the LPM programme.

The objective of the study isto find out the possible roles
of the DPM technique in improving the design and construction
process of soil nailing works. DPM data from a total of 111
drill holes formed using a rotary percussive down-the-hole
drilling machine were collected and studied.

The study found that data analysis and interpretation
using manual sorting/filtering was rather labor intensive. Apart
from ground condition, penetration rate, being the most
important parameter for characterisation of ground condition,
also depends on other factors including state and construction of
drilling equipment, operator skill, groundwater regime and nall
length. Penetration rate from the DPM system/technique at its
present state has good potential for crude qualitative assessment
of the ground intercepts, especialy for inferring rock.
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1. INTRODUCTION

In Hong Kong, soil nailing is a commonly used technique for enhancing the stability of
dopes. The Civil Engineering Department of the University of Hong Kong (HKU) has
developed a technique to monitor the drilling process for soil nailing works.  The technique,
called Drilling Process Monitoring (DPM), involves continuous monitoring and recording of a
series of parameters representing the full drilling process in real time sequence, including
position of the drill chuck/bit, supply air pressures for percussion action, upward and
downward thrust on the drill bit and rotation of the drill-string using a pneumatic rotary
percussive down-the-hole (DTH) drilling machine. Results of research conducted by the
HKU at a number of sitesin Hong Kong reveal that data collected from the DPM technique
could be used to characterize ground conditions at the slopes.

In collaboration with the HKU, a field trial was conducted by GEO to find out the
possible roles of the DPM technique in improving the design and construction process of soil
nailing works. This report presents the results of the study.

2. PRINCIPLES OF ROTARY PERCUSSIVE DRILLING
2.1 Gened

An understanding of the principles of rotary percussive drilling including methods of
hole formation is essential to the evauation of the application of DPM technique for

improving soil nail design and construction. Relevant literature on this subject was reviewed.

A contractor specialized in soil nail construction was also interviewed to further understand
the mechanism of hole formation and drilling practice in Hong Kong. This Section
documents the findings of this exercise. The focus is on air-driven down-the-hole (DTH)
hammer because it is the main drilling tool for installation of soil nailsin Hong Kong.

2.2 Methods of Hole Formation
2.2.1 Basic Methods of Hole Formation

Forming holes in the ground requires detaching materials from the cut face and
removing the detached materials. The three basic methods of detaching materials from the
ground are percussive crushing, rotary crushing and rotary shearing (Chugh, 1985). In all
three methods, the rock is broken up by applying high pressure from a button or an insert of
cemented carbide. Figure 1 shows the general principles.

In percussive crushing, a number of hard conical buttons or inserts at the drill bit
knocks against the cut face. The impact crushes the part of the ground at the tip of the
buttons where stresses concentrate. This impact is generated by a reciproca hammering
mechanism that could be placed outside the hole or inside the hole immediately behind the
cutter bit. A reciprocal mechanism inside the holeis called a down-the-hole (DTH) hammer.

In rotary crushing, the drill bit is equipped with rollers on which conical buttons or
inserts are placed. Therollers rotate with the action of the bit, so that the buttons bear on the
cut face in turn to crush the ground.
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In rotary shearing, hard inserts at the drill bit scrape the face as the bit is rotated and
pressed against the ground.  The inserts are commonly diamond or cemented carbide. This
is the common method for drilling for the purpose of sampling.

The detached ground, in form of chips, is removed from the hole either by air, water or
other forms of drilling fluid. Chips that collect at the face would act as a cushion that
relieves the pressure of the buttons or inserts on the ground. This would reduce the
effectiveness of the cutting action.

2.2.2 Down-the-hole (DTH) Hammer

A DTH hammer can be driven hydraulically or by compressed air. The latter is much
more common for soil nail installation in Hong Kong. The exhaust air from the hammer
also flushes the hole of chips.

When compressed air is applied, the hammer builds up a pressure which, on being
released, drives the piston inside the hammer forward. The piston strikes on the shank
adaptor and releases the kinetic energy to the drill bit. When a button on the drill bit knocks
against the ground, the stress concentration at the tip of the button crushes and displaces the
ground around it. A dent is formed. If the button strikes the dent again, the stress
concentration would be small and further crushing would be minor. To ensure effective
cutting, the cutter head is rotated between strikes. The rotation aso helps cutting by
breaking the ridges between dents. For effective hammering, the bit has to be thrust tight
against the face (Chugh, 1985). For smooth and effective drilling, the thrust needs to be
adjusted to suit the percussion pressure. Generally, a high percussion pressure requires a
high feed and vice versa (Frequent Drillers Club, 2002).

To start drilling, air pressure isfirst applied to the hammer. Thedrill bit is rotated and
pressed against the ground gently until percussion action starts in the hammer.  The thrust is
increased to allow the tool to run smoothly. Chugh (1992) mentioned a minimum thrust of
10 bars. Rotation speed of the bit is also important for optimum penetration. Chugh (1985)
suggested a head rotation of 40 to 60 rpm for button bits of 50 to 90 mm. The rotational
speed could be lower for larger bits to reduce peripheral speed.

2.2.3 Penetration Rate of Percussive Drilling

2.2.3.1 Theory

The penetration rate (R) of a percussion bit depends on the number of strikes of the
hammer per unit time (N) and the energy of each strike (Chugh, 1985). The strike energy is
approximated by the product of the net air pressure on the piston (P), the area of the piston (A)
and the piston stroke (S). Overall, the penetration rate can be expressed as

R = k,NPAS
The product AS is the volume of the cylinder in which the piston travels to do work.

At the end of each cycle, the air in the cylinder is exhausted. If there are N strikes per unit
time, the air-flow rate would be proportional to NAS. The penetration rate could then be
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re-expressed as:
R =k,2PQ
where Q isthe flow rate of compressed air through the hammer

Assuming that the hammer is working properly, ki and k, depend on the condition of
the drill bit, the construction of the hammer, and the ability of the driller to optimize the
percussion, thrust and rotation of the hammer for the particular ground (Kwok, 2004).

The net pressure on the piston (P) is the difference between the air supply pressure and
the back pressure at the cut face of the hole. To maintain an annular flow of air and efficient
cleaning of the debris, a certain amount of pressure at the bottom of the hole is needed (Chugh,
1992). This pressure is called the back pressure. It is this pressure that the hammer must
exhaust into. Chugh (1985) suggested a minimum air-flow rate of 15-30 m/sec for effective
removal of chips in the case of a vertical hole. The velocity needed would reduce with the
inclination of the hole from the horizontal.

2.2.3.2 Discussion

At least some hammers rely on the rebound of the drill bit to activate the upward
stroke of the piston. There will not be percussive action and hence hammering action if the
rebound is too low to activate the upward stroke, as in the case of drilling in soft ground.

Without hammering action, the drill bit will rely on rotary shearing for cutting the
ground. Penetration rate will depend on the thrust pressure and the rotary speed of the bit.
The type and condition of the drill bit can also affect the penetration rate in this case. A
percussion drill bit is not particularly effective for rotary shearing.

Exhaust air from the DTH hammer flushes the hole through the annulus between the
hammer-drill rod string and the wall of the hole. A tight annulus would require high back
pressure to drive the air through it. High back pressure reduces hammer efficiency.
Drillers sometimes surge the rotating drill string to and fro in the hole to enlarge it.

If the hole istoo large, e.g., due to overcutting or wall collapse, the flow velocity at the
annulus may be too low for removing the cuttings and chips. A casing could be inserted to
reduce the annulus to a manageable size.

Long hole would lead to high back pressure, especialy when the length exceed 30 m.
(Chugh, 1977). Enlarging the hole would lower the pressure but then the flow velocity may
not be sufficient to flush the hole of cuttings and chips. Using higher input air pressureisthe
only remedy.

Chips that collect at the face of a hole, apart from cushioning the drill bit against the
face, may block the air outlet of the DTH hammer and stop the hammering action. This
problem is particularly serious if the chips are fine-grained and there is water in the hole
because the chips could then turn into mud. Chips that collect at the face can be cleaned by
occasionally raising the tool 150 to 200 mm for about 1 minute. The uninhibited flow of air
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through the hammer will maximise flow velocity in the hole and help flush out the chips. A
hammer with the air outlet blocked by mud will have to be taken out and cleaned.

Water in a hole could be blown out by compressed air through the hammer at the start
of drilling. Fast ingress of water into the hole will add to the flush load and may result in
high back pressure which is detrimental to the efficiency of the hammer.

Over-drilling and hole collapse are more likely in saturated soil because the ground is
lessstrong. The sameistrue for loose ground.

When drilling upward, e.g. for installing horizontal drains, fragment of materials that
detach from the face could fall down the bore. These could be caught wedged in the annulus
and cause high friction between the drill string and the wall of the hole. The practice was to
slow down rotation and surge the drill string to and fro in the hole until the fragment is worn
down to sufficiently smaller fragments (Kwok, 2004).

2.3 Factors Affecting Penetration Rate

Penetration rate depends on a number of factors including ground conditions, state and
construction of drilling equipment, operator skill, groundwater regime and nail length. The
dependence of penetration rate on ground conditions is complicated, which includes the factor
on whether the ground is firm enough to excite the percussion action of the down-the-hole
hammer. The dependence of penetration rate on the various factors is further discussed in
Section 5.

3. FIELD TRIAL
3.1 Genera

A field trial of the DPM equipment was conducted at the slope 11INW-D/C92 located at
Chung Yee Street, Ho Man Tin in the autumn/fall of 2003. At the time of the trial, the slope
was being upgraded under the Landdlip Preventive Measures (LPM) programme.  Figure 2
shows the location of the slope on plan.

The feature is a cut slope of about 120 m long and 21 m high. Plate 1 shows the
general appearance of the site. A total of 110 soil nails, out of the 418 prescribed for the site,
were monitored using the DPM equipment during the period 4.9.2003 to 8.10.2003. The
drillholes monitored all have a diameter of 115 mm and an inclination of 15° to the horizontal .
Length of the soil nail variesfrom6 mto 11 m. The monitored holes were drilled using the
same drilling machine. Layout of the soil nailsis presented in Figure 3.

3.2 Ground and Groundwater Conditions

According to the Stage 3 Study Report (S3R No. 267/2002) for the slope, no specific
ground investigation had been carried out on the slope (Pau, 2002). However, there is
limited information on ground investigations carried out by others in the vicinity of the slope.
This includes: (i) one vertical borehole and two trial pits behind the slope crest from a Gl
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carried out for the development of the open space behind the slope crest, (ii) one borehole
near the toe of the slope from a Gl for the Ho Man Tin Recreation Leisure Centre across the
street, and (iii) one drillhole and two trial pits near the crest of the slope at its western end
from a Gl carried out at an adjacent slope (11INW-D/C94). Location of these boreholes and
trial pitsare shown in Figure 2.

In general, the Gl information reveals that there is at least 15 m of completely
decomposed granite (CDG) at the slope crest and sound bedrock is at least 15 m below the
slope toe. Fill was encountered at the site but was limited to the vicinity of a masonry wall
located at the crest of the western end of the slope.

A piezometer installed in one of the drillhole (approximately 20 m behind the slope
crest at the western end of the slope) and monitored for a period of two monthsin end of 1999
indicated groundwater level at 52.17 mPD, about 5 m below the slope toe.

An interpreted geological model of the slope presented in the Stage 3 Study Report is
shown in Figures 4 and 5 for reference.

3.3. Drilling Machine and DPM Eguipment
3.3.1 Rotary Percussive Down-the-hole (DTH) Drilling Machine

Air-driven rotary percussive drilling machines were used for the installation of the soil
nails at the site. Plate 2 shows one of the drilling machines. Main components of the
drilling machine comprise a drilling unit mounted on a crawler carrier frame, a manual control
panel and an air compressor. The drilling unit includes a swivel drill chuck equipped with
an air-driven motor for rotation, an air-driven motor for thrust, a loop chain and steel frame
for dliding the drill chuck/drill string, and a drill string with a DTH hammer and a drill bit at
theend. Compressed air from the compressor is fed into the manual control panel whereit is
separated into five channels. The drilling operator uses the control panel to regulate the
supply air pressures to the drilling unit for the execution of various activities of the drilling
unit such as percussion action, downward and upward thrust (push forward and pull-back of
the drill chuck/bit), clockwise and anti-clockwise rotation.

3.3.2 DPM Equipment

The DPM equipment is a portable system, comprising seven (7) sensors and a data
processing and logging unit, powered by a 12V battery. One of the sensors is installed on
the swivel drill chuck of the machine for measuring the rotation speed of the drill stem/bit.
Another one records the forward and backward movement of the drill string by making use of
the loop chain on the drilling machine. The remaining five (5) sensors are pressure sensors
which measure the supply air pressures for (i) the percussion action of the DTH hammer, (ii)
mobilizing a motor to apply upward and downward thrust on the drill stem/bit and (iii)
mobilizing a separate motor for clockwise and anti-clockwise rotation of the drill. These
sensors are instaled on the manual control panel which receives the main air supplies from
the compressor and regulates the air supplies for the various movement of the drilling
machine as controlled by the operator.
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Electrical signals in the form of voltage output are fed into the data processing and
logging unit which samples and records the data in 0.5 or 1.0 second intervals. The data
processing and logging unit has the capacity for storing data generated from 1 day of DPM
operation, after which the data would need to be downloaded. A schematic diagram of the
DPM system installed on a drilling machine is presented in Figure 6.  Plates 3 to 6 show the
keys components of the DPM equipment.

3.4 Operation of DPM Equipment

Installation of the DPM equipment onto the drilling machine was found to be relatively
straight forward.  First, the sensors were mounted onto the drill chuck, the loop chain and the
manual control panel. This was followed by linking the sensors to the data processing and
logging unit with electrical cables. The installation procedure was completed in less than an
hour. While the sensors were left on the drilling equipment for the duration of the
monitoring period, the data processing and logging unit was disconnected from the rest of the
DPM equipment and brought back to the office at the end of each day for data download and
charging of the battery.

Mounting of the sensors onto the drilling machine was conducted by staff of the HKU.
The day-to-day operation of the DPM equipment, complete with hooking and unhooking of
the data processing and logging unit from the sensors and drilling equipment, was mainly
carried out by GEO staff with technical support from the HKU as required.

3.5 DataCollection

In general, data collection was successful. Malfunction of the DPM equipment occurred
occasionaly (mostly to do with eectrical connections), but the situations were readily rectified
by the HKU staff (generally within aday). Some datawas lost as aresult of the malfunction.

4. DATA ANALYSISAND INTERPRETATION
4.1 Typical DPM Data

Raw data downloaded from the data processing and logging unit comprise electrical
signals in the form of voltage output from the seven (7) sensors. These are then converted
into units of pressure and distances using conversions provided by HKU. A typica plot of
the full DPM data is presented in Figure 7. The plot shows in real time over the duration of
monitoring the position of the drill chuck/bit, the applied compressed air pressures associated
with the various movements of drilling machine.

To enhance interpretation of the data, full DPM results are simplified to show the drill
chuck position, the supply air pressure for percussion, the net air pressure for thrust instead of
upward and downward thrust, and the RPM.  Supply air pressures for the rotational movement
of the drill are not shown as the plot of RPM provides essentially the same information for the
interpretation. Figure 8 shows an example of the simplified plots of the DPM data. The
simplified plots of DPM data for the rest of the drillholes are included in Appendix A which is
contained in the CD attached to this report.
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4.2 Interpretation of DPM Data
4.2.1 I|dentification of Various Drilling Activities

The key to the interpretation of DPM data relies largely on identification the various
drilling activities inferred by the data such as penetration of the drill bit (actual advancement
of the drill in soil/rock), push forward and pull-back of the drill chuck/string (without actual
drilling), tightening and un-tightening of the drill rod/stem, flushing (quick back and forth
movement of the drill stem) and pause during drilling.

The chart showing the position of the drill chuck during drilling is the most important
one for the interpretation of drilling activities. However, the interpretation has to be madein
conjunction with the remaining charts with information on percussion, thrust and rotation
movement of the drill. An example of interpretation showing the various drilling activities
inferred by the DPM data is presented in Figure 9. At Line 1 shown in the figure, the drill
bit is penetrating into the ground, i.e. true drilling through solid material. This is
accompanied by percussive action of the hammer with an air pressure about 13 bars, a net
positive supply air pressure for forward thrust and a forward or clockwise rotation. At Line
2, the drill chuck position shows that the bit has reached the furthest point for the run,
indicating that this is the end of the run. This is consistent with a reduction of supply air
pressure for percussion and a negative net air pressure for pull-back of the drill string.

4.2.2 Derivation of Penetration Rate

Data analysis and interpretation focused mainly on derivation of penetration rate as it
is the most important parameter for characterization of the ground. Penetration rate is
expressed as penetration of the drill bit (i.e. actual advancement of the bit through soil/rock)
versustime. The data/chart on the movement of the drill chuck (hence the movement of the
drill bit except when the drill chuck is detached from the drill string for adding rods) in real
time sequence provided most of the information in constructing the penetration depth versus
time plot. However, as the desired drill depth was achieved by adding sections of 1 m long
drill rods one at a time, the chart aso contains data associated with drilling activities that
needed to be carried out for the addition of rods such as pull-back and push forward of the
drill chuck for tightening and un-tightening of rods and resting of the drilling machine (i.e.
when drilling was temporarily halted). Flushing of the hole, which was carried out to clear
the hole of debris from time to time, was recorded as quick pull-back and push forward of the
drill stem.

After identifying and sorting the various drilling activities, the penetration versus time
plot was constructed by joining sections of the data which are associated with penetration only,
i.e. actual drilling. Apart from filtering out activities such as flushing, the exercise also
required the identification of the start and end points of each drill run (i.e. each section of drill
rod). Asdemonstrated by the example shown in Figure 9, the points representing the end of
drilling of each drill rod could normally be identified without much difficulty. However,
accurate identification of the start point was found to be not so easy. This is because after a
rod is added to the drill string, the bit has to travel a certain distance before it is pressed
against the bottom of the hole for further advancement. This distance is unknown and it is
different each time arod is added. The identification of the start point for each drill rod is
further complicated by the movement of the working platform at the start of penetration.
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Backward movement of the platform (i.e. away from the slope), and hence the drill machine,
as a result of providing reaction forces for the drilling would be recorded as a positive
movement of the drill chuck or bit into the slope.  For the purpose of deriving the penetration
rate, the start point of each drill run was located by measuring backward from the end point of
each run (which could be identified) the distance between the start point and the end point of
each drill run which istaken as 1 m (i.e. the length of the drill rod). In reality, the actual drill
depth of each run is not exactly the same as it is not possible for the drilling operator to stop
the drill chuck at exactly the same point at the end of each drill run. Hence, the drill depth of
each rod islikely to be dightly more or lessthan 1 m.

A typical plot of penetration depth of the drill bit versus time based on the data

analysis and interpretation is shown in Figure 10. The plots for the remaining drillholes are
included in Appendix B which is contained in the CD attached to this report.

4.3 Characterization of Ground Condition

Based on the Stage 3 Study Report, materials in the slope (within the reach of the soil
nails) comprise basically CDG.  Whilst thisis consistent with the site observation, corestones
were also observed at the slope surface, which were in more abundance at the western part of
thesite. That is, there are two basic materialsin the slope, CDG and corestones, i.e. soil and
rock in a more general sense. Therefore, in looking at the drill record, it is reasonable to
expect that the penetration rate would reduce distinctively when the drill penetrated from the
CDG (i.e. soil) into the corestones (i.e. rock). This is indeed reflected by the DPM data
where the penetration rate derived for some of the drillholes show abrupt changes along the
ground profile. In fact, the abrupt change in penetration rates is observed to be more
frequent in drillholes at the western part of the slope where more corestones were exposed at
the slope surface.

The ground conditions inferred by the DPM data along a series of cross sections across
the site are presented in Figures 11 to 17.

The characterization of the ground using the derived penetration rate is basically
qualitative, i.e. to distinguish a soil from a rock. The characterization relied much on the
distinct difference in penetration rate between the two materias.

5. DISCUSSION
5.1 DataAnaysisand Interpretation

The main challenge in data analysis and interpretation was to understand the drilling
process, i.e. differentiate the various drilling activities, inferred by the drill record. Field
observations and a good understanding of the drilling procedure on site were found to be
important for making correct interpretation of the data. Moreover, knowledge on the
principles of the air-driven rotary percussive DTH drill and the mechanism of hole formation
was aso essential for the task.

Interpretation of the DPM data was found to be labour intensive and time consuming.
This is mainly because a tremendous amount of data was sorted/filtered manually for
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identification of the various drilling activities. Detailed examination of raw data was also
conducted in some cases to confirm results of interpretation. Also, as a first time user, a
learning curve is required for the interpretation process. Yue et a (2004) recently developed
a sorting algorithm for processing the data using a computer based on a number of sorting
(filtering) criteria to differentiate the various drilling activities. Under the scope of the
current study, GEO has not reviewed this algorithm.

5.2 Factors Affecting Penetration Rate

Results of the field trial and DPM data interpretation have demonstrated that
penetration rate is generally dependent on ground condition. However, literature and
information on drilling practice and experience in Hong Kong suggest that there are other
factors which can affect penetration rate. These include drilling equipment, operator skill,
groundwater condition and nail length.

As discussed in Section 2, penetration rate by percussive drilling is a function of
frequency of the strikes (blows) and the energy per strike of the piston inside the hammer.
The energy of each strike is derived from the net air pressure acting on the top of the piston,
which is the difference between the air supply pressure and the back pressure at the cut face of
the hole. Whilst the supply air pressure for the percussion is monitored, information on the
back pressure and hence the net air pressure acting on the piston is unknown. Data on the
frequency of strikes, which could vary during drilling, are also not available. In the absence
of this information, it is difficult to account for the effect on penetration rates due to these
factors.

Also worth mentioning is that all pressure sensors are installed on the air pressure
control panel instead of on the down-the-hole hammer. There will be loss of pressure and
energy dissipation due to frictiona resistance along the drill rod. Therefore, the measured
supply air pressure cannot be equated to the net pressure acting on top of the piston.

Condition of the bit can reduce penetration rate significantly. As a button continues
to crush the ground, aflat areais formed at its base due to wear and tear. As the size of the
flat area increases, the penetration rate drops. In some cases, the penetration rate could be
reduced by over 30%, depending on the size of the “wear flat” (Frequent Drillers Club, 2002).

Groundwater, if encountered in large quantities during drilling, could increase the back
pressure in the hole and reduce hammer efficiency (Chugh, 1977, 1985). In other words, the
penetration rate for drillholes in similar ground conditions can vary due to having different
groundwater conditions.

The supply pressure for the percussion is irrelevant at all if there is no percussion
action, e.g. when drilling in soft ground.

Skill of the drilling operator, that is, his ability to optimize the percussion, thrust and
rotation of the hammer for the particular ground, can make a significant difference in
penetration rate. Whilst all operators may have the same basic skills, an experienced
operator or an operator who is familiar with a certain model/made of machine may be able to
harmonize the various air pressures to optimize penetration rate.
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5.3 Characterisation of Ground Condition

The current DPM system attempts to characterize ground conditions from the
penetration rates with focus on the energy deivered to the down-the-hole hammer only.
Given the dependence of penetration rates also on other factors as discussed above, ground
conditions inferred by the present state of the DPM process could only be qualitative and
crude. Whilst more data from additional field trials may alow further assessment of
dependence of penetration rate on these factors, it is doubtful whether such information would
ever be sufficient for this purpose.

As for the subject slope, the dependence of penetration rate on factors related to state
and construction of the drilling equipment and operator skill has been significantly reduced.
This is because (i) the same machine and operator was used for al the drillholes monitored
and (ii) no major seepage was encountered during drilling of the holes. Therefore, the
ground conditions inferred by the DPM, as presented in Section 4, are considered to be
reasonably valid.

5.4 Potential Areas of Application of DPM in Soil Nailing Works

The present state of the DPM system, being mainly capable of inferring a qualitative
and crude assessment of the ground condition, could potentially be used by designersto verify
the location of the bedrock, and, where practicable, revise soil nail design during construction
for cost saving.

The technique could also be used to record the length of the drilled hole, the time of
drilling and, to a certain extent, provide information on the skill of the driller. The issue
relating to movement of the scaffolding working platform may need to be addressed to
improve accuracy in filtering the DPM data for derivation of penetration rate.

6. CONCLUSIONS

The on-site use of DPM equipment for monitoring drilling process was found to be
reasonably straight-forward.

Data analysis and interpretation using manual sorting/filtering was found to be labor
intensive and time consuming. Presumably, this process can be carried out more efficiently
using automatic filtering of the full DPM data. Yue et a (2004) has developed an agorithm
for automatic differentiation of the various drilling activitiesin the drilling process.

Penetration rate depends on a number of factors including ground conditions, state and
construction of drilling equipment, operator skill, groundwater regime and nail length. The
dependence on ground condition is complicated, including the suitability of whether the
ground is firm enough to excite percussion action of the down-the-hole hammer.

Quantitative characterisation of ground conditions from the penetration rates requires
knowledge of two groups of factors. The first group relates to the energy delivered by the
down-the-hole hammer and includes parameters such as pressure supply to the hammer, back
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pressure at the exit port of the hammer and the frequency of percussion. The second group
relates to the efficiency of the hammer in cutting and removing the ground. It includes the
state and construction of the drilling machine, and the skill of the driller at optimising the
drilling process. The present DPM attempts to characterise the first group by the air pressure
to down-the-hole hammer. This is insufficient. It is doubtful whether there is a practical
way of characterising the second group at all.  For the time being, penetration rates from the
DPM system could at best be used for crude qualitative assessment of the ground intercepts,
especially for inferring rock.

7. FURTHER WORK

Data analysis and interpretation using manual sorting/filtering are labor intensive and
time consuming. Consideration may be given for the development of a user-friendly
computer program for automatic interpretation of the DPM data.

Further field trial may be conducted to investigate if factors such as state and

construction of drilling equipment and skill of driller at optimising the drilling process can be
effectively characterised for their impact on penetration rate.
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Plate 1 - Genera Site Appearance

Plate 2 - Air-driven Rotary Percussive Down-the-hole Drilling Machine Used at the Site
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Plate 3 - Data Processing and Logging Unit

Plate 4 - Sensor for the Measurement of Rotation Speed
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Plate 5 - Sensor for the Measurement of Drill Chuck Position
(installed onto the loop chain of the drilling machine)

Plate 6 - Sensors Installed onto the Manual Control Panel
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APPENDIX B

PLOTS OF PENETRATION RATE VERSUS TIME
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