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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.

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


http://www.cedd.gov.hk

FOREWORD

This GEO Report is composed of two volumes, which
were prepared under a study to review the use of non-destructive
testing techniques in quality control in soil nailing works.
Volume 1 presents the independent review conducted by
Professor C.F. Lee, the Independent Technical Reviewer of the
study. Volume 2 contains the final report on the study,
prepared by Ove Arup & Partners Hong Kong Ltd.

B

W.K. Pun
Chief Geotechnical Engineer/Standards & Testing



VOLUME 1:

INDEPENDENT REVIEW OF USE OF
NON-DESTRUCTIVE TESTING

IN QUALITY CONTROL

IN SOIL NAILING WORKS

C.F Lee

ThisFinal Independent Reviewer Report was prepared by Professor C.F. Lee
of The University of Hong Kong in October 2007 under
Consultancy Agreement No. GEO 05/2005
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PROJECT BACKGROUND

1

The lengths of soil nails constructed at three slope works sites were reported to be
shorter than the designed lengths in the early 2000s. The incident led the
Geotechnical Engineering Office (GEO) of the Civil Engineering and Development
Department of the Hong Kong Special Administrative Region Government to search
for means for better quality assurance for soil nail construction.

In 2002, atrial of five (5) non-destructive testing (NDT) in-situ techniques to evaluate
the length of soil nails constructed was performed, and the results were reported in
GEO Report No. 133.  In 2003, atrial of three NDT techniques to evaluate the quality
of grout surrounding soil nails was performed, and the results were reported in GEO
Report No. 176 (Cheung and Lo 2005).

In mid-2004, GEO initiated a trial on the use of Time Domain Reflectometry (TDR)
method, as supplementary measures, for quality control of soil nailing works at
Landdlip Preventive Measures (LPM) sites. Approximately 5,500 soil nails at 460
different LPM sites were evaluated using the TDR method up to the end of March
2006. The TDR method identified latent grout defects in some soil nails at two sites,
allowing timely remedial worksto be carried.

Ove Arup & Partners Hong Kong Limited (the Study Consultant) was employed by
GEO under Agreement No. GEO 04/2005 to conduct a critical review of use of NDT
techniques in quality control of soil nailing works and to formulate a framework for
application of existing and/or newly developed NDT techniques for quality control of
soil nailing works in future.

The specific objectives of the Assignment are: (1) to review and appraise the use of
various NDT techniques in quality control of soil nailing works; (2) to formulate a
genera framework for application of NDT techniques for quality control of LPM soil
nailing works; (3) to assess the suitability of the time domain reflectometry (TDR)
method and other NDT techniques for use under the framework formulated and
recommend how the techniques should be used.

Professor C.F. Lee of the Department of Civil Engineering of The University of Hong
Kong was appointed by GEO as an Independent Reviewer on 19 June 2006 under
Agreement No. GEO 05/2005 to steer and review the work of the Study Consultant.

The Final Report on Review of Use of Non-destructive Testing in Quality Control in
Soil Nailing Works (Revision C) was submitted by the Study Consultant in July 2007.

This Final Independent Reviewer Report is submitted to the DR in compliance with
Clause 5.2 of the Brief of the Agreement.
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INDEPENDENT REVIEW OF THE FINAL REPORT SUBMITTED BY THE STUDY

CONSULTANT

9.

10.

11.

12.

13.

14.

15.

The Final Report submitted by the Study Consultant includes a summary of the review
conducted on the use of non-destructive testing (NDT) techniques in the assessment of
soil nailing works; a review and appraisal of the TDR test data provided by GEO; a
description of the quality control framework formulated for the application of NDT
techniques in LPM works; recommendations on the requirements on testing techniques,
sampling strategy, non-conforming threshold, and necessary follow-up strategy; and a
presentation of the results of the assessment on the suitability of the TDR method and
other NDT techniques for use under the framework formul ated.

Seven NDT techniques have been reviewed and appraised by the Study Consultant.
These seven techniques are: (1) time domain reflectometry (TDR); (2) electrical
resistance method; (3) mise-a-la-masse (electric potential gradient) method; (4) vector
magnetic method (magnetometry); (5) electromagnetic induction method; (6) sonic
impul se method; and (7) surface wave time domain reflectometry (SW-TDR).

The fundamental theory, method of measurement, data interpretation, and state of
development of each NDT technique were reviewed. For each technique, these
factors were appraised to assess its operational value and cost-effectiveness. (1) the
relative ease of deployment of the technique in Hong Kong; (2) the commercial
availability of the equipment in Hong Kong; (3) the cost of the equipment; (4) the
necessity to make specific modification and/or preparation of the technique for soil
nailing works, and the extra costs associated, if any; (5) the technical integrity and
reliability of the technique in the assessment of nail length and grout quality as
constructed; and (6) the effectiveness of the technique to provide the results required.

The practical, theoretical, and equipment limitations of each NDT technique in soil
nailing works were identified and tabulated by the Study Consultant. The table
provides an excellent reference for engineers practicing in soil nailling works and
developers of NDT techniques for applications in soil nailing works.

The findings from the review and appraisal of these seven NDT techniques at their
current state of development are generally consistent with the conclusions and
recommendations obtained by GEO in their independent trials and studies on these
techniques as documented in GEO Report Nos. 133 (Cheung 2003) and 176 (Cheung
and Lo 2005).

Three (3) sets of TDR test data were provided by GEO for analyses: (1) data of 704
initial tests that were used to assess the reliability and uncertainty of the TDR method,
(2) data of 4,710 tests performed by testing contractors of the Public Works Central
Laboratory; and (3) data of 1,224 tests performed by the Standards & Testing Division
and Disgtrict Divisions of GEO.

Pertinent data of the first set of TDR test data are the as-built lengths of soil nails and
lengths deduced from interpretation of TDR test results from ten (10) different sitesin
Hong Kong. The pulse propagation velocities range from 0.0625 m/ns to
0.1018 m/ns.  If the percentage difference in length estimation is defined by
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21.

Percentagedifferencein length estimation

_ Estimated nail Iength - As- built nail length «100%
As- built nail length

The mean and standard deviation of the percentage difference in length estimation are
0.44% and 4.26%, respectively. Moreover, the distribution appears to be a normal
distribution. It should be noted that the statistical analyses are possible as both the
estimated length and as-built length of each soil nail are known in this data set.

The 2nd and 3rd sets of data were combined in the statistical analyses. There are
5,777 test nails including 724 calibration nails constructed in 525 different sites. It
should be noted that the length of the test nails, other than the calibration nails, have
not been explicitly measured. Therefore, the Study Consultant performed five
different statistical analyses: (1) use of the mean pulse propagation velocity of the
calibration nail(s) of each batch of soil nails to deduce the lengths of test nails in the
particular batch; (2) use of the median pulse propagation velocity of soil nails to
deduce the lengths of test nails in the particular site; (3) use of the median pulse
propagation velocity of al the test nails to deduce the lengths of al test nails; (4) use
of the mean pulse propagation velocity of all the test nails to deduce the lengths of all
test nails;, and (5) use of the modal pulse propagation velocity of al the test nails to
deduce the lengths of all test nails.

In the statistical analyses, the Study Consultant concluded that the data set cannot be
adequately described by the normal distribution without excluding the extreme
outliners. However, the Study Consultant has not included any plots on normal
probability paper to demonstrate the extent of out-of-fit of normal distribution and how
the fitness isimproved by excluding the extreme outliners (Ang and Tang 1975). Itis
difficult to assess from Figs. 11(a), 12(a), 13(a), and 14(a) that the normal distribution
does not describe the statistics of data adequately.

Various sources of uncertainties associated with the TDR technique have been
andyzed by the Study Consultant statistically. These uncertainties have been
identified by GEO (Cheung 2003, 2006; Cheung and Lo 2005). However, further
study may be required to quantify these uncertainties explicitly for the TDR technique.

The framework for application of NDT techniques for quality control of LPM soil
nailing works includes the components to be considered in the approval process of a
NDT technique and the components in the implementation of aNDT program.

Components to be considered in the approval process include: (1) property to be
measured; (2) primary requirements for acceptance as a quality assurance tool; (3)
accuracy; and (4) reliability. Components in the implementation of a NDT program
include: (1) sampling strategy; (2) alert criterion that triggers follow-up action; and (3)
follow-up strategy including necessary contractual provisions.

The flowchart proposed by the Study Consultant is a very useful first step in the
establishment of a framework for application of NDT techniques in soil nailing works.
The preliminary applicability of the framework has been demonstrated by the Study
Consultant using the TDR technique. However, the framework may have to be
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refined through lessons learnt during the process, as many technique specific technical
details may not be identified at this stage of development of the framework.

CONCLUSIONS

22. A review of use of non-destructive testing in quality control in soil nailing works has
been conducted by the Study Consultant.

23. The findings of the Study Consultant have been reviewed independently. In
additional to various discussions with the Study Consultant and GEO, the results of the
independent review are reported in this Final Independent Reviewer Report.

24. All in al, | agree in principle with the findings and conclusions of the Study
Consultant.
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VOLUME 2:

REVIEW OF USE OF
NON-DESTRUCTIVE TESTING
N QUALITY CONTROL

IN SOIL NAILING WORKS

OveArup & PartnersHong Kong Ltd

This Final Report was prepared by Ove Arup & PartnersHong Kong Ltd in
August 2007 under Consultancy Agreement No. GEO 04/2005
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FOREWORD

Ove Arup & Partners Hong Kong Limited (Arup) has
been commissioned by the Geotechnical Engineering Office
(GEO) of the Civil Engineering and Development Department
(CEDD) to undertake Review of Use of Non-destructive Testing
in Quality Control in Soil Nailing Works under Agreement
No. GEO 04/2005.

This Final Report provides a summary of the review
undertaken on the use of non-destructive testing (NDT)
techniques in assessing soil nailing works, describes the quality
control framework formulated in this Assignment for the
application of NDT techniquesin Landslip Preventive Measures
(LPM) works, provides recommendations on the requirements
on testing techniques, sampling strategy, non-conforming
threshold and follow-up strategy and presents the results of the
assessment on the suitability of the Time Domain Reflectometry
(TDR) and other NDT techniques for use under the framework.

This study was carried out by Ms Dora Shum of Arup
under the supervision of Dr Jack Pappin and Mr Peter
Thompson. Valuable input was provided by Dr Frank Collar,
the director of Cosine Ltd, particularly for the investigation and
evaluation of various alternative NDT techniques that are
available in the industry for use in quality control of soil nailing
works. Vauable information and demonstration were provided
by Mr P L Chak and Mr J M Shen of Geotech Engineering Ltd
on the Sonic Impulse method.  All contributions are gratefully
acknowledged.

Dr Daman Lee
Director
Ove Arup & Partners Hong Kong Ltd

Agreement No. GEO 04/2005
Review of Use of Non-destructive Testing
in Quality Control in Soil Nailing Works
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EXECUTIVE SUMMARY

Ove Arup & Partners Hong Kong Ltd were commissioned by the Geotechnical
Engineering Office (GEO) to undertake a review of the use of non-destructive testing (NDT)
for the quality control of soil nailing works. The objectives of the Assignment are to review
and appraise the use of various NDT techniques, to formulate a framework for application of
NDT techniques in general for quality control of Landslip Preventive Measures (LPM) soil
nailing works and to assess the suitability of the Time Domain Reflectometry (TDR) Method
and other NDT techniques for use under the framework and recommend how the techniques
should be used.

A framework for the application of NDT techniques in general for quality control of
soil nailing works has been formulated in this study. The key components of the genera
framework comprise the components to be considered in approving a NDT technique for use
in quality control of soil nailing works and the components for implementation of a NDT
programme.

Under the proposed framework for the application of NDT techniques for quality
control of soil nailing works, the “non-conforming threshold” is defined as the point below
which anomalous result in the NDT measurement indicates that the soil nail is considered to
fall short of the required construction specifications and follow-up investigation is warranted.
The non-conforming threshold for different NDT techniques are different and are related
either to the overall uncertainty of the NDT tests in deducing the length of the steel bar or to
the probable maximum influence of variable ground. The threshold for NDT tests that are
influenced by grout quality must be set prudently to avoid giving unnecessary false alarm.

It is proposed that a sampling plan based on the procedures documented in the BS
6001-1 (1SO 2859-1) be adopted for NDT techniques that provide a direct measurement of a
property of installed soil nails. Using the sampling plan, soil nails are to be divided into
various sample lots and selected for NDT tests. Follow-up investigation is warranted when
the number of soil nails with anomalous NDT results in individual sample lots exceeds an
“alert criterion”. In such cases, all untested nails within the sample lot shall be tested and a
design review should be carried out by the Engineer. Additional investigation by means of
other NDT techniques or other methods would be required at this stage. Following the
design review and additional investigation, the Engineer will decide in consultation with the
Employer on whether additional soil nails shall be installed.

The proposed sampling frequency and alert criterion are set to achieve an acceptable
quality level of 4% for soil nails passing the sampling plan and a consumer’s risk of having
90% confidence in not accepting a sample lot with more than 20% non-conforming soil nails.
The proposed customer risk is chosen to strike a balance between the testing frequency (i.e.
additional cost and time) and the desired minimum quality level.

In respect of contractual provisions, all NDT tests are to be carried out by independent
testing contractor and paid by the Employer. However, the Contractor shall provide the
necessary safe access and work platform for all NDT tests. Further investigation and
remedial works will be paid by Contractor only if it is proved that the anomaly is caused by
defective construction (e.g. short nail or poor grouting practice). Otherwise, all costs will be
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borne by the Employer. Non-destructive tests are not yet recommended to be used as
compliance tests because they do not provide proof of defective construction methods.
Further, there is a concern that if the NDT tests are used as compliance tests, all follow-up
actions would have to be made contractual and that would require every party to buy in to the
test being reliable.

Since the commencement of the trial use of the TDR method on nails with
pre-installed wires at the LPM slope works sites in mid-2004, about 700 controlled TDR tests
on nails of known lengths had been conducted by the GEO and by the end of June 2006 a total
of 5,777 soil nails at 525 LPM sites had been tested using the TDR method under the trial
testing programme. Based on statistical assessments of the results from TDR trials at LPM
sites, it is found that the use of the median velocity measured at a site in lieu of the velocity
determined from a calibration nail is likely to provide more accurate results for the purpose of
length measurement by TDR. By adopting the median velocity determined from the TDR
test data obtained from each LPM site as the reference pulse propagation velocity to deduce
the lengths of test nails at that site, the range of percentage length difference between the
inferred value and reported value falls within —8.8% and +8.6% at 95% confidence level if a
normal distribution model is used.

The accuracy and reliability of the TDR method on nails with a pre-installed wire to
measure nail length have been proven with sufficient controlled tests and the statistical
analysis of the TDR results obtained in the tria testing programme. A consistent basis for
interpretation of the test results has also been established. The practical use of TDR method
has been demonstrated in the trial testing programme. There were least four sites where the
TDR tests had identified soil nails with significant grout defects. The TDR method is
considered an effective method in detecting soil nails with significant defects in nail length or
grout sleeve and the developments of the technique have satisfied the framework components
for general use asaNDT technique.

In the existing framework for TDR, a 15% variation in the deduced length is used as a
threshold that identifies soil nails with anomalous TDR test results. From the natura
variance of TDR results, athough there is room for tightening the threshold, more thoughts
are required before doing so because the variation in the deduced length may be attributed
solely to the difference in grout sleeve integrity between the calibration nail and the test nail.
Some allowance for variability of the grout sleeve integrity is considered reasonable in order
not to reject soil nails with minor grout defects.

For application of the proposed framework to TDR testing, consideration has been
given to the testing regime that is commonly adopted on sites. If the proposed single
sampling strategy is used (i.e. minimum sample size becomes 10 for each batch of soil nails),
the use of median velocity is feasible and preferable to the use of calibration nails. As the
value of the median velocity has to be unbiased for achieving acceptable accuracy in the TDR
test, it is proposed that the median velocity should be compared with the mean velocity value
obtained from a minimum of three calibration nails with enhanced supervision at each site.
The critical stage of construction of these calibration nails should be observed by an
engineer-grade supervisor. If the median velocity is more than 15% faster than the mean
velocity value determined from the calibration nails, the mean velocity from the calibration
nails should be used instead to estimate the lengths of the test nails. An alternative option is
to simply adopt the average velocity determined from a minimum of three calibration nails.
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A flowchart and an example of a mock-up site are provided to illustrate how the proposed
sampling strategy and modified testing regime could be applied in the case of TDR testing.

The use of grout pipes with embedded wires (two in each pipe) to replace the external
wire for TDR testing has been investigated from which it was found that the variation of the
resultswasreduced. The use of this method is found to provide more reliable results.

Apart from the TDR method, six other techniques have been considered in the review
of the available NDT techniques used in quality control of soil nailling works and each
technique has been assessed in terms of its relative merits and limitations from which it is
found that several methods can be used to determine nail length but no NDT method can
discriminate grout defects unambiguously. While the ability of most NDT techniques in the
quantitative assessment of grout integrity of soil nails has not been reliably proven, the
primary requirement for a proposed NDT technique for application in quality control of soil
nailing works is the measurement of nail bar length. In their present forms, no NDT
technigues, except the TDR method with pre-installed wire, have been developed to satisfy
the framework components for general use in soil nailing works.

The Electrical Resistance method has been proven in practice that it can identify
anomalous soil nails that are either significantly short in length or have significant grout
defects but it is unable to discriminate between those two influences. The method can be
used as a simple technique for testing large numbers of soil nails, particularly as a blanket
reconnaissance approach in the event that all the nails are tested. It can also be deployed to
help resolve anomalies shown by the TDR method (e.g. cases with no signal from nail end

due to damaged wire or inverted reflection due to electrical contact between wire and nail bar).

The potential of several other methods may not have been fully explored and further
directed development may be warranted. The Electromagnetic Induction method for
example, in its present form, is not ideal due to the requirement to implant two tubes within
the grout sleeve. However, the system may be able to be developed as a single coil system
or as a spaced transmitter and receiver coil within a single plastic tube - to simplify the
method and minimise practical constraints. In this respect the Electromagnetic Induction
method could provide unequivocal results in nail length measurement provided that the
construction of the plastic tube is practical and acceptable.

Similarly, by using the same provision of a single tube within the grout, the Vector
Magnetic method may also be developed using miniature magnetometers to provide
confirmation of the bar end without ambiguity from adjacent soil nails or influence by the
grout, obviating the need for a separate borehole. In its present form, the Vector Magnetic
method can only determine the length of shorter soil nails but the cost associated with the
requirement of a separate borehole precludes its application on aregular basis.

The Mise-a-la-Masse method could in-principle be carried out simultaneously with the
Electrical Resistance method to augment the characterisation of anomalous soil nails, but the
practicability in application is yet to be proved in the field.

The other two methods, the Sonic Impulse and Surface Wave Time Domain
Reflectometry methods are not proven standard techniques but are considered to have
potential for further development given the possible value of the methods as a means of
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measuring soil nail length without additional provisions such as pre-installed wires or access
tubes within grout dleeves. At their present forms, both methods rely heavily on
interpretation of test results and lack a consistent basis/procedure for interpretation which
should be made known for all users. For the Sonic Impulse method, until a post-processing
method is well established and found to be reliable on a wide range of situations this method
cannot be considered for general use.

The above potential modifications will have to be tested and appraised in a field
application. Further, before these methods can be considered for general use, they will have
to satisfy the requirements for proven accuracy and reliability under the proposed framework
for application of NDT techniques for quality control of soil nailing works.
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1. INTRODUCTION
1.1 Background

Soil nailing has become one of the most commonly used methods for slope
improvement works in Hong Kong; being a relatively straight forward, quick and
cost-effective way to enhance the stability of slopes. However, concerns were raised on the
quality of supervision on soil nailing works following reports of short nails being installed at
three slope work sites in the early 2000s. These incidents led the Geotechnical Engineering
Office (GEO) to look for means of better assurance of the quality of soil nails.

In 2002, GEO carried out a trial of five non-destructive testing (NDT) techniques to
determine nail length, the results of which were reported in GEO Report No. 133
“Non-destructive Tests for Determining the Lengths of Installed Steel Soil Nails’ (Cheung,
2003). 1n 2003, GEO carried out atrial of three NDT techniques for inferring grout quality
of soil nails, the results of which were reported in GEO Report No. 176 “Interim Report on
Non-destructive Tests for Checking the Integrity of Cement Grout Sleeve of Installed Soil
Nails’ (Cheung & Lo, 2005).

In mid-2004, GEO started a trial use of the Time Domain Reflectometry (TDR)
method with pre-installed wires, as a supplementary measure for quality control of soil nailing
works at the Landslide Preventive Methods (LPM) slope works sites. By August 2004,
about 700 TDR tests had been conducted. Based on the results of these 700 test nails over 9
different sites, GEO Report No. 198 (GEO, 2006) updated the experience gained on the use of
this technique to determine soil nail length. The various sources of uncertainty of the TDR
test were studied. These sources include human judgement in undertaking the test and
subsequent interpretation of results, built-in error of the testing instrument, wire type, steel bar
size and grout sleeve characteristics. In order to minimise the possible uncertainty of a TDR
test, the installation details of the wire alongside a steel bar were standardised in the GEO
Report.  Guidelines on testing procedure and interpretation of TDR test results were also
given. By the end of June 2006, a total of 5,777 soil nails at 525 LPM sites had been tested
using the TDR method.

In June 2006, Ove Arup & Partners Hong Kong Ltd (Arup) were commissioned by the
GEO to undertake a review of the use of non-destructive testing in quality control in soil
nailing works under Agreement No. GEO 04/2005.

An Independent Technical Reviewer, Professor C F Lee of The University of Hong

Kong, has been employed under Agreement No. GEO 05/2005 to steer and review the work
of Arup in this study.

1.2 This Report

The requirements of this report are to:

(8 summarise the review on the use of NDT techniques in
assessing soil nailing works and the experience gained and
issues encountered;
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(b) describe the quality control framework formulated in this
Assignment for the application of NDT techniques in the
LPM works;

(c) describe the implementation of the framework and define
the action of the various parties under the framework;

(d) provide recommendations on the requirements on the testing
techniques, sampling strategy, non-conformance threshold
and follow-up strategy;

(e) present the results of the assessment on the suitability of the
TDR method and other NDT techniques for use under the
framework.

2. REVIEW OF THE USE OF NDT TECHNIQUESIN SOIL NAILING WORKS
2.1 Gened

The main NDT methods which were originally investigated by GEO in 2002 for
determining lengths of steel soil nailsinclude the following:

(@) Sonic Echo Method;

(b) Mise-a-la-Masse Method (Equipotential);
(c) Magnetometry;

(d) Electromagnetic Induction Method; and
(e) Time Domain Reflectometry (TDR).

The findings of the above investigation were documented in GEO Report No. 133
(Cheung, 2003). While considering Magnetometry and TDR as the most suitable methods
among the five trial methods for application in existing soil nailed slopes, GEO Report
No. 133 also highlighted that further investigation was needed to develop their accuracy and
reliability. For new soil nailed slopes, it was recommended to install plastic tubes or electric
wires along with the steel nails and to allow the use of the Electromagnetic Induction or TDR
methods respectively for quality control.  Subsequent to the study, GEO started atrial use of
the TDR method with pre-installed wires at the LPM slope works sitesin 2004.

In alater study undertaken by GEO, three NDT techniques including the Sonic Echo
method, Surface Wave Time Domain Reflectometry and the Electrical Resistance method
were identified for field trial to check the integrity of the cement grout sleeve. The
findings of the study were presented in GEO Report No. 176 (Cheung & Lo, 2005). Based
on the above study, it is considered that the Electrical Resistance method has the highest
potential for field application. However, the method cannot explicitly distinguish the type
of defects, which may be in the form of grout defects or atypically short steel bar.
Nevertheless, the Electrical Resistance method was regarded to be promising as a quick,
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convenient and economical means to aid identifying soil nails that have significant grouting
defects.

Subsequent to the above studies, trial use of TDR for routine checking of soil nail
lengths has been carried out in the GEO LPM works since 2004. The Electrical Resistance
method (ERM) is occasionally used for grout integrity checks when the TDR results are
uncertain. Vector Magnetic Profiling (equivalent to Magnetometry in GEO Report No. 133)
has been used on a few sites for length checks where the TDR showed significant anomalies.
This method however requires a separate parallel drillhole along the length of the soil nail to
be checked.

In the study reported here, the available information and data on the use of the NDT
techniques have been reviewed and appraised. Seven NDT techniques have been considered,
which include:

(i) Time Domain Reflectometry (TDR);

(ii) Electrical Resistance Method;

(iii) Mise-a-la-Masse Method;

(iv) Vector Magnetic Method (Magnetometry);

(v) Electromagnetic Induction Method;

(vi) Sonic Impulse Method; and

(vii) Surface Wave Time Domain Reflectometry (SW-TDR).

The principle and the use of each of the NDT techniques to assess the quality of soil
nailing works are described in the following sections. Each NDT technique has been
assessed in terms of its relative merits and limitations in five categories in terms of the

operational value of the method and its cost-effectiveness. These categories are as follows:

() Practical issues - the relative ease with which the method
can be deployed routinely;

(b) Equipment - the commercial availability and cost of the
measuring equipment;

(c) Extra costs and provisions - the necessity to make specific
preparation for the soil nail under test beyond the
measurement procedure;

(d) Theoretica considerations - the technical integrity of
method in terms of its reliability to respond to the length of
the steel bar or the deficiency of the grout sleeve without
external factors being introduced,;
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(e) Value of results - the effectiveness of the method to provide
the required results.
In addition, a Limitations Table (Table 1) has been drawn up to provide a basis for

comparison.

2.2 Time Domain Reflectometry (TDR)
2.2.1 Fundamental Theory

Time Domain Reflectometry (TDR) is a well-established technique in electrical
engineering for detection of faultsin transmission lines. In principle, the technique involves
sending an electrical pulse along a transmission line, which is in the form of coaxia or
twin-conductor configuration, and receiving reflections or echoes induced by any mismatches
or discontinuitiesin the line.

The configuration of a soil nail is analogous to a coaxia cable if an electric wire is
pre-installed along a steel soil nail (Cheung, 2003). The propagation velocity of an
electromagnetic wave, V,, , travelling along a coaxial cable is given by:

where L is the cable inductance in henries per metre and C is the capacitance in farads per
metre. Inductance is the property that will induce electric field in one conductor due to the
change of electric current in another or in itself. Capacitance is the amount of charge
(quantity of electrons) stored across a physical system in relation to the imposed electric field
and is dependent upon the geometry and dielectric property of the system. The dielectric
property is the ability of a material to store electric charge under the influence of an electric
field and is a fundamental material bulk property. Fundamentally therefore, the propagation
velocity V, is controlled by the dielectric property of the materials in close proximity to the
conductor pair, i.e. the grout and the wire insulation, by the following expression:

v, = Ve

Je

where V. is the speed of light in vacuum (3 x 10® m/s) and ¢ is a dimensionless number
called dielectric constant which compares the permittivity in a material and that in vacuum
(for air e = 1, for grout € ~ 10 and for water € ~ 80). Changes in the nature of any of those
materials in close proximity to the conductor pair will effect some change on the dielectric
property and hence also upon the propagation velocity and the capacitive and resistive
impedances. Theoreticaly, the propagation velocity in air is 3 times faster than that in grout
and the velocity in water is 3 times slower than that in grout.

The width of the applied TDR pulse is in nanoseconds. In fact the pulse can be
considered as a summation of awide spectrum of continuous frequencies with no phase offset
at the pulse centre and with different amplitudes. Hence a short TDR pulse (2 ns) will have
a greater proportion of higher frequency spectrum components than a 30 ns pulse width.
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The velocity of propagation will vary according to the frequency (higher frequencies tend to
travel faster but incur greater attenuation). Therefore the propagated and reflected pulse will
incur progressive frequency component dispersion and higher frequency component
attenuation along the nail / wire coupled system, resulting in a stretched, rounded and
asymmetric return pulse. It also accounts for the observed variation of measured “group”
velocities from a 2 ns pulse width (usually faster) to a 30 ns pulse width (usualy slower).
Under the current practice, in order to achieve consistency in determining the travel time of
the reflected TDR pulse, “time zero” is taken at the onset (i.e. rise of waveform) of the
observed pulse and its reflected return. A typical TDR response (of 2 ns pulse width) for a
steel soil nail with pre-installed wire is shown in Figure 1.

The amplitude and polarity of the reflected TDR pulseis controlled by the factor called
the coefficient of reflection ke as follows:

k _ (de — ZSE)
e = — £
(de +Zse)

where Zge is the impedance as seen looking out from the ends of the conductive couple and
Zs. is the impedance of the system looking back from the ends of the conductive couple.
Hence an insulated wire end (fully taped) will result in a high Zg. and the reflection
coefficient tends to unity, i.e. positive total reflection. An electrical join between the bar and
the wire will reduce the value of Zg. resulting in reduced reflected amplitude. When Zge is
less than Zs. the reflected pulse assumes negative polarity (ke is-ve) and for the ends of the
conductors in direct metallic contact, the reflection coefficient ke is -1, i.e. total reflection
with negative polarity as shown in the waveforms in Figure 2. The form of the expression
for the reflection coefficient is common to electrical, sonic (sound and seismic), optical,
el ectromagnetic environments.

Impedance is the effective resistance to current transients (e.g. TDR pulse or

continuous alternating current) and has three components, namely the resistive, capacitive
and inductive components. The total electrical impedance is given by the vector sum as

follows:
1)V .,
Ze=||lo-L-—-C| +R
Q)

where o is the frequency of the current transient and L, C and R are the inductance,
capacitance and direct current resistance of the circuit system respectively.

0.5

2.2.2 Method of Measurement and Data | nterpretation

The test configuration of the TDR method is considered to be analogous to a
twin-conductor transmission line. In practice, an electrical pulse is excited to the soil nail
being tested and the major pulse reflection, which records the time for the pulse to travel from
the nail head to its end, isidentified. If the pulse propagation velocity is known, the length
of the soil nail can be determined on the basis of the recorded pul se propagation time.

(2 "10A) swsuo9 Jo s|geL (Z "loA) swswo) Jo s|qel (Z "loA) swswo) Jo s|gel

(Z 'JoA) s o ajgel



- 26 -

The test basically comprises two operations:

(i) Cadlibration of pulse propagation velocity for a particular
nail and wire arrangement; and

(ii) Measurement of the time for a pulse to propagate from the
steel bar head to its end.

Calibration of the pulse propagation velocity has traditionally been achieved by
selecting a series of ‘calibration nails’ at each site.  The purpose of the calibration nail is to
determine the pulse propagation velocity which can be used to determine the length of test
nails at the same site using the same grout mix and same type of pre-installed wire. In
general, at least one soil nail of known length should be selected for calibration. This nail
can be of any bar size. However, it should preferably be the longest nail among the test nails
because the resolution on the interpreted travel time of a pulse aong a long nail is
comparatively higher than that for a shorter nail for a given testing instrument.

The velocity of the TDR pulse is calculated as the period from pulse onset time at the
nail head connector to onset time of the reflected pulse divided by twice the length (down and
up the wire) of the nail / wire conductor couple. As mentioned in Section 2.2.1, thisis a
“group” velocity of a wide band of frequencies. In current practice the velocity V, is
calculated at the “calibration nail” of known length for two pulse widths (2 ns and 10 ns) and
then applied as an average to the nails under test to calculate their length.

For a steel soil nail of length L, the time required for the TDR pulses and their echoes
totravel adistance of 2L is(t1 - tg). Thus, the length of the steel soil nail is:

_ Vp ‘(tl_to)
2

L

where ty is the time of pulse excitation and t; isthe time of arrival of the response.

According to the standardised procedures set out in the GEO's document called
“Guidelines on Test Procedure and Sample Test Results Using Time Domain Reflectometry
(TDR) to Determine the Length of Installed Soil Nails’, both to and t; are picked at the
positions where the reflected pulse corresponding to the clips of the test lead and the end of
the nail respectively startsto rise asillustrated in Figure 1.

2.2.3 Practical Issues

The TDR method has been subjected to a comprehensive set of controlled |aboratory
and site tests by GEO and the overall integrity of the method is shown to be upheld in general.
The inter-observer reliability of the test has been proven in repeatability and reproducibility
tests. The uncertainties associated with the use of the TDR method were investigated and
the results were reported in GEO Report No. 198 (Cheung, 2006) wherein the procedure for
conducting and interpreting TDR test have been standardised.
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The test measurement and interpretation for the TDR method are relatively ssimple.

Hence, an operator with suitable training can perform the tests satisfactorily without difficulty.

On the other hand, the accuracy of the TDR method depends on the proper installation
and material consistency of the electric wire. If the pre-installed wire is damaged and in
electrical contact with the steel bar (at a location other than the bar end), an early inverted
wave reflection will be resulted with no reflection from the nail end (Figure 2), giving an
inconclusive resullt.

Controlled TDR tests have been carried out by GEO in both laboratory and site
conditions to simulate a wide range of possible conditions with respect to wiring
configurations and wire types. From these tests, it was demonstrated that coiling of the wire
may result in overestimation of actual soil nail length. However, asthisway of fiddling with
the wire configuration is rather obvious and hence the chance of being noticed by the
supervision personnel would be high. It is therefore considered that this mal-practice would
rarely be attempted.

In one of GEO’s specia investigations, the use of grout pipes with embedded wires to
replace the external wire for TDR testing has been investigated in controlled tests and the
results show that the variation of pulse propagation velocity is generally less than that
measured using external wires. This would mean that the error band for length estimation
could be reduced by use of this type of grout pipe with embedded wires. The development
of the use of embedded wires in grout tube would effectively diminish the possibilities of
fiddling with wire configurations. The results of this specia investigation are discussed in
detail in Section 3.3.

2.2.4 Equipment
The TDR equipment has become commonly available since the trial use of the

technique in LPM works. There are at least three private testing laboratories which can
perform the test and in accordance with the guidelines set out by GEO.

2.2.5 ExtraCosts and Provisions

In general the method is not greatly expensive and the specia provision is the wire to
be cast into the soil nail.  Normally, it istaped to the bar during installation.

2.2.6 Theoretica Considerations

As explained in Section 2.2.1, the TDR test is somewhat sensitive to grout sleeve
integrity through its effects on the dielectric property and hence upon the pulse propagation
velocity and the capacitive and resistive impedances. As a result, the TDR method is not
able to determine nail length unequivocally. However, it isnot a detriment as both grout and
length deficiencies will result in anomalous TDR results that could lead to follow-up actions.
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The return signal of the TDR test is the convolution of the two-way impulse with the
wave reflections from grout defects and nail end. Hence, it may include second order
responses which should not be attributed to individual grout defects. The interpretation of
waveform in terms of grout integrity istherefore largely qualitative.

There is a weakness with the current practice of selecting a single calibration nail.
There is no guarantee that the calibration nail is typical for other nails. In practice problems
do occur because the ground conditions vary and so does the grout quality and hence
velocities may vary amongst the nails even at close spacing. It may be better to consider
using the mean (or median) velocity for a group of soil nails or increasing the number of
calibration nails. The same weakness applies to the Sonic Impulse and SW-TDR methods
which also require site caibration to determine the reference propagation velocity.
Targeting this weakness, the testing regime for the TDR method has been reviewed in this
study based on the test data collected from the trial use of TDR in the LPM works and the
details are provided in Section 3.1 and Section 5.2.

The method is not influenced by adjacent soil nails.

2.2.7 Values of the Results

From the statistical analyses undertaken on the initial TDR tests (over 700 no. of tests)
that were conducted on soil nails of known lengths, the overall error in length estimation was
estimated to be approximately + 8% at the 95% confidence level. This has proven that the
evaluation of the soil nail length using the TDR method is usually possible unless there are
extreme grout defects.

Since the commencement of the trial use of the TDR method on LPM sites, there have
been at least four sites where the TDR tests performed had identified soil nails with
significant grout defects. The grout defects were verified with the use of extraction or other
NDT methods including the Electrica Resistance method and the Vector Magnetic method.
On one of the sites, the grout defects are considered to be due to an underground void which
was revealed at a subsequent investigation by closed circuit television survey.

2.3 Electrica Resistance Method
2.3.1 Fundamenta Theory

The Electrical Resistance method measures the electrical resistance between the soil
nail and the whole surrounding space, which is a function of the soil nail and grout column
length and the electrical resistivity of the surrounding ground.

As asimplified concept, the measured earth resistance of a soil nail can be considered
as comprising five distinct components as depicted in Figure 3(a). They are:

() theresistance of the nail bar;
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(b) the contact resistance (conversion between electronic and
ionic conduction mode) between the galvanised plating of
the soil nail and the cement grout;

(c) the radia resistance to the ionic current across the grout
annulus as athick cylinder containing the soil nail;

(d) the radial resistance to the ionic current through the ground
asavery thick cylinder around the grout sleeve; and

(e) the resistance to the ionic current through the ground as a
hemispherical component, divergent beyond the end of the
installed soil nail and the grout.

The resistance of the nail bar (a) will be negligible compared with the other resistance
components, unless significant rusting has occurred on the threads of the coupler joints.
Resistance (b) is the resistance of the electrochemical conversion between electronic
conduction in the nail bar by electron flow and the electric conduction in the grout by ionic
migration. It will be inversely proportional to the total area of the grout sleeve that is in
direct contact with the soil nail, and therefore for correct installation also inversely
proportional to the length of the soil nail. Resistance (c) is afunction of the grout resistivity,
the outer and inner radii of the grout annulus and is also inversely proportional to the length of
the grout sleeve. The radial resistance (d) of the ground beyond the grout may be expressed
as a function similar to (c), that is, directly proportional to the resistivity of the weathered
material and inversely proportiona to the length of the soil nail. The hemispherical ground
resistance component (€) beyond the end of the soil nail may be expressed as a constant term
that is simply a function of the divergent ionic conduction through the ground and hence also
afunction of the ground resistivity, but it is not afunction of the soil nail length.

The greatest contribution to the total resistance is incurred over the closest radii from
the source (i.e. the current density is greatest), which, for a soil nail, includes the grout
annulus. Consequently a moderate grout defect may be expected to have significant
influence upon measured resistance. The resistivity of grout is approximately 10 ohm-m.
The resistivity of ground water is approximately approx 100 ohm-m and the resistivity of air
is infinitely large. Over the section of grout deficiency, the resistance will increase in
proportion to the ratio of the infill material resistivity to grout resistivity. A grout gap will
therefore tend to increase the resistance significantly because the grout radiusis small.

The Resistance R is fundamentally inversely proportiona to the length. In practice

the toe end of the grout will have some contribution, adding a constant to the inverse linear
relationship, but it is comparatively small.

2.3.2 Method of Measurement and Data | nterpretation

The method of measurement applies a current to the soil nail as one current electrode
and returns the current through a distant small current electrode (typically 60 - 80 metres
away). The system uses alternating current to avoid polarisation of the el ectrodes.
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As shown in Figure 3(b), athird electrode is sited approximately midway between the
soil nail under test and the remote current electrode and it measures the voltage (electric
potential difference) between the soil nail and the electrically neutral background. The
measured voltage V between the potential electrode and the nail head allows the resistance R,
to be calculated through the equation:

Re:f
|

where i isthe current. In fact the calculation is performed directly by the equipment which
gives a direct reading of R.. From the electrode configuration and the form of the electric
potential distribution as shown in Figure 3(b), R. is reasonably taken to be the resistance
between the nail bar and the whole earth (zero potential). Measurements are conveniently
grouped along soil nail rows as individual profiles, in which 10 or more measurements are
preferable to establish background levels, or the measurements can be grouped in clusters
sufficient to generate a resistance map.

The Electrical Resistance method operates in a comparative mode by measuring the
resistances of a sequence of close spaced nails and determining those which have anomalously
high resistances. For isolated occurrences, this may be attributed to abnormal reduction of
current emission due to grout deficiency or to an abnormally short soil nail.  Anomaloudy low
resistances are probably due to grout excess but alow resistance condition is not common.

The ground is not homogeneous and variations of resistance may occur from local
geological contrasts of ground resistivity. However, although the lateral contrasts of ground
resistivity may be locally abrupt, the consequent variations of resistance tend to be smooth
between closely spaced soil nails because the current radiates in al directions. The profile
resistance data can be filtered with a controlled wavelength filter that is based upon the
probable maximum influence of a corestone or a step in rockhead (Figure 4(a)). The
geological influence affects adjacent nails so a smooth variation usually applies whereas an
anomalous individual nail is definitely indicative of some deficiency.

In al of the test measurements it is necessary to define the threshold level that
determines unacceptable “abnormality”. The levels of measured resistance are influenced by
the surrounding ground as well as the nominal soil nail length. In order to be objective in
any site environment, discrimination is currently achieved by application of a simple
comparative statistical measure. By this method, the scatter of values along each row is
defined as a variance upon a smoothly variable background trend as shown in Figure 4(b).
The criterion for acceptance is for any one resistance value to be within two positive standard
deviations on that trend.

2.3.3 Practical Issues

Electrica resistance measurement is usually quite efficient in terms of simplicity of
measurement and speed of coverage, once the remote electrode wires have been laid out.
Two remote, fixed electrodes are deployed, the soil nail under test forming the third electrode.
Once planted, the remote electrodes usually can remain undisturbed for the whole group of
soil nail rows to be measured.
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The remote electrodes are positioned at distances of approximately 60 to 80 metres for
the current electrode and 30 to 40 metres for the “potential” measuring electrode. In fact the
distances are not critical and can be less but they should be arranged generally in line such
that the full distribution of soil nails to be measured does not reduce the minimum distance to
the potential electrode to less than 20 metres for any nail. Effects due to variable distances
are gradual and do not influence the comparison of resistances from nail to nail. If the
remote current electrode cannot be placed practicably at alarge distance, it is feasible to adopt
asoil nail in adistant part of the same site for that purpose.

The electrical connections comprise two wires between the remote electrodes and the
measuring instrument, plus the short connection to the soil nail under test. Direct electrical
contact with the cleaned nail head is preferred. Loosely wrapped wire contact may introduce
some small resistance error or reading instability.

The operation can be conducted by junior technical staff. The method is fast once the
system is set up and only limited data analyses is needed. Commonly the results are
available immediately on site by direct observation of the measurements.

2.3.4 Equipment

The equipment required for these electrical resistance measurements is commonly
available as three electrode ground resistance measuring devices, routinely deployed for
measuring the resistance of earthing or grounding stakes of electrical power installations and
major buildings. The equipment may be purchased through most major electronics supply
companies. A resistance measurement resolution of 3 significant figuresis required.

2.3.5 Extra Costs and Provisions

The method requires no special provisions other than a connection to the nail bar
head. In practice, wire connections to the head are often poorly made and therefore a
direct clip connection onto the head is preferred, i.e. measurements ought to be made prior
to casting the concrete head. Further, sufficient space must be available to position the
remote electrodes.

2.3.6 Theoretica Considerations

The method does not respond directly to the nail end from which length can be
determined. Rather it is a remote measurement that is inversely related to the length of
contact between the steel bar and the ground, including the grout sleeve. Therefore, the
method cannot discriminate between a bar deficiency and a grout deficiency but it is able to
identify a soil nail that may be problematic in comparison with adjacent soil nails.

The theoretical basis for the method is reasonably well understood to the extent that
the influence of variable conditions, either of the grout or of the ground, is readily predictable.
A grout deficiency diminishes the available path for current emission and therefore effectively
increases the resistance. Hong Kong groundwater and soils are usually more resistive
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(resistivity usually more than 150 ohm-metres) than grout (resistivity approximately
10 ohm-metres) and therefore the high resistance condition for grout deficiency will persist
with saturated ground although diminished compared to grout void filled with air.  The local
presence of shallow rock will also introduce a corresponding rise in resistance but the effect
cannot be abrupt between adjacent nails. Hence a background filter can be applied to
eliminate the maximum influence of rock from the data, if required where a group of nails
may be anomalous. Soail nail drillhole records are particularly useful in that respect.

In practice the electrical resistance data are repeatable usualy to within 0.2%. Any
variation outside that level for repeat measurements on an individual soil nail usually
indicates a poor connection to the nail head.

Variable ground, especialy a shallow variable rockhead will influence the results and
hence some smooth variations in the data over several adjacent nails have to be recognised
within controlled limits. But individually discrepant data are positive indications of deficient
soil nail installations.

The method is largely unaffected by the presence of adjacent nails. However, it isnot
viable for soil nails with double corrosion protection.

2.3.7 Vaue of the Results

As a comparative method, the Electrical Resistance method cannot be readily assessed
in terms of accuracy of results (in terms of length). Instead it must rely upon a statistical
measure to provide a datum for evaluating the significance of the results. The method
responds to the soil nail bar length and also to the integrity of the grout sleeve but it is unable
to discriminate between those two influences.  In practice this may not be a detriment as both
constitute a defect.

The sensitivity of the method has been investigated practically on site by Cosine Ltd
through two routes. The first approach used the resistance data for incremental grout
sequences of the pull-out nails. The second compared the residual resistance data of
working installed soil nails that are known to be physically shorter than the adjacent soil nails
by design. Predictably, the sensitivity to deficiencies decreases with increasing soil nall
length. The sensitivities calculated during test measurements on installed soil nails and pull
out soil nails on one site indicated that the method was capable of discriminating grout
deficiencies of 1 metre in a9 metre nail length and 2 metresin a 15 metres length. However,
these are optimum levels derived from not a significant amount of data and may not be
achieved necessarily in all cases as the sensitivity of the method appears to vary from site to
site due to soil nail length and geological differences, and possibly also with depth of the
grout and the position of the void within the grout. To be effective the method is dependent
upon alow standard deviation in the natural scatter of the data. Nevertheless, the results are
sufficiently consistent at this stage to suggest that the method could be developed with a
greater number of supporting data to provide a generalised quantified estimation of grout or
soil nail length deficiency.
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The method is potentially useful as a simple technique for testing large numbers of soil
nails, particularly as a blanket reconnaissance approach in the event that all the nails are tested.
To that extent it can provide useful support to the established TDR method to provide some
form of measurable discrimination, by setting thresholds of permitted resistance variance.

24 ‘Mise-alaeMasse’ (Electric Potentia Gradient) Method
2.4.1 Fundamenta Theory

As discussed in GEO Report No. 133 (Cheung, 2003), the method is based on the
principle that when electrical energy is applied to two points through electrodes in the ground,
an electric current will flow between them because of the potentia difference. If the ground
between the two electrodes is homogeneous, the electric current and potential distribution can
be calculated by means of atheory. However, if the electrode is replaced by a steel soil nall
and/or the ground is heterogeneous, there will be distortion of the electrical field. If the
distribution of the distorted electrical potential is calibrated against steel soil nails of known
lengths, the length of atest nail can be estimated theoretically by recording the distribution of
potential around the nail at the same site.

2.4.2 Method of Measurement and Data I nterpretation

Electric current is admitted to the soil nail head and is returned through a remote current
electrode. As deployed in the original trials carried out by GEO in 2002, the distribution of
the surface electric potential was measured between a roving potential electrode and the soil
nail bar head in a radial pattern about the soil nail head as shown in Figure 5(@). The
objective was to determine the length of the soil nail by the form of the electric potential
distribution which is calibrated against soil nails of known lengths. In practice the
sensitivity of this approach is very low and it is subject to variation due to the attitude of the
soil nail in relation to the slope surface and to the variations of ground resistivity.

2.4.3 Practical Issues

The ‘Mise-alaMasse’ method is in effect a detailed implementation of the Electrical
Resistance method and it can be carried out using the same setup and simple resistance
equipment. The method was originally conceived to determine the length of the soil nail and
many measurements were specified to measure the electric potential distribution around each
nail accordingly. The testing process is very time-consuming and efficiency of the method
was relatively low. The accuracy demonstrated so far was unsatisfactory for the test purpose,
hence the method was not considered further.

2.4.4 Equipment

The same equipment that is deployed for the resistance measurements can be used
directly and with suitable resolution. The equipment is therefore readily accessible and
relatively low cost.

(2 "10A) swsuo9 Jo s|geL (Z "loA) swswo) Jo s|qel (Z "loA) swswo) Jo s|gel

(Z 'JoA) s o ajgel



2.45 ExtraCosts and Provisions

The method requires no specia provisions other than a connection to the nail bar head.
In practice, a poor wire connection to the bar head will result in a depression of the
surrounding potential gradient and therefore a direct clip connection onto the head would be
preferred, i.e., it would be better to take measurements prior to casting the concrete head.

2.4.6 Theoretica Considerations

Closely related to the resistance method, the ‘Mise-ala-Masse’ measurements are
responsive to the whole length of the installed soil nail as a linear current emitter. As a
consequence, and as theoretical studies conducted in this study have demonstrated, the
method may be capable of discriminating between head end and toe end grout deficiencies,
provided those deficiencies are significant.

Adopting the reasonable simplification of uniform current emission, the theoretical
basis is straightforward but the method would be directly subject to the influence of variable
ground conditions. As a result, it would be better deployed in a comparative mode with
statistical qualification rather than attempting any form of individual calibration which was
fundamental to the original concept.

The method may be affected dlightly by the adjacent soil nails, which will tend to
influence the ‘vertical’ potentia profile in the local vicinity of the target nail in the event of
significant grout deficiency. This would be expected because the adjacent electrically
conductive bar would traverse the “vertical” potential gradient and incur some longitudinal
current flow. This effect will need to be investigated in tests but could possibly be used to
advantage when selecting the ground surface measurement points.

2.4.7 Vaue of Results

The ‘Mise-ala-Masse’ method is subject to ground conditions as well as to the nalil
characteristics. The high variability of ground resistivity affects the accuracy of this method.
Ground resistivity is defined as the inverse of electrical conductivity of the ground. Itsvalue
depends on a number of parameters including moisture content, salt content, temperature, etc.
Statistical evaluation of variance over several nails may therefore be more appropriate in this
case. Even so, depending on the adopted radial distances of the resistance gradient
measurements in relation to the nail head, the method is expected to be dlightly less sensitive
to bar or grout deficiencies than the Electrical Resistance method.

2.4.8 Potentia Modifications

If the ‘Mise-a-laMasse’ method were to be applied in a comparative mode, rather than
attempting an absolute definition, it may then be possible to devise a single potential gradient
(voltage or resistance) measurement that achieves discrimination adequately and rapidly.
Quite simply, this measurement could take the form of a resistance measurement between the
nail head and a radial distance of (say) one or two metres distance (or both), effectively
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substituting the remote potential electrode in the resistance measuring circuit.

Theoretical studies carried out for this study suggest that this modified form of the
method may have some application for discriminating the states of grout deficiency as shown
in Figure 5(b). Treated comparatively between nails, the measurement could be applied to
discriminate grout loss at the upper or lower section of anomalous nails.

Hence if the potential measurements are confined to a horizontal profile through the
soil nail head and the results are treated on a comparative basis rather than attempting
absolute evaluation, it may provide a useful qualification to the Electrical Resistance method.

It is recommended that the method should be subjected to further investigation and
potentially could be deployed selectively on those nails that are discriminated initially by the
more rapid reconnaissance resistance method. The technique could be more appropriately
termed the “Electric Potential Gradient” method. Similar to the Electrical Resistance
method, the individual accuracy of measurements cannot be considered because it is subject
to ground conditions as well as to the nail characteristics.

2.5 Vector Magnetic Method
2.5.1 Fundamental Theory

Soil nail steel bars have varying degrees of strong permanent magnetism, probably
induced during the hot roll manufacturing process. Thus, by measuring the fluctuation of
Earth’s magnetic field in the vicinity if asoil nail, the presence of a steel bar can be identified.
The dominant permanent magnetism takes the form of poles at some position within each
individual nail segment. Initidly it is assumed that the polarisations are at the segment ends as
shown in Figure 6(a). In order to detect the end of an installed steel soil nall, it is necessary to
provide a drillhole parallel to and in the vicinity of the steel nail for insertion of an instrument
called magnetometer (Cheung, 2003). In practice, however, the method is not as
straightforward as it seems because the polarisations at the physical ends may in fact be small.

For a magnetic pole of strength m the magnetic potential at distance r is +m/r. The
magnetic field intengity | at distance r from the pole is —m/r?, that is, it acts toward the pole.
If the field is measured along a profile in a parallel hole passing the pole, then with reference
to the Figure 6(b), the vector components of the polar field are given by:

. o -m
Axia vector component (usually z direction): — - Ccosp
r

Perpendicular to the axis (usually x and y vector component sum): g -sinf
r

where B is the angle of incidence of the polar field and the vector direction at the
measurement point.

The theoretical forms of the magnetic vector profiles recorded as the magnetometer
probe descends the measurement hole and B varies between -90 and +90 are shown in
Figure 6(b). Usually, although not necessarily for all equipment, the vector magnetometer
measures the field component m, parallél to the axis, and my and my perpendicular to the axis.
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The measurement procedure is to lower (or raise) the magnetometer probe in the test
hole and record the profiles of my, my and m,.  In practice it is difficult to restrain the probe
from rotating axially within the hole so it is convenient to combine the my and my vectors

after measurement as:

Maximum changes of responses are observed as the magnetometer sensor passes the
pole, that iswhere the distancer isleast. Hence for a segment magnetised at its physical end,
the last recorded pole position implies the end of the nail.

2.5.2 Method of Measurement and Data | nterpretation

In the present form, the Vector Magnetic method requires a test drill hole to be
prepared closely adjacent to the soil nail under test and cased with PVC tube. Ideally the test
hole should be approximately 2 metres longer the soil nail design length. A magnetometer
probe is lowered down the hole, usualy with the aid of detachable drain rods to ensure that it
penetrates fully to the bottom.

The vector magnetometer measures the magnetic field as three orthogonal vector
components (my, my and m;), one of which will be axia to the hole and the other two in the
perpendicular plane. The magnetometer is winched to the surface recording the three
magnetic profiles against depth continuously in digital form on a controlling laptop computer.
The zero depth of the magnetic sensor element relative to the nail head must be established to
ensure correct depth recording by the digital odometer. The magnetic profiles are then
analysed to indicate the point at which the magnetometer passes and responds to the adjacent
toe of the magnetic soil nail.

The initial test measurements showed that the position of the last main polar response
was commonly less than the known length of the nail bar under test. Subsequent tests on
uninstalled bars showed that the dominant magnetic polarisation does not necessarily occur at
the end of the nail but may be significantly inset by more than a metre in some cases - the
amount varying from segment to segment. This is most probably because the segments are
cut after the magnetisation has been assumed in the manufacturing process.

However, due to the magnetic permeability of the steel bar, the magnetic field of the
polarization will tend to be concentrated axially so that a secondary but weaker polarisation is
induced at the nail end where the magnetic flux emerges and diverges. This in effect results
in aweaker but detectable polarisation at the physical end of the soil nail.  Simple processing
has been developed to detect this secondary polarisation.

The first derivative (dm,/dz) of the m, profile is essentially a single peak with two
small side lobes where it passesapole. The second derivative (d°my/dz?) of the myy profile
is also a single peak with two small side lobes for apole. The product of the two functions
(dm,/dz) - (d°m,,/dz®) will tend to reinforce sharply where the probe passes a pole whereas it
will tend to zero for non-polar conditions.
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This simple diagnostic function can be successfully applied to the recorded profiles to
detect the weaker polar physical end conditions. The local magnetic properties of the ground
are usually far too weak to have any influence upon the results. The process method by
means of a diagnostic function as described above is effective at detection of the weaker
secondary end polarization with an accuracy of 0.25 metres or better regardless of the main
polarisation location (see Figure 6(b)).

2.5.3 Practical Issues

The approach attempts to contrast the magnetic characteristic along the length of soil
nail bar with the magnetically quiet conditions beyond the toe and hence to locate the end of
thebar. To do thisit requires magnetic measurement over a significant part of the target soil
nail length, within an adjacent prepared borehole and for at least two metres beyond the soil
nail end. The prepared borehole must therefore exceed the design length of the soil nail by
at least two metres.

The Vector Magnetic method is not practically efficient, requiring at least 30 minutes
per soil nail to set up then record the full magnetic profile. Further, the method usually
demands more than one operator depending upon the nature of the equipment and at |east one
technically skilled operator is necessary. Subsequent data processing and analysis are then
required.

Simple inexpensive and available equipment to conduct the measurements can be
devised but the time required for measurement is extended. Magnetic logging equipment
(used for the original tests undertaken by GEO) reduces the measurement time significantly
but it is expensive and not commonly available.

The major drawback of the method is the uncertainty of the test borehole alignment in
relation to the installed soil nail under test. Thislimitation is especially relevant to soil nails
longer than 10 to 12 metres beyond which the borehole could become closer to an adjacent
soil nail with consequent misleading magnetic results.

A refinement of the method was devised and tested to eliminate this uncertainty by
measuring the magnetic profile with an introduced magnetic induction (magnet admitted to
the nail bar head) then repeating the measurements with the magnet reversed. The difference
between the two measured profiles theoretically eliminates the influence of all adjacent soil
nails leaving only the influence of the applied magnet itself (x2) and the induced polarization
(x2) at the end of the soil nail. Although a positive result was obtained, the refinement was
found to be impractical, partly due to depth accuracy constraints but mainly because polar
induction at the toe end of the bar was found to be extremely weak. The weak induction
would be expected if the permanent magnetic polarisation of the steel was close to its natural
magnetic saturation limit (the hysteresis limit).

To summarise, the method suffers several major practical limitations:

(@) The method requires a separate test hole.
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(b) Soil nails are typically 1.5 to 2 metres apart. Except for
short (e.g. 12 metres or less) nails, there is areal possibility
that the test hole may transgress to an adjacent nail.

(c) Magnetic induction with reversal has been applied to
discriminate the soil nail under test and was moderately
successful but the technique is time consuming and the
magnetic properties of the steel bar may also be at or near to
saturation level. Thus induction at the far end of the soil
nail may be inhibited.

2.5.4 Equipment

The equipment used for the initial tests is not commonly available and is generally
confined to the mining exploration sector. Sources of commercial vector magnetic logging
equipment are known in Canada and Australia and are posted on the Internet.  The costs are
relatively high compared with the equipments of other NDT methods.

2.5.5 ExtraCosts and Provisions

The method at its present form requires preparation of a plastic cased borehole, which
would be prohibitive on a regular basis. The method is therefore considered inappropriate
for routine tests.

Access to the nail bar head is not required.

2.5.6 Theoretica Considerations

Provided the measurement borehole can be drilled in close alignment with the soil nail
under test, the method does respond to the end of the installed bar as the point at which the
magnetic profile of the bar finally collapses. It therefore provides a direct indication of
length unaffected by grout or ground conditions.

However, the dominant magnetic polarisation of the bar recognised in the raw data
typically may not occur at the bar end. But suitable processing of the combined magnetic
vector profiles enhances the weak secondary polarisation sufficiently to observe the end
condition. However, the technical process is likely to be beyond the normal facilities
available to atechnical operator and requires software specific to that application.

2.5.7 Vaue of Results

The method provides a direct estimate of the bar length. The results are repeatable
but the uncertainty of the borehole and soil nail alignment, including adjacent soil nails,
effectively limits this method to the shorter soil nails. Comparison with soil nail design
lengths on measurements conducted so far indicate that the accuracy of the method is usually
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of the order of +/-0.25 metres.

Acceptable confidence in the results is therefore restricted to shorter soil nails and cost
considerations effectively preclude application on aregular basis.

2.5.8 Potentia Modifications

Small economic solid state vector magnetic units are manufactured commercially and
are readily available through major electronics suppliers. They can be suitably adapted for
operation in water filled test holes. It may be possible to adapt the solid state sensor chips
for insertion into a grout sleeve tube for close direct access to the soil nail end, in which case
the limitations listed above would be negated. However, this modification is subject to some
uncertainties including the potential adverse effect from the provision of an access tube to the
grout sleeve integrity and the possibility of a kink along the tube which may impede insertion
of the solid state vector magnetic unit.

2.6 Electromagnetic Induction Method
2.6.1 Fundamenta Theory

Electromagnetic systems are deployed for metal detection in many industrial
applications, mining exploration and perhaps most commonly in security devices.
Fundamentally the systems operate by transmitting an electromagnetic field which will
interact with any nearby electrical conductors. The conductors in turn radiate a secondary
electromagnetic field that can be detected either by direct comparison with the primary

transmitted signal or by monitoring the phase distortion induced upon the total combined field.

The presence of the conductor can therefore be detected by monitoring the change in response
and the degree of response is directly related to the electrical conductivity. Hence the
electromagnetic systems are highly sensitive to the presence of metals, which in contrast to
the ground and the grout are good conductors.

Asshown in Figure 7(a), an alternating current iy passing through a conducting primary
coil Tx will generate an axial magnetic field H; (flux) that alternates in phase with the current.
If a second coil Ry is admitted nearby, the intersecting component of the alternating magnetic
flux Hy will induce an electromotive force (emf) in that coil, with a resultant current i, if the
coil circuitisclosed. The secondary emf (voltage) is greatest when the rate of change of the
intersecting magnetic flux dHy/dt is maximum, that is, as the aternating current in the
primary coil oscillates through zero. Hence by that inductance, an emf signal can be
measured in the secondary receiver coil which, in the absence of other influences, will show a
phase contrast of -90 degrees when compared against the emf signal of the primary coil.

In the close presence of a steel bar, induction will occur between the primary coil and
the conductive steel and secondary induction will also occur between the steel bar and the
secondary coil. The magnetic coupling Hy, between the primary coil and the steel bar
induces eddy current i, in the bar which, due to the high conductivity of the steel, will be
significantly out of phase with the current of the primary coil Ty.

The out of phase eddy current iy, further generates a secondary magnetic flux, equally
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out of phase with the primary flux, and a component of that secondary flux couples as Hy,
with the receiver coil Ry. Thus the total magnetic coupling on the receiver coil Ry in the
presence of the steel bar then becomes the sum of Hy and Hy,, which will be significantly out
of phase with Hy and will differ in amplitude. Both the phase and amplitude of the flux sum
will depend upon the electrical conductivity of the steel and the physical separations between
the coils and the steel.

By monitoring the induced response in the receiver coil Ry as a comparison with the
primary applied signal to transmitter coil Ty, the close proximity of steel, and hence the
physical end of the steel bar, can be accurately gauged through the changes of phase and
amplitude as the transmitter and receiver coils move past the bar end.

The presence of the enclosing grout medium will also influence the characteristics of
the electromagnetic system.  Grout is an ionic conductor although very much less conductive
than the steel bar. Therefore it will also incur a weaker induced secondary ionic current
through inductive coupling with the transmitter coil. But due to its more resistive property
the phase change of the induced current will be less in the grout than that of the steel and,
subject to the applied current frequency, it will attenuate the coupling coefficient between the
coils and the steel bar. Consequently in a uniform grout sleeve the influence of the grout
annulus upon the receiver signal will remain constant and unrecognized whereas in variable
grout conditions some small modifications of phase and amplitude may be expected.

2.6.2 Method of Measurement and Data I nterpretation

Electromagnetic induction is a common method of geophysical prospecting for
electrically conductive minerals, the presence of metals and contrasting ground resistivity.
This application to soil nails is conceptually identical and the method was developed by the
Public Works Central Laboratory of the Civil Engineering and Development Department.
The assessment below is based primarily upon the descriptions given in GEO Report No. 133
(Cheung, 2003).

In the deployment described by GEO, small transmitter and receiver coils are lowered
simultaneously in open plastic tubes that are preset in the grout sleeve. The transmitter cail
emits an electromagnetic (AC) signal that is detected by the adjacent receiver coil throughout
the soil nail length profile. The two signals are monitored continuously at the surface on an
oscilloscope or equivalent equipment. The signal returned by the receiver coil is influenced
in phase and amplitude, dominantly by the presence of the steel bar. Asthe coil devices pass
the end of the steel bar together, the receiver signal is significantly modified by the change of
inductance, resulting in an observable change of amplitude and phase. The observed change
indicates the end of the steel bar.

The initial electromagnetic tests conducted by GEO yielded the most accurate results
of all test methods for determination of the bar length. In principle thisis mainly due to the
facility of detecting the contrast at the end of the bar in close proximity rather than reliance
upon a response system that is subject to physical conditions along the length of the bar (e.g.
TDR and sonic reflection or by detection in a distant test drillhole). Surrounding ground
conditions would be unlikely to distort the result significantly. However, to achieve that
measurement the method inherently requires specia provision in the form of access tubes.
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2.6.3 Practical Issues

As described, the method requires two plastic tubes to be inserted with the grout at the
time of installation. For soil nail length testing, small coils wound on narrow mild steel
formers are lowered in the two tubes simultaneously. An AC signal is introduced to one coil
as a transmitter (primary signal) and the other acts as a receiver. Ideally the coils should
remain in a constant geometric relationship. The practical issue of admitting and
maintaining the coils together in routine surveys therefore demands careful control. The
profile measurements are therefore not particularly efficient.

Measurements are required over a profile to contrast the response in the presence of
the steel bar with the response in its absence beyond the soil nail end. At present it appears
that no provision is made to record the data profile against depth for subsequent reference but
that determination of the end of the nail is by direct visual inspection of an oscilloscope signal
traceon site.  Modification to that system is warranted for practical application.

2.6.4 EqQuipment

At present there is no commonly known commercialy available equipment for this
specific application. Geophysical equipment operating on the same principles for ground
investigation are commonly available but are designed for surface, airborne or larger diameter
borehole use and are inappropriate in this application.

The electromagnetic system deployed in tests so far by GEO relies upon the transmitter

and receiver coils admitted separately in two parallel tubes either side of the steel bar. These
have a possible impact of two plastic tubes upon the integrity of the grout sleeve.

2.6.5 Extra Costs and Provisions

The two plastic tubes set in the grout introduce an extra provision and may also have
detrimental effect upon the integrity of the grout sleeve. At present it is not clear how the
tubes extend beyond the nail end other than by extension of the soil nail drillhole and grout.

2.6.6 Theoretica Considerations

The two coils are mutually inductive so that the receiver coil registers a (secondary)
signal that is induced directly by the transmitter coil. The presence of the steel bar
introduces a further inductive coupling which results in reduced amplitude of the receiver
signal and will also cause phase shift between the primary and secondary signals. As
described, the present set up detects the point (the depth in the tubes) at which the induction
of the steel bar ceases to influence the secondary signal, hence identifying the end of the soil
nail.
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2.6.7 Vaue of Results

The Electromagnetic Induction method provides a direct measurement of the steel bar
length of the soil nail. It is possible that it may also respond to grout deficiencies (as
amplitude changes without phase shift). Surface geophysical electromagnetic equipment is
already available for thistype of application (void detection). The potential capability of this
method is high provided the construction of the plastic tube(s) is practical and acceptable and
previous test records aready indicate a high level of accuracy.

2.6.8 Potential Modifications

Coupling between the steel bar and the coils is dependent upon their physical
separation and upon the orientation of the coil axes. It is feasible to arrange the two coils
co-axialy within a single tube, separated at a small distance, for example similar to the
diameter of the grout, to achieve a measurable response (see Figure 7(b)). The signa
response of the receiver coil would tend to be dipolar, superimposed upon the amplitude step
response, as each coil passed the end of the steel bar, providing a similarly clear diagnostic
condition for bar end recognition.

A single coil (and hence single tube) would register the presence of the steel bar as a
distinct primary voltage phase lag (against primary current), with amplitude depression. The
modified method would be expected to give a usefully clear response to the end of the steel
bar beyond which there would be zero phase shift and restored amplitude. Such a system
would obviate the need for two tubes.

In general, electromagnetic signals at higher frequencies emitted from smaller coil
dimensions incur greater attenuation in adjacent conductive materials. As such they would
be expected to be increasingly influenced by the presence or absence of the moderately
conductive grout. In principle therefore, there may be an option with the Electromagnetic
Induction method to develop a system that provides some selective evaluation of the grout
integrity as well as the nail bar length. It is envisaged that this may be achieved through
application of dual frequencies and switch selectable coil dimensions on the probe device.

Hence, two coils separated by a few centimetres on a single former as illustrated in
Figure 7(b) should equally provide sharp definition of the bar end and, subject to the coil
separation, could also provide a useful indication of grout integrity. However, it should be
noted that these potential modifications have not been appraised in a field application. The
single tube system is, at a lesser degree, still subject to the same drawbacks of the two tube
system which include the potential adverse effect of the tube to grout integrity and possible
kink along the tube which could potentially obstruct penetration of the coil(s).

Comparisons of signal phases and amplitudes would seem to be too complex an issue
for routine site measurements and would demand a relatively high level of operator expertise.
However, as evident with most security scanning devices, the method would lend itself to
direct electronic evaluation which could trigger an audible sound at a threshold level as the
bar end is passed.
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2.7 Sonic Impulse Method
2.7.1 Fundamenta Theory

The sonic impulse, imparted manually by a hammer tap to the nail bar head,
propagates down the length of the soil nail assembly and is reflected from the toe end to
return to the head. The total travel time of the impulse and its reflection is directly
proportional to the length L of the soil nail through the relationship:

2t
\/

where T is the total recorded travel time and V is the propagation velocity of the impulse in
the soil nail.  With previous knowledge of the velocity, either by calibration or adoption of
an average value, the length of the soil nail can be calculated directly.

The signal reflection at the toe of the soil nail occurs as a function of the contrast of
acoustic impedance properties of the soil nail (Zs,;) and the containing ground (Zg,) where k,
the acoustic reflection coefficient, is given by:

A PEyAN
2 Z0a+2ZS,

where acoustic impedance Z, is the product of velocity and density.

2.7.2 Method of Measurement and Data | nterpretation

The Sonic Impulse method requires no special site provision other than direct accessto
the soil nail bar head and it responds directly to the length of the soil nail. To that extent the
method is attractive but in practice it is subject to several complications.

The technique uses standard pile testing sonic reflection equipment. For soil nails
with relatively small bar sizes (e.g. 25 mm), a small socket as shown in Figure 8(a) is attached
to the soil nail bar head to provide sufficient area for both attaching the sensor element and
hammering the soil nail bar head. The impulse is imparted to the socket by the impact of a
light hammer or steel pin as shown in Figure 8(b). Figure 8(c) shows the various types of
hammers and pins that were tried initially, which were subsequently reduced to 5 as suitable for
continued use (Chak & Shen, 2006). The sensor and equipment records the initia impact
impulse and the subsequent signature of the reflected sonic responses. In most cases, data
processing is required in order to be able to identify the reflection from the soil nail end. The
total travel time of the end reflection is then measured from the processed waveform signal.

Various data processing techniques have been employed in the Sonic Impulse method
for determining soil nail lengths. The ones that are routinely used include:

(@) Filtering off the unwanted signals and vibrations by use of a
high frequency filter (generally above 1 kHz as afirst step);
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(b) Magnification of the response by application of an
exponential function to compensate for soil damping and
attenuation; and

(c) ldentification of the first reflection wave from the nail end
by detecting its distinct features (e.g. amplitude,
characteristic jerk, repetition of initial wave pattern etc).
Figure 8(d) presents an example of the data processing procedure which was adopted
in one Sonic Impulse test conducted on a 12 m long soil nail.

2.7.3 Practical Issues

Although ideal in concept, the Sonic Impulse method may suffer in practice from
severa factors, the effects of which tend to obscure the returning sonic signal such that
unequivocal definition of the travel time is not aways possible or is difficult. Those factors
are a direct consequence of the convolution of the propagating impulse signal with the
variable and unpredictable physical characteristics along the length of the soil nail.

Signal attenuation will occur progressively as aresult of normal energy absorption and
of lateral refraction loss into the containing ground throughout the length of the soil nail.
This attenuation will have greatest influence for long soil nails.

The acoustic impedance of the soil nail is afunction of the combined elastic properties
of the steel bar and the grout and it will vary for variable grout conditions, either for
significant excess or deficient grout. The propagating impulse will be partially reflected by
those variable conditions, adding apparently spurious responses to the recorded signal and
diminishing the onward propagating signal in both the forward and return directions.

The sonic impulse comprises a wide spectrum of frequencies. The higher
frequencies travel at slightly greater velocities than the lower frequency components and
they are also subject to greater attenuation. Hence the returning impulse will tend to
become a signal ‘train’ and the main impulse tends to become longer and less distinct.
This may not present a problem in many cases, especially for shorter soil nails but for
longer soil nails where the reflection is weak and the signal is diminished through
attenuation, the central pulse may be difficult to discriminate, potentialy leading to
significant errors of travel time definition.

The acoustic reflection coefficient k, determines the amplitude and polarity of the
returning pulse. If the properties of the ground at the termination are similar to those of the
soil nail, as may occur with some states of rock, then the reflection coefficient will tend to
zero resulting in a very weak or negligible signal return. The developers have recognised
this condition and claim to have minimised it by attachment of a plastic shoe to the steel bar
end. The effectiveness of thisis not proven however as the signal is likely to have dispersed
into the rock with very little signal actually reaching the steel bar end.

Tests conducted so far have shown that the signals are prone to high frequency noise,
presumably a resonant frequency of the soil nail that tends to obscure the required return
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impulse signature. The developers have minimised the effect by application of a low pass
(1800 Hz) digital filter although the impul se response of the filter is not known.

The test does not appear to be difficult to apply although some small preparation of the
soil nail head appears necessary to be able to impart the pulse. It does require a person of
high technical experience to analyse the data including selective processing. The data
processing procedure for the test has not been standardised. Depending on the quality and
characteristic shape of the origina waveform, the amount and forms of the processing
technigues to be applied may need to be varied in each test in order to be able to identify the
reflection from the soil nail.

The time required for each measurement will be dightly greater than for TDR
measurements and additional time is required for processing. The efficiency of the method
in its present form is therefore not expected to be high.

2.7.4 Equipment

The equipment is commercialy available as seismic pile length testing units and
requires modification only to the method of imparting the sonic (seismic) impulse. The
characteristics of the available input and gain filters may be an issue considering the short
travel times and development is still ongoing.

2.7.5 ExtraCosts and Provisions

The attraction of the method is that it addresses the length of the bar directly but does
not require any additional pre-preparation of the soil nail, either by drillhole, wire or tube. In
that respect it is unique amongst all of the methods proposed so far. Access to and minor
preparation of the soil nail bar head is required.

2.7.6 Theoretica Considerations

The method is responsive to the length of the soil nail, expressed as the total travel
time of the sonic pulse. It therefore offers adirect evaluation of the length.

It is technically straightforward in concept, athough it apparently demands
considerable post-processing to overcome the poor signal to “noise’ ratios. The “noise” may
derive from multiple reflections from couplers, source ‘ringing’ and possibly through variable
grout contact.

The signal will be attenuated by progressive signal refraction loss through the grout to
ground and signal (frequency) dispersion during the travel time would also be expected,
diminishing accuracy of measurements on longer soil nails by stretching the reflected primary
impulse into asigna ‘train’ and progressive attenuation of high frequencies, resulting in loss
of definition. Therefore a limiting soil nail length can be expected beyond which reliable
results might be precluded.
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In principle though, the method will not be affected by laterally variable ground other
than probable effect upon signal attenuation. In that respect, deficiencies in grout are less
likely to have a significant effect on the test result.

The method is subject to determination of a calibration velocity with resultant scope
for significant error.  Possibly this might be overcome by a statistical evaluation of velocities
on any given site, selecting the median velocity to be adopted universally.

The method is not influenced by adjacent soil nails.

2.7.7 Vaue of Results

The developers indicate that the waveform is not always repeatable. This does seem
to be a fundamental weakness that could diminish its value in present form as an acceptable
standard test method. The only variable condition that could cause the non-repeatability is
the method of impulse generation. Some further development would therefore seem
worthwhile in that area

The consistency or reliability of length measurement has not been assessed and is
subject to the observations of the tester in picking the reflected pulse. Until a
post-processing method is well established and found to be reliable on a wide range of
situations this method cannot be considered further.

2.7.8 Potential Modifications

According to the published account by the developers (Gectech Resources & Geotech
Engineering Ltd), the impulse characteristics are not always repeatable. This lack of
repeatability must derive from the manua impact, the hammer blow, which is the only
variable factor. Hence significant improvement may be effected by development of a fixed
mechanical or electro-mechanical device, possibly including a piezo-electrical device, which
could impart an impulse with controlled constant characteristics. The facility may help
reduce the high frequency ringing and also provide facility for signal ‘stacking’ or summing
to improve final recorded signal amplitude and improve signal to noise ratios.

2.8 Surface Wave Time Domain Reflectometry (SW-TDR)
2.8.1 Fundamenta Theory

The method of electromagnetic Surface Wave Time Domain Reflectometry (SW-TDR)
is being developed commercially by Supreme Instruments Ltd for investigation of soil nails
and other structures in Hong Kong. Other than the claimed results published by the
developers of this application (Tang, 2004 and Tang & Yim, 2005), few details of the method
have been released or made available for detailed discussions. The assessment below is
based primarily upon the published information on the method.

Alternating signals, for example an electromagnetic pulse, tend to propagate near to
the surface of the conductor to which they are admitted. The phenomenon is commonly
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recognised as the skin effect in wider geophysical applications, a property that is a function of
conductivity, inductive permeability (inductance per meter) and frequency. Hence an
electromagnetic pulse applied to a soil nail bar will tend to propagate close to the outer
surface of the bar as shown in Figure 9(a). In its propagation along the surface of the bar,
the wave will be subjected to the variable inductive and capacitive properties imposed by the
adjacent grout sleeve (or absence of grout) in relation to the assumed electrically neutral
surrounding space.

Those variations of inductive and capacitive properties present a variable impedance
profile aong the length of the bar that is subject to the frequency components of the pulse,
and they will result in a train of signal reflections accordingly. Figure 9(b) shows an
idealistic impedance profile for a soil nail with anomalies along the rebar (Tang, 2004). In
practice, the recorded returning signal represents the two-way convolution of the
electromagnetic pulse with the impedance sequence, similar in principle to the pulse
propagation of the established TDR method and the Sonic Impulse method.

The developers attempt to define the impedance sequence attributed to the grout
column by measurement of the potential and current amplitudes of the returning signal.

2.8.2 Method of Measurement and Data | nterpretation

Details of the operational system have not been released. Essentidly it is a time
domain electromagnetic system similar in operationa principle to the equipment currently
deployed on the routine TDR tests on soil nails, that is, it admits an electromagnetic pulse to
the nail bar head. The method differs essentially from the established TDR technique by
avoiding the use of a parallel wire to create the inductive - capacitive ladder. It seemsin this
case that some form of background reference would still be necessary though to complete the
inductive - capacitive reference and therefore an earth line is expected.

The equipment has been designed to measure both the potential and the transient
current of the return signal, from which the designers derive the impedance train directly.
They attribute the calculated impedance train to the impedance sequence of the soil nail,
qualitatively relating observed changes of calculated impedance with states of grout

integrity.

As presented in the relevant publications, interpretation of the calculated impedance
sequence in terms of grout integrity is largely qualitative and to that extent does not differ
from the established method of TDR commonly deployed in Hong Kong at present.

The results published so far do show a marked response for the end of bar / grout
condition, from which a length determination can be made provided a calibration velocity is
available. However, standardized procedures for interpretation of the test results are not
provided in the published information. Figure 9(c) shows one of the published test results
for aground anchor (Tang, 2004).
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2.8.3 Practical Issues

The principal difference and advantage that this method would offer over the standard
TDR method is avoidance of the pre-installed wire. The method would therefore be suitable
for measuring existing soil nails where a pre-installed wire was not provided.

The published tests to date show consistent length responses for soil nails of the order
of 12 metres long. The response from longer nails appears to be untested although the
indicated strength of responses in the published data suggests that the length determination
may apply usefully for lengths significantly greater than 12 metres. No inconclusive results
have been presented so far.

2.8.4 EqQuipment

Commercial equipment may not be available to date and the prototype equipment used
in Hong Kong is proprietary and no details have been released. It appears that the basis of
the equipment is fundamentally similar to the standard cable testing TDR equipments with the
added provision of a means to monitor and record the transient current.

2.8.5 ExtraCosts and Provisions

Similar to the Sonic Impulse method the SW-TDR technique would be attractive as a
means to determine soil nail length without the necessity for added provision to the soil nall
installation.

2.8.6 Theoretica Considerations

The designers of the SW-TDR method attribute the calculated impedance train to the
impedance sequence of the soil nail, qualitatively relating observed changes of calculated
impedance with states of grout integrity. However, some caution may be necessary in that
procedural step because the return signal and hence the derived impedance train are in fact the
convolution of the two-way impulse with the actual impedance sequence. The derived
impedance train therefore will include second order responses which should not be attributed
uniquely to individual grout defects. All TDR systems, electromagnetic or sonic, for
investigating grout states would be subject to that complication. An important step is to
identify the signal that corresponds to the reflection from the bar end, which relies heavily on
Interpretation.

The method is not influenced by adjacent soil nails.

2.8.7 Vaue of the Results

The potentia value of the method as a means of measuring soil nail length without
additional provisions seems good, subject to sufficient accuracy and reliability trials.
However, for the method to be cost effective, it is likely that fully developed equipment
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would have to become readily available in the commercial market. A consistent basis of
interpretation of test results is also needed.

The method has a potential for grout integrity evaluations.

2.9 Summary of Findings

From the review, it is found that several methods can be used to determine nail length
but no NDT method can discriminate grout defects unambiguously.  Although the inferred
nail length from TDR is somewhat sensitive to the quality of the grout sleeve, the accuracy
and reliability of the TDR method with a pre-installed wire to measure nail length have been
proven in practice. In fact, there have been at least four cases where the TDR tests
performed on LPM sites have identified soil nails with significant grout defects. This TDR
method is considered an effective method in detecting soil nails with significant defects in
nail length and grout sleeve and the developments of the technique have satisfied the
framework components for general use asaNDT technique.

The Electrical Resistance method has also been proven in practice that it can identify
anomalous soil nails that are either short in length or have significant grout defects; but it is
unable to discriminate between those two influences. In practice this may not be a detriment
as both congtitute a defect. The method can therefore be used as a simple technique for
testing large numbers of soil nails, particularly as a blanket reconnaissance approach in the
event that atotal population of nailsistested. It also provides an inexpensive and quick way
to gain further information that may help resolve anomalies shown by the TDR method (e.g.
cases with no signal from nail end due to damaged wire or inverted reflection due to e ectrical
contact between wire and nail bar).

The Sonic Impulse Method is not always successful and the waveform is not
repeatable. Thisisthe main drawback and the method is not considered usable in its present
form. The Sonic Impulse and SW-TDR methods are not proven standard techniques but are
considered to have the potential for further development given the possible advantage of these
methods that existing soil nails without the provision of pre-installed wires or access tubes
within grout sleeves could also be measured. Further work is needed to develop their
potential for application.

It does appear that the potential of several other methods may not have been fully
explored by their designers and that further directed development may be warranted. For
example:

The Mise-a-laMasse method could readily adopt the equipment (and set-up) used for
resistance measurements and adopt a simple diagnostic measurement to discriminate certain
types of grout deficiency in anomalous nails. The method could be deployed simultaneously
with the Electrical Resistance method to provide further investigation of the anomalous soil
nails.

The Electromagnetic Induction Method appears to yield the most accurate results for
the determination of the bar length. In its present form, the Electromagnetic Induction
method is not acceptable due to the requirement to implant two tubes within the grout sleeve.
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However, the system could be developed as a single coil system or as a spaced transmitter and
receiver coil within a single plastic tube - to simplify the method and minimise practical
constraints.  In this respect the Electromagnetic Induction method could have the potential
for routine application and there is possibility that it may also offer areliable measure of grout

integrity.

The proximity of the tube to the bar is the key to the electromagnetic result and
therefore by using the same provison of a single tube within the grout, a miniature
magnetometer could also be readily developed to provide absolute confirmation of the bar end,
obviating the need for a separate borehole. Thus at close proximity to the bar, the Vector
Magnetic method could also provide a direct and unequivocal indication of the bar end without
ambiguity from adjacent soil nails or influence by the grout. In its present form, the Vector
Magnetic method can only determine the length of shorter soil nails but the cost associated with
the requirement of a separate borehole precludes its application on aregular basis.

It should be noted that the above potential modifications to the original methods have
not been tested and appraised in afield application.

The findings from the assessments of the seven NDT methods at their present forms as
summarised in this section are generally consistent with the conclusons and
recommendations provided by GEO in their trials and studies conducted on the same NDT
techniques, which are documented in GEO Report No. 133 (Cheung, 2003) and GEO Report
No. 176 (Cheung & Lo, 2005).

3. REVIEW AND APPRAISAL OF TEST DATA
3.1 TDR Test Datafrom Trial Use of TDR on LPM Sites
3.1.1 Generd

Three sets of TDR test data have been provided by GEO from the trial use of the TDR
method as a supplementary measure for quality control of soil nailing works at the LPM slope
works sites.

The first set of data contains the initial TDR tests (over 700 no. tests) that were used
for developing the reliability and uncertainty of the TDR tests. These soil nails were
constructed in the normal manner and their lengths were physically measured.  In addition to
the raw data a database table has been provided that contains:

(i) Basic project details of soil nails tested;
(ii) TDR testson controlled nails used for calibration;

(ii1) Interpreted results of TDR tests including deduced lengths
and as-built lengths of the soil nails tested; and

(iv) Pulse widths (if recorded) of TDR tests on the working and
calibration nails.
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The second set contains the results of 4,710 TDR tests (including calibration tests)
carried out by the testing contractors of the Public Works Central Laboratory (PWCL). A
similar database table has been provided for the tests in addition to the raw data.

The third set of TDR test data contains the results of 1,224 TDR tests (including
calibration tests) carried out by the Standard & Testing (S& T) Division and District Divisions
of GEO. The corresponding database contains similar test data to that of the TDR tests
conducted by PWCL.

The second and third sets of TDR data have been combined (and collectively called the
routine TDR tests) and the data fields made consistent for statistical analysis. The first set of
data (containing test results of soil nails with known lengths - controlled TDR tests) has been
analysed separately.

3.1.2 Statistica Analysisof Initia Controlled TDR Tests Conducted on LPM Sites

At the outset of the statistical analyses of TDR tests conducted on the LPM sites, the
variation of pulse propagation velocity among the nails of known length (i.e. the initial ~700
controlled tests) has been evaluated separately from the later routine test data for which the
confidence in the physical measurement of the nail length islower. For the controlled nails
on each site, the measured pulse propagation velocity should be mainly a function of grout
integrity as the length is known. The distribution of the pulse propagation velocity on each
siteissummarised in Table 2.

As shown in Table 2, these 700 test nails were spread over 10 sites. A total of
10 values of coefficient of variance (c.0.v.) have been used to estimate the variability of pulse
propagation velocity on a single site.  The c.o.v. can be modelled as a random variable the
mean and standard deviation of which are determined to be 4.03% and 1.13% respectively.
If anormal distribution model is used, there is a 95% confidence level that the c.o.v. will not
exceed 5.88%. The 95% confidence level that the variability in the pulse propagation velocity
falls within £5.88% from its mean value include the uncertainty due to human judgement in
data picking (identification of positions where the reflected pul ses corresponding respectively to
the clips of the test lead and the end of the test nail start to rise), the built-in error of the testing
instrument and the variability of the grout integrity of the test nails.

The above should not be taken as the overall uncertainty of the TDR method for length
measurement because under the existing testing regime the estimated length of atest nail is
based on the pulse propagation velocity determined from a calibration nail instead of the
mean velocity determined from all TDR tests undertaken on asite.  The integrity of the grout
sleeve of the calibration nail may not necessarily represent the average condition of the grout
sleeves of the test nails. Hence, the difference in grout quality between the calibration nall
and the ‘average’ nail would induce additional error in the length measurement using the TDR
method. All of the above including the built-in error of the testing equipment and the
uncertainties related to human judgement and variability in grout characteristics constitute the
random errors that may occur in length measurement using the TDR method.

The error band of the initial ~700 nos. of controlled TDR tests has been re-evaluated
(the previous assessment was undertaken by GEO and the results were reported in GEO
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Report No. 198 (GEO, 2006). The error is defined by the percentage difference in length
estimation calculated by the following equation:

(Estimated nail length - As-built nail length) / As-built nail length x 100%

The frequency distribution of the length difference is presented in Figure 10(a). By
fitting the probability distribution of the length difference with a norma model, as in Figure
10(b), the mean and standard deviation of the model are found to be 0.44% and 4.26%
respectively, which are in basic agreement with the values reported in GEO Report No. 198
(Cheung, 2006). These values imply a 95% confidence level that the difference in length
between the estimated value and as-built value due to overal uncertainty of the TDR test
(including built-in error of testing instrument, human judgement, grout characteristics,
reinforcement diameter and length etc) falls within -7.9% and +8.8%.

3.1.3 Statistical Analysis of Routine TDR Tests Conducted on LPM Sites

Following the above data analysis, separate statistical assessments have been carried
out on the later routine TDR test data (total 5,777 nos. of test nails including 724 nos. of
calibration nails) obtained from the LPM work sites to determine the variation between the
measured nail lengths compared to the reported soil nail lengths. Five different cases have
been considered to deduce nail lengths from the tests as follows:

(&) The average pulse propagation velocity determined from the
calibration nail(s) identified for each batch of soil nails is
used to deduce the lengths of that batch of test soil nails.

(b) The median pulse propagation velocity determined from the
TDR test data obtained from each LPM site is used to
deduce the lengths of test nails at that site.

(c) A single median pulse propagation velocity determined
from all TDR test data from the LPM work sites is used to
deduce the lengths of al test nails.

(d) A single mean pulse propagation velocity determined by
averaging all TDR test data from the LPM work sitesis used
to deduce the lengths of all test nalls.

(e) A single modal pulse propagation velocity determined from
all TDR test datafrom the LPM work sitesis used to deduce
the lengths of all test nails.

These 5,777 test nails are spread over 525 different sites. The number of
measurements is greater than 5,053 (5,777 minus 724 cdibration nails) in Case (a) and is
greater than 5,777 in Case (b) to Case (e) because some of the nails were tested more than once.

The frequency distribution of the length difference in each of Case (@) to Case (d) is
presented in Figure 11(a), 12(a), 13(a) and 14(a) respectively. The data set is observed to fit
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a normal distribution in al cases. By fitting the probability distribution of the length
difference with a normal model, as shown in Figures 11(b), 12(b), 13(b) and 14(b) for each of
Case (a) to Case (d), the mean and standard deviation of the model are calculated and
summarised in Table 3 for all cases considered.

It should be noted that the determination of modal velocity in Case (€) is not
unanimous and is dependent on the magnitude of the interval range that is adopted in
determining the average velocity of the highest frequency. Figure 15(a) and 15(b) show how
different modal velocities could be derived from the data set when different interval ranges
are considered. Two values of modal velocity are considered in the analysis undertaken for
Case (e) as presented in Table 3.

In order to understand the distribution of the mgjority of the test data, the extreme
outliers have been taken out from the data set in each of the above cases. The criteria used
to delineate outliers are described as follows. The extreme outliers are defined as data
valuesthat lie above Q3 + 3 x IQR or below Q1 - 3 x IQR,

where Q1 = lower quartile of the data,
Q3 = upper quartile of the data, and
IQR = inter-quartile range (difference between Q1 and Q3).

The positions of Q1 and Q3 are (n+1)/4 and 3 x (n+1)/4 respectively where n is the
original sample size.

Without excluding the extreme outliers, as shown in the frequency plots in
Figures 11(a), 12(a), 13(a) and 14(a), the normal distribution will not be able to represent the
data set well enough.

The range of percentage length difference at 95% confidence level results in Case (a)
as shown in Figure 11(b) for the routine TDR data set has increased quite significantly when
compared to the error band of the initial 700 controlled tests. 1n both Case (&) of the routine
TDR data set and the initial data set of the 700 controlled tests, the length of each test nail was
estimated based on an average pulse propagation velocity determined from a nail of known
length (calibration nail). Inis considered that since the uncertainty due to human judgement
is unlikely to be significantly different between the two data sets as a standard procedure for
testing and guidelines on result interpretation was followed, the increase of the error band of
the routine TDR data set was considered to mainly due to the effect of greater variability in
the grout characteristics of the test nails.

In Case (b) for the routine TDR data set, by adopting the median velocity determined
from the TDR test data obtained from each LPM site as the reference pulse propagation
velocity to deduce the lengths of test nails at that site, the range of percentage length
difference at 95% confidence level is found to be reduced significantly when compared to
Case (a). The mean difference is shifted to the positive side by amost 1% (from -0.98%
to -0.11%). Hence, it seems by adopting the median velocity at each site to deduce the
lengths of test nails at that site, the systematic error induced through the method by which the
calibration nail is selected (where one may tend to select a calibration nail that has above
average grout quality among the nails within a site) is reduced.
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In Cases (c) to (e), where a single median, mean or mode velocity determined from all
TDR test data from the LPM work sites is used to deduce the lengths of all test nails, the
percentage length difference ranges at 95% confidence level are found to be greater than that
in both Case (a) and Case (b). The increase is considered to be largely due to the different
wire types used at different sites, the effect of which was eliminated in Case (a) through using
the same type of wire in both the calibration and test nails and was largely eliminated in
Case (b) through using same type of wire on each sitein general.  Further, due to the use of a
single velocity of all data, the effect of variability of grout characteristics among nails resulted
from variable ground conditions at the different sites is not controlled or reduced, hence
adding to alarger band of percentage difference in length measurement by TDR. In view of
the results obtained in Cases (c) to (e), the use of a single mean velocity to deduce the lengths
of al test nailsis not likely to be feasible unless the wire type is standardised for use at all
Sites.

Based on the results presented above, the use of the median velocity measured at a site
in lieu of the velocity determined from a calibration nail seems to provide more accurate
results for the purpose of length measurement by TDR. However, it is possible that if more
than 50% of the test nails are actually shorter than their reported lengths or if the contractor
builds every nail short, then the resulted median velocity would be biased towards the high
side and as aresult the TDR tests could overestimate the lengths of the test nails collectively.
This scenario is nonetheless considered to be highly unusual because the contractor will only
need to be found negligent once to be liable. The options with regard to the method to be
used to determine the reference propagation velocity will be discussed in Section 5.2.

3.1.4 Review of Sources of Uncertainties Associated with the TDR Method

Various sources of uncertainties in nail length estimation using the TDR method were
identified by GEO (Cheung, 2006) as follows:

(@) Built-in error of testing instrument;
(b) Human judgement associated data picking;
(c) Wiretype;
(d) Ageof grout;
(e) Grout integrity (e.g. void in cement grout and void content);
(f) Steel bar diameter and length;
(g) Presence of bar coupler; and
(h) Wire configuration.
Based on the information provided in the available test data, the uncertainties in length

estimation due to steel bar length and wire type have been investigated. The variation of
pulse propagation velocity with steel bar length and wire cross-sectional area is presented in
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Figure 16(a) and 16(b) respectively. Trends of the velocity varying with bar length and wire
diameter are observed but these trends are considered not significant within the overall
variation of the results.

3.2 Grout Defects Investigation Using the TDR Method

Anomalies in the grout will cause ripples or partial reflections in the response signal
due to the induced changes in the electrical impedance. In one of the specia investigations
undertaken by GEO, controlled TDR tests were conducted on soil nails with artificial grout
defects to investigate the effect of grout loss at different locations. From these tests, it was
found that grout loss in large size and at nail end could result in a superposition waveform and
small grout loss at nail end cannot be detected (Figure 17). The approximate location of
grout loss in the middle portion of a soil nail could be observed in the waveform (Figure 18).
However, the amplitude of the waveform does not reflect the actual size of the grout loss.  In
most cases, significant noise was recorded at the initial part of the TDR waveform which
precluded detection of grout defects near the top of the test nail. Grout lossin air could lead
to apparently shorter soil nails. On the other hand, grout loss in water could theoretically
lead to apparently longer soil nails.

3.3 Improvement of TDR Method
3.3.1 Use of Grout Pipes with Embedded Copper Wires

In one of GEO'’s special investigations, the use of grout pipes with embedded wires to
replace the external wire for TDR testing has been investigated by GEO. Two types of this
kind of grout tube have been used, namely Type A and Type B, as shown in Figure 19(a) and
20(a). Two 1 mm diameter copper wires are embedded in the Type A grout tube and two
0.5 mm diameter copper wires are embedded in the Type B grout tube. A total of 229 soil
nails at two LPM sites have been tested with the Type A wires together with the normal wires
and atotal of 175 soil nails at three sites have been tested with the Type B wires together with
the normal wires.

3.3.2 Statistica Analysisof Controlled Tests Using Grout Pipes with Embedded Wires

A summary of the success rates for measuring signal in the copper wires which are
embedded in grout pipes is given in Table 4. As shown in Table 4, the success rate for
measuring signal in both wires embedded in a grout pipe is dlightly greater than 95% and the
probability of receiving no signa from both wires is less than 1% which is similar to that
when the normal external wireis used.

The variation of the pulse propagation velocity measured using these grout pipe
embedded wires and the normal external wires are summarised and compared in Table5.  As
shown in Table 5, the c.o.v. for the measurements taken at either one wire in the grout pipe is
up to 4.9% and 11.3% for the Type A and Type B grout pipes respectively. However, if the
average value of the measurements taken at both wires is used, the variation is reduced to
3.5% and 6.3% for the Type A and Type B grout pipes respectively, which is less than the
variation of the measurements taken at the normal sensor wires. The frequency distributions
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of the pulse propagation velocity for the wires embedded in the Type A and Type B grout
pipes in comparison with that for the normal external sensor wires are presented in
Figure 19(b) and Figure 20(b) respectively. A schematic diagram showing the configuration
of these wires along the test soil nail is also shown in each of the above figures.

It should be noted that the average pul se propagation vel ocity measured using the grout
pipe embedded wires is almost 40% faster than the average velocity measured using the
normal external wires. The significant change in velocity is considered to be largely due to
the effect of the different plastic insulations of the wires on the overall dielectric property of
the materials in close proximity to the conductor pair (i.e. wire and nail bar).

Also shown in Table 5 are the results of error in length estimation by use of two
different methods for the determination of the reference propagation velocity as follows:

(@) The median pulse propagation velocity determined from the
test data obtained from each site is used to deduce the
lengths of test nails at that site.

(b) A single pulse propagation velocity determined by
averaging all test data is used to deduce the lengths of all
test nails.

It should be noted from the results that the error bands resulted from the above two
cases are very similar, indicating that by standardising the type of wire to be used on all sites,
a single pulse propagation velocity may be used to estimate the lengths of all test nails
without the need for calibration nail(s) or the use of a median velocity.

4. FRAMEWORK FOR APPLICATION OF NDT TECHNIQUES
4.1 Genera Aims and Key Components

The existing quality assurance framework (interim) requires at least 2% with a
minimum of 5 nails to be tested by TDR at each of the GEO LPM sites. For the private
sector, on completion of installation of soil nails, thekey supervision records will be
submitted to the Building Authority (BA). Upon review of the supervision records, if the BA
considers that there is cause for concern in relation to the quality of soil nailing works, the BA
will require NDT of at least 1% of soil nails with a minimum of 2 nails per slope to verify the
length of theinstalled soil nails.

Factors that could lead to problemsin quality include:
() variable ground conditions and poor workmanship, and
(b) deliberate act of deception.
Currently TDR is the standard form of test deployed to check soil nail length. As
such it applies particularly to the deterrence and detection of deliberate installation defects.

The present sampling strategy of selecting a small number of soil nails in a random or
semi-systematic manner may be adequate as a measure of deterrence to a deliberate act of
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deception. However, if the percentage of defective nails is small, it is highly unlikely that
the sampling can detect soil nails affected by the above factors. Particularly, if a NDT
technigue is to be extended to grout integrity assessment, the existing small sampling scheme
is likely to be inadequate. Hence, the sampling strategy and associated remedial action
needs to be examined.

Furthermore, if other NDT techniques are to be considered for use in lieu of the TDR
method, it is considered that the acceptance requirements should be rationalised for
consideration by technique developers and NDT users.

For the above reasons, a framework for the application of NDT techniques in general
for quality control of soil nailing works has been formulated in this study to be in line with the
genera objectives of the NDT to provide some assurance of the integrity of the soil nails
installed. However, NDT is not recommended to be used as compliance testing. A major
reason is that proof for poor construction method that is beyond doubt when condemning a
defective work is difficult if not impossible. On the other hand, it is apparent from
consultations held with the industry stakeholders that most people still have reservations over
the reliability of NDT methods. As such, it is considered premature to implement the NDT
tests as a compliance test under the proposed framework. Thereisaconcern that if the NDT
tests are used as compliance tests, all follow-up actions would have to be made contractual
and that would require every party to buy in to the test being reliable.

The key components of the general framework for the application of NDT techniques
in quality control of soil nailing works are categorised into two streams as follows:

(i) Components to be considered in approving a NDT technique for use in quality
control of soil nailing works and these include:

(a) Property to be measured,

(b) Primary requirements for acceptance as a quality assurance
tool;

(c) Accuracy; and
(d) Reliahility.

(it) Components for implementation of a NDT programme for quality control of soil
nailing works and these include:

(@) Sampling strategy;
(b) Alert criterion that triggers follow-up action; and

(c) Follow-up strategy including necessary contractual
provisions.

A flowchart is provided in Figure 21(a) to illustrate the essential steps to be undertaken
for each proposed NDT technique for satisfying the above framework components for
application in the quality control of soil nailing works.
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4.2 Property to be Measured

The property of the soil nails to be measured using a NDT technique (i.e. objective of
the test) needs to be well-defined in order to be considered for general use in quality control
of soil nailing works. In proposing aNDT technique for use in quality control of soil nailing
works, the property of the soil nail to be measured using the technique should be clearly
defined to the vetting authority for their consideration in approving the technique.

The common objective should either be to evaluate the length of the soil nail steel bar
or to assess the integrity of the grout annulus. If the test result of a NDT technique are
dependent on more than one quality of the soil nail to be tested, consideration should be given
to focusing on measuring one quality at a time and the testing procedure may need to be
different for different objectives of the test in order to achieve optimal reliability in the
measurement of asingle quality of the soil nail under test. Alternatively, if aNDT technique
does respond to the soil nail bar length and also to the integrity of grout but is unable to
discriminate between the two influences, consideration may be given to supplement the
technigue with another one if defect discrimination is desired.

While the ability of most NDT techniques in the quantitative assessment of the grout
integrity of soil nails has not been reliably proven, the primary and compulsory requirement
for a proposed NDT technique for application in quality control of soil nailing works is at
present in the measurement of nail bar length. The ability of a NDT technique to assess
grout quality is an advantage but is not deemed essential at this stage.

4.3 Primary Reguirements for Acceptance as a Quality Assurance Tool

Before aNDT technique is accepted for general use, the basic requirement would be to
have a known consistent basis for interpretation, which shall be well documented and made
available to users. Further, the provided basis for interpretation shall be applicable to most
cases in the same manner and applied by most informed usersin the sameway. Only in this
way, the parties whom the NDT results are concerned can have a common basis and
understanding for discussion and/or appeal where it is considered justifiable. A method
where the basis for interpretation is not well documented would be more suitable for special
cases than for general use. The derivation of the NDT method shall also be based on sound
scientific theories. A NDT method that is not founded on sound scientific theories is likely
to be heavily relied on individual experience. Hence, the interpretation of this kind of NDT
techniqueis generally less consistent asit isinfluenced by personal judgment. A NDT result
that is known to have been based on individual experience and judgment would be subject to
dispute, hence rendering the NDT technique ineffective in achieving its intended purpose.
The above primary requirements for acceptance for a NDT technique for use in quality
control of soil nailing works have been set out by GEO in the Technical Guidance Note
No. 18 (TGN 18).

4.4 Accuracy

The accuracy of a NDT technique for measuring soil nail length is defined as the
closeness of agreement between the NDT result and the true length of the nail.  According to
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the definition in BS 1SO 5725-1:1994, the term accuracy, when applied to a set of test results,
involves a combination of random components collectively termed “precision” and a common
systematic error or bias component which is a measure of “trueness’. The random
components or “precision” depends only on the distribution of random errors under the
stipulated conditions. The repeatability and reproducibility conditions are particular sets of
extreme conditions.

Under the proposed framework, before a NDT technique which provides a direct
measurement is accepted for use, its accuracy in measuring a property of the soil nail shall be
determined by carrying out a sufficient amount of controlled tests on soil nails of known
properties in accordance with a recognised international standard such asBS1SO 5725. The
technigue developer should properly document the results of the controlled tests in
accordance with the appropriate international standard and present it to the client when
requested.

For any NDT method which operates in a comparative mode (e.g. the Electrical
Resistance Method), its sensitivity in detecting defect of any one property of soil nail shall
equally be determined with a sufficient amount of controlled tests.

For al NDT methods, the controlled tests for determination of accuracy or sensitivity
(in the case of comparative methods) shall be carried out in the field on soil nails that are
constructed in the normal manner asiit is recognised that the results of most NDT techniques
are subject either to disturbing influences along the length of the soil nail or to variable
ground conditions. For NDT methods that are subject to influence of the surrounding
ground, it is recommended that the controlled tests for determination of accuracy/sensitivity
should be carried out under the variety of ground conditions which are likely to be
encountered in the slopes of Hong Kong.

The factorg/conditions that could exist which may affect the method’'s ability to
perform at its optimal level should be identified and made known to the potential users.

4.5 Reliability

Thereliability of aNDT technique has to do with the consistency of the measurements.
There are several general classes of reliability estimates, of which the following two are
considered to be most relevant to NDT techniques:

(@) Inter-observer reliability - used to assess the degree to which
different observers/operators give consistent estimates of the
same phenomenon;

(b) Test-retest reliability - used to assess the consistency of a
measure from one time to another.

It is expected that, before aNDT technique is accepted for usein quality verification of
installed soil nails, its reliability in the form of both the above-mentioned reliability types
should be demonstrated through trial tests carried out on actual installed soil nails constructed
in the normal manner. Tests used to demonstrate reliability of a NDT technique in
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measuring a property of soil nail installed in the field to the claimed accuracy may be covered
under the same programme of controlled tests for determination of accuracy.

4.6 Sampling Strategy
46.1 Gened

For NDT techniques which provide direct measurement of the properties of installed
soil nails, the option of conducting full tests on all nails is normally not practicable and is
generally not preferred by both the Employer and Contractor for the reasons of additional
incurred cost and time.  Sampling can be designed to provide a reasonable quality assurance
that meets the targeted objective associated with an acceptable consumer’srisk. However, it
is fundamental that some defective products (soil nails) may be accepted if sampling is
adopted. Asdiscussed in Section 4.1, the existing sampling strategy is considered to be too
small to be able to detect defective nails if the percentage of defective nails is not large.
Hence, for NDT techniques, which provide direct measurement of the properties of installed
soil nails, it is proposed to adopt a sampling strategy based on the procedures documented in
the BS 6001-1 (1SO 2859-1) (BSI, 1999).

Under the proposed sampling plan, each item sampled must be judged as either
conforming or non-conforming with respect to a specified requirement. As NDT is not
recommended as a compliance test, the batch (termed “lot” in BS 6001) will be determined as
whether the number of non-conforming items identified in the batch exceeds an “aert
criterion” where follow-up action is warranted. The sampling procedures should be
designed to provide an acceptable quality limit to the employer such that majority of
substandard lots are rejected.

The proposed sampling and lot rejection rules are set to achieve 90% confidence in
rejecting a “lot” with more than 20% non-conforming soil nails. It should be noted that the
proposed sampling strategy to be discussed in Section 4.6 and the associated follow-up
strategy in Section 4.8 are applicable only to NDT tests that are carried out on individual nails
to give an inferred measurement of a soil nail property. For NDT techniques that derive
results in a comparative mode such as the Electrical Resistance method, the sampling strategy
is not suitable. The sampling and follow-up strategy for comparative NDT techniques are
discussed separately in Section 4.10.

4.6.2 Formation of Lots

The soil nails to be constructed on a site shall be assembled into identifiable lots.
Each lot shall, as far as is practicable, consist of soil nails of a single type, size and
composition, constructed under uniform conditions at essentialy the same time (period).
The formation of lots and the associated lot size shall be identified by the Contractor for
approval by the Engineer. The Contractor should be given as much flexibility as considered
reasonable to define the lots to suit his construction sequence providing the above rules are
complied in general.
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4.6.3 Determination of Minimum Sample Size and Acceptability of Lots

The required sample size for a given lot of instaled soil nails is dependent on the
particular lot size. Table 6 (based upon Table 1 of BS 6001-1 (BSI, 1999)) shall be used to
obtain the appropriate sample size for a particular lot size.

A sampling plan is a combination of sample size to be used and the associated alert
criterion. The number of soil nails to be tested by the approved NDT technique shall be
equal to the sample size given by the plan.  If the number of non-conforming soil nails found
in the sample is equal to or less than the alert criterion, no further investigation is considered
necessary for the lot. If the number of non-conforming soil nails is greater than the aert
criterion, follow-up action is warranted.

It should be noted from Table 6 that the minimum sample size does not increase in a
direct proportional manner with the increase in the lot size. If the soil nails on a site are
being divided into more lots for testing, the soil nails could be tested at the earliest
opportunity and hence decision as whether follow-up action is needed can also be made
earlier. The potentia problems associated with the difficulties in providing access and work
platform for NDT testing at completion of the soil nailing works may be alleviated.
However, lots with small number of soil nails will increase the cost of mobilising the testing
contractor and is not preferable. A general lot size of more than 50 nails should be
maintained as far as practicable.

The soil nails to be tested within each identified ot shall be selected by the Engineer.

The follow-up strategy to be adopted for lots exceeding the aert criterion will be discussed in
detail in Section 4.8.

4.6.4 Consumer’'sRisk

The sampling schemes provided in BS 6001-1 (BSI, 1999) are intended to be used
primarily for a continuing series of lots, that is, a series long enough to allow switching rules
to be applied. These rules provide a protection to the Employer by means of a switch to
tightened inspection (with tightened lot acceptability criteria) should a deterioration in quality
be detected. For the case of soil nail construction particularly for small sites, the series of
lots may not be long enough to allow the switching rules to be applied. For thisreason, it is
proposed to limit the selection of sampling plans to those that give consumer’ s risk quality not
more than a specified limiting quality protection. Sampling plans for this purpose can be
selected by choosing a consumer’s risk quality (CRQ) and a consumer’s risk (probability of
acceptance) to be associated with it.

A consumer’s risk quality of 20% non-conforming soil nails with an associated
probability of acceptance of 10% or less is recommended to be adopted for individual lots
under the proposed sampling framework. In order words, it is aimed to achieve 90%
confidence in not accepting a “lot” with more than 20% non-conforming soil nails. Table 7
assembles the sampling plans provided in BS 6001-1 for different lot sizes that guarantee a
consumer’s risk quality (CRQ) of 20% non-conforming soil nails for a consumer’s risk of
10%. Hence, for example, for alot size of 100 soil nails, the minimum sample size should
be 20 and the acceptance and non-acceptance numbers should be 1 and 2 respectively
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(Table7). It should be noted from Table 7 that for a CRQ of 20% the minimum number of
soil nailsto be tested in any “lot” is 10.

The proposed customer’s risk quality is chosen to strike a balance between the testing
frequency (i.e. additional cost and time) and the desired minimum quality level. In other
works, if a higher quality limit is desired, the testing frequency (sampling rate) will have to be
increased.

4.7 Non-conforming Threshold

Under the proposed framework for the application of NDT techniques in general for
quality control of soil nailing works, the soil nail must be judged as conforming or
non-conforming. The non-conforming threshold is defined as the point below which
anomalous result in the NDT measurement indicates that the soil nail falls short of the
required construction specifications.

A soil nail found to be non-conforming based on the result of a non-destructive test is
deemed to have non-conformities associated with the properties to be measured. For
example, in TDR tests with pre-installed wires, the non-conformities relates to the quality of
the grout annulus and the length of steel bar. When defining the non-conforming threshold
for each of the NDT techniques suitable for use in quality control of soil nailing works, its
impact on giving false alarm should be considered.

The non-conforming threshold for different NDT techniques are expected to be
different, which are inevitably related either to the overall uncertainty of the NDT tests in
deducing the length of the soil nail stedl bar or to the probable maximum influence of variable
ground conditions such as a step in rockhead as in the case for the Electrical Resistance Method.

While there are few targeted site tests carried out on normally constructed soil nails to
investigate the effects of natural grout defects of various magnitudes on the test results of
NDT methods, it is still uncertain how grout defects may affect the test results. Hence, the
non-conforming threshold for NDT tests that are influenced by grout quality must be set
prudently to avoid giving unnecessary false alarm.

4.8 Follow-up Strateqy

Under the sampling procedure recommended in the framework, the testing for a lot of
soil nails shall be terminated when the non-conforming nails does not exceed the alert
criterion. However, the Employer shall have the right not to accept any soil nail found
non-conforming during the testing.

For alot found to have non-conforming nails exceeding the alert criterion based on result
of theinitial single sampling plan, subject to approval by the Engineer, the Contractor may step up
to the single sampling plan one level higher with its corresponding larger sample size (~50%
more). |If the results from both single sampling plans indicate the number of non-conforming
nails till exceed the alert criterion, al untested nails within the lot shall be tested.
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In such case, a design review should be carried out by the Engineer. Additional
investigation by means of other NDT techniques or other methods could be required at this
stage. Following the design review, and additional investigation if conducted, the Engineer
will decide in consultation with the Employer on whether additional soil nails will be
constructed. The Contractor will be required to install additional nails upon receiving
instruction from the Engineer. The decision from the Engineer on whether additional nails
need to be installed may be deferred to when the test results of the last lot of soil nails at asite
are obtained.

4.9 Contractual Provisions

All NDT tests are to be carried out by an independent testing contractor and paid by
the Employer. However, the Contractor shall provide the necessary safe access and work
platform for al NDT tests and accommodate in the construction programme the time for
conducting the tests. Further investigation and remedial works will be paid by Contractor
only if it is proved that the anomaly is caused by defective construction (e.g. short nail or poor
grouting practice). Otherwise, al costs will be borne by the Employer.

4.10 Sampling and Follow-up Strategy for Comparative NDT Techniques

For comparative NDT techniques such as the Electrical Resistance Method, the tests
are usualy rapid and the cost per test is low compared to the mobilisation and setting-up costs.
Hence, for NDT techniques which operate in a comparative mode, it is recommended to test
all soil nailsinstalled on asite.  Following the tests, a design review if considered necessary
by the Engineer should be carried out based on the results of all tests. A decision will be
made based on the design review whether or not certain nails need to be replaced. The
contractual provisions for the use of these techniques should be the same as those
recommended for the techniques of direct measurement.

5. APPLICATION OF FRAMEWORK TO TDR TESTING
5.1 Accuracy and Reliability of the TDR Method

The precision of the TDR method under the repeatability and reproducibility
conditions has been assessed by GEO through considering the single-operator and
multi-operator uncertainties. The findings of the assessment are reported in GEO Report
No 198 (GEO, 2006). Random errors that occur in TDR testing for determining soil nail
length may aso be related to the difference in the amount of grout defects present in the
calibration nail and the test nail. The method by which the calibration nail is selected may
induce systematic error in length measurement using the TDR method if one tends to select a
calibration nail that has above average grout quality among the nails within a site.

The parameter used to evaluate the accuracy of the TDR method for nail length
measurement is the total error of each of the TDR tests recorded in the TDR data sets and is
defined as the percentage variation between the measured nail length compared to the
reported soil nail length (Ilength difference). By fitting the probability distribution of the
length difference with a normal model, the mean and standard deviation of the accuracy
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model for the TDR method have been determined in Section 3. Using these values, the level
of confidence that the percentage error on length estimation using the TDR method falls
within a certain range, has been established.

The reliability of the TDR method for nail length measurement has been estimated by
GEO through the multi-operator tests (i.e. inter-observer reliability) and single-operator tests
(i.e. test-retest reliability over short time interval) in accordance with BS 6001. The results
are reported in GEO Report No. 198 (GEO, 2006).

Based on the findings from the accuracy and reliability tests (the initial 700 controlled
tests) which were undertaken by GEO and the further statistical analyses carried out in this
study on the routine TDR data set (5,777 test nails) for evaluation of the percentage length
difference ranges at 95% probability distribution, it is considered that the accuracy and
reliability of the TDR method in the evaluation of soil nail length have been sufficiently proven.

5.2 Review of Testing Regime

Consideration has been given to the testing regime that is commonly adopted on sites
for TDR testing. For the TDR method the main drawbacks that have been experienced are
asfollows:

() Variable ground conditions may lead to difficulty in
properly forming a grout sleeve around the soil nail, e.g.
formation of voids around the steel bar, leading to variable
dielectric constant (variable pulse velocity), even on
individual sites and adjacent soil nails.

(b) Selective adoption of individual calibration nails may not be
appropriate over large sites and may result in systematic
error in length estimation.

(c) Method relies on assumed correct installation of the wire(s)
and uniformity of wire insulation.

(d) Data analysis for length estimation is subject to systematic
error caused by the influence of grout integrity on the pulse
propagation velocity.

Due to the above it is not clear whether TDR is unequivocally measuring the length of
the soil nail.

With regard to the use of calibration nails for determination of a reference velocity,
these calibration soil nails are typically chosen on site at random (usually along nail) for TDR
testing, with guidance from the Resident Engineer or where the soil nail length has been
observed directly at installation. There is no guarantee that the calibration nail is typica for
all others or even is the correct length. It may therefore be better to consider the mean (or
median) velocity for agroup of soil nails.
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From the results of the statistical analyses presented in Section 3.1, it is shown that the
use of the median velocity from each site seems to provide more accurate results for length
measurement than the use of calibration nails. If the proposed single sampling strategy is
used (i.e. minimum sample size becomes 10 for each batch of soil nails), the use of median
velocity isfeasible.

As the value of the median velocity has to be unbiased for achieving acceptable
accuracy inthe TDR test, it is proposed that the median velocity should be compared with the
mean velocity value obtained from a minimum of three calibration nails with enhanced
supervision at each site.  Assuming a normal distribution for the pulse propagation velocity
of al nailson asite, it is found based on the results of the 700 controlled nails on 10 sites that
with 95% confidence the mean velocity of all soil nails on a site would be within +15% of the
mean velocity determined from three calibration nails. The critical stage of construction of
these calibration nails should be observed by an engineer-grade supervisor.  If the median
velocity is more than 15% faster than the mean velocity value determined from the calibration
nails, the mean velocity from the calibration nails should be used instead to estimate the
lengths of the test nails.

An alternative option is to adopt the mean velocity determined from a minimum of
three calibration nails on each site with enhanced site supervision described as above. This
option, although less preferred in the way that it will in most cases result in alarger error band
in terms of length measurement compared to the use of median velocity at each site, is
considered to be more reliable than the existing testing regime.

5.3 Review of Non-conforming Threshold

In the existing framework for TDR, a 15% variation in the deduced length is used as a
threshold that identifies soil nails with abnormal TDR test results and may trigger further
investigation. This variation, which relates to the overall uncertainty of the TDR tests in
deducing the length of the soil nail steel bar, has effectively become the ‘non-conforming
threshold’ for the TDR method. From the natural variance of TDR results as revealed by the
two TDR data sets (the 700 controlled tests data set and the 5,777 routine tests data set),
although there seems to be some room for tightening the non-conforming threshold for TDR,
more thoughts are required before doing so for the reasons given below.

The variation in the deduced length may be attributed solely to the difference in grout
integrity between the calibration nail and the test nail and so far very limited site tests on real
soil nails have been performed to investigate the effects of natural grout defects of various
magnitudes on the TDR test result. It may be possible that an acceptably small grout defect
occurring at a couple of locations along the test nail could result in a TDR-deduced length that
Is more than 15% shorter than the design length considering also the effects due to other
uncertainties related to human judgement and wire configurations and built-in error of testing
equipment etc which add to the overall testing error.  Rejecting and replacing soil nails with
possibly negligible defects, resulted from tightening the non-conforming threshold, would be
awaste of money and have unnecessary adverse impact on the programme.
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Furthermore, in terms of length estimation, allowing a 15% variation in the deduced
length should not significantly affect the ability of TDR or any other kind of NDT test to deter
deliberate act of deception.

5.4 Application of Framework to TDR Testing

As discussed in Section 5.1, the accuracy and reliability of the TDR method in the
evaluation of soil nail length have been sufficiently proven. Furthermore, a standardised test
procedure and a consistent basis for interpretation have been developed for the TDR method
and are available to al usersin the document “ Guidelines on Test Procedure and Sample Test
Results Using Time Domain Reflectometry (TDR) to Determine the Length of Installed Soil
Nails’ published by GEO. Hence, it is considered that the TDR method has aready satisfied
the key components for acceptance of a NDT technique under the general framework for the
application of NDT techniques in the quality control of soil nailing works. The TDR method
is therefore considered to be ready for application asaNDT technique for general use.

A flowchart is provided in Figure 21(b) to illustrate how the proposed sampling
strategy and modified testing regime will be applied to TDR testing. As shown in the
flowchart, the Contractor will first define the lots for approval by the Engineer. Upon
approval by the Engineer, the minimum sample size for each lot will be determined according
to its size in accordance with Table 8.  After the minimum sample number is determined, the
Engineer will then select the soil nails from each lot to be tested. The TDR tests will be
carried out by a designated independent testing contractor who will deduce the travel time of
the TDR pulse reflected from the inferred nail end of each test nail. The Engineer, based on
the travel time obtained by the testing contractor, will calculate the average pulse propagation
velocity for each test nail.  From the tests carried out on each lot, the median velocity will be
determined and used as the reference propagation velocity to estimate the length of each test
nail (provided that the comparison with the mean velocity determined from three calibration
nails is satisfactory) and gauge the acceptability of each test nail according to the
non-conforming threshold of the TDR test. A test nail with inferred length more than 15%
shorter than the reported length will be considered as non-conforming. Conversely, a test
nail with inferred length longer than or less than 15% shorter than the reported length will be
regarded as conforming.

An example of a mock-up site is then presented in Figures 22 to 25 to further
demonstrate how the proposed testing framework (single sampling) could be followed in the
case of TDR testing. The sample site has a total number of 200 soil nails and it is divided
into three lots as shown in Figure 26. For Lot 1, which contains 75 soil nails (i.e. < 90), the
minimum sample number is 13 so as to achieve a customer’s risk quality of not more than
20% non-conforming (Table 8). Out of the first 13 soil nails that are randomly selected to be
tested, 1 non-conforming soil nail is detected. As the number of non-conforming soil nails
exceeds the adert criterion of the initial sampling plan, 7 more nails are tested according to the
second sampling plan. No non-conforming soil nail is detected among these 7 nails. Hence,
the total number of non-conforming soil nails for Lot 1 is 1, which is equal to the alert
criterion of the second sampling plan. No further investigation is considered necessary for
Lot 1. However, action should be considered to rectify the non-conforming nails, e.g. by
replacement of the nails. For Lot 2, 2 non-conforming soil nails are detected from the
10 nailstested. Since the number of non-conforming soil nailsis already larger than the alert
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criterion of the next sampling plan, further investigation is required for Lot 2. All the
remaining soil nails in Lot 2 are then tested and a design review is carried out based on the
results of al tests. For Lot 3, again 13 soil nails are tested and none are identified to be
non-conforming. Hence, no further investigation is needed for Lot 3 according to the
sampling plan.

6. CONCLUSIONS

The available information and data on the use of the NDT techniques have been
reviewed and appraised. Seven NDT techniques have been considered and each technique
has been assessed in terms of itsrelative merits and limitations. Basically, it isfound that no
method can discriminate grout defects unambiguously. Theinferred nail length from TDR is
somewhat sensitive to the integrity of the grout sleeve. Voids within the grout sleeve will
have an effect on the propagation velocity of the TDR pulse. However, the accuracy and
reliability of the TDR method with a pre-installed wire to measure nail length have been
proven in practice. This method is considered to be an effective method in detecting soil
nails with significant defect in length and grout and the development of the technique has
satisfied the proposed framework components for general use asaNDT technique.

The Electrical Resistance method has been proven in practice that it can identify
anomalous soil nails that are either short in length or have significant grout defects but it is
unable to discriminate between those two influences. In practice this may not be a detriment,
as both congtitute a defect. The method can therefore be used as a simple technique for
testing large numbers of soil nails, particularly as a blanket reconnaissance approach in the
event that all the nails are tested. It also provides an inexpensive and quick way to gain
further information that may help resolve anomalies shown by the TDR method (e.g. cases
with no signal from nail end due to damaged wire or inverted reflection due to electrical
contact between wire and nail bar).

It appears that the potential of several other methods may not have been fully explored
and that further directed development may be warranted. The Electromagnetic Induction
method, for example, in its present form, is not ideal due to the requirement to implant two
tubes within the grout sleeve. However, the system may be able to be developed as asingle
coil system or as a spaced transmitter and receiver coil within a single plastic tube - to
simplify the method and minimise practical constraints. In this respect the Electromagnetic
Induction method could supersede TDR in terms of accuracy and provide unequivocal results
provided that the construction of the plastic tube is practical and acceptable. There is aso
the possibility that it may also offer a measure of grout integrity.

Similarly, by using the same provision of a single tube within the grout, the Vector
Magnetic Method may be developed using miniature magnetometers to provide absolute
confirmation of the bar end without ambiguity from adjacent soil nails or influence by the
grout, obviating the need for a separate borehole. In its present form, the Vector Magnetic
method can only determine the length of shorter soil nails but the cost associated with the
requirement of a separate borehole precludes its application on aregular basis.
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The Mise-alaMasse method, that uses essentialy the same equipment, could
in-principle be carried out simultaneously with the Electrical Resistance method to augment
the characterisation of anomalous soil nails.

The other two methods, the Sonic Impulse and Surface Wave Time Domain
Reflectometry methods are not proven standard techniques but are considered to have
potential for further development considering the possible advantage of these methods that
existing soil nails without the provision of pre-installed wires or access tubes within grout
sleeves could also be measured. At their present forms, both methods lack a consistent basis
and procedure for interpretation which shall be available for al users. For the Sonic Impulse
method, until a post-processing method is well established and found to be reliable on a wide
range of situations this method cannot be considered for general use.

Since the commencement of the trial use of the TDR method with pre-installed wires
at the LPM slope works sites in mid-2004, about 700 controlled TDR tests (on nails of known
lengths) had been conducted by GEO and by the end of June 2006 a total of 5,777 soil nails at
525 LPM sites had been tested using the TDR method under the trial testing programme.
Separate statistical assessments have been carried out on these two sets of data to determine
the variation between the measured nail lengths compared to the reported soil nail lengths.

Based on these statistical assessments, it is found that the use of the median velocity
measured at asitein lieu of the velocity determined from a calibration nail islikely to provide
more accurate results for the purpose of length measurement by TDR. By adopting the
median velocity determined from the TDR test data obtained from each LPM site as the
reference pul se propagation velocity to deduce the lengths of test nails at that site, the range of
percentage length difference between the estimated value and reported value falls
within -8.8% and +8.6% at 95% confidence level if anormal distribution model is used.

The uncertainties in length estimation using TDR due to steel bar length and wire type
have been investigated based on information provided in the available test data. Trends of
the velocity varying with bar length and wire diameter are observed but these trends are
considered not to be significant within the overall variation of the results. On the other hand,
the accuracy of the TDR method depends on the proper installation and material consistency
of the electric wire. If the pre-installed wire is damaged and in electrical contact with the
steel bar (at a location other than the bar end), an early inverted wave reflection will be
resulted with no reflection from the nail end.

With respect to grout defect investigation, anomalies in the grout will cause ripples or
partial reflections in the TDR response signal due to the induced changes in the electrical
impedance. From controlled TDR tests conducted on soil nails with artificial grout defects
at different locations in one of the special investigations, it was found that a large amount of
grout loss at the nail end could result in a superimposed waveform and a small grout loss at
the nail end cannot be detected.  The approximate location of grout loss in the middle portion
of a soil nail could be observed in the waveform. However, the amplitude of the waveform
does not reflect the actual size of the grout loss. Grout loss in air could lead to apparently
shorter soil nails. On the other hand, grout loss in water could theoretically lead to
apparently longer soil nails.
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In one of GEO’s specia investigations, the use of grout pipes with embedded wires
(two in each pipe) to replace the external wire for TDR testing has been investigated. It was
found that, while the pulse propagation velocity significantly increased over that of single
wire system, the variation of the results was reduced. The coefficient of variance for the
measurements taken at either one wire in the grout pipe is up to 4.9% and 11.3% respectively
for the two types of grout pipes used. However, if the average value of the measurements
taken at both wires is used, the variation is reduced to 3.5% and 6.3% respectively, which is
less than the variation of the measurements taken at the normal external sensor wires. The
use of embedded wires in grout pipe would diminish the possibilities of fiddling with the wire
configurations and provide more reliable results.

A framework for the application of NDT techniques in general in quality control of
soil nailing works has been formulated in this study to be in line with the general objective of
providing some assurance of the integrity of the installed soil nails. The key components of
the general framework comprise the components to be considered in approving a NDT
techniqgue for use in quality control of soil nailling works and the components for
implementation of aNDT programme.

While the ability of most NDT techniques in the quantitative assessment of grout
integrity of soil nails has not been reliably proven, the primary requirement for a proposed
NDT technique for application in quality control of soil nailing works is the measurement of
nail bar length. The ability of aNDT technique to assess grout quality is also an advantage.

Before aNDT technique is accepted for genera use, it has to have a known consistent
basis for interpretation, which shall be well documented and made available to users. This
primary requirement for acceptance for a NDT technique has been explained in the Technical
Guidance Note No. 18 (TGN 18).

Before a NDT technique which provides a direct measurement is accepted for use, its
accuracy in measuring a property of the soil nail shall be determined by carrying out a
sufficient amount of controlled tests on soil nails of known properties in accordance with a
recognised international standard. For any NDT method which operates in a comparative
mode, its sensitivity in detecting defect of any one property of soil nail shal, equally, be
determined with a sufficient amount of controlled tests.

The reliability of a NDT technique, which has to do with the consistency of the
measurements, should also be demonstrated through trial tests carried out on actual installed
soil nails constructed in the normal manner before the technique is accepted for use in quality
verification of installed soil nails.

Under the proposed framework for the application of NDT techniques in genera for
quality control of soil nailing works, the non-conforming threshold is defined as the point
below which anomalous result in NDT measurement indicates that the soil nail falls short of
the required construction specifications. The non-conforming threshold for different NDT
techniques are expected to be different, and are inevitably related either to the overal
uncertainty of the NDT tests in deducing the length of the soil nail steel bar or to the probable
maximum influence of variable ground conditions such as a step in rockhead as in the case for
the Electrical Resistance method. The non-conforming threshold for NDT tests that are
influenced by grout quality must be set prudently to avoid giving unnecessary false alarm.
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In the existing framework for TDR, a 15% variation in the deduced length is used as a
threshold that identifies soil nails with abnormal TDR test results and may trigger further
investigation. This variation, which relates to the overall uncertainty of the TDR tests in
deducing the length of the soil nail steel bar, has effectively become the non-conforming
threshold for the TDR method. Although there seems to be some room for tightening this
threshold for TDR, more thoughts are required before doing so because the variation in the
deduced length may be attributed solely to the difference in grout integrity between the
calibration nail and the test nail. Hence, tightening the non-conforming threshold could lead
to regjecting and replacing soil nails with possibly negligible defects. This would be a waste
of money and have unnecessary adverse impact on the programme.  Furthermore, in terms of
length estimation, allowing a 15% variation in the deduced length should not significantly
affect the ability of TDR or any other kind of NDT test to deter deliberate acts of deception.

The present sampling strategy of selecting a small number of soil nails in a random
manner that is adopted on both LPM and private soil nailing sites may be adequate as a
measure of deterrence to a deliberate act of deception. However, if the percentage of
defective nailsis not very large, the existing sampling strategy is too small to be able to detect
the defective nails. Hence, the sampling strategy and associated follow-up action have been
examined in this study and it is proposed that a sampling strategy based on the procedures
documented in the BS 6001-1 (ISO 2859-1) be adopted for NDT techniques which provide
direct measurement of a property of installed soil naills. The proposed sampling and lot
“alert criterion” are set to achieve an acceptable quality level of 4% for soil nails passing the
sampling plan and a consumer’ s risk of having 90% confidence in rejecting a “lot” with more
than 20% non-conforming soil nails. The proposed customer’s risk quality is chosen to
strike a balance between the testing frequency (i.e. additional cost and time) and the desired
minimum quality level. In other works, if a higher quality limit is desired, the testing
frequency (sampling rate) will have to be increased.

Regarding follow-up strategy, in case of the alert criterion being exceeded, all untested

nails within the “lot” shall be tested and a design review should be carried out by the Engineer.

Additional investigation by means of other NDT techniques or other methods could be
required at thisstage. Following the design review and additional investigation if conducted,
the Engineer will decide in consultation with the Employer on whether additional soil nails
will beinstalled.

In respect of contractual provisions, all NDT tests are to be carried out by an
independent testing contractor and paid by the Employer. However, the Contractor shall
provide the necessary safe access and work platform for all NDT tests. The Contractor shall
aso alow in the works programme the time for the testing. Further investigation and
remedial works will be paid by Contractor only if it is proved that the anomaly is caused by
defective construction (e.g. short nail or poor grouting practice). Otherwise, all costs will be
borne by the Employer. Non-destructive tests are not yet recommended to be used as
compliance tests because they do not provide proof of defective construction methods.
Further, there is a concern that if the NDT tests are used as compliance tests, all follow-up
actions would have to be made contractual and that would require every party to buy in to the
test being reliable.

For NDT techniques which operate in a comparative mode, it is recommended to test
all soil nails constructed on a site as the tests are rapid and the cost per test islow compared to
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the mobilisation and setting-up costs. Where anomalies are found from the tests, a design
review should be carried out and a decision made on whether or not additional nails are
required. The contractual provisions for the use of these techniques should be the same as
those recommended for the techniques of direct measurement.

Based on the review undertaken in this study, the TDR method with preinstalled wires
Is considered to have satisfied the framework components including the requirements for
proven accuracy, reliability and a consistent basis for interpretation in the evaluation of soil
nail length. The method is therefore ready for general use as an audit tool in quality control
of soil nailing works. For application of the proposed framework to TDR testing,
consideration has been given to the testing regime that is commonly adopted on sites.  If the
proposed single sampling strategy is used, the use of median velocity is feasible and
preferable to the use of calibration nails. As the value of the median velocity has to be
unbiased for achieving acceptable accuracy in the TDR test, it is proposed that the median
velocity should be compared with the mean velocity value obtained from a minimum of three
calibration nails with enhanced supervision at each site.  If the median velocity is more than
15% faster than the mean velocity value determined from the calibration nails, the mean
velocity from the calibration nails should be used instead to estimate the lengths of the test
nails. Alternatively, the reference pulse velocity value can be determined by taking the
mean velocity from three calibration nailsin each site.
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Table 1 - Limitations Table (Sheet 1 of 2)

Electrical
Resistance

Mise-ala-Masse

Vector Magnetic

Electro-magnetic
Induction

Sonic Impulse

Surface Wave TDR

TDR

Practical
Limitations

Electric wireis
required to be
pre-installed
aong the length
of soil nail bar

Direct electrical
contact with the
cleaned nail bar
head is preferred

Direct electrical
contact with the
cleaned nail bar
head is preferred

It requires atest drill hole
to be prepared closely
adjacent to soil nail and
approx. 2 mlonger than
soil nail design length

Two open plastic
tubes are required
to be inserted
with the grout at
the time of soil
nail installation

Acoustic impedance of soil nail
isafunction of combined elastic
properties of steel bar and grout
and will vary for variable grout
conditions. Hence, the
propagating impulse will be
partialy reflected by those
variable conditions, adding
spurious responses to recorded
signal and diminishing onward
propagating signal in both
forward and return directions

Derived impedance
train will include
second order
responses which
should not be
attributed to uniquely
toindividua grout
defects

Accuracy
depends on
proper
installation and
material
consistency of
the electric wire

Uncertainty of test
borehole alignment in
relation to the installed
soil nail under test may
result in misleading
magnetic results from
adjacent soil nail

Pre-installed
plastic tubes may
have detrimental
effect on grout
integrity of soil
nail

Impulse characteristics are not
always repeatable due to the
non-repeatability of the method
of impulse generation

Magnetic properties of
steel bar appearsto be at
or near saturation level,
hence magnetic induction
with reversal to
discriminate soil nail
under test isonly
moderately successful

Careful control
has to be ensured
to admit and
maintain the coils
together in the
survey

Signal attenuation would occur
progressively due to normal
energy absorption and lateral
refraction loss into containing
ground
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Table 1 - Limitations Table (Sheet 2 of 2)

E e_ctrlcal Mise-a-la-Masse Vector Magnetic E ectro-magnetic Sonic Impulse Surface Wave TDR
esistance Induction

Resultswould | Method cannot [ Method is Due to dominant magnetic | Method in its Method in its present form isnot | Results would be

be affected by | discriminate directly subject | polarization of bar may present formis | sensitive to grout defects affected by grout

grout integrity, | between abar to influence of not occur at bar end, not sensitive to integrity, hence not
TDR | hence not able to | deficiency and a |variable ground | special softwareis needed | grout defects able to determine nail

determine nail grout deficiency |conditions as for processing of length unequivocally
length well asto nalil combined magnetic vector
unequivocally characteristics, | profiles to enhance weak
which renders secondary polarization
accuracy of sufficiently to observe the
length evaluation | nail end condition
unacceptable
Interpretation of | Sensitivity to Results would be | Method in its present form Accuracy of measurements on Interpretation of
Theoretical | Waveformin deficiencies affected by is not sensitive to grout longer soil nailsdiminishesby | waveform in terms of
Limitations |termsof grout | decreaseswith | adjacent nails defects stretching the reflected primary | grout integrity is
integrity is increasing soil impulseinto asignal ‘train’ largely qualitative
largely nail length
qualitative
Current practice |Asa Method is subject to Calibration velocity is
requires site comparative determination of acalibration needed but would
calibration to method, it must velocity with resultant scope for | induce uncertainties
determine the rely upon a significant error on assumption of
reference statistical uniformity
propagation measure to
velocity provide a datum
for evaluating
the significance
of the resullts
Equipment is not Equipment isnot | Characteristics of the available | Equipment is not
commonly availableand | commercially input and gain filters may bean | commercially
costs are relatively high available at issue considering the short travel |available at present
Equipment compared with the present times and the prototype
Limitations equipment of other NDT equipment used in HK

techniques

is proprietary and no
details have been
released
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Table 2 - Variation of Pulse Propagation Velocity among Nails of Known Length (Initial Controlled Tests)

Site Location NO('.IE);S(’:? Is | Mi ?n\]//?]g)d ty M a?n\{/ﬁsc;ci ty e \:tel by | S c[s) aen V(;(rjii]; féer(i? :L)

(m/ns) (m/ns) COV (%)
6NW-C/C209 24 0.0625 0.0755 0.0698 0.0041 5.87%
6SW-A/CR253 21 0.0648 0.0765 0.0702 0.0032 4.58%
7NE-C/C113 45 0.0833 0.1016 0.0896 0.0036 4.00%
7TNW-B/CR426 19 0.0828 0.0905 0.0862 0.0023 2.72%
7SW-C/C100 46 0.0764 0.0855 0.0806 0.0024 2.96%
7SW-D/C167 246 0.0716 0.0917 0.0792 0.0031 3.86%
8NW-C/C97 120 0.0833 0.1018 0.0923 0.0038 4.11%
1INW-D/C92 6 0.0800 0.0931 0.0877 0.0047 5.37%
11SE-D/C57& 11SE-D/C247 31 0.0881 0.1014 0.0949 0.0043 4.49%
Natural Slope 146 0.0693 0.0787 0.0735 0.0017 2.31%
Tota No. 704 Mean 0.0824 u of COV 4.03%
Min 0.0698 c of COV 1.13%

Max 0.0949 95% confidence <5.88%
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Table 3 - Summary of Distribution Parameters for the Routine TDR Data Set

Method of Determinati on of No. of No. of M ax —ve M ax +ve Mean Diff Star)dgrd Length D_ifference at
Case Reference Pulse_ Propagation Tests outliers diff diff (%) Deviation 95% Confidence Level
Velacity (%) (%) (%) (%)
@ Calibration nail 5155 70 2672 | +24.84 -0.98 5.83 -12.4t0 +10.4
(b) Median velocity at each site 5890 96 -17.68 +14.24 -0.11 4.44 -8.8t0 +8.6
© S ”gkglrggfilar?v‘%"c”y 5890 42 3826 | +38.08 0.30 8.52 -16.410 +17.0
(d) S ”%‘?onggi‘”n‘]’/ﬁ;d ty 5890 36 3837 | +4054 154 8.71 15510 +18.6
Si”%'g (;“8‘;‘;"’"”]‘/’?3;””3’ 5890 45 3620 | +38.73 2.30 8.64 14,60 +19.2
(e
Single modal velocity 5890 46 -37.84 | +3361 -1.47 8.31 -17.8t0 +14.8

(0.0796 m/ns)
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Table 4 - Summary of Success Rates for Recording Reflection Signals Using Copper Wires Embedded in Grout Pipes

No. of test with no

No. of test with no

No. of test with no

No. of test with signal

Wire Type No. of Sites No_.rg;gdal Is signal from onewire | signal from both wires | signa from normal from both wires
embedded in grout tube | embedded in grout tube Sensor wire embedded in grout tube
TypeA 9 1 0 219
(1 mm dia) 2 229
(3.9%) (0.4%) (0.0%) (95.6%)
TypeB 5 - 6 0 2 169
(0.5mmdia) (3.4%) (0.0%) (1.1%) (96.6%)
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Table 5 - Variation of Pulse Propagation Velocity Measured Using Grout Pipe Embedded Wires in Comparison with Normal External Wires

Error in Length

Error in Length

- Estimation by Estimation by
Test No. of Min Max vg/lf?? DStef/‘F;?gﬂ C%i:!;?; of | SingleMean |Median Velocity at
Wire Type =sing 0.0 Velocity | Velocity 1, aton, ation, Velocity Individual Site
Configuration Tests (m/ng) (m/ns) n c (o/p) COV
(m/ns) (m/ns) (%)
i o p c
(%) (%) (%) (%)
WireAl and Bar 223 0.1085 0.1543 0.1228 0.0052 421
Type A Copper Wires
Embedded in Grout Pipe|  Wire A2 and Bar 224 0.1084 0.1566 0.1224 0.0060 4.87
(I mmdia.)
Avg. of above 219 0.1131 0.1554 0.1225 0.0043 3.54 -0.12 3.34 0.40 3.32
Normal Sensor Wire Green Wire and Bar 226 0.0697 0.0973 0.0815 0.0057 7.01
Wire B1 and Bar 172 0.0767 0.1402 0.1008 0.0103 10.18
Type B Copper Wires
Embedded in Grout Pipe| Wire B2 and Bar 171 0.0794 0.1756 0.1030 0.0116 11.29
(0.5 mmdia)
Avg. of above 169 0.0871 0.1323 0.1012 0.0064 6.32 0.37 5.94 0.45 5.94
Green Wire and Bar 82 0.0636 0.0858 0.0738 0.0049 6.65
Normal Sensor Wire
Black Wire and Bar 90 0.0712 0.1039 0.0846 0.0063 7.43
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Table 6 - Sampling Strategy - Minimum Sample Size

Lot Size Minimum Sample Size
<25 5
26t0 50 8
51t0 90 13
91to 150 20
151 to 280 32
281 to 500 50
501 to 1200 80

Table 7 - Sampling Plans Achieving Consumer’s Risk Quality of < 20% for Different Lot Sizes

Single Sampling Plan
Lot Size Sam | . Conwmer’s r|Sk qua“ty A|el‘t Cntenon
plesize, ng )
(% non-conforming) No. of nonconforming nails with anomalous TDR results
For consumer’srisk quality of < 20%

<50 10 ~ 20 0
51t090 13 16.2 0
9110150 20 18.1 1
151 to 280 32 19.7 3
281 to 500 50 17.8 5
501 to 1200 80 18.6 10

08
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Table 8 - Proposed Sampling Plans for TDR Testing

(Z "JoA) swuawo) Jo a|qel

Alert Criterion
Lot Size Minimum number of soil nailsto be tested by TDR No. of nonconforming nails with anomalous
TDR results
<25 10 — 5 (Noe3) 0
<50

26 to 50 10 — g (Noe3) 0
51to 90 13 0
91 to 150 20 1
151 to 280 32 3
281 to 500 50 5
501 to 1200 80 10

Notes: (1) Soail nails shal be divided into sample lots with same type of wire. Division of the sample lot should consider factors
such as progress of the soil nail installation, availability of access for conducting tests and subsequent works, if found
necessary, etc.. The size of sample lots shall generally be greater than 50 nails where possible.

(2) Anomalous TDR result means that the deduced length isless than 85% of the specified length.

(3) For lot sizes< 50, it is suggested that the minimum sample size may be further reduced to 8 for lot size > 25 and 5 for lot
size < 25 if the alternative option of using a minimum of 3 calibration nails (with enhanced site supervision) on each site to
derive the reference propagation velocity is adopted in lieu of the use of median velocity at each site.
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Travel timefor 2L

Observed Nail End
Reflection

Typical TDR response from a steel soil nail with pre-installed electric wire

Estimated Nail Length=

Pr opagation velocity x travel time
2

Propagation velocity Vp, is given by:
Vp=1/(L*C)¥?

where L = cableinductance
C = capacitance

Propagation velocity is afunction of
both the wire and grout characteristics

Theoretically the velocity in air is 3x
times faster than in grout and the
velocity in water is 3x slower thanin
grout

Figure 1 - Time Domain Reflectometry (TDR) - Typical Response and DataAnalysis
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Figure 2 - Inverted TDR Waveforms
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I § g g : o "'-ﬂ-_____________h_ - P Vaoltmeter r-
Approximately | B 2 8 | Approximately | Elecic potential _J™—_
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| =S 2| = [ | i \i__]\_‘:\
| — = ﬁ 8 > . | I I - : Cl -
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) : Resistance 8 Blz 16 8| (i) | i | ~f \' - : Girout sleeve
Approximately I (iv) = S_{; T I Approximately | l _‘5(:’*":“—1—--5{’ —— Equipotential line
radial ionic <—i— — — —i——> radial ionic i | % -I‘--’%'—-—:J\— Electric current
current flow . Resistance: current flow : ! b flow line
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L ] " | | o
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LN e ) | : |
T Restance]
esistance
L / \\ l //r\ Vv -
\\ f," E
)/ \i = Electric
Approximately 2 . o Resistance = potential from
hemispherical T (v) g C1(+C2)
ionic current flow
(a) Soil Nail Earth Resistance Re is the Resistance Sum of (i) the Bar, (ii) the (b) Typical Setup of Electrical Resistance Method
Contact, (iii) the Grout Annulus, and (iv) the Ground Space (Extracted from GEO Report No.176)

Figure 3 - Electrical Resistance Method - Method of Measurement and Fundamental Theory
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Total Resistance

Residual Resistance

b ——————
—————— /—

Datum of background resistance levels
output from the digital wavelength filter

Distance along Row

(a) Profile Resistance Data Filtered with a Controlled Wavelength Filter

2 X Standard Deviation

Unacceptable
anomalous nail

Distance along Row

(b) Discrimination of “Abnormality” by Application of a Simple Comparative Statistical Measure

Figure 4 - Electrical Resistance Method - DataAnalysis
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Position of stedl soil nail

Iy
5 i
8 i
3 :
— |
T |
Ll I
—] i
MI To distant
| | . earthing
1 I
Electrodes a Al - I IZZAN

Spatial distribution of
electrical potential isa
function of applied
energy, ground
condition and length of
soil nail and grout
column

Electrical Potentia at surface

(a) Distribution of Surface Electric Potential Measured between a Roving
Potential Electrode and Soil Nail Bar Head in a Radial Pattern

Electrical. Potential at.surface

) Electrical. Potential .at surface

With Loose I nfill

e

With Air

Electrical Potential at surface  Electrical Potential at surface

With Loose Infill

With Air

(b) Theoretical Tests Demonstrating Different Electric Potential

Gradients for Upper and Lower Grout Deficiencies

Figure5 - ‘Mise alaMasse’ Method

88

(Z "loA) swso) Jo s|gel (Z "loA) swswo) jo s|qel

(Z "loA) s Jo a|gel



Ideally steel soil nail is

polarized with a magnetic N~
field divergesradially at one — —L/

end and convergesradially at ™~ Soil nail end
the other end

=
Soil nail head

(a) Idealistic Magnetic Vector Profiles of a Steel Soil
Nail (Extracted from GEO Report N0.133)

&F s0il nail steel bar

Diagnostic function

m,., profile

m, profile

_|_
Ivlx, v vector direction
inthe perpendicular plane

/‘? /,f j, Ivlz vector direction
+ —~ M & IL & ] < - —|—

N 1 ) Il
W// &g of measure me rtborehole
m-+ mt

strong magnetic pole weak end magnetic pale

(b) Theoretical Magnetic Vector Profiles and Diagnostic Function

Figure 6 - Vector Magnetic Method (Magnetometry)

68

(Z "loA) swso) Jo s|gel (Z "loA) swswo) jo s|qel

(Z "loA) s Jo a|gel



H. =H.+ Hs
(@) Original Twin Tube System of the Electromagnetic Induction Method

Primary signal I,
compared with secondary signall ;

Tx v

(b) Possible Modification to Present System

Legend:

I,  Primary current in transmitter coil Tx
Ip  Seccondary eddy current induced in the bar by Hox

I, Resultant current induced in receiver coil Rx by H.
H- Magnetic flux coupling directly between Tx and Rx

H Magnetic flux coupling between Tx and the bar
br Secondary magnetic flux coupling between the bar and Rx

Hr Resultant magnetic flux in Rx

Figure 7 - Electromagnetic Induction Method
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() Chak’s Socket

-« Original waveform

Sep 0 - original waveform

Notch identified as 1%
reflection of wave

g

Sep 1- Transform time domain waveform to frequency domain

(b) Impulse Manually Imparted by aPin Sharper notch here

(c) Hammers and Pins for Striking

Sep 2 - Transform frequency waveform back to time domain and apply a very high
frequency filter to smooth waveform

Reflection notch identified as the
A sharpest one

Sep 3 - Magnify waveform using exponential factor (e.g. 14.4x)
(d) Example Test Result and Interpretation of Sonic Impulse Method

Figure 8 - Sonic Impulse Method (Sonic Echo Method)
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Rebar

Electromagnetic
wave

ANVANAWAN VAWA WA WA
AN OO RO NN NN
Cementgrout

(a) Surface Electromagnetic Waves Propagating along a Conductor (Tang, 2004)

Rebar Void Rebar contacting sail
Cement grout

EM wave

arrival at soil
Q nail head ;
% Nominal Reflection
© - impedance signal from
o Positive wave level Negative wave soil nail
E reflection from reflection from

void

rebar/soil contacting

region
Time

(b) Soil Nail with Anomalies along Rebar (above) and Corresponding Idealistic
Impedance Profile (below) (Tang, 2004)

Ihnstance ()

-1 1 3 5 7 g 11 13 15 17 19
48 240
Z « — 211
g a2 ’.-,\\‘wﬂ\__\_‘,-J"'. f* — S ~ 10
- Current profile
g 38 . e ¥ N | 180
;;: ( % ending reflection \ \‘\,\ - r ’ 150 E
.é 30 ’ \ Potential profile L n\\ ’ 3
e ————— < v
g 2 |[ ypEmnstinpstemie., B N 120 z
g 18 / Ir' '\_.1ov¢l for voided reginn-'-:ll A 1 a0 :E"
5 [ & Iinpedance profile A~
RV ’ ] NG b} e nominal impedance 80
: f void ) T . l._._‘_._.____ N ..I o level for grouted
2 - partial void ! 30
g o ' teci tiod hiead Londed length region L
ve entering anchor
£ 0 S 5
0 100 200 300 400 500 600 700 800 800 1,000

Wave Propagation Time (ns)

(c) Example of Surface Wave TDR Result Diagram Comprising Potential, Current and
Impedance Profiles (Tang, 2004).

Figure 9 - Surface Wave Time Domain Reflectometry
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Percentage Difference in Length Estimation (%)
(a) Frequency Distribution of Length Estimation Error by Calibration
c
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Percentage Difference in Length Estimation (%)
(b) Probability Density Function of Length Estimation Error by Calibration

Figure 10 - Statistical Analysis of Initial 700 Controlled TDR Tests

(2 "10A) swsuo9 Jo s|geL (Z "loA) swswo) Jo s|qel (Z "loA) swswo) Jo s|gel

(Z 'JoA) s o ajgel



i)
‘®
Z
g
©
o
Z
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(a) Frequency Distribution of Percentage Length Difference by Calibration
0.16
0.14 1 No. of tests = 5155; No. of outliers = 70
' Mean = -0.98%; Standard deviation = 5.83%
0.12 — Length difference at 95% confidence level =-12.4% to +10.5%
>
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——Normal Distribution
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Percentage Difference in Length Estimation (%)
(b) Probability Density Function of Percentage Length Difference by Calibration

Figure 11 - Statistical Analysis of Routine TDR Tests - Case (4) Length Estimation by
Use of Calibration Nails

(2 "10A) swsuo9 Jo s|geL (Z "loA) swswo) Jo s|qel (Z "loA) swswo) Jo s|gel

(Z 'JoA) s o ajgel



No. of Test Nails

Percentage Difference in Length Estimation (%)

(a) Frequency Distribution of Percentage Length Difference by
Median Velocity at Each Site

0.14 4+ No. of tests = 5890; No. of outliers = 96
0.12 11 Mean =-0.1%; Standard deviation = 4.4%

P Length difference at 95% confidence level

= 0.10 = -8.8% to +8.6% ’
%
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E 0.06 _J —Normal Distribution !

0.04 i
0.02 1l T
0.00 ol

T T S T L R S T S B B
[+2] [#2] [o2] (o] [#2] (9] [#2] (=] ()] o o o (=] o
0? I‘r ({;J o] < 3p] o™ — [ — o™ (2] =

Pefcentalg;e Differenée in Llength Estimation (%)

(b) Probability Density Function of Percentage Length Difference by
Median Velocity at Each Site

Figure 12 - Statistical Analysis of Routine TDR Tests - Case (b) Length Estimation by
Use of Median Velocity at Each Site
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(a) Frequency Distribution of Percentage Length Difference by
Single Median Velocity of All Sites
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0.14 +— No. of tests = 5890; No. of outliers = 42
042 1| Mean =0.3%; Standard deviation = 8.5%
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Percentage Difference in Length Estimation (%)

(b) Probability Density Function of Percentage Length Difference by
Single Median Vel ocity of All Sites

Figure 13 - Statistical Analysis of Routine TDR Tests - Case () Length Estimation by

Use of Single Median Velocity of All Sites
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(a) Frequency Distribution of Percentage L ength Difference by
Single Mean Velocity of All Sites
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(b) Probability Density Function of Percentage Length Difference by
Single Mean Velocity of All Sites

Figure 14 - Statistical Analysis of Routine TDR Tests - Case (d) Length Estimation by
Use of Single Mean Velocity of All Sites
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Frequency

Propagation Vel ocity (m/ns)
(a) Frequency of Modal Velocity of All Sites (Range divided into interval of 0.0001 m/ns)

Frequency

Propagation Velocity (m/ns)
(b) Frequency of Modal Velocity of All Sites (Range divided into interval of 0.001 m/ns)

Figure 15 - Statistical Analysis of Routine TDR Tests - Case (€) Length Estimation by
Use of Single Modal Velocity of All Sites
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(a) Variation of Pulse Propagation Velocity with Nail Reinforcement Length
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(b) Variation of Pulse Propagation Velocity with Cross-sectional Area of Wire

35

Legend:

] Mean

Median

Figure 16 - Variation of Pulse Propagation Velocity with Nail Reinforcement Length

and Wire Cross-sectional Area
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| Head of control nail

Head of control niail

Superposition

Head of control nail

| Superposition
i
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Cemment Grout

\ End of grouted nail
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End of grouted nail

I
2ilns Jnins Alling
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Notes: (1) Groutlossinlarge size and at nail end could result in superposition waveform.

(2) Small grout loss at nail end cannot be detected.

Figure 17 - Grout Defects Investigation Using TDR (Sheet 1 of 2)
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Notes: (1) Approximate location of grout loss could be observed in the waveform.

(2) Amplitude of the waveform does not reflect the actual size of the grout loss.

(3) Grout loss (air) led to apparently shorter soil nails.

Figure 18 - Grout Defects Investigation Using TDR (Sheet 2 of 2)
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(a) Grout Tube Type A (1 mmdia.)

Distribution of Propagation Velocity for Type A Grout Pipe

0 I @x |
A2

50 Green Al H
wire Stedl bar

5:—.‘

) It
10 ( x A m
0 SN L

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Propagation Vel ocity (m/ns)

(b) Distribution of Pulse Propagation Velocity Measured Using Embedded Wiresin
Grout Pipe Type A in Comparison with Normal External Wire

Legend:
— WireAl and bar —.— Wire A2 and bar
- Average of A1 and bar, A2 and bar —— Green Wire and bar

Figure 19 - Special Investigation of Use of Type A Grout Pipe with Embedded Wires for
Improvement of TDR Method
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(a) Grout Pipe Type B (0.5 mmdia.)

Distribution of Propagation Velocity for Type B Grout Pipe
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Propagation Velocity (m/ns)

(b) Distribution of Pulse Propagation Velocity Measured Using Embedded Wiresin
Grout Pipe Type B in Comparison with Normal External Wire

Legend:
—— Wire B1 and bar —.— Wire B2 and bar
- Average of B1 and bar, B2 and bar —— Green Wire and bar

Black Wire and bar

Figure 20 - Special Investigation of Use of Type B Grout Pipe with Embedded Wires for
Improvement of TDR Method
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Components Essential for Approval of
NDT Techniquefor General Use

Decide the property to be measured by
the test method

Develop and document a consistent basis
for interpretation to satisfy TGN 18

Determine accuracy and reliability of test method by
carrying out sufficient controlled tests on normally
constructed soil nails

Determine acceptance criteriafor test method with
consideration of overall uncertainty of test method
in deducing the property of interest

Submit to GEO and other
relevant vetting authority for
approval of use

Componentsfor Implementation of a
NDT Quality Assurance Programme

Contract Provisions:

e All NDT teststo be carried

out by independent testing
contractor and paid by
Employer

Works Contractor to
provide necessary safe
access and work platform
for al NDT tests

Further investigation and
remedial works paid by
Contractor if defects are
proven to be caused by
defective construction

Sampling Strategy:
Define lots
Determine sample size for each lot
Determine aert criterion (i.e.
non-conforming nails with
anomalous NDT results) for a
specified customer’srisk quality

Carry out
testing

Follow-up strategy:
Carry out design review for lots
with number of anomalous nails
exceed the Alert Criterion
Determine whether nails need to be
replaced or added
Contractor to install additional nails
if necessary

Figure 21a - General Framework for Application of NDT Techniques for Quality Control of Soil Nailing Works
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Engineer, in consultation with
site staff and contractor, define
sample lots

Determine sample size based Engineer select nails to be tested
onlot size within each lot

Independent testing contractor carry
out tests and deduce travel time of
pulse reflected from inferred nail end
of each test nail

Determine propagation velocity for each test nail by:
2 x Reported Length
Travel Time

Determine TDR deduced length of each

Determine reference pul se propagation velocity test nail based on reference pulse

by (a) median velocity from tests carried out on

. . propagation velocity:
eacn lot or (b())frge(?; i\é?a?ic(lj:]yr:;'?r: aminimum Travel Time x Reference Velocity
2

Test nail with deduced length >15% shorter than the reported length - Non-confor ming with anomalous TDR Results

Test nail with deduced length longer than or <15% shorter than the reported length -

Figure 21b - Application of Proposed Testing Regimeto TDR
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¢ Soil Nail

Layout of soil nails (200 nos.)

Soil Nail
Lot 3

Lot 2

Lot1

Formation of Lots- Lot Size within range of 51 to 90 = Sample Size= 13

Lot No.

Lot 1
Lot 2
Lot 3

Nail Length (m)
9-10
11-12
13-14
Total:

No. of Nail
75
50

75
200

Figure 22 - Application of Proposed Sampling and Testing Framework to TDR Testing (Sheet 1 of 4)
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Lot1l

Lot1l

For Lot 1, 13 nails are randomly selected to be tested:

+ Test Nail - Conforming
+ Test Nail - Nonconforming .

For Lot 1 (2™ Sampling Plan), 7 more nails are randomly selected:

+ Test Nail - Conforming
+ Test Nail - Nonconforming .

¢ 1 nonconforming soil nail is detected

e No. of nonconforming soil nails > Number
given in theAlert Criterion (O in first
sampling plan)

* , " sampling plan, test 7 more nails

¢ No nonconforming soil nail is detected
among these 7 nails,

e Total no. of nonconforming soil nails=
number given in the Alert Criterion (i.e. 1in
second sampling plan)

¢ No moretesting isrequired for Sample Lot 1.
Nonconforming soil nail should be replaced
or design review should be carried out

¢ Nailsadded or replaced shall be subject to
TDR tests

Figure 23 - Application of Proposed Sampling and Testing Framework to TDR Testing (Sheet 2 of 4)
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For Lot 2, 10 nails are randomly selected to be tested:

+ Test Nail - Conforming e e e e e e e e e e e

+ Test Nail -Nonconforming « « « « « « « « « « « « « . . | ® 2nonconforming soil nails are detected

¢ No. of nonconforming soil nails > number
given in the Alert Criterion for next sampling

. + (] . (] L] . . . + (] . [ ] + . . . . + . (] . (] . plar] (i 'e' 2)

s+ e o+ o+ 0o+ - - o+ - - - o |nvestigation iswarranted for Sample Lot 2
to determine the cause and scale of problem

For Lot 2, all remaining nails are then tested and design review carried out:

+ Test Nail - Conforming

+ Test Nail - Nonconforming . . . + + + & & & & & & « o« ¢ Additiona nails constructed or further
investigation carried out. Decision may be
deferred until results of last samplelotis
available - depends on many factors

o Nailsreplaced or added shall be subject to
TDR tests

Lot 2

Figure 24 - Application of Proposed Sampling and Testing Framework to TDR Testing (Sheet 3 of 4)
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For Lot 3, 13 nails are randomly selected to be tested:

+ Test Nail - Conforming
+ Test Nail - Nonconforming

Lot 3

+ -

-

-

-

-

-

-

-

-

No nonconforming soil nail is detected

No. of nonconforming soil nails = Number
(O) given in Alert Criterion

No further action is required for Sample
Lot3

Figure 25 - Application of Proposed Sampling and Testing Framework to TDR Testing (Sheet 4 of 4)
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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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MAJOR GEOTECHNICAL ENGINEERING OFFICE PUBLICATIONS
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GEOTECHNICAL MANUALS

Geotechnical Manual for Slopes, 2nd Edition (1984), 300 p. (English Version), (Reprinted, 2000).
%lﬂ’i?[j TOREE(1998) 0 308 FI(1984F H Y AUV FEA) -

Highway Slope Manual (2000), 114 p.

GEOGUIDES

Geoguide 1 Guide to Retaining Wall Design, 2nd Edition (1993), 258 p. (Reprinted, 2007).

Geoguide 2 Guide to Site Investigation (1987), 359 p. (Reprinted, 2000).

Geoguide 3 Guide to Rock and Soil Descriptions (1988), 186 p. (Reprinted, 2000).

Geoguide 4 Guide to Cavern Engineering (1992), 148 p. (Reprinted, 1998).

Geoguide 5 Guide to Slope Maintenance, 3rd Edition (2003), 132 p. (English Version).
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Geoguide 6 Guide to Reinforced Fill Structure and Slope Design (2002), 236 p.

GEOSPECS

Geospec 1 Model Specification for Prestressed Ground Anchors, 2nd Edition (1989), 164 p. (Reprinted,
1997).

Geospec 3 Model Specification for Soil Testing (2001), 340 p.

GEO PUBLICATIONS

GCO Publication ~ Review of Design Methods for Excavations (1990), 187 p. (Reprinted, 2002).

No. /90

GEO Publication  Review of Granular and Geotextile Filters (1993), 141 p.

No. /93

GEO Publication ~ Technica Guidelines on Landscape Treatment and Bio-engineering for Man-made Slopes and
No. 1/2000 Retaining Walls (2000), 146 p.

GEO Publication  Foundation Design and Construction (2006), 376 p.

No. /2006

GEO Publication ~ Engineering Geological Practicein Hong Kong (2007), 278 p.

No. 1/2007

GEOLOGICAL PUBLICATIONS

The Quaternary Geology of Hong Kong, by JA. Fyfe, R. Shaw, S.D.G. Campbell, K.W. Lai & P.A. Kirk (2000),
210 p. plus 6 maps.

The Pre-Quaternary Geology of Hong Kong, by R.J. Sewell, S.D.G. Campbell, C.JN. Fletcher, KW. Lai & P.A.
Kirk (2000), 181 p. plus 4 maps.

TECHNICAL GUIDANCE NOTES

TGN 1 Technica Guidance Documents
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