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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 in print. These include
guidance documents and results of comprehensive reviews.
They can also be downloaded from the above website.

The 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.

m

H.N. Wong
Head, Geotechnical Engineering Office
September 2014
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FOREWORD

A pilot study was initiated by the Public Works Central
Laboratory (PWCL) to investigate the feasibility and
practicability of using the infrared heating technique for
carrying out routine moisture content tests. The results
revealed that the moisture content tests of most of the common
fill materials in Hong Kong could be completed within 3!, hours,
which could facilitate the early determination of relative
compaction and hence the progress of filling works. The
findings indicate that the infrared heating technique appears to
be promising as a possible alternative to the conventional
method of using a convection oven.

The study was carried out by Mr Thomas H.H. Hui under
the supervision initially of Mr Rick C.K. Tam and later
Dr H.K. Tam. Mr Jeffrey K.S. Lau and Mr W.C. Leung assisted
in designing the infrared oven and carrying out the calibration
tests.  All contributions are gratefully acknowledged.

!

!
Wl s
p = e S

K.K.S. Ho
Chief Geotechnical Engineer/Standards & Testing
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ABSTRACT

A pilot study was conducted in the Public Works Central
Laboratory (PWCL) to investigate the feasibility and
practicability of using the infrared heating technique for
carrying out routine soil moisture content tests. A total of 180
moisture content tests involving ten different soil samples were
undertaken using an infrared oven. A power control device
was developed to regulate the temperatures of soil specimens
within the oven throughout the drying process. Only one out
of 1,400 measurements (< 0.1%) showed that the temperature of
the soil specimen exceeded the threshold value of 110°C by
1.5 °C for about 5 minutes in the drying process.

Two sets of comparative tests were carried out to
investigate the accuracy of both the infrared drying method and
the conventional method using a convection oven. The
findings indicated that there was virtually no difference in the
test results between these two methods.

The findings of the pilot study indicate that the moisture
content test of the vast majority of the commonly used fill
materials in Hong Kong could be completed within 3% hours,
which could facilitate the early determination of relative
compaction and hence the progress of filling works. The
infrared heating technique appears to be promising as a possible
alternative to the conventional method of using a convection
oven.
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1. INTRODUCTION

Relative compaction (RC) is a compliance test for checking of the density of filling
materials (HKSARG, 2006) and is a core service of the Public Works Regional Laboratories
(PWRL). Moisture content is one of the key parameters for determining the RC. The
standard testing method for determination of moisture content of soils in Hong Kong is given
in Geospec 3 — Model Specification for Soil Testing (GEO, 2001). The method is based
essentially on the use of a traditional convection oven operating at a temperature of 105+5°C
(or 4545 °C, depending on the types of soil samples tested). A drying time of at least
20 hours is usually needed and in general, the results of RC tests would only be available on
the following day of the sampling, which is considered to be too time consuming for some
construction projects (e.g. fill compaction works). A quicker and sufficiently accurate
alternative means of determining the moisture content of soil would greatly facilitate the
progress of fill compaction works.

Chung & Ho (2006) completed a study of using a microwave oven, instead of a
convection oven, for determination of soil moisture content. It was established that the
drying process could be completed within one hour. In addressing the issue of potential
over-heating of soil specimens (i.e. exceeding the threshold value of 110 °C) during the drying
process by microwave, two preventive measures were recommended: (a) the time of each
drying cycle was recommended to be 5 minutes, and (b) stirring/mixing test specimens
thoroughly achieve a more uniform heating to be carried out during each drying cycle.
Implementation of these two measures, however, would have meant a notable increase in the
workforce required for a test.  This is unlikely to be practical for routine tests which involve
a large number of tests per day.

A pilot study was conducted in the Public Works Central Laboratory (PWCL) to
investigate the feasibility and practicability of using the infrared heating technique for the
determination of the moisture contents of the soil specimens. Based on the testing
requirements and the operational needs of the PWRL, the indicators adopted for assessing the
overall performance of the infrared heating technique are as follows:

(a) time required for a test,

(b) temperature of soil specimens (i.e. not to exceed the
threshold value of 110 °C during drying),

(c) workforce required for conducting a test,
(d) complexity of the testing procedure (i.e. whether or not
stirring of the soil specimens is required during the drying

process), and

(e) costs.

2. PRINCIPLES OF INFRARED HEATING TECHNIQUE

The discovery of infrared radiation (IR) is ascribed to William Herschel (Hoskin, 2008)
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in the early 18" century. With the use of a prism to refract light from the sun, it was noted
that there was an increase in temperature at locations beyond the red light zone of the
spectrum.

IR comprises electromagnetic radiation. Unlike thermal conduction and convection,
the radiation propagates through a vacuum and then converts to heat upon absorption by a
material. The energy loss during the transmission is low and hence the energy efficiency in
heating is much better than that of the conduction or convection method. In recent years, IR
has been used as a popular heat source in a number of industrial processes, e.g. curing of
coatings, forming of plastics, print drying, etc.

The intensity of the radiation and the bandwidth of the emission spectrum are related
to the temperature of the heat source. Figure 1 shows the spectral distribution of an ideal
infrared source (often referred to as 'blackbody'). The temperature increase of the heat
source will cause a shifting of the peak radiation to the left of the electromagnetic spectrum
(i.e. a shorter wavelength and a higher frequency). It should be noted, however, that the heat
source is made up of thousands of point sources, among which the temperature may be
different. Each point source will have a local spectral distribution, the combination of which
will make up the entire spectral distribution.

For the purposes of heating, maximum energy efficiency can be achieved if the peak
output wavelength of the infrared source matches with the selective absorption band of the
material being heated (i.e. resonance). The natural wavelength of a water molecule is close
to that of intermediate and far IR (i.e. wavelength of 1 um to 10 um), indicating that IR is an
effective heat source for water heating. A summary of the theory of infrared heating is given
in Appendix A.

3. REVIEW OF CURRENT STANDARDS AND PRACTICES INVOLVING INFRARED
HEATING

In 2005, the Australian Standard published a testing method, AS1289.2.1.5, for the
rapid determination of moisture content using an infrared heating source (AS, 2005). The
operational procedure of this infrared oven method is basically the same as that of the
standard method based on the use of a convection oven. However, stirring/mixing of the soil
specimens would have to be carried out at regular intervals to facilitate the evaporation
process. According to the above Australian Standard, soil specimens are deemed to be dry
and the test could be terminated if the difference between successive weights at 10-minute
intervals is less than 0.1% of the initial wet mass. Unlike the conventional method that
requires the convection oven to be operated at 105+5°C, the infrared oven method as
proposed in AS1289.2.1.5 does not have any specific requirements on the temperature control
of the oven or soil specimens. The above Australian Standard also stated that the infrared
oven method is presumed to be less accurate than the standard method and that results
obtained using an infrared oven should be corrected to the standard method.

Sample size, initial moisture content and energy output from the infrared lights are the
key factors affecting the time required for the drying process. Similar to the conventional
method, the infrared oven method is not recommended for soils containing gypsum,
calcareous material or organic matters. Some recommendations on the design of the infrared
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system are given in the above standard, such as the infrared light should be mounted
horizontally at about 150 mm above soil specimens and that the power output of the infrared
emitter is preferably 250 Watts.

4. DESIGN OF INFRARED OVEN
4.1 Selection of Infrared Heating Source

Infrared heat sources that are commonly available in the market are metal sheath,
quartz tube, quartz lamp, catalytic, flat-faced panel and ceramic. The properties of these
materials are presented in Table 1.

Ceramic heating panel was selected in this pilot study. The considerations of this
selection were as follows:

(@) The radiant efficiency of ceramic panels is about 96%,
which is the highest among the various types of heat
sources.

(b) Ceramic is a very durable material and the life expectancy
of the heating panel is over 10,000 hours. The cost per
panel is only about HK$400.

(c) More variety in the size and power output of ceramic panels
is available in the market. This will facilitate the design of
an infrared heating oven for achieving uniform heating of
soil specimens.

(d) The operating temperatures of ceramic panel are much
lower than that of other infrared heat sources. This allows
cyclic heating and cooling at a shorter time intervals (i.e.
<10 minutes), which is important in maintaining the
temperature of the soil specimens to be within the optimum
range of 100 °C to 110 °C.

Concave-shape ceramic panels (Plate 1) of size 245 mm x 60 mm were selected for
this pilot study. However, infrared panels of power output of 250 Watts were temporarily
out of stock at the time of the study and only 400 Watts and 600 Watts panels were available.

Infrared is a very weak radiation and has been widely used as a household heat source.
The intensity of radiation emitted by a 400 Watts infrared panel during the course of drying
was checked by a radiation measuring sensor (see Plate 2). The level of radiation was found
to be extremely low such that it could not be detected by the sensor. Therefore, infrared
radiation is considered to be a safe heating source for use in laboratory.

4.2 Oven Design and Layout of Infrared Panels

A disused convection oven was used in this pilot study (Plate 3). The heating
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elements within the oven were dismantled and the oven was virtually a steel cabinet. Rusted
surfaces within the oven were covered with aluminum foil as far as possible (Plate 4) to
improve the reflectivity of infrared radiation.

The oven could house a maximum of ten containers in two rows (see Plate 4).
Instead of using standard steel containers, 'microwave acceptable’ glass containers were used,
thus allowing the soil specimens to absorb infrared radiation from all directions. Therefore,
both the rate of heating and temperature uniformity of the soil specimens would have been
improved. Infrared panels were mounted both above and below the glass containers. The
clearance distance between the upper infrared panels and the glass containers was about
150 mm to allow adequate room for handling the soil specimens, whereas the clearance
distance of the glass containers to the lower infrared panels was about 50 mm.

During the drying process, vaporisation of water would cause an increase in relative
humidity (RH) of the air within the oven. Under a high RH condition, the vaporisation
process would be inhibited, which is not preferable for the drying of soil. In this pilot study,
a small external fan had been installed at the rear side of the oven (Plate 5) to facilitate the
removal of water vapor inside the oven. Owing to the poor sealing of the front doors of the
oven, it was found that concentrated inflow of cool air from outside the oven had caused a
reduction in the temperature of some of the containers near the front doors. This could be
improved with the use of a proper oven in future.

The performance of a combined oven (i.e. integration of convection heating elements
with ceramic infrared panels) was also tested (see Section 6.2.1).

4.3 Temperature Control

The energy transfer mechanism of infrared is by means of radiation, and the
temperature of air within the oven may not necessarily be the same as that of the soil
specimens. In addition, the temperatures of soil specimens in different compartments of the
oven are likely to be different during the process of drying. Nevertheless, it is of utmost
importance to ensure that the temperatures of soil specimens within the oven are below the
threshold value of 110 °C, as stipulated in Geospec 3.

To facilitate the drying process, it is preferable to maintain the temperatures of the soil
specimens to be within the optimum range of 100°C to 110°C. A power control device was
developed to regulate the power supply to infrared panels, which in turn could control the
temperature of the soil specimens within the oven. The device comprised two key
components:

(@) a control soil specimen, and

(b) a power control device to regulate the power supply (i.e.
on/off) to the infrared panels.

The control specimen was placed at the most critical location (Plate 6) within the oven
where the temperature is the highest. As the soil mass of the control specimen was perfectly
dry, the temperature sensor embedded in the control specimen which would give a quicker
response to temperature change than that for other specimens. The temperature of the
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control specimen would be monitored closely by the power control device. If the
temperature of the control specimen exceeds 100 °C (Plate 7), the power supply to infrared
panels would be terminated automatically. In this pilot study, it was noted that the
temperature of the control specimen would continue to increase to a maximum value of about
108 °C (i.e. less than the threshold value of 110 °C). The power supply to infrared panels
would be resumed if the temperature of the control specimen falls below 100°C. With the
power control device, the temperature of the soil specimens could have maintained within the
optimum range of 100 °C to 110 °C.

In this study, temperature sensors were installed in all soil specimens (Plate 4) for
monitoring the temperature of individual specimens throughout the drying process. Detailed
discussion of the performance of the power control device is given in Section 5.3.2.

5. TESTING PROGRAMME AND RESULTS
5.1 Testing Details

The operating procedure of an infrared oven and the method of sample preparation are
very similar to that of the conventional moisture content test using a convection oven. Upon
placement of soil specimens, power supply to both infrared panels and ventilation fan at the
back of the oven would be switched on. It took less than 10 minutes for the oven to reach
100 °C from room temperature. The temperatures of the control specimen, together with all
other test specimens, were recorded at half-hour intervals after commencement of the test.

The first record of the weight of soil specimen was taken at 2% hours after
commencement of the drying process. Successive weights were carried out at half-hour
intervals thereafter. The soil mass would be considered as being 'dry' and the moisture
content test terminated when the difference in successive weights is less than 0.1% of the
initial wet mass, pursuant to the requirement of Geospec 3 (GEO, 2001).

In order to evaluate the appropriateness of the above termination criteria, after
completion of drying in the infrared oven, further over-night drying of the soil specimens in a
convection oven at 10545 °C was carried out. Detailed discussion of the results is given in
Section 5.4.

In this pilot study, two major improvements were made, namely, in respect of
temperature control and requirement of workforce, as compared with the Australian Standard
AS1289.2.1.5. The provision of the power control device helped to maintain the
temperature of the soil specimens to be within the optimum range of 100°C to 110°C. In
order to reduce the amount of workforce required for conducting a test, the need to stir the
soil specimens at regular intervals was waived, although a correspondingly longer time would
be expected for the completion of drying. This is considered justifiable in view of the large
number of moisture content tests to be conducted by PWRL per day.

The total amount of time that the infrared panels were switched on during the moisture
content test had also been recorded for a broad assessment of the energy consumption and
costs per test (see Section 6.2.4).
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5.2 Sample Types and Moisture Contents

The soil type was considered to be a key factor affecting the time required to complete
a moisture content test.  Soil samples with higher fines content (i.e. silt and clay) would take
a longer time to complete the test. A combination of medium-grained and fine-gained soil
samples from different fill sources (either CDG or CDV origin), covering a wide range of
particle size distribution (PSD), were selected for testing. The PSD results of all the samples
tested in this pilot study are summarized in Table 2 and Figure 2. Three of the samples
(samples G, N & O) have fines content exceeding 50%, with a maximum of about 63%
(sample O). These samples probably represented the worst composition of materials in local
filling works in practice.

The amount of soil mass used in each of the test would also affect the testing time
required. Pursuant to Geospec 3, a minimum soil mass of 300 g and 30 g in weight will be
needed for medium-grained soil and fine-grained soil respectively for moisture content test.
In this study, about 350 g of soil mass was used for each test.

As the use of coarse-grained soils for filling works is uncommon in Hong Kong and
that a minimum of 3 kg of soil mass would be needed for each moisture content test, the
drying performance of coarse-grained soils in an infrared oven is not covered in this pilot
study.

Other than the soil type, the initial moisture content of a soil sample is also an
important factor in controlling the duration of a test. It is noteworthy that the moisture
contents of soil samples collected from filling sites were all on the dry side of the respective
optimum moisture content (OMC). This is a common arrangement in compaction operation
of fill materials. Nevertheless, a conservative approach in specifying the moisture content of
soil specimens (i.e. wetter than typical specimens) had been adopted in this study whereby the
moisture contents were set either at OMC or at OMC+5% (Plate 8). Samples with moisture
content at OMC+5% could be very wet (Plate 9) such that compaction may not be feasible in
practice. According to the General Specification for Civil Engineering Works (HKSARG,
2006), fill materials should be compacted at the optimum moisture content, with a tolerance
of £3%.

5.3 Test Results
5.3.1 General

For each of the two initial moisture contents (i.e. OMC & OMC+5%), nine soil
specimens were prepared to account for possible sample variability and other uncertainties.
In addition, these specimens were placed at different locations within the oven for monitoring
of temperature during the course of drying. A total of 180 moisture content tests involving
ten different soil samples were carried out in this pilot study.

5.3.2 Temperature of Soil Specimens

Upon drying in the infrared oven for half an hour, the temperature of soil specimens
were increased from room temperature to about 80 °C. This was followed by a further
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steady increase in temperature, but at a much lower rate, as drying proceeded. Approaching
the end of drying, with the provision of the power control device, the temperature of the soil
specimens was generally in the range of 100 °C to 110°C. Among the nine soil specimens in
the oven, the maximum difference in temperatures at any one time throughout the testing was
less than 20°C. Of the two rows of containers, the temperatures of soil specimens near the
front side of the oven were consistently lower than that at the rear side. The non-uniformity
in heating was probably due to the poor sealing of the front door of the old oven used in this
study. This could be improved with the use of a new oven, together with a better design of
the ventilation system and configuration of the infrared panels.

The temperature measurements of soil specimens taken during the tests are presented
in Figures 3 & 4 and Table 3 respectively. Except for one out of about 1,400 measurements,
the temperatures of all soil specimens during the drying process were lower than 110 °C.
The isolated case was on sample 'K' and the maximum temperature exceeded the threshold
value of 110°C by 1.5°C for only about 5 minutes.

5.3.3 Time Required for Moisture Content Test using Infrared Oven

According to the operation of the PWRL, it is preferable that the moisture content test
could be completed within 3/ hours. Among the 180 tests on ten soil samples involving
two different moisture contents (i.,e. OMC and OMC+5%), 162 nos. (90%) could be
completed within 3% hours (i.e. difference in successive weights being less than 0.1% of the
initial wet mass). The success rates for specimens at OMC and OMC+5% are 97% (i.e. 87
out of 90 nos.), and 83% (i.e. 75 out of 90 nos.), respectively.

Of the 'unsuccessful' 18 specimens, 15 (83%) involved soil samples with fines content
(i.e. silt and clay) exceeding 50% (samples G, N & O). In addition, 13 out of 18 soil
specimens were located at the front side of the oven where the temperature was lower than
that at the rear side.

The success rate of specimens at OMC was up to 97% (87 out of 90 nos.) and the three
‘unsuccessful' soil specimens all had fines contents exceeding 50% (samples N & O), which
were located at the front side of the oven. The success rates of specimens at OMC and
OMC+5% would have been increased to 100% and 97% respectively if 4 hours were allowed
for the test.

After completion of drying in the infrared oven, all soil specimens were transferred to
a convection oven for further drying over-night. The differences in moisture contents of all
the specimens before and after drying in the convection oven were generally less than 0.3%,
indicating that the test termination criteria (i.e. difference in successive weights less than
0.1% of the initial wet mass) were acceptable. Owing to the relatively small number of tests
carried out in this pilot study, a more comprehensive testing programme is needed to further
investigate the appropriateness of the test termination criteria. The rate of drying in the
infrared oven, in terms of both the percentage of drying and differences in the successive
weights, is given in Figures 5 to 8 and Tables 4 & 5.
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5.4 Comparative Tests

Taking cognizance of the differences in the principles of energy transmission between
infrared and convection, there could be a concern about the possible removal of 'non-free’
water molecules by infrared radiation, which would not be desirable.

A comparative test was carried out on 30 soil specimens from six different samples to
investigate the possible significance of infrared radiation in removing 'non-free' water (which
would not have been removed by a convection oven). Soil specimens were placed in a
convection oven at a temperature of 10545 °C for drying over-night and then the drying of
these specimens was continued in an infrared oven for six hours. All the free water in the
soil mass should have been removed completely after drying in the convection oven.
Further reduction in the water mass after drying in the infrared oven could be attributed to the
removal of 'non-free' water by infrared radiation. The test results of all 30 soil specimens
revealed that removal of 'non-free' water by infrared radiation, if any, was insignificant, with
the differences in moisture contents before and after placement in the infrared oven being less
than 0.1% (Figure 9).

The procedure was reversed in the second set of comparative tests (i.e. drying in an
infrared oven for six hours, followed by drying in a convection oven). A total of
45 specimens involving five soil samples were tested. Similarly, the differences in moisture
contents were less than 0.1% (Figure 10).

5.5 Immediate Weighing after Drying

Under the current working procedure of a moisture content test, the soil specimens
would be transferred to a desiccator for cooling after drying in an oven. A simple test was
carried out to investigate the differences in the soil mass between immediate weighing (viz.
immediately after oven drying), and after proper cooling in the desiccator. The test results of
17 soil specimens revealed that the differences in moisture contents were less than 0.1%
(see Figure 11), which were insignificant.

6. DISCUSSION
6.1 Implications of Using Infrared Oven in PWRL

According to WBTC No. 14/2000, RC tests of all public works projects have to be
undertaken through PWL. In general, samples would be collected from works sites in two
sessions each day (i.e. morning and afternoon) by staff members of the PWRL. The results
of RC would normally not be available until at least the next day after sampling.

The infrared method appears to be promising in significantly reducing the amount of
time required for drying soil specimens as compared to the conventional method. Further
study is warranted to see if the drying time could be reduced to less than 34 hours such that
it would be possible for the test results of samples collected in the morning session to be
available on the same day. This will help to expedite the progress of filling works on site.
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6.2 Factors to be Considered in Using Infrared Oven

6.2.1 Temperature Control within the Infrared Oven

The power control device would automatically terminate the power supply to the
infrared panels should the temperature of the control specimen exceed 100°C. The
maximum temperature of the soil specimen would reach about 108 °C. Only one of about
1,400 temperature measurements exceeded the threshold value of 110 °C (i.e. 111.5°C) for
about 5 minutes. This was an isolated case and the implication should be minimal because
the difference was only 1.5°C and the duration was around 5 minutes. In general, the overall
performance of the power control device was acceptable. Notwithstanding this, there are
still rooms for further improvement of the setting.

The variation in temperature of soil specimens within the oven was generally less than
15°C, and the temperature at the rear side of the oven was consistently higher than that at the

front side. The lower temperature at the front side would prolong the time required for a test.

It is noteworthy that 13 out of 18 ‘unsuccessful' soil specimens (see Section 5.3.3) were
located at the front side of the oven, and the corresponding initial moisture contents were all
at OMC+5%. A new oven with a better sealing of the front doors, together with an
improved design of the ventilation system and configuration of infrared panels, would help to
reduce the temperature variations.

In this study, the power output of the infrared panels was 400 Watts. A small-scale
trial was also undertaken to compare the performance of 400 Watts and 600 Watts infrared
panels. The results indicated that the performance of the 400 Watts panels, in terms of both
the temperature control and time taken for a test, was better than that of the 600 Watts panels.
A search of overseas suppliers indicated that infrared panels of 250 Watts are also available.
It is possible that further improvement of the overall performance of the infrared oven could
be achieved with the use of 250 Watts infrared panels.

A combined oven (i.e. integration of convection heating elements and ceramic infrared
panels) had been assembled to compare the performance with that of an infrared oven.
However, it was established that the idling time of infrared panels inside the combined oven
was much longer than that of infrared oven, thus resulting in comparatively lesser emission of
infrared radiation. In addition, the temperature control of the combined oven is not as good
as that of the infrared oven and it was difficult to maintain the temperature of the oven to be
within the optimum range of 100 °C to 110 °C. The performance of the combined oven was
inferior to that of the infrared oven.

6.2.2 Time and Workforce Required for Moisture Content Tests Using Infrared Oven

In this study, drying of more than 97% of the tests on soil specimens at OMC could be
completed within 3%, hours. The 'unsuccessful' cases were all located at the front side of the
oven and the corresponding fines contents were over 50%. It is probable that the success
rate could be further increased with the use of a new oven, incorporating improved control.

The test results indicated that with the use of an infrared oven, the time required for
moisture content test (and hence the RC test) would be significantly reduced for most of the
filling materials in Hong Kong.
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The results of the comparative tests confirmed that removal of the 'non-free' water by
infrared radiation was insignificant. Also, there was virtually no difference in testing
accuracy between the infrared drying method and the conventional method.

Since stirring of the soil specimens was not required in this study, the working
procedure of a moisture content test using an infrared oven is simple and very similar to that
of the conventional method using a convection oven (see Section 5.1). Therefore, the
implications on workforce requirements should be minimal.

6.2.3 Need for Prior Cooling of Specimens in Desiccator before Weighing

It is a general practice of the PWCL and PWRL that the soil specimens would be
transferred to a desiccator for cooling after drying in an oven. The test results given in
Section 5.5 suggest that there may be room for streamlining the above procedure. However,
as only a relatively small number of pilot tests had been undertaken, a more comprehensive
testing programme is needed to further investigate this point.

6.2.4 Costs

Owing to the long testing time, it is a general practice to maintain the convection oven
in operating mode (i.e. power switched on) 24 hours a day. Infrared oven, however, can be
operated on a need basis and the power supply to the oven could be terminated after
completion of drying, the duration of which is normally less than 4 hours.

The high efficiency of infrared radiation and the operational characteristics of infrared
ovens may help to reduce the energy consumption per test. A preliminary estimate revealed
that the energy consumption of moisture content tests on nine soil specimens was about
5 kWh. This corresponds to an equivalent energy cost of about HK$0.5/specimen.

The total cost of an infrared oven, including infrared panels and accessories, is about

HK$20,000, which is much cheaper than that of a convection oven (about HK$50,000).
This is largely attributed to the low cost of infrared panels (i.e. about HK$400/panel).

7. CONCLUSIONS AND RECOMMENDATIONS

The findings of this pilot study revealed that the infrared drying method appears to be
promising as a possible alternative to the conventional method using convection ovens for
carrying out moisture content tests for the determination of relative compaction. The drying
process of most of filling materials in Hong Kong could be completed within 3% hours.

It is recommended that a more comprehensive testing programme be launched to
assess the applicability and practicability of using the infrared drying method in routine
moisture content tests. The assessment should focus on key factors including the success
rate, implications on the workflow, time and cost savings, calibration aspects (e.g. power,
configuration of the oven and uniformity of the temperature distribution, etc.), safety
precautions and checks, examining a wider range of soils (e.g. marine deposits, alluvial clay,
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alluvial sand, CDV, etc.), maintenance requirements, etc.

The recommended procedure for determination of moisture content using an infrared
oven is as follows:

(@) Ensure that soil specimens in a given compartment of the
infrared oven are from the same source as far as possible.

(b) Turn on the power supply to infrared panels and the
ventilation fan after placement of soil specimens.

(c) Take the first record of soil mass three hours after drying.
(d) Take the second record of soil mass 3% hours after drying.

(e) The soil specimen shall be deemed to be dry when the
difference between the first and second records is less than
0.1% of the original wet mass.

(f) Otherwise, soil specimen shall be transferred to the
convection oven at 105+5°C to continue drying in
accordance with the procedure of the conventional method
as specified in Geospec 3.

Similar to the conventional method, infrared oven testing is not suitable for soil

specimens containing gypsum, calcareous material or organic matters. Such soils should be
dried in the convection oven at 4545 °C, as recommended in Geospec 3.
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Table 1 - Properties of Various Types of Infrared Heating Sources

Metal Quartz Quartz . Flat Faced .
Sheath Tube Lamp Catalytic Panels Ceramic
Radiant 56% 61% 86% 80% 88% 96%
Efficiency
Physical High Low Very Low High Medium Medium
Strength
Heat-Up
Cool Down Slow Fast Very Fast | Very Slow Slow Slow
Max. Temp. | 760°C 870°C 2200°C 420°C 870°C 700°C
qupr' Low Low High Low Low Low
Sensitivity
Notes: (1) Radiant Efficiency: Total amount of energy emitted from the source

(2) Physical Strength:

(3) Heat-Up/Cool Down:

(4) Maximum Temperature:

(5) Color Sensitivity:

as infrared radiation. The balance of heat
energy from the sources is transferred via
convection and conduction.

The physical strength of each source, with a high
rating denoting a very durable source that can
withstand physical abuse, such as dropping a
wrench on the source.

The amount of time required for the source to
achieve the operating temperature and to cool
down to room temperature.

Maximum operating temperature of the source.

This refers to the ability of a typical material to
absorb the spectral radiation emitted from a
source based on the color of the material. The
shorter the wavelength emitted from a source the
more color sensitive a material will be to the
sources spectral radiation.
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Table 2 - Particle Size Distribution of the Ten Different Soil Samples

22

Sample No. Gravel Sand Silt Clay
F 23.0% 55.6% 13.6% 7.8%
G 17.5% 34.4% 25.2% 22.9%
H 36.8% 31.0% 24.2% 8.0%
I 48.9% 30.6% 16.0% 4.5%
J 26.0% 41.7% 19.8% 12.5%
K 36.5% 48.0% 10.5% 5.0%
L 21.8% 65.9% 7.5% 4.8%
M 25.1% 36.2% 22.3% 16.4%
N 13.0% 31.0% 37.1% 18.9%
@) 7.0% 30.0% 40.1% 22.9%
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Table 3 - Records of Temperature Monitoring of Soil Specimens during Testing (Sheet 1 of 5)

- 23

Sample No.

Specimen No. (Temperature °C)

Hour
F A C D E F G H I J

05 | 837|816 | 853|827 | 758 | 791|820 | 77.4 | 752
1.0 | 93.8 | 938 | 96.6 | 93.3 | 85.3 | 90.6 | 94.6 | 87.6 | 83.8
15 | 914 | 947 | 96.2 | 928 | 86.6 | 91.8 | 96.1 | 90.2 | 86.1
20 | 869 | 921 | 942 | 918|884 | 91.3 | 93.3 | 90.0 | 88.3

OMC = 10%
2.5 |102.7|107.2|109.7|107.1|101.5| 105.1 | 107.4 | 103.5 | 102.7
3.0 |101.8|105.3|106.2 1029 | 98.1 |102.2 | 102.6 | 100.2 | 99.3
35 | 953|983 | 996 | 954 | 953 [100.7 | 99.3 | 99.0 | 94.7
40 | 98.8 [103.9|107.3|103.8|100.5(103.9(104.2| 99.4 | 98.3
05 | 803 | 76.7 | 783 | 825 | 82.7 | 77.7 | 79.4 | 70.6 | 70.8
10 | 812 | 815 | 819 | 858 | 80.1 | 80.8 | 83.4 | 73.8 | 749
15 | 848 | 86.7 | 879 | 89.7 | 82.6 | 87.6 | 89.8 | 81.2 | 80.7

OMC + 5% 20 | 96.2 | 99.0 | 102.9| 99.0 | 94.4 | 100.3|101.5| 944 | 92.0

=15% 25 | 99.2 |102.8 | 106.1|100.8| 99.5 | 104.5|104.6 | 99.6 | 96.9

30 | 950|989 | 978 | 946 | 952 | 97.9 | 954 | 83.8 | 88.9
35 |1 988 | 986|988 | 988 | 943 | 96.6 | 96,5 | 82.0 | 955
40 | 994 | 994 | 995 | 994 | 97.7 | 99.6 | 99.7 | 98.0 | 97.5

Sample No. Specimen No. (Temperature °C)
Hour

G A C D E F G H I J

05 | 807|841 |8L7 |838 | 774 | 839|822 | 738 | 775
10 | 86.6 | 88.8 | 86.2 | 88.2 | 822 | 879 | 875 | 774 | 814
15 | 838 | 894 | 842 | 858 | 81.0 | 85.8 | 86.5 | 78.1 | 82.7
2.0 | 97.7 |103.9|100.4|103.3| 94.5 | 102.9|103.6 | 91.5 | 96.3

OMC =17%
25 | 99.6 |103.9|103.2|103.1| 96.3 | 101.8|102.4| 92.8 | 98.9
3.0 |101.1|102.3|103.6| 99.3 | 98,5 |103.7 | 103.5| 90.2 | 100.6
3.5 |104.3|106.6 | 104.6 | 101.3 | 103.8 | 106.3 | 106.3 | 87.1 | 99.9
40 |102.6|104.1|104.3|101.2 |100.6 [ 101.5(102.8 | 84.4 | 97.9
05 | 815|798 | 780 | 815 | 771 | 752 | 748 | 73.3 | 75.0
10 | 829 | 830 | 789|832 | 776 | 76.6 | 77.2 | 748 | 75.7
15 | 859 | 87.0 | 81.8 | 86.1 | 79.9 | 79.3 | 80.3 | 788 | 78.2

OMC + 5% 20 | 904 | 922 | 85.7 | 90.5 | 83.7 | 83.1 | 86.6 | 84.0 | 82.2

=22% 25 | 95.7 |100.3| 90.1 | 96.4 | 89.0 | 87.2 | 95.0 | 89.1 | 88.1

3.0 | 999 |104.7| 96.2 | 999 | 97.3 | 92.6 [ 1009 99.0 | 924
3.5 |104.0|104.7 | 105.6 | 105.1 | 102.0 | 102.2 | 104.9 | 100.3 | 99.2
4.0 |105.9|107.7 | 107.5 | 106.0 | 103.6 | 104.2 | 105.8 | 103.8 | 102.6
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Table 3 - Records of Temperature Monitoring of Soil Specimens during Testing (Sheet 2 of 5)

- 24

Sample No.

Specimen No. (Temperature °C)

Hour
H A C D E F G H I J
05 | 825|793 (815|818 | 784|809 |839 | 751|771
10 | 86.7 | 84.7 | 89.3 | 883 | 83.6 | 86,5 | 92.0 | 805 | 814
15 | 90.2 | 88.6 | 95.8 | 92.1 | 86.8 | 89.9 | 97.2 | 84.2 | 85.1
20 | 965 | 93.8 [102.6| 974 | 924 | 95.8 [101.4| 89.3 | 90.4
OMC = 12%
25 [101.4|101.3|105.8({101.1| 98.3 |102.5(103.3| 96.9 | 96.5
3.0 |104.1|105.1(106.8|103.1|103.5|106.0|106.2| 97.3 | 96.4
35 | 987|984 [100.3| 96.4 | 95.1 | 96.1 | 97.0 | 89.7 | 92.9
40 | 964 | 96.1 | 98.9 | 96.0 | 98.4 | 97.7 | 98.8 | 929 | 95.8
0.5 | 828 | 859 | 78.0 | 88.7 | 103.8 |104.3|102.0| 99.8 | 94.5
10 | 852|888 | 813|876 | 935 | 957 | 93.7 | 919 | 86.5
15 | 88.7 | 97.2 | 89.8 | 95.3 [109.1|109.2 | 109.3 | 104.8 | 100.0
OMC + 5% 20 | 921 | 934 | 95.7 | 93.2 | 96.9 |[100.6 | 101.7 | 99.5 | 99.7
=17% 25 [102.7|100.2|105.1{101.6| 96.2 | 98.1 | 98.0 | 955 | 88.9
3.0 | 99.3 | 985 [101.0| 98.0 | 94.8 | 986 | 98.2 | 90.4 | 92.3
35 | 99.4 |100.9|102.9 (100.2|100.0 | 100.9 [ 101.0 | 94.7 | 96.6
4.0 | 99.4 [102.4|102.9|100.5| 98.6 {100.0|1015| 92.8 | 95.2
Sample No. Hour Specimen No. (Temperature °C)
I A C D E F G H I J
05 | 893|910 | 86.7 | 914 | 87.8 | 859 | 87.7 | 87.2 | 82.6
10 | 869 | 8380 | 857 | 87.3 | 84.3 | 83.0 | 86.1 | 84.2 | 80.0
1.5 - - - - - - - - -
20 | 96.8 | 965 | 946 | 95.2 | 929 | 90.2 | 95,5 | 92.1 | 89.2
OMC = 12%
25 |101.9|103.9 (1035|1024 | 99.5 | 97.8 | 103.0| 101.0 | 98.0
3.0 |102.1|103.9(102.8|101.7|100.0 |101.7 | 101.6 | 100.9 | 100.6
3.5 [102.7]105.0 - 103.5|103.8 | 105.9 | 105.4 | 101.2 | 103.7
4.0 | 98.6 [100.7 | 106.4 | 101.0 | 101.1 {103.7 | 102.1| 97.1 | 99.1
05 | 825|802 | 767 | 798 | 780 | 752 | 78.1 | 68.4 | 70.9
10 | 843|832 | 801|813 | 79.7 | 79.3 | 80.2 | 80.6 | 75.9
15 | 958 | 934 | 95.2 | 934 | 92.2 | 93.2 | 93.8 | 87.9 | 85.3
OMC + 5% 20 | 951 | 951 [101.1| 954 | 936 | 96.1 | 96.1 | 92.6 | 90.9
=17% 2.5 [100.6|103.0|108.2 {101.7| 98.3 |101.7 | 100.6 | 98.0 | 95.0
3.0 |103.0|107.5(107.7|100.7 | 101.3 | 104.6 | 104.3 | 97.0 | 92.4
3.5 [106.0|109.0 - 103.0 | 105.6 | 105.0 | 106.8 | 95.4 | 101.3
4.0 |103.2(107.6 |107.5|102.8|108.1(108.1|109.4|101.0| 97.2
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Table 3 - Records of Temperature Monitoring of Soil Specimens during Testing (Sheet 3 of 5)
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Sample No. Hour Specimen No. (Temperature °C)
J A C D E F G H I J

05 | 798 | 884 | 779 | 826 | 75.2 | 744 | 80.3 | 815 | 745
10 | 833|910 | 824|844 | 779 | 76.3 | 83.1 | 84.8 | 80.6
15 | 89.7 | 97.7 | 88.6 | 88.7 | 84.1 | 82.2 | 89.1 | 88.8 | 90.1

OMC =12% 20 | 96.4 |100.3| 94.7 | 91.4 | 88.7 | 925 | 98.0 | 97.6 | 95.7
25 [ 978 (1015 99.1 | 955 | 91.7 | 975 [101.3| 99.1 |100.8
3.0 [102.2|108.2|106.0|102.0| 97.4 |102.0 | 105.5|103.5|101.1
35 | 975 |101.9|102.4| 99.5 | 96.0 | 96.0 [ 100.4| 99.5 | 94.7
05 | 919 (895 | 70.7 | 821 | 78.1 | 635 | 741 | 834 | 76.5
1.0 | 929 | 93.1 | 82.7 | 86.7 | 82.1 | 68.4 | 71.7 | 845 | 81.7

OMC + 5% 15 | 944 | 984 | 942 | 90.3 | 87.2 | 80.2 | 89.9 | 89.3 | 86.4

Z179% 20 | 93.3 |1005| 98.1 | 948 | 89.0 | 92.1 | 949 | 944 | 894

25 | 97.0 | 105.4 | 102.9 | 100.2 | 91.9 |100.1|100.3| 99.3 | 90.7
30 [982 992|999 (994|932 | 916 | 953 | 97.9 | 923
3.5 [100.4|101.5|102.7 {101.2| 94.8 | 102.2 | 102.9 | 102.3 | 96.0

Sample No. Specimen No. (Temperature °C)
Hour

K A C D E F G H | J

05 (828 | 864 | 940 | 91.6 | 98.7 | 89.8 | 84.3 | 795 | 79.6
1.0 | 884 | 93.3 |104.7| 975 [ 103.3| 95,5 | 82.6 | 85.1 | 86.4
15 | 964 | 99.1 |109.0|1045|104.1({101.4| 98.9 | 91.1 | 94.7
2.0 |103.2 (1025 |107.5|103.4|101.8|100.8|101.2| 96.9 | 97.8

OMC =9.4%
25 |107.1(106.7 | 111.5|107.1 | 105.3 {103.1 | 103.4 | 98.6 | 99.3
3.0 |107.3|106.5|108.4|1055| 99.3 | 99.5 [100.1| 96.2 | 96.8
35 (1029|1059 |107.4|103.4| 97.7 | 96.0 | 98.0 | 945 | 92.8
4.0 [103.4|103.9(107.3(103.8| 99.1 | 984 | 985 | 96.4 | 96.4
05 [ 749 | 765 | 79.1 | 81.3 | 71.8 | 71.7 | 79.8 | 68.4 | 69.7

OMC + 5% 10 | 844 | 836 | 89.6 | 87.2 | 79.0 | 835 | 859 | 746 | 69.1

—14.4% 15 | 958 | 941 | 984 | 938 | 88.0 | 93.3 | 925 | 842 | 77.4
2.0 |101.6|103.9|1055|102.2 |102.8 |103.7 103.1| 95.6 | 89.1
2.5 |102.2 |105.5|107.1|103.0|104.1|104.8 1045 | 96.6 | 96.3
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Table 3 - Records of Temperature Monitoring of Soil Specimens during Testing (Sheet 4 of 5)

- 26 -

Sample No.

Specimen No. (Temperature °C)

Hour
L AlcCc|D]EITF]G [ HTT]J
05 | 757 | 755 | 785 | 69.2 | 77.3 | 76.0 | 79.7 | 62.2 | 73.0
10 | 765 | 82.8 | 830 | 80.6 | 803 | 79.4 | 834 | 68.2 | 752
15 | 843 | 936 | 946 | 903 | 97.4 | 90.8 | 925 | 820 | 854
e = 15, | 20 | 961 | 987 [1028] 948 | 934 | o7.4 | 949 | 863 | 905
25 |102.2|104.3|106.4| 99.8 | 100.2 | 103.6 | 101.7 | 95.0 | 97.2
30 |101.0]103.4 | 1042 |102.1 | 1011 | 103.5 | 102.2 | 94.0 | 988
35 | 985 | 96.6 | 100.1| 959 | 946 | 96.7 | 97.8 | 909 | 91.4
40 | 934 | 876 | 87.0 | 862 | 96.7 | 100.1|101.6 | 96.6 | 93.7
05 | 68.8 | 749 | 716 | 70.7 | 71.0 | 724 | 71.0 | 754 | 695
10 | 68.4 | 789 | 719 | 69.7 | 701 | 721 | 70.7 | 745 | 69.0
15 | 781 | 967 | 909 | 82.0 | 831 | 89.3 | 83.7 | 89.8 | 833
OMC+5% 1750 | 933 [103.9|103.4 | 985 | 948 | 99.6 | 99.0 | 102.3 | 96.9
= 20%
25 | 96.7 | 1050 | 105.3 | 102.2 | 97.3 | 101.9 | 102.4 | 105.8 | 99.6
30 | 975 | 103.0 | 101.8 | 101.6 | 942 | 951 | 95.0 | 97.6 | 97.3
35 | 948 |102.3 | 101.3| 99.8 | 92.4 | 94.4 | 98.0 | 97.0 | 96.6
Sample No. Specimen No. (Temperature °C)
M U = Tc o EJF ]G ]| H] T3
05 | 866 | 83.1 | 836 | 83.9 | 80.9 | 856 | 85.1 | 792 | 77.4
10 | 89.8 | 857 | 865 | 86.9 | 851 | 87.8 | 87.6 | 811 | 80.8
15 | 951 | 89.9 | 911 | 92.9 | 91.8 | 93.8 | 93.9 | 87.1 | 86.2
20 |101.1] 947 | 98.4 | 99.3 | 983 | 99.3 | 100.2 | 91.6 | 91.1
OMC = 15%
25 |104.6 | 1015 |104.4|102.8 | 101.6 | 104.1 | 103.7 | 94.9 | 98.4
3.0 |102.1|104.0 | 107.0 | 100.7 | 100.6 | 105.4 | 103.2 | 92.5 | 98.9
35 |100.8|106.6 | 103.7 | 99.5 | 100.0 | 103.5 | 1042 | 97.5 | 98.8
40 | 961 | 99.8 | 100.6| 94.4 | 941 | 959 | 97.5 | 90.9 | 88.7
05 | 747 | 739 | 789 | 69.4 | 728 | 68.6 | 72.2 | 62.3 | 64.
10 | 750 | 77.4 | 786 | 70.7 | 726 | 68.7 | 7.7 | 64.4 | 65.0
15 | 80.4 | 855 | 858 | 79.8 | 80.8 | 78.6 | 79.2 | 73.8 | 73.6
OMC +5% | 20 | 843 | 914 | 915 | 854 | 88.7 | 84.6 | 84.4 | 802 | 79.9
= 20% 25 | 90.7 | 97.0 | 986 | 90.8 | 952 | 91.7 | 886 | 815 | 86.6
30 |100.9]105.3|100.7 | 98.8 | 99.3 |102.1|103.1| 98.0 | 986
35 |102.9]108.1 1059|1005 | 985 |103.9] 99.1 | 95.7 | 986
40 |101.2]108.4|106.0 | 101.1| 99.6 | 105.2 | 101.6 | 95.4 | 95.2
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Table 3 - Records of Temperature Monitoring of Soil Specimens during Testing (Sheet 5 of 5)

- 27

Sample No.

Specimen No. (Temperature °C)

Hour
N A C D E F G H I J
05 | 849 | 844 | 90.0 | 89.6 | 84.4 | 89.7 | 84.0 | 78.4 | 81.1
10 | 86.8 | 855 | 90.6 | 89.7 | 84.7 | 89.0 | 85.3 | 78.0 | 81.8
15 | 90.7 | 89.6 | 96.8 | 93.7 | 88.7 | 92.6 | 89.4 | 81.2 | 854
20 | 943 | 953 [101.9| 979 | 92.2 | 96.8 | 95.9 | 84.2 | 88.3
OMC =16%
25 | 959 | 989 [102.1| 96.9 | 93.1 | 985 | 97.0 | 83.2 | 89.4
3.0 | 97.0 {1020 985 | 96.2 | 95.2 | 96.9 | 97.3 | 90.0 | 855
35 | 96.2 |104.2| 953 | 97.2 | 92.1 | 93.0 | 92.3 | 80.4 | 84.2
4,0 [100.3|106.5|101.4| 99.7 |101.2|102.7 | 105.2|100.9 | 96.2
05 | 749|806 | 807 | 77.3 | 809 | 827 | 77.1 | 63.7 | 73.8
10 | 76.0 | 815 | 80.8 | 76.6 | 79.7 | 80.2 | 76.5 | 67.3 | 72.7
15 | 813|873 | 86.6 | 810 | 83.6 | 83.8 | 83.6 | 75.0 | 79.2
OMC + 5% 20 | 869 | 959 | 959 | 88.8 | 92.3 | 90.8 | 92.6 | 82.6 | 88.8
=21% 25 | 95.0 |102.6 | 102.7 | 95.6 | 96.5 | 98.1 | 98.4 | 86.1 | 96.8
3.0 [100.4|106.4|104.5|101.8| 98.9 [101.3|102.2| 91.5 | 96.0
35 [101.3]|103.8| 98.4 | 96.6 | 96.3 | 99.1 | 102.0| 85.3 | 86.0
4.0 [102.8|107.7|105.9(102.0| 99.6 | 98.4 | 98.3 | 77.4 | 88.4
Sample No. Specimen No. (Temperature °C)
Hour
O A C D E F G H I J
05 | 857 | 876 | 823|834 | 798 | 825|805 | 719 | 713
10 | 89.0 | 913|869 | 863 | 833|859 | 821 | 755 | 75.3
15 | 918 | 96.2 | 928 | 916 | 879 | 91.8 | 88.7 | 81.0 | 81.2
2.0 [100.6|104.5|1005| 97.8 | 83.2 | 96.4 | 94.1 | 85.5 | 85.7
OMC =17%
2.5 |103.7|108.8 |105.0 |103.6| 98.1 [101.6| 99.0 | 89.5 | 89.8
30 [938|986 | 924|899 | 913 | 92.0 | 89.9 | 83.7 | 84.2
35 | 981 |1025| 978 | 959 | 96.1 | 97.2 | 98.3 - 86.8
4.0 | 985 |1046| 986 | 97.7 | 985 | 99.6 | 97.4 - 87.9
05 | 802|822 |806 834|769 | 784 | 753 | 758 | 64.4
10 | 775|811 | 797 | 795 | 75.1 | 76.7 | 70.7 | 75.9 | 65.2
15 | 801|824 |819|801 | 774 | 79.0 | 756 | 782 | 70.0
OMC + 5% 20 | 849 | 86.7 | 87.0 | 83.0 | 83.0 | 83.1 | 82.2 | 80.8 | 78.4
=22% 25 [100.8| 91.1 | 89.0 | 89.9 | 91.7 | 923 | 87.0 | 87.6 | 87.7
3.0 | 96,5 |1045(101.4|100.2| 95.7 | 99.0 | 98.4 | 84.4 | 91.9
3.5 [100.7|107.9|100.9| 98.4 | 99.1 |100.7|103.0| 92.1 | 93.1
40 | 96.8 |103.7| 959 | 955 | 936 | 974 | 97.8 | 88.2 | 88.8
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Table 4 - Progress of Moisture Content Test in terms of Percentage Completion of Drying (Sheet 1 of 3)

Sample No. Specimen No.
F Hour A C D E F G H | J
25 | 99.9% |100.0% | 99.9% |100.0% | 99.9% | 99.9% |100.0% | 99.9% | 99.9%
OMC=10% | 3.0 |100.0%100.0% [100.0% |100.0% |100.0% |100.0% |100.0% |100.0% |100.0%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
25 | 99.1% | 99.9% | 99.8% | 99.9% | 99.9% | 99.8% |100.0% | 99.9% | 99.8%
O“fcl;j% 3.0 | 99.8% |100.0% | 99.9% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
Sample No. Specimen No.
G Hour A C D E F G H | J
25 | 98.5% | 99.4% | 99.2% | 97.6% | 97.1% | 99.1% | 98.8% | 99.2% | 98.8%
OMC=17% | 3.0 |99.6% | 99.7% | 99.8% | 99.6% | 99.4% | 99.8% | 99.7% | 99.9% | 99.6%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
25 | 91.1% | 93.9% | 91.2% | 92.8% | 87.5% | 90.0% | 93.2% | 90.5% | 88.6%
OMC + 5% 3.0 | 97.7% | 98.3% | 97.4% | 98.3% | 95.3% | 96.0% | 98.0% | 97.0% | 95.7%
=22% 35 | 99.5% | 99.6% | 99.4% | 99.5% | 98.9% | 98.8% | 99.4% | 99.3% | 99.0%
4.0 | 99.9% | 99.9% | 99.9% | 99.9% | 99.8% | 99.7% | 99.8% | 99.9% | 99.8%
Sample No. Specimen No.
H Hour A C D E F G H | J
25 | 99.3% | 99.7% | 99.8% | 99.9% | 99.6% | 99.8% |100.0% | 99.5% | 99.7%
OMC=12% | 3.0 |100.0%100.0% | 99.9% |100.0% |100.0% |100.0% |100.0% | 99.8% |100.0%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
25 |100.0%| 99.9% |100.0% | 99.8% | 99.9% | 99.9% | 99.8% [100.0% | 99.9%
O'\f(i;,f% 3.0 [100.0%| 99.9% |100.0% | 99.9% | 99.9% |100.0% | 99.8% |100.0% |100.0%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
Sample No. Specimen No.
' Hour A C D E F G H | J
25 | 98.1% | 99.1% | 98.8% | 98.9% | 98.2% | 98.2% | 99.1% | 98.5% | 98.5%
OMC=12% | 3.0 |99.5% | 99.8% | 99.8% | 99.9% | 99.7% | 99.6% | 99.9% | 99.8% | 99.7%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
25 | 99.4% | 99.6% | 99.8% | 99.6% | 99.7% | 99.7% | 99.7% | 99.8% | 99.7%
O'\fcl;,/f’% 3.0 | 99.7% | 99.8% | 99.9% | 99.7% | 99.9% | 99.9% | 99.9% | 99.9% | 99.8%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
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Table 4 - Progress of Moisture Content Test in terms of Percentage Completion of Drying (Sheet 2 of 3)

Sample No. Specimen No.
J Hour A C D E F G H | J
25 | 99.8% [100.0% | 99.8% | 99.7% | 99.4% | 99.8% |100.0% | 99.8% | 99.8%
OMC = 12% 3.0 |99.9% [100.0%| 99.9% | 99.9% | 99.8% |100.0% |100.0% | 99.9% | 99.9%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
25 | 97.3% | 99.5% | 99.6% | 99.6% | 98.2% | 99.7% | 99.1% | 99.6% | 99.3%
O'\fcl;,/f’% 3.0 |99.6% | 99.8% | 99.9% | 99.9% | 99.7% | 99.9% | 99.7% | 99.9% | 99.9%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
Sample No. Specimen No.
K Hour A C D E F G H | J
2.5 |100.0% | 99.8% [100.0% |100.0% | 99.8% |100.0% | 100.0% |100.0% |100.0%
OMC = 9.4% 3.0 |100.0% |100.0% |100.0% |100.0% | 99.9% |100.0% | 100.0% |100.0% | 100.0%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
25 | 99.7% [100.0% | 99.8% | 99.9% | 99.9% | 99.9% |100.0% | 99.9% | 99.8%
Olz\ﬂﬁz(?/;% 3.0 |100.0% |100.0% | 99.9% | 99.9% | 99.9% |100.0% |100.0% |100.0% |100.0%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
Sample No. Specimen No.
L Hour A C D E F G H | J
25 |99.8% | 99.9% | 99.9% | 99.7% [100.0% | 99.7% | 99.7% | 99.6% | 99.7%
OMC = 15% 3.0 | 99.9% [100.0% |100.0% | 99.9% |100.0% | 99.8% | 99.9% | 99.8% |100.0%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
25 | 98.0% | 99.8% | 99.9% | 99.4% | 99.7% | 99.9% | 99.5% | 99.9% | 99.7%
O'\QCZ&,/E% 3.0 |99.7% | 99.9% | 99.9% | 99.8% | 99.9% |100.0% | 99.8% [100.0% | 99.9%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
Sample No. Specimen No.
M Hour A C D E F G H | J
25 |99.8% | 99.7% | 99.5% |100.0% | 99.3% | 99.7% | 99.8% | 99.6% | 99.4%
OMC = 15% 3.0 [100.0% |100.0% |100.0% |100.0% | 99.9% | 99.9% |100.0% | 99.9% | 99.8%
3.5 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
25 | 98.6% | 98.7% | 99.4% | 97.1% | 98.8% | 98.5% | 94.9% | 93.4% | 98.5%
OMC + 5% 3.0 |99.7% | 99.8% | 99.8% | 99.1% | 99.7% | 99.6% | 98.5% | 97.3% | 99.7%
=20% 35 | 99.9% |100.0%| 99.9% | 99.8% | 99.9% | 99.9% | 99.8% | 99.5% |100.0%
4.0 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
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Table 4 - Progress of Moisture Content Test in terms of Percentage Completion of Drying (Sheet 3 of 3)

- 30

Sample No. Specimen No.
N Hour
A C D E F G H | J
2.5 | 98.0% | 98.1% | 99.3% | 96.2% | 96.1% | 99.3% | 97.3% | 98.8% | 95.0%
3.0 |99.3% | 99.4% | 99.7% | 99.4% | 99.0% | 99.6% | 99.4% | 99.6% | 98.6%
OMC = 16%
3.5 |99.6% | 99.7% | 99.8% | 99.7% | 99.6% | 99.8% | 99.6% | 99.6% | 99.4%
4.0 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
2.5 | 98.9% | 99.0% | 97.9% | 97.9% | 96.5% | 99.3% | 98.7% | 99.7% | 99.1%
OMC + 5% 3.0 |99.7% | 99.8% | 99.7% | 99.7% | 99.0% | 99.8% | 99.6% | 99.9% | 99.8%
=21% 3.5 |99.9% | 99.9% | 99.9% | 99.8% | 99.8% | 99.9% | 99.9% | 99.9% | 99.9%
4.0 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
Sample No. Specimen No.
o Hour
A C D E F G H | J
2.5 | 97.2% | 98.3% | 97.5% | 97.7% | 97.5% | 97.6% | 95.1% | 97.5% | 95.6%
3.0 |99.2% | 99.5% | 99.3% | 99.3% | 99.1% | 99.2% | 98.7% | 99.3% | 98.7%
OMC =17%
3.5 |99.7% | 99.8% | 99.7% | 99.7% | 99.7% | 99.8% | 99.8% | 99.9% | 99.9%
4.0 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
2.5 | 96.4% | 97.6% | 96.6% | 95.8% | 96.1% | 98.3% | 97.1% | 95.7% | 96.2%
OMC + 5% 3.0 |99.5% | 99.7% | 99.5% | 99.4% | 99.4% | 99.8% | 99.6% | 99.4% | 99.3%
= 22% 3.5 |100.0% |100.0% |100.0% | 99.9% | 99.9% | 99.9% | 99.9% |100.0% | 99.9%
4.0 |100.0% |100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
Note: OMC denotes the initial moisture contents of the soil specimens are at optimum
moisture content.
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Table 5 - Difference in Successive Weights at Different Time Intervals after Testing (Sheet 1 of 2)

Sample No. Specimen No.
F Hour A C D E F G H I J
OMC = 10% 3.0 | 0.00% | 0.00% | 0.01% | 0.00% | 0.00% | 0.01% | 0.01% | 0.01% | 0.01%
3.5 | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00%
OMC + 5% 3.0 | 0.10% | 0.01% | 0.00% | 0.02% | 0.01% | 0.03% | 0.01% | 0.03% | 0.02%
=15% 3.5 | 0.03% | 0.00% | 0.02% | 0.00% | 0.00% | 0.01% | 0.00% | 0.00% | 0.00%
Sample No. Hour Specimen No.
G A C D E F G H I J
OMC = 17% 30 |0.17% | 0.04% | 0.09% | 0.28% | 0.34% | 0.09% | 0.14% | 0.10% | 0.13%
3.5 | 0.05% | 0.05% | 0.03% | 0.06% | 0.09% | 0.03% | 0.04% | 0.02% | 0.05%
3.0 | 1.14% | 0.78% | 1.08% | 0.96% | 1.37% | 1.06% | 0.85% | 1.16% | 1.26%
OMC + 5% 35 |0.31% | 0.23% | 0.34% | 0.22% | 0.65% | 0.51% | 0.25% | 0.41% | 0.58%
=22% 40 | 0.07% | 0.05% | 0.08% | 0.06% | 0.15% | 0.15% | 0.06% | 0.10% | 0.14%
45 | 0.01% | 0.02% | 0.02% | 0.02% | 0.04% | 0.05% | 0.04% | 0.03% | 0.04%
Sample No. Hour Specimen No.
H A C D E F G H I J
OMC = 12% 3.0 | 0.07% | 0.04% | 0.02% | 0.02% | 0.05% | 0.02% | 0.01% | 0.03% | 0.03%
3.5 | 0.00% | 0.00% | 0.01% | 0.00% | 0.00% | 0.00% | 0.00% | 0.02% | 0.00%
OMC + 5% 3.0 | 0.00% | 0.00% | 0.01% | 0.01% | 0.01% | 0.01% | 0.01% | 0.01% | 0.02%
=17% 3.5 | 0.00% | 0.01% | 0.00% | 0.01% | 0.01% | 0.01% | 0.03% | 0.00% | 0.00%
Sample No. Hour Specimen No.
I A C D E F G H I J
OMC = 12% 3.0 | 0.13% | 0.08% | 0.10% | 0.11% | 0.16% | 0.15% | 0.08% | 0.13% | 0.12%
3.5 | 0.05% | 0.02% | 0.02% | 0.01% | 0.03% | 0.04% | 0.01% | 0.02% | 0.03%
OMC + 5% 3.0 | 0.04% | 0.03% | 0.02% | 0.01% | 0.01% | 0.03% | 0.03% | 0.01% | 0.01%
=17% 3.5 | 0.04% | 0.03% | 0.01% | 0.05% | 0.02% | 0.02% | 0.02% | 0.01% | 0.03%
Sample No. Specimen No.
J Hour A C D E F G H I J
OMC = 12% 3.0 | 0.01% | 0.01% | 0.01% | 0.02% | 0.05% | 0.02% | 0.00% | 0.01% | 0.01%
3.5 | 0.01% | 0.00% | 0.01% | 0.01% | 0.02% | 0.00% | 0.00% | 0.01% | 0.01%
OMC + 5% 3.0 |0.32% | 0.05% | 0.04% | 0.05% | 0.21% | 0.02% | 0.09% | 0.04% | 0.08%
=17% 3.5 | 0.06% | 0.03% | 0.02% | 0.01% | 0.04% | 0.02% | 0.05% | 0.02% | 0.01%
Sample No. Specimen No.
K Hour A C D E F G H I J
OMC = 9.4% 3.0 | 0.00% | 0.01% | 0.00% | 0.00% | 0.01% | 0.00% | 0.00% | 0.00% | 0.00%
3.5 | 0.00% | 0.00% | 0.00% | 0.00% | 0.01% | 0.00% | 0.00% | 0.00% | 0.00%
OMC + 5% 3.0 |0.03% | 0.01% | 0.01% | 0.00% | 0.00% | 0.01% | 0.00% | 0.02% | 0.02%
=14.4% 35 |0.01% | 0.00% | 0.01% | 0.01% | 0.01% | 0.01% | 0.00% | 0.00% | 0.00%
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Table 5 - Difference in Successive Weights at Different Time Intervals after Testing (Sheet 2 of 2)

Sample No. Specimen No.
L Hour A C D E F G H | J
OMC = 15% 3.0 |0.01% | 0.01% | 0.01% | 0.03% | 0.00% | 0.01% | 0.02% | 0.03% | 0.03%
3.5 |0.01% | 0.00% | 0.00% | 0.01% | 0.00% | 0.02% | 0.02% | 0.02% | 0.01%
OMC + 5% 3.0 |0.29% | 0.02% | 0.00% | 0.07% | 0.03% | 0.01% | 0.05% | 0.01% | 0.04%
=20% 3.5 | 0.05% | 0.01% | 0.01% | 0.03% | 0.01% | 0.00% | 0.03% | 0.01% | 0.01%

Sample No. Specimen No.
ICl)\/l Hour A C D E 7 F G H | J
OMC = 15% 3.0 |0.02% | 0.04% | 0.06% | 0.00% | 0.08% | 0.02% | 0.02% | 0.03% | 0.05%
3.5 | 0.00% | 0.00% | 0.01% | 0.00% | 0.01% | 0.02% | 0.01% | 0.01% | 0.02%
3.0 |0.19% | 0.17% | 0.06% | 0.34% | 0.15% | 0.19% | 0.59% | 0.64% | 0.18%
OMC e [ 35 | 0.03% | 0.03% | 0,029 | 0.11% | 0.03% | 0.06% | 0.21% | 0.37% | 0.05%
4.0 |0.01% | 0.01% | 0.02% | 0.04% | 0.01% | 0.01% | 0.04% | 0.07% | 0.01%

Sample No. Specimen No.
N Hour A C D E F G H | J
3.0 |0.18% | 0.19% | 0.06% | 0.43% | 0.43% | 0.05% | 0.28% | 0.11% | 0.49%
OMC = 16% 3.5 | 0.04% | 0.04% | 0.01% | 0.05% | 0.07% | 0.02% | 0.03% | 0.00% | 0.11%
4.0 |0.05% | 0.04% | 0.03% | 0.04% | 0.07% | 0.03% | 0.06% | 0.06% | 0.09%
3.0 |[0.15% | 0.14% | 0.30% | 0.32% | 0.44% | 0.09% | 0.15% | 0.03% | 0.11%
O'\f%;,/f% 3.5 | 0.03% | 0.02% | 0.03% | 0.01% | 0.14% | 0.02% | 0.04% | 0.01% | 0.02%
4.0 |0.01% | 0.02% | 0.02% | 0.03% | 0.03% | 0.02% | 0.02% | 0.01% | 0.02%

Sample No. Hour Specimen No.
o A C D E F G H | J
3.0 [0.27% | 0.17% | 0.26% | 0.23% | 0.23% | 0.23% | 0.53% | 0.27% | 0.44%
OMC = 17% 3.5 |0.07% | 0.04% | 0.05% | 0.06% | 0.08% | 0.09% | 0.16% | 0.09% | 0.18%
4.0 | 0.04% | 0.03% | 0.04% | 0.04% | 0.04% | 0.03% | 0.03% | 0.01% | 0.01%
3.0 | 0.58% | 0.39% | 0.52% | 0.64% | 0.60% | 0.26% | 0.46% | 0.68% | 0.56%
OMC " [ 35 | 0.08% | 0.05% | 0.09% | 0.08% | 0.09% | 0.03% | 0.05% | 0.11% | 0.11%
4.0 |0.01% | 0.00% | 0.01% | 0.02% | 0.02% | 0.01% | 0.02% | 0.01% | 0.01%
Note: OMC denotes the initial moisture contents of the soil specimens are at optimum

moisture content.
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Figure 1 - Electromagnetic Output Spectrum of an Ideal Infrared
Heating Source at Different Temperatures
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Temperature of samples at OMC
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Figure 3 - Temperature Monitoring Records of Soil Specimens with Initial Moisture Content at OMC
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Temperature of samples at OMC + 5%
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Figure 4 - Temperature Monitoring Records of Soil Specimens with Initial Moisture Content at OMC + 5%
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% Completion of drying at OMC
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Figure 5 - % Completion of Drying of Soil Specimens with Initial Moisture Content at OMC
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Difference in Successive Weights (%) at OMC
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Figure 6 - Difference in Successive Weights of Soil Specimens with Initial Moisture Content at OMC
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% Completion of drying at OMC + 5%
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Figure 7 - % Completion of Drying of Soil Specimens with Initial Moisture Content at OMC + 5%
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Difference in Successive Weights (%) at OMC + 5%
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Figure 8 - Difference in Successive Weights of Soil Specimens with Initial Moisture Content at OMC + 5%
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Figure 9 - Difference in Moisture Content for Specimens Dried in Convection Oven First and Followed by Infrared Oven
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Comparative Test - Infrared oven first then Convection oven
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Figure 10 - Difference in Moisture Content for Specimens Dried in Infrared Oven First and Followed by Convection Oven
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Figure 11 - Difference in Moisture Content of Specimens Between Immediate Weight and After Cooling in Desiccator
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Plate 4 — Layout of Glass Containers with the Provision of Temperature Sensors
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Plate 6 — Location of the Control Soil Specimen Where
the Temperature is the Highest
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Plate 7 — Power Control Device to Regulate the Power Supply to
Infrared Heating Panels

Plate 8 — Conditions of Selected Samples with Moisture Content at
OMC and OMC + 5%
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A.l INTRODUCTION

When infrared energy strikes an object, it may be absorbed, transmitted or reflected
from the surface. The sum of the amount of energy absorbed, transmitted and reflected must
equal the total incident energy. An object is called a "blackbody" if it absorbs (or emits)
100% of the incident infrared radiation.

Total incident energy = p + o+ T .oocceveievevieececeeee e 1)

where  p = proportion of energy reflected
a = proportion of energy absorbed
T = proportion of energy transmitted

Example: If a certain amount of infrared energy strikes an object that reflects 30% of the
energy and is 20% transparent to the total incident energy, then the amount of
energy absorbed by the object is:

a =1-03-0.2
= 0.5 (i.e. 50% of the total incident energy)

A2 EMISSIVITY

A true blackbody source for industrial applications has not yet been developed.
However, various radiant heating elements are available with a wide range of radiant
efficiencies. The efficiency of a radiant heater is given by its emissivity value. Emissivity
is defined as the ratio of the radiant energy emitted by an object at a given temperature and
the radiant energy emitted by a blackbody at the same temperature.

where e =emissivity of source
W, = Total radiant energy emitted from a source at a given temperature
W), = Total radiant energy emitted from a blackbody at a given temperature

A3 PLANCK’s LAW

In order to understand the spectral distribution of infrared radiation from a source, we
must first understand Planck's Law. This law gives us the spectral distribution of radiation
from a blackbody source. That is, a source that emits 100% infrared radiation at a given
single temperature. It is important to understand that in practice, infrared sources are made
up of thousands of point sources that are all at different temperatures. Each point source will
have a different spectral distribution and the combination of point sources will make up the
entire spectral distribution (Figure Al). Therefore, we can only approximate the spectral
distribution using an average surface temperature and emissivity value.
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e x (2.416069 x10 %)
(}L)S [exp 0.014408 AT __ 1]

R(\) =

where R(A) = spectral radiancy
e = emissivity of source
A =wavelength in metre
T =temperature in K (Kelvin)
K =°C+273.15

As the temperature of the source increases, the peak wavelength of the source becomes
shorter. When the temperature of the source becomes too high, a noticeable amount of
energy is emitted from the source as light, i.e. a portion of the energy emitted from the source
falls within the wavelengths associated with light. The infrared spectrum starts at 0.7 um
and extends to 1,000 um. The useful range of wavelengths for infrared heating applications
falls between 0.70 um to 10 pm.

The spectral absorption curve given in Figure A2 shows the range of wavelengths that

water molecules will absorb as well as the percentage of absorption. The curve can be used
to give a general idea of the range of infrared radiation in which water molecules will absorb.

A.4 REFERENCES

National Plastic Heater (2000). Ceramic Infrared Emitters Technical Manual. National
Plastic Heater Sensor & Control Co., Canada, 20 p.
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Spectral Distribution of a "Blackbody"
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GEO PUBLICATIONS AND ORDERING INFORMATION
2 2 AR F R

A selected list of major 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 geological maps and other
publications which are free of charge) can be purchased either

by:

Writing to

Publications Sales Unit,

Information Services Department,

Room 626, 6th Floor,

North Point Government Offices,

333 Java Road, North Point, Hong Kong.

or

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

- Visiting the online Government Bookstore at
http:// www.bookstore.gov.hk

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

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

1:100 000, 1:20 000 and 1:5 000 geological 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: (852) 2231 3187

Fax: (852) 2116 0774

Requests for copies of Geological Survey Sheet Reports and
other publications which are free of charge should be directed to:

For Geological Survey Sheet Reports 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: florenceko@cedd.gov.hk
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MAJOR GEOTECHNICAL ENGINEERING OFFICE PUBLICATIONS

42 FE 2 BT

GEOTECHNICAL MANUALS

Geotechnical Manual for Slopes, 2nd Edition (1984), 302 p. (English Version), (Reprinted, 2011).
L[+ T A ](1998) > 308F (1984 F H YISV 1Y FA) -

Highway Slope Manual (2000), 114 p.

GEOGUIDES
Geoguide 1
Geoguide 2
Geoguide 3
Geoguide 4
Geoguide 5

1 Fip 9 P
Geoguide 6
Geoguide 7

GEOSPECS
Geospec 1

Geospec 3

Guide to Retaining Wall Design, 2nd Edition (1993), 258 p. (Reprinted, 2007).
Guide to Site Investigation (1987), 359 p. (Reprinted, 2000).

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

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

Guide to Slope Maintenance, 3rd Edition (2003), 132 p. (English Version).
RIVLAEISH Y 0 27 45(2003) > 1201 (F I 49) »

Guide to Reinforced Fill Structure and Slope Design (2002), 236 p.

Guide to Soil Nail Design and Construction (2008), 97 p.

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

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

GEO PUBLICATIONS

GCO Publication
No. 1/90

GEO Publication
No. 1/93

GEO Publication
No. 1/2006

GEO Publication
No. 1/2007

GEO Publication
No. 1/2009

GEO Publication
No. 1/2011
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