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PREFACE

In keeping with our policy of releasing information
of general technical interest, we make available some of
our internal reports in a series of publications termed the
GEO Report series. The reports in this series, of which
this is one, are selected from a wide range of reports
produced by the staff of the Office and our consultants.

Copies of GEO Reports have previously been made
available free of charge in limited numbers. The demand
for the reports in this series has increased greatly,
necessitating new arrangements for supply. A charge is
therefore made to cover the cost of printing.

The Geotechnical Engineering Office also publishes
guidance documents and presents the results of research
work of general interest in GEO Publications. These
publications and the GEO Reports may be obtained from
the Government's Information Services Department.
Information on how to purchase these publications is given
on the last page of this report.

(ot

A.W. Malone
Principal Government Geotechnical Engineer
May 1996




FOREWORD

This report records a comprehensive study I carried
out in 1981 on masonry retaining walls in Hong Kong. It
includes a review of the construction practice and structure
of masonry retaining walls, analyses of case histories of
wall failures, an examination of the structural behaviour
of masonry walls and suggestions on the approach to
investigate stability of masonry retaining walls and the
follow up research. Of these, the findings on wall
structure have been wuseful to the planning and
interpretation of ground investigation. The concept of
structural instability has the greatest impact on the stability
assessment of the masonry retaining walls in Hong Kong.
The suggestions for research were imaginative but some
are no longer appropriate given the technological
advancement in the past 15 years. The procedures
described in the report have been influencing stability
investigation of masonry retaining walls to this date.

Mr Andrew Hui assisted me in the stress analysis
of masonry walls. The support and encouragement of Mr
H B Phillipson and Mr M C Tang were important for the
completion of the project. Their contributions are grateful
acknowledged.

Y.C. Chan —
Chief Geotechnical Engineer/Special Projects
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1. INTRODUCTION
1.1 Background

Ever since the Hong Kong Island was described as "a barren island with hardly a
house upon it" by Palmerston in 1841, it has developed into a large urban area that houses
as many as 1 million people. Most of the houses were built on lands reclaimed from the sea
as well as terraces formed on steep hill sides. To a less extent similar terraces are also found
in Kowloon and the New Territories. Such terraces, in their early form, are usually bound
by high masonry retaining walls at the rear, and occasionally, with walls in front as well.
These walls support a variety of materials ranging from insitu decomposed rock and
colluvium of various ages to backfills derived from these materials. In the development of
Hong Kong the need to maximise the use of land has resulted in houses being constructed
extremely near to these retaining walls, in some cases as close as one metre.

Failure of these walls are infrequent but when they occur they can be catastrophic
inflicting extremely heavy losses to property and human life. This was the case in 1925 when
the Po Hing Fong failure destroyed 7 brick buildings with a loss of 150 lives. Drastic
improvements in the structural standards of buildings reconstructed after the World War 1I
have largely reduced the likelihood of damages of a similar scale. Yet, the fact that a
retaining wall behind one's house is an uncertain threat to its owner is understandably
regarded as an unacceptable risk by the public.

In the territory, there are a total registration of 2584 retaining walls of which 1764 are
masonry in construction.

To deal with such a large number of walls with resources that can reasonably be
mobilised, investigation has to be done on a priority basis. This depends on the combined
consideration of the likelihood and the consequence of failure of individual walls. This is
embodied in the Ranking System in which subjective formulae have been used to calculate
various 'scores' from basic wall parameters measured during the Phase 1A Study on Cut
Slopes and Retaining Walls.

_ In GCO, the procedure for studying retaining walls starts with the selection of batches

of high priority walls from the ranking list and then subject them to a multistage study
scheme. The Stage 1 studies consist of more detailed inspection accompanied by desk
studies. Walls that show positive signs of possible instability will be recommended for Stage
2 detailed studies in which site investigations, laboratory testings and other ground-condition
evaluations techniques are used to determine the stability of the walls. Walls that are proved
to be liable to fail, in foreseeable unfavourable conditions, will then proceed through a Stage
3 study in which stabilisation measures are designed. The remedial works will then be
carried out and maintained by the responsible office.

For the successful operation of such a finely balanced study system, accurate diagnosis
and recommendations are required. This demands investigation engineers with extensive
experience in the behaviour of old masonry retaining walls. Such experienced engineers are
not readily available in Hong Kong. Moreover, technical literature in English language on
these types of structures is rare and therefore a new investigation engineer will have to go
through a lengthy trial-and-error process before he can acquire sufficient experience to make
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the correct decisions. This is not an ideal way and can be avoided if the responsible offices
can organise operations to collect relevant information on old masonry retaining walls so that
new engineers can acquire the necessary know-hows in a reasonably short period of time.
Such is the aspiration behind and the aim of the present study programme.

1.2 Scope of the Study

The present study starts with reviews on past studies of masonry retaining walls, and
on the structure and methods of construction of these walls. Observations of failure of
masonry retaining walls in Hong Kong and in England are then ¢xamined for possible mode
of failure of these walls and the common features associated with the unstable walls. Possible
factors affecting the stability of masonry retaining wall against static, foundation and
structural failures are then analysed to determine their relative importance, as well as the
possible causes of formation of bulges prior to failure. Information on the physical features
of trees most commonly found on masonry walls in Hong Kong is collected in an attempt to
rationalise the evaluation of effect of trees on masonry walls. Some field techniques for the
investigation of walls are tried or considered.
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2. REVIEW OF PAST STUDIES
2.1 Study by Binnie & Partners (Hong Kong) (1978

In April 1977, Binnie & Partners (Hong Kong), acting as the engineering consultant
to the Public Works Department, commenced a study on a 0.2 square Kilometre area in
Sheung Wan. The area was bound by Queen's Road in the north, Hospital Road, Seymour
Road and Caine Road to the south, Aberdeen Street to the east and Possession Street, New
Street, and the Tung Wa Hospital to the west. There was a total of 135 walls in the area of
which 131 were of old masonry type.

The study comprised a review of past records and archives, site inspections, as well
as ground condition/wall thickness evaluation through the execution of a site investigation
programme on walls showing some signs of instability. The site investigation consisted of
11 vertical and 3 horizontal drill holes, 34 horizontal probes by pneumatic drills as well as
2 trial pits. Triaxial tests and other index tests were carried out on samples recovered from
the investigations. The soil parameters used in subsequent analysis, as summarised in Table
2.1 were derived either from these tests or from test results on similar materials in other
study projects.

Analyses of the stability of these masonry retaining walls were by conventional
approaches. The factors of safety calculated from these analyses were generally below 1.0
and may have inspired the conclusion that old masonry walls do not conform with the
contemporary design standards.

This conclusion was supported, among other arguments, by that the walls are
"generally too thin and in many cases form only a facing”. Examination of the drill hole logs
in the present study revealed wrong interpretation of wall thickness in at least one case,
probably due to insufficient knowledge then on the general structure of masonry retaining
walls. Also, the ample width of many of these old walls have been demonstrated by recent
investigations by Geotechnical Control Branch (GCB) of the Buildings Ordinate Office on
high "consequence score" walls. The comments concerning wall thickness and their factors
of safety made in this area study report should thus be treated with scepticism.

On the other hand, this report contains very good factual description of the geology,
hydrogeology, topography of the area, as well as the conditions of 45 walls. These, together
with the site investigation records, should form good reference for future studies on walls in
this area.

The Phase 1A Study on Cut and Natural Slope and Retaining Walls was also
commenced in April 1977 by Binnie and Partners (Hong Kong) and took one year to
complete. In this exercise all cut slopes and retaining structures exceeding 3 m in height in
the urban area and the vehicle accessible rural area were identified, and numbered. Based
on a set of basic parameter collected on site, recommendations designated with relative
priority were made on works necessary to maintain their stability. This basic parameters
were recorded in field sheets accompanied by photographs, and form the bulk of the Phase

1A study report.
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2.2 GCB's Report on Study of Old Masonry Retaining Walls (1980}

In March 1979, a proposal for a study of old masonry retaining walls was composed
in the Geotechnical Control Branch of the Buildings Ordinance Office to learn more about
the standard forms of such old walls, the possible presence of an historical or geographical
pattern, and how each principal type of retaining walls fail. This, it was perceived, might
provide a more rational and logical way of assessing the safety of the existing walls with
some savings in time and cost. The project was carried out in approximately one year's time
comprising survey of forms of construction from partially demolished/collapsed walls and
BOO file records, dummy analyses with assumed wall configuration and parameters, as well
as surveys on past failure cases.

Dimensions of some of the failed and stable walls were obtained in the study. These,
when plotted on a height vs base width chart, showed that walls with base width less than 1/3
of height were liable of instability (Figure 2.1). This was related with the requirement of no
tension in the wall base under a particular wall configuration and soil strength parameters in
the absence of groundwater.

Two techniques aiming at quick measurement of wall thicknesses were also tried. The
first made use of a straight edge to measure depths of weepholes (weephole probe). The
measured value was found to be compatible with the thickness of the wall measured by core
drilling. The second technique was to measure wall thickness by seismic reflection method.
It was abandoned because interpretation of the result required an assumed velocity of
propagation of compression wave (V},), a physical quantity which varies over wide ranges for
different wall materials.

In the report, it was also stated that virtually all wall failures are associated with heavy
rainfall or burst water mains, and that bulges of walls may be indicative of development of
failures involving circular failure surfaces and wall shearing.

Apart from the report, the study also led to the collection of structural details of over
20 old walls. The descriptions combined with photographs of exposed sections of wall are
very helpful for an understanding of the structures of old masonry retaining walls.

2.3 GCOQ's Study on Old Masonry Retaining Walls (1980)

A study of old masonry retaining walls was carried out in the Geotechnical Control
Office in July 1980. The study was aimed at the "establishment of a criterion based on
simple site investigation and desk studies for deciding whether a wall is safe or not". It
lasted 6 months with attempts on the establishment of techniques for investigating walls, the
application of such techniques in an area study, back analysis of failed walls, and the
formulation of relationships between proximity of water bearing services to walls and bulging
failures.

Although nothing came out of the planned techniques for investigating walls, studies
were nevertheless carried out on 65 walls in map areas 11SW-A & B which showed some
bulging or cracking. These studies were similar to that of the Phase 1A but with a wider
scope on more accurately measured quantities, sketches and sections as well as more
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photographs. The experience gained in this study was summarised in the notes as attached
to Appendix A.
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3. STRUCTURE OF MASONRY RETAINING WALLS

3.1 General

A general knowledge of the structure of masonry retaining walls is useful in two
aspects. It is a prerequisite for the understanding of the structural behaviour of the walls,
their failure mechanism and the deformations that precede their failure. Also, by knowing
what to expect or look for in the walls, site investigations can be designed and interpreted
more effectively.

In the absence of publications or other forms of records on the structure of masonry
walls constructed in the early history of Hong Kong, their exact details are not known. A
general inference however, can be made from photographs of sections of retaining walls
occasionally exposed by demolition or wall failures.

To help interpretation of these photographs, a review on the structures of masonry
retaining walls in other parts of the world was made to provide some knowledge on the
probable components and structures of the walls. In all, three regional areas were
investigated; United Kingdom, Japan and Korea as well as China. China should have the
greatest influence on wall constructions in Hong Kong. This is because most of the early
contractors in Hong Kong were immigrants from Wu Hua, a place in China renowned for it
hard rock masonry works (Lo, 1971). The United Kingdom wall construction practice might
have some influences in Hong Kong through the executions of construction works by British
engineers for the armies and the businessmen. However, the degree of influences is not
presently known. In modern Japan and Korea, masonry retaining walls similar to the ancient
styles are still being built extensively. Their wall structures must therefore represent a form
well proven by ages of experience and modern soil mechanics theories. Consequently, the
structures of masonry retaining walls in those two areas are also examined even though the
Japanese did not influence the local wall building practices during their very brief occupation
of Hong Kong in the World War II.

3.2 Description of Masonry Retaining Walls

In the report on Phase 1A Re-appraisal Study on Cut Slopes and Retaining Walls,
B & P classified masonry wall types in Hong Kong according to the nature of the front
blocks, whether they are mortared or dry packed and whether "horizontal beams" (horizontal
tie course) are used. A total of 7 types were identified as shown in Table 3.1. Photographs
of each type of walls are shown in Appendix B.

The use of surface features to classify walls is a logical step. However, poorly defined
distinctions between blocks of different categories has led to ambiguities in classifications of
certain types of walls, noticeably, random-rubble and squared rubble walls. In B & P’s
system, there is little reference to the fitness of the masonry blocks at the beds and joints
which has greater structural significance than whether the blocks are dressed or squared.
Also, some of the walls described as mortared are actually pointed. Hence, this system is
inadequate when comes to the correlation with structural behaviours of the walls. However,
because this system has been in use extensively since 1977 and was also adopted in the field
sheets of the Phase 1A report, no attempt is made to modify it. Instead, it is suggested that
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in the future, a retaining structure must be described by its wall type as well as details of its
observable structural elements.

In the past, when geotechnical engineers described wall elements, they use terms they
were familiar with even though they might not be suitable names in the trade of masonry
works. Self made-up terms were also used. Consequently, their written descriptions were
usually difficult to be interpreted by other engineers. Therefore, a glossary of terms
commonly used in masonry works was prepared. This is based mainly on BS 5390 (BSI,
1976), BS 5628 : Part 1 (BSI, 1978) and the AREA's (American Railway Engineer's
Association) specification on masonry works. It is presented in Appendix C.

3.3 Structure of Masonry Walls in Other Parts of the World
3.3.1 United Kingdom

Despite the large number of retaining walls constructed in the United Kingdom in the
19th Century, very little was published on their structure. Only a crude picture of the wall
structures could be drawn from the information collected.

Anon (1845), in a sketch of a retaining wall used in an experiment on earth pressure,
showed brickwork with either a Dutch bond or English cross bond. Burgoyne (1853)
discussed full scale tests on 4 retaining walls composed of squared rubble brought to courses.
In both cases, the blocks were dry packed or bedded with wet sand.

Jones (1979) described the structure of dry stone retaining walls commonly found in
the Yorkshire region as

"The stones used for the face were of medium/large size,
carefully graded and placed by hand to fit; behind these, smaller
flat stones were used, laid in horizontal planes grading back
from the face.”

A schematic picture of the wall by the same author is shown in Figure 3.1. Itis a
zoned structure markedly different from the solid masonry structures by Burgoyne and Hope.
Because smaller size blocks could be used in the zoned structure, it would be cheaper than
the solid walls necessary for military purpose. It should therefore be the more likely
structure of walls incorporated in civil engineering works. Hart (1871) also mentioned this
type of zoned wall structure. He suggested that good quality materials be used at the front
part of the wall to take the higher compressive stresses. He warned against possible
differential settlement between the zones and proposed the use of long headers to improve the
integrity of the walls.

3.3.2 Japan and Korea

In modern Japan, masonry retaining walls are divided into dry packed walls and
mortared walls. The structure of the dry packed walls is similar to that observed by Jones
(1979) in Yorkshire, namely, a front zone of carefully laid, large size, well squared blocks
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carefully wedged in position, with small size granular material at the rear (Figure 3.2). In
mortared walls, weak concrete mortar is used to bind the face blocks together. The
remaining thickness of the walls behind the face blocks are made up of separate layers of
concrete and granular materials.

For the dry packed walls, the Japanese use, at the face, blocks neatly squared at the
front but with a rough tapering rear. Small angular stone pieces are placed between these
stone blocks to keep them in position. For the mortared walls, the face blocks are of
different qualities ranging from natural rubble to good fitting blocks similar to that for dry
packed walls. Table 3.2 shows the shape and recommended dimensions for such well squared
tapered blocks.

The Japanese masonry retaining walls have very low face angles between 63° to 73°
and it is usual for high walls to have a concavely curved profile with flatter face angle at the
toe. Figure 3.3 shows the recommended thickness of wall for § = 15° to 35° and, § (angle
of friction at rear of wall) = # (inclination of the wall).

Apart from the columnar arrangement of stone blocks usually found in other parts of
the world, the Japanese also use an "arrow-feather" arrangement in which the beds and joints
are arranged to incline to the horizontal (Figure 3.4). The advantage of such arrangement
is uncertain at present.

In a paper on stability analysis of masonry retaining walls by Bishop's simplified
method, Kim (1975) presented typical sections of masonry walls recommended by the
Ministry of Construction, Republic of Korea (Figure 3.5). The wall structure is similar to
the Japanese mortared wall though more generous in the thickness of granular material.

3.3.3 China

Although discussions on structures of Chinese walls and the Great Walls have been the
subject of lengthy publications (e.g. Hommel, 1937; Needham et al, 1971), not much was
said on the structure of masonry retaining walls. However, during the study, opportunities
were made available by the Antiquity and Monument Section of the U.S.D. for an inspection
of two Chinese forts in Tung Lung Island and Tung Chung. The Tung Lung Fort was
constructed in the late 17th Century. It has collapsed extensively and has provided good
exposures for the study of the wall structure.

There are two types of walls in the Tung Lung Fort; the thin rubble boundary wall and
the broad platform wall. The latter consists of compacted soil fill retained by rubble retaining
walls on both sides. The retaining walls have a core of small size, random rubble bound by
a face layer of well squared blocks and a rear layer of round, unworked blocks (Figure 3.6,
Plate 3.1).

Similar cored structures were observed in the Tung Chung Fort wall, although no
exposed sections were available for more detailed study.

A type of masonry wall that can be seen in old works in China consists of strips of
well squared stones laid criss-cross each other in the "Chinese box-bond" pattern
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(Figure 3.7). These walls were usually used in forts, city gates and foundation platforms of
expensive buildings because of their higher ability to resist damage from flooding and
mechanical attacks. Plate 3.2 shows such a wall dating 400 years in Huashan, immediately
south of the Yellow River, China.

3.4 Structure of Masonry Retaining Walls in Hong Kong
3.4.1 Tied Face Walls

These are Chinese box-bonded masonry walls (Figure 3.7) adopted to retain cuttings
in Hong Kong. They were most popular in Hong Kong in the 1840's. Typically, the front
layer of blocks are very well squared and dressed to good fitting on 5 faces, with the face
adjacent to the void very rough and irregular. They are normally bonded by very thin layers
of good quality lime/sand mortar, although some dry packed walls can also be found. The
rear layer of blocks in contact with soil are usually not much squared and are dry packed over
each other. The ties are always well squared at the front to fit neatly into the front blocks
although the rear portion may be as rough as the rear blocks. Typically, the front blocks
have sizes of 1.2 m x 0.3 m x 0.3 m high whilst the ties average 1.0 m x 0.15m x 0.3 m
high (Figure 3.8).

The tied face walls are mostly found on sites immediately south of the original
shoreline of the Island which were development in the first half decade of the history of Hong
Kong. It soon lost its popularity possibly because of the high costs of cutting, dressing the
granite strips and transportation from the quarry. They were later used mainly for foundation
platforms of prestigious houses and walls where very smooth surfaces were desirable. Some
examples of these uses can be found in Castle Road at the junction of Caine Road,
Plates 3.3, 3.4.

A variation to the usual grillage structure of tied face walls was the use of stone strips
to fill up the wall. This was observed in walls number 11SW-A/R457 & R458 (Walls W6,
W7 of GCB's retaining wall inspection cards). Such walls are extremely strong and rigid for
taking earth pressure.

3.4.2 Stonec Rubble Walls

This category of wall covers the wide range of wall types described as random rubble,
squared rubble and dressed block walls by B & P in the Phase 1A study. They usually have
a cored structure similar to that observed in Tung Lung Fort i.e. each wall comprises a front
layer, a rear layer, and a core (Figure 3.6). The best of the materials, in terms of the degree
of squaring, dressing and strength (usually associated with the freshness of the rock) are used
in the front layer. Less squared blocks, with shapes varying from cuboid to platy, are
stacked at the rear to form a straight rear plane. The space between the two is infilled with
core materials that may range from angular gravel to boulders of different degree of
roundness and different sizes. Some of the core materials can be as large in size as the side
blocks.

This wall structure can perhaps be better perceived if one can imagine the manner in
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which they were constructed. Due to the absence of hoisting machines, construction of the
whole wall prior to backfilling would be very expensive and tedious. Consequently, the walls
were constructed slightly ahead of backfilling behind the wall. The workmen first prepared
the wall foundation. They then laid a few courses of the front blocks and the rear blocks.
The best materials were used for the front blocks because they were going to be the exposed
face and would have to stand the full height of the wall unsupported. As for the rear courses,
anything that could be stacked stably on one another to the height of a few courses could be
used. The spaced between the face layer and the rear layer of blocks would then be infilled
with any material at hand, including stone chips from the working of the side blocks, natural
and building debris. After infilling the core, the backfill were then brought up by tipping soft
materials carried by baskets or wheel barrows. After compaction of the backfill, if any, the
whole construction cycle was repeated till the completion of the wall. This method of wall
construction is summarised in Figure 3.9. Sometimes, instead of retaining the core materials
by the rear blocks, the materials were allowed to spread out partly on to the previous surface
of backfilling. The resulting wall, after completion, has a saw-teeth rear profile (Figure 3.10,
Plate 3.5).

For squared rubble and dressed block walls, the front blocks were usually laid on lime/
soil beds. There was a lime industry in the coastal parts of the New Territories well
developed since the 18th century to supply lime for construction purposes (Yim, 1981). Tests
on bedding materials recovered from walls 11SW-A/R333 & R354 showed that the lime
contents averages 6% by weight. The front blocks of random rubble walls were frequently
dry packed. All these stone rubble walls might or might not be pointed with a lime/sand
mortar. The function of the pointing was probably to avoid vegetation growth on the wall
surfaces.

There are a number of variations on this general scheme. Lime-stabilised soil might
be used to bind the core materials. In certain cases, it may completely replace the core
rubble and became stabilised soil walls with stone facings. Walls of this type can be found
in the region of Caine Lane and Ladder Street adjacent to Caine Road.

Sometimes, granite strips of rectangular section were inserted regularly into the face
of a rubble wall to act as headers (Figure 3.11). The lengths of these headers are not known.
They usually distinguish themselves from other face blocks by their neatly squared rectangular
ends (Plate 3.6). This type of wall should be distinguished from others by a prefix "Tied",
e.g. tied squared rubble wall. This type of wall is most commonly found in the Mid-levels
along Caine Road and Robinson Road near the University of Hong Kong.

A large number of stone rubble retaining walls in Hong Kong were constructed with
horizontal tie course at regular vertical intervals. These are described by B & P as walls with
"horizontal beams". The tie course may either be strong lime-stabilised soil or concrete of
a wide range of strength.

There are two types of wall that are not specially classified by B & P but may need
special considerations. The first type is the recent masonry retaining walls. They are usually
constructed of well squared, poorly dressed rectangular blocks. The size of these blocks is
much smaller than those used in old walls. This can be used as a means of identification
(Plate 3.7). This type of walls was usually constructed by masons who did not know much
about earth pressure and did not have the same experiences on masonry retaining structures




- 19 -

as the earlier masons had. The resulting walls can be very thin in section and may fail
catastrophically under unfavourable conditions.

The second type was found among those classified by B & P as random rubble walls.
They have face blocks of very irregular sizes and shapes laid in a completely uncoursed
manner. The joint widths are generally large. Some of the blocks are substantially
decomposed and do not possess much strength (Plate 3.8). On close inspection, some of the
blocks are found to have been formed simply by splitting large boulders into halves. The
resulting blocks have rounded rears and shallow thickness when compared with their height.
A face layer consists of these blocks is not very stable even in the absence of stresses induced
by earth pressure. Walls of this type are abundant along Caine Road, Bonham Road and
Robinson Road. This type of wall resembles a rough-picked polygonal wall in appearance
and should be referred to by this name in future studies on masonry retaining walls.

3.4.3 Stone Pitchings

A stone pitching is a layer of stone blocks laid on formed slopes to prevent erosion and
infiltration. A thin layer of concrete is usually provided as backings to the stone blocks. It
is characterized by gentler surface angles and thin layer thickness. The surface angles are
between 35° to 65°. The former is mainly for fill slopes while the latter is for cut slopes.
The usual thickness is 300 mm. Figure 3.12 shows an example of a stone pitching.

This is very similar to the Japanese masonry retaining walls (Figure 3.2). The
possible difference is that the stone pitchings are sometimes not provided with any granular
material layer. Hence, the stone pitchings should also be treated as a masonry retaining wall
and should be checked for static and structural stabilities.
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4. CASE STUDIES ON MASONRY RETAINING WALL FAILURES

4.1 General

In this Chapter case histories and observations on wall failures in Hong Kong and other
parts of the world are examined. Some common features of wall failures in Hong Kong are
identified. This would enable engineers to avoid conditions unfavourable to masonry
retaining wall stabilities in the future. Observations on signs of distress preceding wall
failures have been collected from the case studies and they are useful for interpreting the
results of stability analyses in Chapters 5 & 6, as well as to provide criteria for defining and
monitoring dangerous walls.

4.2 Case Histories of Wall Failures in Hong Kong

In the study on old masonry retaining walls carried out by GCB in 1979, 41 cases of
wall failures or walls showing such distress as to demand immediate remedial works were
recorded. In the present study, it was intended to examine these cases further for details on
signs of distress prior to and the damages caused by the failures. Not all the files listed were
read because many could not be obtained in the short period of time available. A few other
cases not mentioned in GCB's list were also examined where information was available.
Table 4.1 shows the list of the incidents and the corresponding files that have been examined.
Among these 16 cases, 6 contain so little information as to make them not worth discussing.

Details of each of the 10 cases considered are presented in Appendix D. The
particulars of each failure are abstracted in Table 4.2. The location of the failures are shown
in Figure 4.1. From these cases, some common features can be seen.

(a) A line representing the boundary of the Mid-level
Development Restriction Area recommended in 1979 is also
shown in Figure 4.1. It was fixed by terrain evaluation and
marks the positions of changes in ground gradient from
above to below 15° in the area covered by colluvial
deposits. The ground south of this line was classified as
geotechnically not suitable for development. It would
therefore be expected that most of the failures should be
located there. Instead, they are found on the line itself. A
possible explanation to this comes from the findings of Lai
(1980), Huntley and Randall (1981) on the different
episodes of colluvium in Hong Kong. The older deposits
are denser, more decomposed and have gentler ground
surfaces as a result of prolonged period of degradation.
The young deposits, on the other hand, are loose, weak and
stand near to the angle of repose. The usual undesirable
properties regarded as typical of colluvium are actuaily
those of the younger colluvial deposits. Because of its
characteristically steep ground surface angles, its boundary
with the older ground surface is likely to be marked by an
abrupt change in ground profile. At these locations, the
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weak seam of the previous top soil layer is near to the
ground surface. The perched groundwater table is also
highest and nearest to the ground surface so that the whole
geotechnical environment is more unfavourable to ground
stability.

Of the 10 collapsed walls documented, two are tied face
walls and four are random rubble walls. Three of
remaining four are stabilised soil walls. No masonry
retaining walls with tied courses were involved. This may
either be a matter of coincidence or a result of the greater
structural efficiency of masonry walls with tie courses
(horizontal beams) as is discussed in Chapter 6.

Over half of the failures were triggered off by works
carried out in adjacent areas. The crest platform was being
repaved in Case 1. There were trench works at the crest in
cases 2, 3, 7 and 8. These trenches, either open or loosely
backfilled, permitted fast infiltration of rainfall which
caused local built up of groundwater level. Case 7,
however, is a bit ambiguous. It is not known whether the
trench work affected the stability of the wall or that the
loose backfill to the trench caused sideward movement of
the subgrade which in turn caused the longitudinal crack on
the road. The crack caught the attention of the inspection
engineer who then discovered that the wall was bulged.
Actually, cases of longitudinal cracks caused by
uncompacted backfill to trenches are not uncommon.

There is little doubt that driving of sheetpiles was the
immediate cause of failure of the wall at Wing Wa Terrace
(Case 9). The operation caused falling of pointings,
cracking at the crest and bulging of the wall at the location
that later collapsed. There are a number of possible ways
that the pile driving might have upset the stability of the
wall. The vibration might have loosened the wall structure,
or broken water carrying utilities at the crest platform
resulting in a local rise in water table. The latter, however,
was less likely because the horizontal drains were
functioning and the contractor did not observe increased
flows from them. Random rubble walls were sometimes
found on a spread footing of granular material. The
sheetpiles, being driven too close to the toe of the wall,
might have damaged this granular layer and led to the
collapse of the wall.

There is a close relationship between the forward
movements of the wall at Circular Path and the construction
activities at the toe platform. Demolition of the toe
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buildings caused continuous opening of cracks at the crest
which was stopped only by the construction of a supporting
embankment at the toe.

Although the failure of the masonry retaining wall at 1,
May Road (case 4) occurred at a time when the building at
the crest was being demolished, it was not caused by the
demolition work. Instead, the immediate reason of the
collapse was weakening of the wall foundation by a slip at
the toe slope of the wall.

The walls might deform appreciably before failure. Among
the 10 cases considered, 5 failed without recorded signs.
Out of these 5 cases, 3 occurred in early morning or mid-
night so that wall movements prior to failure might have
escaped the attentions of the public.

For the remaining 5 cases, the walls bulged and/or cracks
opened at the crest before failures occurred. The bulges
were most noticeable at mid-height of the wall and might
exist for some period of time before the wall collapsed.
The crest cracks were sub-parallel to the wall and extended
for great distance. Their widths were of the order of
20 mm.

Five of the failed walls were with high groundwater table
(Cases 3, 4, 5, 6, 9). Groundwater level at the wall at Po
Hing Fong was not high but the quantity of groundwater
was enough to support continuous flow to a spring in one
location at the toe of the wall.

Out of the 10 cases, eight caused partial or complete
closures of the road at the crest or the toe of the retaining
walls, some for as long as 10 months. Three of the failures
caused severe structural damages to the buildings at the toe
of the wall while another one was saved from doing so only
by an earth bund down slope of the wall which retained the
debris. Three other walls failed into demolished sites.
They might otherwise have caused similar damages to the
toe buildings. Of the remaining 3 cases, two did not
actually fail but were regarded as in a state of marginal
stability. From the limited number of cases, it appears that
the consequence of retaining wall failures is generally
severe.

The 15 day and 24 hour cumulative rainfall quantities for
each of the 10 cases at the time of their instabilities are
shown in Table 4.3. They are also plotted on the
predictive chart in Figure 4.2. This chart is based on a
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similar one in Lumb (1975) in which he related landslip
potentials with the 24 hour and the previous 15 day
rainfalls in a particular day.

From Figure 4.2, two of the failures occurred on days that
severe or disastrous landslips were predicted while another
two occurred on the following days after such rainfall
conditions. The time lag might have been caused by the
slower response of groundwater table to heavy rainfall. Of
the remaining six events that occurred on days with minor
to isolated landslip potentials, construction activities in the
vicinities of the walls were the immediate cause of
instability of five of them (cases no. 3, 6, 7, 8, 9).

4.3 QObservations on Wall Failures in the United Kingdom

In 1845, Hope (Lt) of the Royal Engineer's Establishment carried out a series of tests
on retaining wall designs. Details of the experiment are described in Anon (18435). Hope
ordered 10 ft high walls to be constructed to different geometries with bricks laid on wet
sand. He then backfilled the walls and monitored the accompanied deformation. In
particular, he kept records of the deformation profile of a 10 ft x 1 ft 11 inch rectangular wall
immediately before failure. The profile is plotted on Figure 4.3. A triangular piece of the
brickwork remained after the wall toppled forward. This was sketched and was accompanied
by a note that the sketch was approximate. It is also reproduced in Figure 4.3.

In 1853, Burgoyne (Lt) carried out another series of experiments to find the
performance of different retaining wall geometries (Burgoyne, 1853). Four 20 ft high walls
each constructed of equal volumes of granite blocks to different geometries were loaded by
backfilling with wet earth in a wet weather. The dimensions of the walls are shown in
Figure 4.4.

Burgoyne kept close observations of the deformation of the walls as they were
backfilled. Wall A, which had both the face and the rear leaning at 5 on 1 backward, did not
deform noticeably when fully backfilled. The sloping wall which had a vertical rear and a
face slope of 5 on 1, tilted forward by 2% inches when fully backfilled. Fissures were also
observed on the face of the wall. Before failure, the counter slope wall overhung 10 inches
and 5 inches at the crest and quarter height from the toe respectively. When falling, it burst
out at about 5.5 ft from its base, with two-third of the wall from the top downwards kept in
an upright position until it reached and was crushed on the ground.

When the rectangular wall D reached its limiting equilibrium, it overhung 1 ft, with
a convexity on the face measured more than 4 inches. It then tilted forward gradually for an
additional 6 inches before it toppled forward in a unit. Based on the above descriptions, the
deformation profiles were drawn and shown in Figure 4.3. Sketches of the form of the walls
at falling are reproduced in Figure 4.4.

In 1874, Constable Casimar constructed 16 in. high model retaining walls with wood
blocks and observed their behaviours under granular backfills. He noted that before the walls
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failed, they bulged with centres of curvature approximately at mid-height of the wall. After
the walls failed, triangular pieces of wall similar to that sketched by Lt. Hope could be
observed to remain.

In an article on practices in the design of earth retaining structures, Jones (1979)
discussed the failure of Victorian stone retaining walls. He observed that there were
increasing number of failures. This was attributed in part to the deterioration of the stones
with time and also a tendency for the walls to change shape. He said that these failures were
unpredictable and might be preceded by a long period in which the wall retains a bowed
shape. Figure 4.5 is a schematic diagram on the suggested mode of failure according to
Jones (1979). Plates 4.1, 4.2 also from the same author, show some features of these
failures.
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5. STATIC AND FOUNDATION INSTABILITY OF MASONRY RETAINING WALLS

5.1 General

When a retaining wall is too thin in section, static equilibrium cannot be maintained
between the earth pressure and the stabilising forces so that the wall moves forward. The
movement may either cause a decrease in earth pressure great enough to allow the
equilibrium to be re-established or it will continue to such an extent that the wall can no
longer retain the earth, In the latter case, the wall is regarded as having failed statically.
Such failures are preceded by the formation and widening of cracks at the crest platform,
together with overhanging of the crest of the wall. From the observations in Hope's and
Burgoyne's experiments and in some of the failure cases discussed in section 4.2.2, masonry
retaining walls are liable to these modes of failure.

In the following sections, the distribution of earth pressure behind old masonry walis
is first considered. This is followed by discussions on the influence of different factors on
the static instability of retaining walls through the comparison of the results of a series of
generalised analyses. For uniformity of results, the parameters used in these analyses are
similar to those used in GCB's Study on masonry retaining walls. In particular, the 'no
tension at base' condition is also taken as the criterion for stability.

Apart from instability due to insufficient wall section, a retaining wall may also fail
as a result of overstressing of the foundation. This is especially likely to occur when the wall
stands on the crest of a wet slope. In the last part of this Chapter, the effects of ground
conditions on retaining wall stability are investigated.

The aim of this whole series of analyses is to provide the investigation engineers with

a sense of the relative importance of the different parameters that can be collected in the
inspection of retaining walls.

5.2 Earth Pressure on Old Masonry Retaining Wall

The static stability of masonry retaining walls can be evaluated by treating the wall as
an integral body and then consider the criteria of static equilibrium. The accuracy of this
process depends very much on the knowledge on the earth pressure on the wall, including its
magnitude and distribution. There are a number of approaches in conventional soil mechanics
for calculations of the earth pressure pattern from ground geometry and strength parameters.
There methods are discussed in details in most books on soil mechanics and foundation
engineering e.g. Huntington (1957), Shelton et al (1980). Triangular pressure distributions
are assumed in such methods.

However, in recent experiments and measurements on earth pressure behind retaining
walls, pressure patterns very much different from those predicted by the conventional
methods were recorded. On close examinations, the conventional approaches are found to
be applicable only to a particular situation, namely, that the backfills are deposited naturally
and that wall movements do not occur till the completion of the backfilling process. Any
other changes in the methods of construction, such as the use of compaction plants, and
deformation of the wall as backfilling proceeds, will modify the pressure patterns on the wall.
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Figure 5.1 shows some of the probable pressure patterns.

In Chapter 3, it was mentioned that most of the old masonry retaining walls in Hong
Kong were backfilled in layers without the employment of heavy compaction plants. The
compaction induced pressure is therefore small. Also, dry soil was usually used for
backfilling because the surfaces of wet backfilling material would not be strong enough to
support the construction activities. The strength of dry soil would be higher than that usually
adopted for earth pressure evaluation which corresponds to the saturated strength. As a result
of these two factors the overall pressure on an old masonry wall is probably smaller than that
calculated by the conventional approach (Figure 5.2).

Sometimes, the backfill behind a completed wall may be saturated, either by
infiltration from unpaved surface or leaking pipes, or due to rise in groundwater table. When
saturated, the soil strength decreases, this is accompanied by increases in earth pressures on
the wall. If the walls are supported by structures at the toe, such as houses, the increase in
pressure will be taken by the toe structures and an at-rest state exists. For unsupported walls,
the wall would yield slightly under the increased pressure. In doing so, a condition necessary
for the validity of the conventional earth pressure theories is achieved. This is the movement
of the wall as a unit to mobilise the internal resistance of the soil mass. The resulting earth
pressure is the active pressure. In other words, conventional earth pressure theories can be
used to calculate the highest active pressure to which an old masonry wall may be subject to.

5.3 Factors Affecting Static Stability of Masonry Retaining Walls

In all, 4 factors were considered. These are the strength of the retaining soil, the
geometry of the retaining wall, the ground slope at the crest and the groundwater behind the
wall. The results of sensitivity analyses for each of the 4 parameters are expressed as the
maximum height/base width ratio of a wall for no tension to be developed at the base in the
particular ground conditions considered. They are presented in the graphs in Figures 5.3 &
5.4. For retaining walls under unfavourable combination of the parameters, the H/B ratios
are smaller implying that a thicker wall is required. The degree of influence of a certain
parameter can therefore be expressed as the percentage change in the required wall thickness
when compared to a standard wall. The retaining wall back analysed by GCB in its study on
old masonry retaining walls is again used as the standard. The design parameters of this wall
are shown in Table 5.1. The usual limits of the parameters and the corresponding changes
in the required wall thickness are shown in Table 5.2.

The effect of variations in the strength of the retained soil is unexpectedly small on the
stability of the wall. With other parameters unchanged, variations of soil strengths within the
usual range cause less than 10% differences in the permissible height/base-width ratio. The
most significant factor is groundwater. When the groundwater is at full height of the wall,
the wall section is needed to be 170% thicker than that of the normal wall. However, it is
very seldom that seepage on masonry retaining walls is observed to that height. More often,
the seepage is observed at half height of the wall in which case a 25% increase in wall
thickness is enough to maintain stability of the wall.

The influence of crest slope angle on the required wall thickness is also significant.
For a crest slope of 30°, the wall needs to be 20% thicker in order to remain stable. If the
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slope angle increases to the limiting angle of 39°, the wall would need to be 50% thicker.

For the normal range of front face slope angle of retaining walls, the variation of
required wall thickness with the face angle is very smail. Changes in the rear slope angle,
however, cause great differences in the required width of a retaining wall. When the rear
face of a wall is countersloped forward by 10°, (i.e. near face angle = 100°) the wall would
need to be 20% thicker than the standard wall. Further increases in the countersloping angle
do not cause a decrease in the permissible H/B ratio as a result of the stabilising effect of the
downward component of the earth pressure. If the rear face of the wall leans towards the
retained soil, great improvements in stability are achieved. A wall can be 62% thinner for
a 10° leaning (i.e. rear face angle = 80°). This is the reason why Japanese retaining walls
are stable despite the thin sections. Similarly, many of the stone pitchings in Hong Kong may
be providing a significant stabilisation effect to the slopes they covered. It is of course not
possible to know the rear face angle of a wall from surface inspection. We should however
keep in mind that walls with a leaning rear usually have gentle sloping front face.

One component of the shear strength parameters that has not been considered in the
above discussions is that of cohesion. Figure 5.5 is a graph showing the free standing height
of a vertical cut against cohesion of the soil. It can be seen from the figure that with a
cohesion of 10 kPa, a 4.5 m high wall can stand satisfactorily even if it is a nominal face
layer of blocks. Cohesion is normally found in insitu decomposed materials and to a smaller
amount in unsaturated backfills as a result of soil suction. This may be the reason why some
old masonry retaining walls stand with a relatively thin wall section. The cohesion
component, however, may be destroyed by saturation of the soil. It should not be relied on
if the soil behind a retaining wall is liable to be saturated.

The amount of friction at the back of retaining wall depends on the downward
movement of the soil with respect to the wall. Under normal circumstances, §, the frictional
angle between the wall and the retained fill, ranges between '2¢ and 2/3¢. If the wall settles,
the & value decreases. In the extreme case where the wall sinks more than the soil, 6 can be
negative. The earth pressure is higher in such case so that the stability of an otherwise
adequate wall may be endangered. From Figure 5.3(a), the permissible H/B ratio for 6 = 0
and ¢ = 39° is 2.5, i.e. it has to be 20% wider than a normal wall.

5.4 Factors Affecting Foundation Stability

The bearing capacity of a soil foundation depends on the soil strength, groundwater
location, the applied load characteristics, the buried depth of the foundation, its distance from
a slope and the gradient of the slope. For a retaining wall, the load characteristics are
governed by the wall configuration, height and the properties of the retained soil. The main
effect of groundwater on the ground propetties is to reduce soil density and its strength. But
for soil strength parameters derived from normal laboratory testing on saturated samples, the
effect of saturation has already been accounted for.

In this section, sensitivity analyses are carried out on all the factors with the exception
of the load characteristics which is a constant if a single wall configuration is considered.
Again, the wall configuration used in GCB's back analysis in the Study on Old Masonry
Retaining Walls is adopted. The Vesic's equation for bearing capacity is used as
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recommended by Shelton et al (1980). The results of the analyses are expressed as the
critical toe slope angle above which the ultimate failure of the wall foundation will occur.
They are presented in the graphs in Figure 5.6. For favourable ground conditions, the
critical toe slope angle is larger. A method of measuring the improvement due to changes
in one of the ground parameters is to compare the resulting critical toe slope angle with that
associated with a generalised ground condition. The comparison can be expressed as a
percentage change in critical toe slope angle when a parameter is at its usual limit of value.
The generalised set of ground parameters are shown in Table 5.3. The usual limit of values
and the corresponding percentage changes in the critical toe slope angles are presented in
Table 5.4.

For the particular foundation configuration considered, the foundation stability is
independent of the height of the wall. Contrary to the minor influence of soil strength to the
static stability of retaining walls, the influence of soil strength on foundation stability is very
large especially in the case of high groundwater table. With a frictional soil shear strength
of 35°, which is not uncommon in colluvial deposits, the maximum toe slope angle is reduced
to 8° for high groundwater situation. It is thus not surprising to see the retaining wall at 1,
May Road failed in its foundation (Case 3 in Chapter 4).

When the distance of a retaining wall from the crest of the slope increases, the
foundation stability increases quickly so that at a separation of 2.5 m, the presence of a toe
slope does not affect the bearing capacity of the foundation of a 10 m high wall. The
improvements in the bearing capacity by burying the wall foundation is small. The maximum
toe slope angle is only increased by 25% for a 1 m embedded depth; a value not normally
provided in old masonry retaining walls. A buried foundation, however, is less likely to be
undermined by a surface slip of the toe slope.

5.5 Relative Importance of Factors Affecting Static Stability of Retaining Walls

From Sections 5.3 and 5.4, it can be seen that the relative importance of factors
affecting retaining wall stability comes in the order of groundwater level, crest slope of the
retained soil, and at the least, the soil strength parameter if it is a cohesionless material.
Special attention must be paid to walls with seepage over half of the height of the wall or
with crest slopes steeper than 30°. The surface geometry of a retaining wall does not affect
its static stability much. However, walls with gently sloping fronts are usually associated
with backward leaning rear faces. The leaning wall is a more efficient form of retaining
structure.

A statically stable retaining wall standing on a slope with gradient larger than a critical
value is liable to foundation failure. The critical gradient depends on the distance of the toe
of the wall from the crest of the slope, the soil shear strength, the groundwater location and
the depth of burial of the wall foundation, in decreasing degree of importance. In the worst
case of submerged cohesionless soil with an angle of internal friction of 35°, the critical toe
slope angle can be as low as 8° if the wall stands on the edge of the slope.
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6. STRUCTURAL STABILITY OF MASONRY RETAINING WAILLS

6.1 General

In the draft Guide on Retaining Wall Design (Shelton et al, 1980), it is specified that
apart from static instability, a retaining wall must also be checked for the possibility of
structural failure. In the design of reinforced concrete retaining walls, this is always done
to estimate the amounts of reinforcement and concrete required. The stresses that can be
induced in a mass concrete retaining wall are usually small when compared with the material
strength. Consequently, the procedures for checking the structural adequacy are omitted in
the design of mass concrete walls. However, for masonry retaining walls comprising blocks
loosely bonded together, the structural strength may be exceeded. Therefore, when
evaluating the stabilities of masonry retaining walls, the likelihood of structural failure must
also be examined.

In this Chapter, the strengths of masonry are first studied, followed by calculations on
the stresses in a gravity retaining wall. They are then compared with each other to identify
possible modes of structural instability. Based on this comparison, failure mechanisms are
put forward taking into account the 'more’ commonly observed deformation of masonry
retaining walls prior to failure.

6.2 Strength of Masonry
6.2.1 Sources of Information

When subjected to a combination of stresses, a material may fail in compression,
tension, shear or local buckling. The likelihood of material failure under a specific stress
condition depends on the strength of the material and the magnitude of the applied stresses.
To find the permissible strengths of masonry, the Chinese, British and the American building
standards for masonry works are reviewed. The relevant tables and clauses are summarised
in Appendix E and are briefly discussed below. For a particular type of masonry whose
strength is not discussed in these building codes, strength criteria well established in
geotechnical and structural engineering are employed to give rough estimations of their
behaviour.

In all, the Chinese Building Standard (1973) provides the most comprehensive
information. Its content covers masonry composed of wide ranges of block strength, mortar
strength, and block sizes and shapes. From the American source available (Cross, 1976),
only the compressive strength of masonry works is described. On the other hand, the British
Standard is mainly for brick works and other artificial blocks. It is very conservative when
stone works are involved.

6.2.2 Compressive Strength

The compressive strength of masonry depends on the intrinsic strength of the building
blocks and the mortar, as well as the shape and size of the blocks. The Chinese Building
Standard requires that the compressive strength of random rubble walls is to be between 10%
to 16% of that of ashlar walls of the same material. The lower percentages are associated
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with lower mortar strengths. The British and U.S. standards specify values of 75% and 16%
respectively for the same difference in block shapes. It appears that the permitted strength
of random rubble masonry is too high in the British Standard.

When compared with the other two building standards, the American building codes
are very conservative in the allowable compressive strength. Their values are always below
half of those allowed for similar materials in the Chinese and British standards.

The British Standard agrees well with that of the Chinese on the strength of masonry
with standard format bricks. For walls with stone blocks, strength values for artificial blocks
of similar dimensions are recommended in the British Standard and they are always smaller
than the strength values for stone block masonry in the Chinese Standard. The British
Standard also mentioned that when large, carefully shaped natural stones are laid with
relatively thin joints, values higher than the tabulated strengths can be used. That is, the
higher strength value in the Chinese code is more reasonable. Therefore, the Chinese
Building Standard is used in the present study to provide some guidance on the compressive
strength of masonry.

To deal with the effect of block shapes, the Chinese Building Standard specifies four
classes of stone blocks, each with the following features :

(a) Ashlar : Blocks finely dressed to very regular shapes and
with width and height not less than the smaller of
200 mm or 1/3 of the length. The surface
irregularities are not to exceed 2 mm.

(b) Coarse ashlar : Blocks similar to ashlar but with surface
irregularities not exceeding 20 mm.

(¢) Squared rubble : Blocks that are squared and picked to
approximate cuboids. They are usually
slightly dressed or undressed and with
height not less than 200 mm.

(d) Random rubble : Stone blocks of irregular shapes with
height not less than 150 mm.

When the above descriptions are compared with the face blocks of walls assigned as
random rubble walls in the Phase 1A study, many of them are actually squared rubble.
Therefore, the strength of masonry walls must be assigned from the inspection of the block
conditions instead of from the wall type designations.

Table 6.1 shows the compressive strengths of walls composed of blocks of different
shapes and bonded by mortar with a range of strengths. The intact strength of the blocks is
taken as 100 MPa. An average block height of 350 mm is adopted in the estimation.

For most old masonry retaining walls in Hong Kong, this Table only applies to the
face layer of blocks. The behaviour of the core materials behind the face layer is much more
complicated. It depends on the sizes and shapes of the core material as well as the manner
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in which it was placed. If randomly dumped in position, the core material would behave as
a granular material. A lateral pressure would be necessary to maintain the equilibrium of the
core against the vertical pressure. For materials sizes ranging from gravel to 150 mm
diameter boulders, ¢ values of 35° to 70° are quoted (e.g. Patwardhan et al, 1970). The
resulting lateral pressure/vertical stress ratio varies from 0.27 to 0.03.

6.2.3 Tensile Strength

Neither the British nor the Chinese building standards have mentioned any tensile
strength of dry packed masonry. Since the tensile strength of a mortared joint comes mainly
from the cohesion of the mortar, the tensile resistance across an unbonded surface of a dry
packed masonry should approach zero. However, in the presence of headers through the
failure surface, some tensile strength exists. The magnitude of this strength depends on the
_ tensile strength and the cross-sectional area of the headers, the embedded lengths and the

friction between the headers and the masonry blocks (Figure 6.1).

6.2.4 Shear Strength

The British Standard specifies Mohr-Coulomb failure criteria for shearing along the
joints of masonry. This is better than those tabulated in the Chinese Building Standard in
which the shear resistance is regarded as independent of the stresses normal to the shear
plane. According to the British Standard, the cohesion component of shear resistance varies
from 0.15 MPa to 0.35 MPa depending on the strength of mortar used. A uniform value of
p = 0.6, corresponding to a frictional angle of 31°, is to be adopted independent of the
strength of mortar used to join the blocks. However, these are characteristic strength as is
discussed in Appendix E. To convert them into allowable stresses, they have to be divided
by an equivalent load factors with an approximate value of 4.2. The resulting shear strength
is extremely small, with an equivalent frictional angle of 9°. This is too low. Even if the
mortared beds are treated as rock joints infilled with strengthless sand mixtures, a minimum
friction angle of 30° is expected (x = 0.6). Hence, it is more reasonable to apply the load
factor of 4.2 to the cohesion component only. Table 6.2 shows the expected shear strength
according to the modified criteria at different magnitudes of compression across the shear
surface. The tabulated values should only be treated as very rough estimates.

The failure criteria of dry packed masonry is not specified in either specification.
This, however, is likely to be similar to that of rough rock joints. A zero cohesion and a 45°
angle of friction may be appropriate in such case.

The above strength criteria are applicable to shearing along a planar surface. If the
stone blocks are so bonded that shearing is only possible along an irregular surface, the shear
strength will be very different. This difference in strength is similar to that between a smooth
rock joint and a rough one. When a joint with smooth side walls is sheared, the frictional
resistance depends solely on the nature of material in contact. When shearing is along a non-
planar surface, the surface irregularities introduce an additional component of frictional
resistance. This was explained by Patton (1966) as the additional force necessary for moving
against inclined planes formed by inclined contacts across the irregular surfaces (Figure 6.2).
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Movements across the inclined contact points also cause dilatancy of the joint
perpendicular to the direction of movement. If the joint is restrained against lateral
movements a large lateral pressure as well as higher frictional resistance will be induced
(Goodman, 1976). There is a limiting value of inclination (i;) between the surface contacts
above which sliding along the inclined contact is not statically possible. If the applied shear
force is large enough, the material at the location of the steeply inclined contacts will be
sheared off. This introduces a cohesion component to the strength of the irregular joint,
Figure 6.3.

The similar behaviour of a rock joint and a rockfill with shearing through an irregular
surface is discussed by Barton & Kjaernsii (1981). Patwardhan et al (1970) reported results
of large shear box tests on shearing along irregular surfaces in a bouldery material. He
recorded frictional angles as high as 70° accompanied by dilatancy of 50% to 80% of the
average particle sizes.

There may also be some cohesive resistance against shearing through a bonded
masonry, with mechanism similar to that of the rough joints (See Figure 6.4). However,
instead of having to shear through the intact material, the steep contact points in a masonry
can be surmounted if the shear force is large enough to cause re-orientation of the blocks to
contact at gentler angles. The resulting apparent cohesion depends on the sizes, shapes and
packing of the blocks. Because vibrations facilitate re-orientation of blocks, this cohesion is
liable to be reduced by vibration.

6.3 Stresses_in Stone Rubble Retaining Wall

The next step to the evaluation of the structural stability of a retaining wall is to find
the magnitude of the stresses in it. For a masonry structure, an accurate stress distribution
analysis would require detail knowledge of the bonding pattern of the building blocks as well
as the various mechanical properties of them. The set of equations required to account for
all these factors will be very difficult to be set up and solved. Such tedious solution is hardly
worthwhile because then, every solution will be a particular solution. Therefore, as a first
approximation for a general case, the assumptions that the wall materials are homogeneous,
isotropic and elastic are adopted. These are of course not true. However, if the masonry
block sizes are very much smaller than the wall dimensions, and if no tension is developed,
these assumptions are more acceptable than would otherwise be regarded. Because in such
cases, a macroscopic uniformity exists.

A package computer programme STRAND 2 developed by HECB (Highways
Engineering Computer Branch, Dept of Environment) allows stress analyses to be carried out
by the finite element technique. This is on hire to the Highways Office of the Public Works
Department. The programme was primarily written for bridge deck analysis but is so
generalised that it can be used for analysis of retaining walls. Early in this present study
attempts were made to use it. However, these were unsuccessful apparently due to certain
flaws in the programme because book examples were input into the programme for trial and
the output were far from the expected results.

Analytical methods were then attempted. Differential equations were set up from
stress equilibrium conditions. The equations were then solved for the simple boundary
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conditions of a rectangular wall with triangular pressure distributions. The mathematical
solution is presented in Appendix F. A programmable calculator was employed to do the
calculations. Both the analytical solution and the programme have been partly tested against
hand calculation using graphical methods. Two loading cases were considered. The material
parameters and the corresponding factors of safety against static instability are shown in Table
6.3. These parameters were selected to conform with those use in GCB's back analyses.

For each wall, the analytical results are presented in contour plots of ¢,/0.1H, ¢4/0.1H,
principal stress trajectories, ox/0.1H, ¢,/0.1H, 7/0.1H, as well as factors of safety against
sliding in the horizontal, vertical directions and the direction of maximum shear stresses (See
Figure 6.5 to Figure 6.10). The 0.1H terms are used to normalise and to give higher values
for contour plotting. The terms used are defined as

o, major principal stress

¢, minor principal stress

ox horizontal direct stress

oy vertical direct stress

r  shear stress in the horizontal and vertical directions
H height of the wall )

The sign conventions are shown in the figures.

For masonry walls, there is a preferred shear plane in the horizontal direction through
the beds. In some cases, such as at the interfaces between the face layer, the core and the
rear layer, shear in a vertical direction is possible. These are the reasons why factors of
safety against sliding in these two directions are calculated and presented. Sliding in the
direction of maximum shear is only possible for stabilised soil walls. For masonry wall,
sliding in this direction would involve shearing through the intact stone blocks which is not
very likely. The factors of safety against sliding in the director of maximum shear are
expressed in the figures as multiples of 10H/S where S is the shear strength of stabilised soil
fill.

6.4 Possible Modes of Structural Instability of Stone Rubble Retaining Walls

6.4.1 Compressive Failure

The compressive stresses in a gravity retaining wall are shown in Figures 6.5(a) and
6.8(a). The maximum stresses that may act on a wall with adequate factor of safety against
overturning is approximately 60 H kPa, where H is the height of the wall in metre. When
this stress is compared with the allowable compressive strength of masonry in Table 6.1, the
allowable height of each type of masonry retaining wall can be found. These are presented
in Table 6.4.

Old masonry retaining walls in Hong Kong are 6 m high on the average. They rarely
exceed 12 metres high. From Table 6.4, it is seen that with the exception of dry packed
random rubble retaining walls, compressive failure of masonry retaining walls is unlikely.
For dry packed random rubble walls exceeding 4 to 5 metres high, the margin against
compressive failure depends on the shape of the blocks as well as the quality of the joints and
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beds. The stone blocks of these walls should be carefully examined and compared with the
physical characteristics of random rubble and squared rubble described in Section 6.2.1.

Tables 6.1 and 6.4 are prepared for masonry with stone blocks of intact strength of
100 MPa or higher. If partially weathered stone blocks are used, as is the case of some poor
quality random rubble walls, the allowable height will be smaller. The compressive strength
tables in Appendix E can then be used to estimate the new allowable heights. If a masonry
wall has some unfavourably shaped blocks, there will be local distresses even if the
compressive stresses are less than the strength of the masonry (Figure 6.11).

6.4.2 Tensile Failure

When Hope (Anon, 1845), Burgoyne (1853) and Casimar (1974) carried out
destructive loading tests on masonry retaining walls, they all observed that triangular
fragments of the masonry remained at the lower inner corner of the walls. This was
attributed to that masonry fail along the angle of repose of the material (Casimar, 1874).
This is not true because regularly shaped, hand stacked material such as masonry does not
possess an angle of repose. A more logical explanation can be seen from Figures 6.5(b), (c)
and 6.8(b), (c) which show the minor principal stress distributions in a wall. At the lower
inner corner of the wall, the minor principal stresses act at an inclined direction with a tensile
nature. The extent and magnitude of this tension region increases rapidly with decrease in
factor of safety against overturning. This inclined tension would induce cracks along a
stepped combination of joints and beds (See Figure 6.12). The blocks below this line detach
from the main body of the wall and remain as a triangular panel when the wall overturns.

The minor principal stresses act at a sub-horizontal direction at the front of the wall.
Whether the wall can take this tension or not depends on the horizontal bonding of the wall.
If the masonry well bonded, the tension will not affect the integrity of the wall (Section
6.2.3). If the masonry is poorly bonded, the tension will separate the masonry into different
sub-vertical columns. This can be the case with untied stone rubble walls with small size
core materials. The bonding between the face layer of blocks and the core material of this
type of wall is usually poor. In Figures 6.5(b) and 6.8(b), it can be seen that the height of
these sub-vertical columns increases rapidly with reductions in stability against overturning.
If these columns are sufficiently high, the outermost one may buckle under the vertical
compressive stresses. When this happens, the wall can no longer take the stresses and may
collapse structurally. This mode of instability is associated with bulging at the lower end of
the wall. The tendency to buckle also depends on the state of the stone blocks and the
orientation of beds. Irregularly orientated beds are more detrimental to stability (See
Figure 6.13). If the wall is tied, the stone headers will prevent the formation of isolated
stone layers and hence prevent this mode of buckling instability.

6.4.3 Shear Failure

It was discussed in Section 6.2.4 that the shear strength of a stone masonry depends
on the direction of movement and whether mortar is used or not. Shear movement usually
takes place along the continuous sub-horizontal joints of the masonry along which shear
resistance is smaller. Stability against sliding in this direction is thus considered. In the
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following paragraphs, the performance of mortared masonry walls is discussed first, followed
by that on dry packed walls.

Figures 6.6(c) and 6.9(c) show the magnitude of horizontal shear stresses in a gravity
retaining wall. For a 10 m high wall, the maximum shear stress is of the order of 80 and
130 kPa for the dry wall and the wet wall respectively. The corresponding local vertical
stresses are 200 kPa and 150 kPa. The smaller vertical stresses in the wet wall is caused by
the upthrust of the groundwater flowing through the masonry wall. For the case of a
mortared wall with mortar strength of 1 MPa, the shear resistance is shown in Table 6.2.
The factors of safety against local shearing are calculated to be 1.95 and 0.97 for the dry and
the wet wall respectively. That is local slips will not occur at the joints.

However, if the groundwater level is higher, the shear force would be larger but the
vertical compression stress at the location of maximum horizontal shear stress would
decrease. As a result, the factor of safety against local slip will drop below 1 and local slip
occurs. In doing so, some of the shear stresses will be redistributed to the front of the wall
where extra shear resisting capacity is present. In such case, an average factor of safety
against sliding should be calculated in the normal manner in retaining wall design using the
shear strength properties of the masonry joints. If the factor of safety drops below 1.5 sliding
across the masonry may be critical. However, with the shear strengths quoted in Table 6.2,
this mode of shearing across a mortared masonry wall is less likely than the usual sliding at
the base.

If the masonry is dry packed, the shear strength can be represented by a frictional
angle of approximately 45° (Section 6.2.4). The resulting factors of safety against local slip
are shown in Figures 6.7(a) and 6.10(a). Although some local slip is likely at the lower inner
corner where the vertical compression is low, the stability of the section as a whole should
be satisfactory.

When the beds between the stone blocks are subjected to shear stresses, there will be
shear displacement at each bed. The amount of movement depends on the shear modulus of
the beds and the magnitude of the stresses. As a result of the shear displacements, at each
level of beds, the wall moves forward. The amount of shear displacement is greater at the
bottom. Consequently, the wall will take up a curved profile similar to that observed in
Burgoyne's wall C prior to failure (Section 4.3 and Figure 6.14).

In the absence of information on the shear modulus of masonry, it is not known
whether this deformation is of significance or not. However, this is a possible mechanism
of the bulging of masonry retaining walls.

If the masonry wall is composed of stabilised soil filled with stone facing, shear failure
will be in the direction of maximum shear. Figures 6.7(c) and 6.10(c) show the factors of
safety against such shear failure. The factor of safety 'F' is defined by
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where S = shear strength of the material
= 1% (o)
0, = major principal stress
0, = minor principal stress
o, = uniaxial compressive strength of the material

This set of definitions has implicitly assumed the Tresca's (maximum shear stress)
failure criterion for the material. This failure criterion is a very approximate one but should
be satisfactory for the present general analysis. GCB has carried out tests on samples of the
stabilised soil from wall no. 11SW-B/R617. A mean uniaxial compressive strength of
2.0 MPa was recorded. The corresponding shear strength is 1.0 MPa. From this, the
permissible height of wall without local shearing for the case of the wetted wall is

058 _ 05x 1000
10x F 10x 1.0

=50 m

Conversely, for a 12 m high wall, the strength of the material should be no cause for
concern.

The samples of stabilised soil tested by GCB were dry. The material is liable to
weakening by saturation. Therefore, if the groundwater table behind a wall is high, test
results of saturated samples should be used in the analysis.

6.4.4 Structural Instability Involving Cored Wall Structures

Up to this point, the effect of the cored structures of masonry on the various mode of
structural instability has not been discussed. The structural behaviour of the core materials
varies over a wide range depending on their sizes and the way they were deposited. The
mechanisms by which they cause structural instabilities are complicated. Therefore, it is
more desirable to discuss their structural performance under different stresses conditions as
a whole.

If the core material is of gravel size, it will behave as a granular material with an
internal angle of friction of approximately 35°. Under compressive stress, a lateral pressure
will be induced on the face layer (Section 6.2.2). For a 10 m high wall, this lateral force
varies from O at the top to 135 kPa at the bottom. Unless the face layer of masonry is
adequately bonded (tied) to the core, it is not strong enough to resist the lateral pressure. As
a result, the face layer of blocks will bulge out and even collapse.

The gravel material in the core would be too weak to resist the internal shear in the
vertical direction. From Figures 6.7(b) and 6.10(b), the factors of safety against vertical
internal slip for material with ¢ = 35° are far much below 1 for most of the height of the
wall. As a result, internal slip will take place. This would lead to a loss in the resistance
against overturning and the wall may fail. The internal slip is accompanied by lateral dilation
of the material which would cause bulging of the face layer of the wall. However, not all
of the surface layer can dilate freely. The top and the bottom of the layer is restrained from
doing so. The result is a bulge more prominent at mid-height than at the ends. If the face
layer is strong enough to provide restraint against dilation, the shear strength of the gravel
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would be much higher. In that case, the stability of the wall may be maintained. The best
way to maintain structural integrity in this case is by adequate bonds between the surface
layers and the core. These bonds would provide some cohesion to the material as well as to
restrain the core material against dilation.

It should be noted that towards the rear of the wall, the factor of safety against vertical
internal slip rises to unity. At this location, gravel material can be used without any problem
of internal shearing.

Bulging of the face layer of the masonry is detrimental to the structural stability of the
wall in two respects. The arched masonry column has a reduced compressive strength. The
amount of reduction depends on the amount the bulged profile deviates from the mean
alignment and on the thickness of the blocks. Secondly, when the gravels dilate under shear,
there is a peak amount of dilation above which the shear strength decreases to a residual
value. This was found to be 80% to 50% of the mean particle size (Patwardhan et al, 1970).
If the face block layer bulges by more than this amount, there will be a local reduction in
shear strength. Internal slip will follow with the likely result of complete collapse of the
wall.

If the core material consists of large size (bouldery) particles randomly dumped into
position, it will also act as an isotropic’ granular material. It will have structural problems
similar to gravel core materials. However, the internal shear angle of this material can be
as high as 70°. Consequently, the size of the problems is much smaller.

For such materials, the lateral pressure that can be induced on the face layer of a 10 m
high wall is around 14 kPa. This is usually too small to cause distress of the face layer. The -
factor of safety against internal slip in the vertical direction is still too small. However,
greater dilations of the material is needed before the peak shear strength is reached, thereby
causing larger bulging of the wall before the wall fails. Also, the increase in shear resistance
due to restraints against dilation would be larger.

If the large size core materials are slightly slabby or were hand packed in position, the
behaviour would approach that of random rubble masonry. Very small lateral pressure, if
any, will be induced on the face layer of blocks by the vertical compressions. The material
will also possess some amount of cohesive strength due to interlocking of the blocks
(Section 6.2.4). This may be enough to resist the vertical shear stresses.

6.4.5 Other Factors Affecting Structural Instabilities

In the above analyses, the number of factors that have been considered were
necessarily restricted. These factors are the properties of the stone blocks and the beds, the
strength of mortar, the wall structure, and the effects of groundwater. There are other
aspects of a masonry wall that may affect the likelihood of structural instability.

The stress analyses in Section 6.3 are for rectangular walls with a height/base width
ratio of 3. For walls with wider bases, the magnitude of the stresses will be smaller. The
converse is true for walls of smaller base widths. The H/B ratio of 3 was adopted in the
analysis because this was found by GCB to be the critical values for stable walls in
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Hong Kong.

When the face of masonry wall is battered, the stress distribution pattern will also
change. Generally, both the maximum values of the shear and compression stress will be
reduced. The more important effect, however, comes from the changes in the inclination of
beds in the masonry.

It was customary to lay masonry blocks with beds perpendicular to the front face.
When the face battered backward, the beds incline against the direction of earth pressure.
The result is an increase in the resistance against horizontal sliding. Because of the restraint
of the face blocks, the masonry cannot slide in a vertical direction. Instead, it has to slide
sub-parallel to the face of the wall. In that orientation, the self weight of the blocks would
contribute to the normal stresses at the potential slip plane. This would cause a
corresponding increase in the shear resistance of the masonry. For walls that batter as much
as the Japanese walls (65°), this increased shear strength enables gravel material to be
employed behind the face blocks without using headers for reinforcement. For the same
reason of the effect of the self weight of the blocks, the battered face layer is less likely to
buckle outward (Section 6.4.2).

6.5 Structural Behaviour of Tied Face Walls

With its criss cross units of headers and stretchers and with the random soil/rubble
infill to the cavities, the tied face wall resembles a modern crib wall in behaviour. The
lengths and sizes of the members are also comparable to that of the crib walls.

In the tied face wall, the stretchers are placed in consecutive courses. This is a big
improvement over the normal crib wall where the stretchers are supported on the headers.
In normal crib walls, there are wide separations between each course of stretchers.
Consequently, the reinforced concrete stretchers have to take up bending moments induced
by the self weight and by the earth pressures. Also, there will be concentration of
compression at the contacts between the headers and stretchers. This concentration of force
will in the end control the maximum height a normal crib wall that can be economically
constructed. The tied face wall, on the other hand, always possesses adequate compressive
strength in the normal range of wall height.

For good quality granite strips, the tensile strength can easily exceed 10 MPa. With
the normal sectional area of 0.30 x 0.15 m2, the tensile resistance of an average header unit
in a tied face wall is 0.45 MN. It is equivalent to the tensile resistance of ten 20 mm
diameter mild steel bars of 140 MPa permissible stress. This amount of reinforcement is
larger than that normally provided in a reinforced concrete header. Also, the concrete
headers in a crib wall are usually at wider spacings. Therefore, the granite headers in a tied
face wall should have very adequate tensile resistance.

There is, however, the problem of poor mechanical anchorage between the granite
headers and the stretches. Under normal circumstances, the contact pressure between the
blocks generate sufficient friction between the headers and stretchers to ensure the integrity
of the wall. Because of the tight, close fitting stretcher strips, the wall possesses considerable
longitudinal rigidity. In the presence of differential movement, the strips provide good arch




- 39 -

effects. The contact pressure between the blocks would subsequently be reduced in the lower
part of the wall where the settlement occurs. This causes loss in friction between the headers
and the stretchers. Consequently, the stretchers move out with respect to the headers and
cause bulging of the wall. Once bulged, the wall would lose some of its structural strength.
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7. INVESTIGATION TECHNIQUES
7.1 General

There are a number of parameters that cannot be obtained in surface inspection and
yet must be known before the stability of a masonry retaining wall can be judged with
certainty. Among these, wall thickness which affects the static stability of a retaining wall
is the most important one. Knowledge of the structure of a masonry wall is also significant
in the evaluation of the structural performance of the wall. The third parameter is the source
of seepage on a wall. When the seepage on a wall is persistently high, it may be caused by
leakage from water carrying services. If the leaking pipe can be found and repaired, the
improvements in the stability of the wall may be very large. This can be more easily done
if the nature of the seepage water is known. In this Chapter, some techniques for obtaining
information on the mentioned parameters are described.

When old masonry retaining walls are inspected, cracks and fissures are commonly
found on the wall and the crest platform. In the last part of the Chapter, common causes of
crack formation are discussed so that cracks that are related to wall instability can be duly
identified and stabilisation works can be carried out in time.

7.2 Seismic Probing

There have been past attempts by both GCO and GCB on the use of seismic reflection
methods to find the thickness of masonry retaining walls. The outcomes were not
encouraging because of difficulties encountered in the interpretation of the results. In
particular, it depends on an assumed value of Vp, the velocity of propagation of compression
waves. V, varies over a range of values depending on the void ratio and the strength of the
material.

It was felt that if the range of V}, (velocity of propagation of compression wave) values
could be correlated with the nature of the masonry, it could be adopted as a means of
geophysical investigation. In particular, if V; of the core material of the masonry retaining
wall could be measured, it could be used to define the lateral variations of the core material.
This would be an important supplement to the information from conventional drill holes for
the assessment of the structural behaviour of the wall.

The proposed method was by direct measurement of the time required by a
compression wave to travel between two weep holes. An equipment was developed by the
Electronics and Geophysics Service Ltd (EGS). It consists of two transducers, one acting as
the source and the other as a receiver, mounted on the ends of two poles. They are
connected by cables to a timer with digital display (Plates 7.1, 7.2, Figure 7.1). After both
transducers are inserted into the weepholes, a shock can be given to the inside of the
weephole adjacent to the source transducer. This activates the transducers and causes
compression waves 10 propagate in the masonry. When this wave is intercepted by the
receiver transducer, the time taken for the wave to transverse the distance between the two
holes is displayed in the timer. From this, the velocity V,, can be calculated. Usually other
forms of waves are also generated together with the compression wave. However, the
compression wave, being stronger and faster, are always intercepted first so that Vy is the
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most usual calculated value. The face layer of masonry walls in Hong Kong are usually
denser and of better quality. Consequently, they have higher V, values than the core
materials. If the transducers are placed too near to the face blocks, Vj, of the face layer will
be measured instead of the core. The same happens if the inducers are too widely spaced.
A spacing equal to the width of the wall is deemed satisfactory.

A trial was carried out in November. The measured results were unsatisfactory

because of poor contacts between the inducers and the walls of the weepholes. Modifications
to the contact arrangements are being carried out for a further trial.

7.3  Weephole Probes

This method was first adopted by GCB in the investigation of old masonry retaining
walls. It is done by pushing a straight edge through a weephole to measure its length. Good
relation was found between this and the wall thickness. The measured length, however, was
always smaller than the thickness of the wall as deduced from conventional core drillings.
Debris, especially soft drink cans and glass bottles are often found in these holes. It is
possible that the debris obstructed the passage of the straight edge and so caused a smaller
reading.

In this study, the extension rods and the sharp point of the GCO probe were used to
probe the weepholes. The pointed tip of the probe has good penetration abilities. However,
they also tend to penetrate deep into the soft backfill and so cause high measured values. A
flat end piece was thus made and gave better results (Plate 7.3). The later adopted procedure
consists of probing with the pointed end first to break through the obstacles followed by
probing with the flat end to measure the length of the weephole. The difference in the
measurements is an indication of the nature of the backfill material.

7.4 Drilling Equipment

Drilling of cores remains the only method by which the structure of a wall can be
examined and the thickness of the wall can be measured with higher certainty. It can either
be carried out by a normal site investigation drilling rig or by an electric core cutter. Both
‘methods employ water as the flushing agent.

The electric core cutter is portable (Plates 7.4, 7.5) and can be used in limited spaces.
Penetration of 5 m has been achieved by this type of machine. However, being a single tube
core barrel, the recovered core samples are very much disturbed. This is especially the case
for the material behind the face blocks of which finer portions may be completely washed
away by the flushing water. Whilst these low quality cores can still be used to find the
thickness of the wall, the structure of the masonry is no longer observable. This causes
difficulties in assessing the structural behaviour of the wall. The ordinary site investigation
drill rigs are more powerful and can be employed to recover undisturbed samples of the
backfill. The quality of the samples of the masonry, however, is still much disturbed by the
flushing water.

There are examples that drilling in a wall reactivates old cracks, causing fresh
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differential settlements of the wall and dislodging of face blocks (e.g. wall 11SW-A/R73,
Plates 7.6, 7.7). This is due partly to the vibrations induced by the drilling machine and also
the flushing water which washes away the finer materials in the wall and in the backfill.
Such disturbances to the wall are undesirable and can be minimised by the use of better
machines with better controls of flush water pressure. Foam drilling, if employed, can avoid
loss of the fine material and allows the structure of the masonry to be retained in the core for
inspections.

7.5 Seepage Source Identification

When a retaining wall shows signs of persistent seepage, the possibility of leakage
from water carrying service pipes should be investigated. This can be done by analysing the
chemical contents of water samples collected from the seepage. For accurate diagnosis, one
litre volume samples are required. Such large samples are usually difficult to be collected
from the minor flows from weepholes.

An alternative is to send smaller water samples for identification of "tell-tale”
chemicals. These are summarised in Table 7.1.

The absolute minimum volume of samples necessary for these tests is 300 c.c. If part
of these tests give positive results, larger volume samples should be collected for more
detailed analyses in the Government Laboratory.

7.6 Crack Diagnosis

Cracks can often be found in old masonry retaining walls and on the crest and toe
platforms. Some of these cracks are the results of changes unfavourable to the stability of
the wall. Others may have been caused by completely unrelated agents. It is thus very
important that the nature of the cracks around a wall is properly diagnosed.

7.6.1 Cracks on Masonry Retaining Walls

The most commonly observed cracks on masonry retaining walls are those caused by
restraints against contraction. The width of the cracks depends on the amount of contraction.
Their spacing depends on the nature and magnitide of the restraining force as well as the
tensile strength of the masonry. Figure 7.2 shows some possible crack patterns.

The contraction may be a result of shrinkage, seasonal temperature variations, and
early thermal movement. Shrinkage is caused by dry out of the wall constituent material.
In Hong Kong, the amount of shrinkage movement is much less than that caused by seasonal
variation in temperature. When a lime/cement bound material sets, it liberates heat of
hydration which raises the body temperature. When it cools, the accompanied thermal
contraction causes cracks similar to the normal thermal cracks and are distinguished from
them by the name early thermal movement cracks. These early thermal movement cracks,
being always formed at a time before the materials fully gained its strength, are closer in
spacing and are narrower.
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The "horizontal beams" in masonry retaining walls are most susceptible to the early
thermal movement cracks because of the thin member sizes and the large restraint at the base.
When the bulk of the wall contracts at a later stage, the new contraction cracks would pass
through some of the older cracks in the horizontal beams and widen them. Therefore, it is
usual to observe cracks at regular spacing but of different widths on the "horizontal beams”
of the walls. Some good examples of this can be seen in wall 11SW-B/R271 (in Kennedy
Road near to the Peak Tram way) and wall 11SE-A/R58 (New Orient Terrace). In wall
11SW-B/R271, cracks are present on the horizontal beam at every 7 number of the stone
blocks (approx. 2.4 m spacing). In wall 11SE/A/RS58, the crack spacings are approximately
1 m (3 no. stone blocks). The crack spacing may be an indication of the strength of the
"horizontal beams". The wider spacings are usually associated with the stronger materials.

The effect of these normal contraction cracks on a wall is to divide them into
individual sections of walls. Basically they are not detrimental to the stability of the walls.
Nor are they signs of instability unless relative forward wall movements are observed across
them. In that case, the wall with the larger forward movement may posses smaller margin
against instability.

For walls composed of concrete or stabilised soil, horizontal fissure may also be
found. These walls were usually constructed in layers. If bonding between consecutive
layers is weak, early thermal movements may cause sliding across the interface and form the
fissure. The effect of this fissure is to weaken the shear resistance of the wall locally by the
removal of the cohesion component of the constituent material of the wall.

The other common type of cracks is caused by differential settlement. They form
fissures that spread at an angle from the vertical away from the point of larger settlements.
The magnitude of this angle depends on the force producing the differential settlement, and
the direct shear strength of the material. The larger the force or the weaker the material, the
steeper the orientation of the fissure will be.

It is not exactly known how this types of cracks may affect the stability of a wall.
Apparently, if they are narrow or if the core of the wall is flexible so that some structural
interlockings are present at the crack, they would not affect the wall stability to any
significant extent. Otherwise, the wall would be divided into two structural limits and
stability evaluation has to be proceeded separately.

Detail examination of the cracks and fissures can also provide useful information.
Cracks which widen towards the top indicates that the two halves of the wall across it have
rotated away from each other. The converse is true for a crack that widens at the bottom.
The wall behind Hok Sze Terrace (adjacent to wall 11SW-A/R332) has a prominent inclined
crack across it. Close examination of the crack showed evidence of horizontal relative
movement only. The crack is therefore a contraction one. Further examination shows that
it is along the interface between an old wall and a later extension. This explains why the
crack is inclined (Plates 7.8, 7.9).

When a masonry retaining wall is continued around a corner, subvertical fractures may
appear near the corner (See Figure 7.3). These may be contraction cracks although they are
more likely to be caused by forward movement of the front walls. Being longitudinal to the
direction of movement, the side wall cannot cope with the movement of the front wall and
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consequently cracks. This may or may not be a sign of incipient instability. If it is caused
by the forward movement of the front wall necessary for the mobilisation of the active state
of pressure, the summed width of the cracks should not exceed 0.001 H at any point.
Otherwise, the crack is caused by excessive movement of the front wall. Further information
can be gained by monitoring the width of the crack for a period of time to see if it is active.

7.6.2 Cracks on Crest Platforms

Before a retaining wall fails, cracks sub-parallel to the wall are usually found on the
crest platform. These cracks are continuous for long lengths, and may widen to great
separations. From the case studies on wall instabilities (Chapter 4), none of the observed
cracks were narrower than 20 mm and some were as wide as 150 mm before the wall
collapsed. Some photographs of this type of cracks are incorporated into the descriptions on
Case 6 (Circular Pathway) of Appendix D.

The above described cracks which are caused by forward tilting of retaining walls
should not be confused with fissures originated from structural defects of the pavement slabs.
Early thermal movement and thermal contractions can induce fissures on a slab if it is not
adequately reinforced. The resulting fissures are usually randomly distributed and orientated.
They may change their orientations appreciably along their length. Near the joints of the
slabs, the contraction fissures may take up sub-parallel orientations. These type of cracks and
fissures seldom exceed one mm in width.

If the subgrade to a thin pavement slab subsides, the slab will fracture. These
settlement cracks are accompanied by variations in levels or surface gradients across the
cracks. The subsidence may be the results of wall movements. But more often, it is due to
loose filling or poorly prepared subgrade.

Long, continuous and relatively straight clefts are often found adjacent to newly
backfilled trenches. They are usually a few mm wide and are mostly the result of loose
backfilling to the trench. Under surcharge, the subgrade moves towards the trench and form
the clefts.

Trees on the crest platform may also cause fracturing of the pavement slab by the
growth of their roots. The lateral extends of such cracks can usually be traced back to the
locations of the trees. They are sometimes accompanied by slight upheaval of the slabs.

Apart from the type of cracks caused by forward tilting of retaining walls, all the other
cracks, fissures or fractures described above are not signs of possible instability of retaining
walls. They may be detrimental to the stability of the wall mainly because they allow
infiltration of water into the retained soil and may saturate it. The amount of infiltrations
from these paving slab defects is unlikely to be significant unless they are very wide and are
covered by ponds of surface water.

An useful tool for the accurate diagnosis of the origin of cracks is to draw plans
showing the location of the cracks together with the ground and wall features for an overall
“appraisal. Ground features such as trees, ground subsidence, surface channels, and signs of
recent trench work are worth recording. Changes in wall type, wall face slope angle, cracks,
and bulges on the wall should also be marked on the drawing.
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8. EFFECT OF TREES ON STABILITY OF MASONRY RETAINING WALLS

8.1 General

The effects of trees on the stability of masonry retaining walls are largely unknown.
Little research, if any, has been devoted to this area. This Chapter sets out to discuss some
background information and thoughts on the tree/wall interaction with a perspective view to
a better understanding of the behaviour of walls under the action of trees.

8.2 Backeground Information on Trees

The most abundant type of trees occurring naturally in masonry walls in Hong Kong
is Ficus Microcarpa, commonly known as Chinese Banyan. It is an evergreen tree typically
6-15 m high with a crown span of 16-30 m supported by a trunk of 300-500 mm in diameter
(Hill, 1967). This type of tree can easily be recognised by its characteristic abundance of
aerial roots (Plate 8.1). It has a shallow and widespread root system. Under normal
conditions, the roots are confined to a shaltow depth probably less than 3 metres. The spread
of the roots are approximated by the crown of the trees (Yung, 1980). When growing on
walls, the tree usually develops a surface network of ramifying roots for support (Hill, 1976)
(Plate 8.2).

The tree can survive poor environment and can grow in almost any site given the
availability of moisture. In particular, the tree is indifferent to the action of lime and can
thrive in stabilised soil fill which makes up the core of some of the masonry retaining walls
(Ho, 1981).

From observations, the growth of the Chinese Banyan depends very much on the type
of wall where it takes root. It grows most readily on dry packed random rubble walls
because the large gaps between the rubble provide ready access to the seeds, and allow free
passage of air and moisture for the thriving of the tree.

For stone rubble walls with narrow joints and beds, the normal tap cannot grow
properly. The resulting reduction in support to the tree is compensated by the better
developed system of ramifying roots. If in the absence of a strong main root the growth of
the tree is stunted to a smaller size.

8.3 Thoughts on the Effect of Trees on Retaining Walls

Trees on retaining walls can affect wall stability in three main ways. The growth of
free roots may disrupt the masonry structure, the tree roots may interact with the retained soil
and strengthen it. Lastly, the weight of the tree causes additional forces and moments to act
on the wall.

When a tree grows in size, its roots expand and exert force on the stone blocks. If
the stone blocks pressed against are firmly interlocked to the bulk of the masonry, they may
resist the pressure and limit the growth of the roots. Otherwise, the wedge action of the
growing roots may cause displacement of the blocks and weakens the masonry locally
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(Plate 8.3). Therefore, whether root growth can disrupt the masonry structure depends very
much on the quality of the face layer of the masonry.

If the tree root system penetrates a wall into the retained soil, it will reinforce the soil
locally and increase the friction between the soil and the wall. This reinforcement effect
should be more prominent for dense soils. Again, the amount of this effect is not known and
it is unlikely that it can be found analytically. However, for walls with a dense structure and
well packed face blocks, the poorly developed main root system would not be able to
penetrate the wall and the reinforcing effect would be negligible. The same is true for walls
thicker than 3 m which exceeds the usual depth of penetration of Chinese Banyan trees.

A tree on a retaining wall is an additional surcharge to the wall. It increases the
overturning moment and the toe pressures. Consequently, the factor of safety against
overturning of the wall is reduced. Whether this reduction is critical or not depends on the
ratio of the surcharge effect of the trees to the restoring moment and forces of the original
wall. If this ratio is small, the effect of trees on the wall stability can be neglected.

Therefore, before the surcharge effect of a tree on a wall can be evaluated, the order
of magnitude of the forces and moments that can be induced by the trees must be roughly
known. At present, such knowledge is completely absent. However, there are some possible
ways of estimating it. The load carrying capacity of a tree trunk can be calculated from its
mean diameter assuming that the wood is at its yield stresses. This would provide an upper
limit to the magnitude of forces. Also, terrestrial photogrammetric techniques may be
employed to find the spatial distribution and the average diameters of the branches and trunks
of a tree. The density of the wood can be found by cutting a core or a branch from the tree.
The approximate moment and forces that act at the head of the tree can then be calculated.
This gives the lower bound value of the surcharges from the tree.
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9. GENERAL METHODS OF STABILISING OLD MASONRY RETAINING WAILLS
9.1 Methods

There are different methods of stabilising a masonry retaining wall depending on the
different possible modes of failure. Some examples of the methods are shown in Figure 9.1
and discussed below.

(a) Partial demolition of the wall - With the method, the upper
part of the wall is demolished. The retained ground behind
the demolished portion of wall are cut back to a stable
angle resulting in a reduction in the area of the crest
platform. This approach improves stability against all
modes of failure although the improvement against internal
shear failure in a vertical direction is unlikely to be
significant.

(b) Provision of drainage behind the retaining wall - For walls
with high groundwater behind, this is a method by which
stability against all modes of failure can be improved, with
the possible exception of internal slip in a sub-vertical
direction. The most common method to lower groundwater
table is by the provision of horizontal drains through the
wall. One serious problem with the horizontal drains is
that it cannot be installed at lower than 1 m above the toe
of the wall. This would mean that the wall has to sustain
at least 1 m of groundwater. Unless some new methods are
developed to install drains at lower levels, the use of
horizontal drain may not be the final answer to the stability
improvement works.

For retaining walls standing on a slope with water table at
or above its base, signification improvements in the stability
against foundation failure can be achieved by the
installation of horizontal drains into the toe slope.

(c) Skin walls - This methods involves the construction of a
reinforced concrete skin to the front of the masonry
retaining wall. It improves the compressive capacity of the
wall by reducing the maximum compressive stress on the
masonry and by taking up additional stresses where local
compressive failures occurred in the masonry. The skin
wall also resists bulging of the masonry, and thus improves
the shear resistance of the core material by restraining the
dilatancy of the material.

For masonry retaining walls with unsatisfactory stability
against sliding and overturning, improvements can be
achieved by providing properly founded and keyed footing
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to the reinforced skin wall. Sometimes pile or caisson
foundations may have to be provided. In all cases, the skin
wall must be adequately dowelled to the old masonry wall.
A rough guide to the number of bars required is that they
should provide a shear resistance in excess of the shear
force across the concrete masonry interface.

For retaining walls on a slope with danger of foundation
failure, the skin wall cannot be used unless very substantial
foundation works are incorporated. The preventive work
is then similar to that of underpinning.

Additional retaining walls - Retaining walls situated on a
slope may suffer foundation failures. The best method to
stabilise such wall is by the construction of another
retaining wall downslope. The ground behind the new wall
can then be brought up to a gentle gradient and to meet the
old wall with a bench in front of its toe. The width of the
bench should best be around 1/3 of the height of the old
masonry retaining wall. The new retaining wall, however,
may reduce the stability of the original slope. This must be
checked against by analysing the overall stability of the
slope and the retaining walls in the usual manner.
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10. SUMMARY OF THE PRESENT STUDY AND PROPOSALS
FOR FURTHER RESEARCH

10.1 Summary

Chapter 1 - The aim of the study is to collect information on the
structures and modes of failures of old masonry retaining walls,
to identify signs which are associated with incipient failures of
these walls, to find methods of assessing their stabilities and to
define the relative importance of different factors affecting
stability of the retaining walls.

Chapter 2 - A review of past studies including those carried out by
Binnie and Partners, GCB and GCO.

Chapter 3 - Composite construction is a common feature of masonry
retaining walls in England, Japan, Korea and China. The
English, Japanese and Korean walls all consist of good quality
masonry blocks at the front and coarse granular material of
various sizes at the rear. The Chinese walls have cores of
granular material between a front layer of good quality blocks
and a rear layer of fair quality blocks.

A glossary of terms for describing structures of masonry
retaining walls is compiled and included as an Appendix C.

In Hong Kong the tied-face wall consists of stone strips
'box-bonded' together to form a cavity structure. The cavities
are infilled with rubble and earth.

The stone rubble walls have cored structures similar to
the Chinese walls. The quality of the face blocks varies from
random rubble to well-dressed blocks. The nature of the core
material also varies widely. Some walls are provided with stone
headers while some others are provided with horizontal tie
courses locally known as 'horizontal beams'. These improve
the structural integrity of the walls.

Stone pitchings can also be treated as masonry retaining
walls.

Chapter 4 - Ten cases of instability of retaining walls were examined.
It was found that most of the failures in the Mid-level area lied
on the north boundary of Mid-level Development Restriction
Area recommended in 1979. Over half of the failures were
triggered off by earthworks, mostly trench-works, in the vicinity
of the walls. The wall failures were preceded by bulges of the
wails and opening of cracks at the crest platforms. None of the
failures reviewed involved stone rubble walls with tie courses.
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The consequences of most of the wall failures were serious.

Observations of masonry retaining wall failures in
Victorian England showed that the walls tilted forward and
bulged before failure. Bulge profiles of three walls prior to
failure were collected. A bulged wall might stand for a long
time before ultimate failure.

Chapter 5 - From observations in Chapter 4, masonry retaining walls
are found liable to static failures. Due to low compaction
pressure during construction, the conventional earth pressure
formulae can be used to estimate the pressure. The stability of
retaining walls is affected by groundwater table, crest slope
angle and soil shear strength parameters, in descending order of
significance. Retaining walls which lean backwards can remain
stable at small thickness.

Foundation failures are possible in retaining walls
standing on slopes with gradients exceeding some critical values.
The critical toe slope angle depends on the distance of the toe
of the retaining wall from the edge of the slope, soil strength,
ground water location and the buried depth of the wall in a
descending order of influence.

Chapter 6 - The permissible strength of masonry is examined. The
stresses in a masonry wall are calculated for simple boundary
conditions. When the two are compared, it is found that for
masonry retaining walls, structural failures are possible. Dry
packed random rubble walls may fail in compression if higher
than 5 m. The main mode of failure for all stone rubble walls
is internal slip in a sub-vertical direction. Resistance against
this shear failure is by the interlocking of the masonry, header
stones and tie courses (horizontal beams) in order of increasing
efficiency. Walls with gravel cores are structurally less stable.
Mechanisms are put forward to explain bulging of walls prioer to
failure.

Tied-face walls are similar to crib walls in behaviour.
" Differential settlement of such walls may affect the linkage
between the headers and stretchers and causes bulging.

Chapter 7 - Seismic probing between weepholes is a potential
geophysical method for investigating internal structure of
masonry retaining walls. Mechanical probing mto weepholes
may be used to measure wall thickness. Normal drilling method
may affect structural integrity of masonry walls. The quality of
the cores recovered from ordinary drilling do not allow close
examination of the masonry structure. High quality foam
drilling may be more preferable. Common causes of cracks on
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masonry retaining walls are restraints against contraction and
differential settlement. Most cracks of these natures are not
detrimental to wall stability. Sub-vertical through cracks at
return walls may be caused by movements of the front walls.
Long cracks may appear on the crest platform of the wall before
it fails. It can be distinguished from cracks and fissures of other
harmless origins.

Chapter 8 - The most common trees growing on masonry retaining
walls are Chinese Banyans. Their typical features and member
sizes are collected from literatures in Botany. Trees may affect
wall stability in three ways : dislodging of stone blocks by
roots, reinforcement of the retained earth by roots penetrating
into the walls and addition of loads on the walls. The
magnitudes of the additional loadings must be known for
evaluation of their effects on wall stability. They may be found
by estimating the load carrying capacity of the trunks or by
photogrammetric measurements of the sizes and distributions of
the branches.

Chapter 9 - Some general means of stabilising masonry retaining walls
are proposed.

Further Research and Studies
Chapter 1 - none.
Chapter 2 - none.

Chapter 3 - The collection of sections and construction details of old
masonry retaining wall should be continued especially when wall
sections are occasionally exposed by the now more frequent
preventive works.

Chapter 4 - Death enquiries were carried out after the failure of
retaining walls at St. Joseph College and Po Hing Fong (Cases
1, 2). Although it is not possible to find the court record of
these hearings, important abstracts were published in the
newspapers at the times of the enquiries. A search in old
newspapers would yield more information on the contemporary
views of the engineers on the design and construction of
masonry retaining walls.

Chapter 5 - Sensitivity analyses similar to those in this Chapter may be
used to check the relevancy of the present score arrangements
to the various components in the ranking system.

Chapter 6 - The American standards on masonry works especially the
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relevant A.S.T.M. standards, should be examined in greater
details. A research into the various requirements on headers in
masonry in various building standard would provide criteria by
which a tied stone rubble wall can be regarded as satisfactory in
shear resistance or not. The mechanism of bulging of walls in
this Chapter are put forward mainly on theoretical/analytical
basis. They should be proved either by detail observations of
unstable walls identified in the future or by carrying out small
scale model tests. A technique of using thin aluminium pieces
between two glass (perspex) plates to represent the array of
blocks in a stone rubble masonry can be employed to form the
model (See Figure 10.1). This is similar to the method used by
Terzaghi (1920) to observe intergranular movements when a
granular soil is sheared. Typical dimensions (especially the
lengths) of the stone headers should be collected together with
typical strength of the concrete in the horizontal beams in the
walls.

Additional stress analyses should be carried out on
gravity wall of other shapes and loading conditions and with
allowances that masonry cannot take direct tension.

Chapter 7 - Further trials and improvements on the techniques
described in this Chapter should be carried out in association
with the investigations on masonry retaining walls. Before the
seismic probing method can be utilised in actual site
investigations, the velocity (Vp) has to be calibrated against the
structures of masonry walls. The methods of monitoring
movements of retaining walls were not discussed in the present
study. With the likely increase in the number of walls to be
monitored, the usual methods should be reviewed and improved
to provide methods that are more reliable and easier to operate.

Chapter 8 - Programme to be started to collect observations on the
characteristics of root systems of Chinese Banyan especially
when they are exposed during the execution of preventive works
on old walls. The assistance from some institutes on Botany is
required. Further studies on the magnitude of loadings that
Chinese Banyans can induce on retaining walls are necessary.

Chapter 9 - Stabilisation Methods.
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Table 2.1 - Geotechnical Parameters Adopted in Caine Road Area Study

. Density Cohesion c' | Angle of Friction ¢’

Materials (t/m?) (kPa) (degree) Remarks
Decomposed 2.0 0 38° CD test gives ¢'
Granite values 3 deg.

higher than CU
test
Colluvium 2.0 1.0 33° From Robinson
Rd. Area Study
Fill 0 35° Assumed, con-
sidered too
variable to be
generalised
Masonry 2.4 0 30° Assumed
Soil Cement 2.0 4.0 - 35° Assumed
Backing
Assumed with
Wall friction angle (8) 20° reference to
I.C.E. (1951)
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Table 3.1 - Types of Masonry Retaining Walls According to B & P

Wall Type Designation
Number for the
Computerised Phase 1A Wall Type
Data
1 Dry Random Rubble Wall
1 Mortared Random Rubble Wall
2 Dry Squared Rubble Wall
2 Mortared Squared Rubble Wall
3 Dry Squared Rubble Wall with Horizontal Beams
3 Mortared Squared Rubble Wall with Horizontal Beams
4 Dressed Block Wall
5 Dressed Block Wall with Horizontal Beams
6 Tied Face Wall
7 Tied Face Wall with Horizontal Beams
Table 3.2 - Dimensions of Face Blocks of Japanese Stone Retaining Walls
. . Maximum
Ve?‘\;aiqu‘g)ht Length (m) | Rear End (cm?) No.
° m of Blocks/m?
Rear End |
/[Z?’ 0~1.8 0.45 50~ 100 11
Agth
Face _ 1.8~4.5 0.60 - 65~130 9
4,5~7.2 0.75 75~ 160 7.5
7.2~ 0.95 75 ~ 200 6

Note :  Table based on Yamada (1975).
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Table 4.1 - Case Studies - Sources of Information

GCB's

Location Date Sources of Information
Case Number

St. Joseph Terrace - 10.7.1917 | Mid-level Studies. A review of
the sources of information
available in Hong Kong.
Addendum : Newspaper Reports

Po Hing Fong - 17.7.1925 | Ditto

Alberose, H.K.U. F20 1961 | 1,2,3/3032/59

10 Castle Road F14 19.6.1970 | D204/70/H/K/ 13/2943/63

(I.L. 7976)

Thorpe Manor F32 2.9.1973 | D186/78/H.K.

1, May Road 1,2,3/2180/72

Cainc Lane J/O - 25.8.1976 | H.H.C2, Aerial photographs

Caine Road

Furniture Factory, F19 25.8.1976 | 1,3/2357/54

20, Lung Wah St.,

Off Pokfield Road

Circular Pathway F1 8.1977 | D167/77/H.K.

3-10, (1.L. 4490) 1,2,3/2558/58

22 0ld Peak Road Fle 11.5.1978 | D191/76/H.K.

(I.L. 1146)

14-16 Fat Hing St. F31 29.7.1978 | D26/72/H.K.

Adj. 48-56, Queen's 1,2,3/2101/76

Road West

Po Lo Che, Sai Kung F27 29.7.1978 | D357/78/K

1-10 Wing Wa Terrace F17 13.11.1978 | D232/74/H.K. Discussion

(6-8, Hospital Road) with the Contractor
(Wing Tai Co.)

Shing Mun Road F25 15.6.1979 | (W) D 179/79/H.K.

14, Shek Pai Wan Road F41 1.7.1979 | D 290/79/H.K.

14 Broadwood Road F30 26.9.1979 | D 105/77/H.K.

Jewish Recreation Club, - 3.8.1979

Robinson Road




Table 4.2 - Summary of Case Study of Old Masonry Retaining Walls (Sheet 1 of 2)

Normal
Failure Water Adjacent Works Immediately Prior to Failure
NS;s:er Location Date "I‘sz;:t]: Height Table/ Signs of Distress Conscquence of Failure Remarks
(Time) Seepage Location Nature
Level
1 St Joseph's  |16.7.1917 | Stone wall 15 m [Not known |Crest Paving on half of platform removed |2 inch wide crack at corner of | The rear structure of two
Terrance (1E:00) |with soil for reconstruction. the wall, which widened to 6 |houses was torn from the main
(18-24A, cement bound inches in 3'4 hr. The wall building and buried beneath a
Caine Rd) rubble infill collapsed after another 1% hr. |great mass of earth and stone.
2 Po Hing Fong}7.7.1925} Random Not | At toe level |Crest Excavation for the foundation of 2 | The main failure was preceded | The failure caused collapse of |Fatlure of a stake of 3 walls
rubble known new building was underway, The by collapse of two maisheds at |7 three-storey buildings with
crest and toe platform were generally [the rim of the crest platforms. |200 lives inside.
flooded. This was fotlowed by 30 sec.
te I min. of loud rumbling
noises before the lowest wall
fajled.
3 10, Castle 19.6.70 |Subilised soit | Not |High Construction  |Foundation works for [.L. 7976. Not known Temporary closure of half of |Immediate cause of failure not
Road with rubble | known site at loe The excavation was supported by Castle Road. known. Both the sheetpiling and
(1.L. 7976) plums sheet piles. Recent trench works by the excavation had been there for
Road ar crest | Gas Co. newly backfilled. Bursting sometime. The inspection
of 2 water mains was observed in the engineer was with the view that
failure, no evidence that they have the trenchwork permitted the fast
been leaking before the failure. infittration and movement of
water which led to the failure.
4 Thorpe 2.9.1973 |Squared 6.5 m {Seepage Crest Demolition of Thorpe Manor in Not known May Road was closed for over | The wall failed in large sections.
Manor (13:45) |rubbles with appeared on progress. A small slip at the toe two months. Had the debris | From enlarged photographs, it
1, May Rd horizontal the toe slope slope took place immediately before not been stopped by an earth  |appears to be composed of
beams afier the the failure of the wall. bunk, it would have caused stabilised fill/concrete with stone
faiture great damage to the Grenville |facing.
House below,
5 Caine Lane |25.8.1976|Dressed block High None MNone Not known One lane of Caine Road closed
facing with for ten months. Stones and
soil cement failure debris rushed into the
bounded rear struciure of the buildings
tubble infill caused collapse of a canopy.
6 3-9, 8.77 |Tied face wallf 8 m |High Toe Demolition of 3-7, Circular Pathway fLongitudinal cracks along Temporary ¢losure of two Wall not faited. When the
Circular (half height together with the removal of arches | Circular Pathway at the crest  |buildings. Temporary closure |longitudinal cracks were observed
Pathway j.e. 4 m) between the wall and the building.  |of the wall, one immediately |of Circular Pathway. to have grown in width and

between the wall and the lane,
with a width of 14", the
second was near the middle of
the road with widths varying
from %" 10 1'%".

extent, a free draining
embankment was built at the toe.
This successfully terminaied
further wall movements.

_09_




Table 4.2 - Summary of Case Study of old Masonry Retaining Walls (Sheet 2 of 2)

Normal i W I iately Pri Fail
Case - Failure Wall . Water Adjacent Works Immediately Prior to Failure . - '
Number Location Qate Type Height Table/ Signs of Distress Consequence of Failure Remarks
' (Time) Seepage Location Nature
Level
7 22, 0d 11.5.78 {Random 5m |Not Old Peak Road |Newly reinstated telephone trench.  |Bulged wall, cracked concrete |Temporary realignment of Qld | Wall not failed, but discovered by
Peak Road Tubble (inferred | significant | at the crest parapet at the crest of the Peak Road at the crest. the inspection engineer 1o have
from bulged wall, crack parallel to ‘bulged'. The age of the bulge
photo) wall along the middle of the was not known, the crack may
: road. have been caused by the outward
movement of the wall or due to
loose backfill to the trench.

g 14-16 Fat 29.7.1978 | Tied face wall| 3.6 m [Not Crest Trench perpendicular to the face of [Not known Temporary closure of right of |Only a small amount of soit
Hing St (23:00) significant the failed wall, excavated for a 4" way at the crest. Demolition | collapsed with the wall. The
adjacent Toe dia. water pipe. of 1 building at the crest. exposed soil face stood at steep
48-56 Sheetpiling to the adjacent wall at angles.

Queen's Rd right angle to the failed section, )
West completed for at least & months.

9 1-10 Wing 13.11,78 |Random 10.3 m |3 metres, Toe Twelve horizontal drains were %" wide crack parallel to and | Tempoary closure of the rear | The drains were discharging
Wa Terrace (1:00) |rubble water instatled to draw down groundwater |extended for half length of the |lane at the crest. steady flow of water.

{6-8, Hospital flowed out level, crest. 'Bulge’ developed at 10 '

Road) near the Sheelpiling to stabilise the wall, ft below crest at the bocation

base of the which was terminated prior to the which later failed.

wall at failure after renewed distresses

several appeared on the wall.

|locations
10 |Jewish 3.8.79 |Random 3m |Not None Recorded Wall bulged for some period of Not significant.

Recreation rubble significant time.
Club,

Robinson Rd

_19_
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Table 4.3 - Case Studies - Weather Conditions at Time of Failure

Rainfall before Failure Date

Case Failure 15 days 24 hus
Number Location Date Weather | ~ymmulative Cummulative
on the Day
before the
Event (mm) of the
Event (mm)
-1 St. Joseph's 11:00 (After 2 294 47
Terrace (18-24A | 16.7.19 days of (207)
Caine Road) heavy rain)

2 Po Hing Fong 17.7.25 217 280

3 10, Castle Rd 19.6.70 104.5 4.5
(I.L. 7976)

4 Thorpe Manor 13:45 Typhoon 336.0 25.2
1, May Road 2.9.73 "Ellen’

5 Caine Lane 25.8.76 213.3 448.4

6 3-9, Circular 8.77 1.8.77 1-15.8.77 N.A.
Pathway (Typhoon 141.4

"Vera') 16-30.8.77
16.8.77 23.3

(a trough
of low

pressure)

7 22, Old Peak Rd | 11.5.78 229.7 NIL

8 14-16 Fat Hing 23:00 Typhoon 364.9 71
St. Adjacent 29.7.78 "Agnes’

48-56 Queen's
Road West

9 1-10, Wing Wa 1:00 55.7 NIL
Terrace 13.11.78
(6-8 Hospital
Road)

10 Jewish 3.8.79 Typhoon 453.4 31.2
Recreation Club "Hope' (142.4)
Robinson Road

Note: () denote rainfalls in the previous day.
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Table 5.1 - Wall Parameters of the Standard Retaining Wall Section

Soi]l Parameter ¢' 39°
c' 0

6 20°

' Crest Slope Angle 0°
Groundwater 0

Wall Geometry
Front face angle 85°
Rear face angle 90°

Table 5.2 - Influence of Wall Parameters on the Required Thickness of Retaining Wall

Usual Limit of Max. H/B Ratio Change in
Value for No Tension Minimum Wall
at the Base Thickness
Soil Parameter ¢' = 35°,6 = W' 2.8 +7%
@' =40°,06 = ¢ 3.3 9%
Crest Slope Angle 30° 2.5 20%
Groundwater 0.5H 2.4 25%
Location
Front
face 750 Depends on the
rear face angle
Wall angle
Geomety | pear 100° 2.5 20%
face
angle 80° 8 -62%
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Table 5.3 - Generalised Set of Ground Condition Parameters

c' 0 kN/m?
Soil Strength
er 39°
Bulk 19.0 kN/m?
Soil Density
Submerged 9.2 kN/m?
Buried Depth of Foundation 0 m
Applied Load Inclination 0.275
Characteristics Eccentricity 0.156 m
Distance from Crest of Slope Om
Height 10 m
Wall Geometry
H/B 3
Calculated Critical Toe Dry foundation 29.67
Slope Angle Submerged foundation 20.7°

Table 5.4 - Influence of Ground Condition Parameters on the Critical Toe Slope Angle to |

a Retaining Wall

Usual Critical Toe Slope Change in Critical
Limit Angle Toe Slope Angle (%)
of Value
Submerged Dry Submerged Dry

Height of Wall 1-12m 20.7° 29.6° 0% 0%
Soil Shear Strength 35° 8° 22° -61% -26%
Buried Depth of Wall 1 m 26° 32.6° 25% 10%
Distance of Wall
from Crest of Toe 2m 34.6° 39° 67% max.
Slope (max.)




- 65 -

Table 6.1 - Allowable Compressive Strength of Masonry Walls

Mortar Ashlar Coarse Squared Random
Strength Ashlar Rubble Rubble
2.5 12.5 8.7 7.5 1.4
1.0 11.7 8.2 7.0 1
pggﬁed 10.1 7.0 6.0 0.3
Note : All units are in MPa.
Table 6.2 - Shear Strength of Masonry Wall (Movement Along Joints)
Mortar Mortar Normal Stresses
Designation Strength 0 0.50 0.100 | 0150 | 0200
I 11 0.083 0.113 0.143 0.173 0.203
I 4.5 0.083 0.113 0.143 0.173 0.203
I 2.5 0.083 0.113 0.143 0.173 0.203
v 1.0 0.036 0.066 0.096 0.126 0.156
Note : All units are in MPa.
Table 6.3 - Parameters for Stress Analysis of Gravity Retaining Walls
Height/base width =3
K,, Coeff. of active pressure (assume ¢' = 40°) = (.2
vn. Bulk density of soil = 20 kN/m?
Ym. Bulk density of masonry = 22 kN/m?
8, Frictional angle between the wall and the backfill = 20°
u, Coeff. of friction at the base of the wall (tan5s x 40°) =0.5
Wall A Wall B
Groundwater Dry Half height
F.0.8. vs Sliding 224 1.46
F.0.S8. vs Overturning 2.88 1.35
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Table 6.4 - Allowable Height of Different Types of Masonry Retaining Wall to Avoid

Compression Failure

Types of Wall

Mortar
Strength Coarse S
quared Random
(MPa) Ashlar Ashlar Rubble Rubble
2.5 208m 145m 125m 23m
1.0 195m 137m 117m 17m
dry 168m 116m 100m 5m
packed

Table 7.1 - Chemical Tests for Nature of Seepage Water

Fresh Water

Sea Water

Sewage

Fluorine

Residual chlorine

Sodium chloride

Conductivities

Ammoniacal nitrogen

Oxygen absorption
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Note :  Figure after Yoshimato (1967).

Figure 3.4 - 'Arrow Feather’ Bond Pattern of Face Blocks of
Japanese Masonry Retaining Walls

Rear boundary of wall
for retaining cuttings,

Rear boundary of watl

Vfor retaining backfitl.
x

(a) (b)

[+ im[4.0]35[30]25T20 H (m{s0ls0]z0](30l20
[8 (m}jcas[0.81j078}0.750.72 B_(ml}}1.20/1.10 [1.00 ;090080
{Bolm)la64 0.61/058)0550.52}  |Bolm)}r.00j0.90(0.80 0.70%5-0
18 1tm) |015 [0.15]015 |0.15 015 81{m) {015 |0.15[0.15 015 Jo15
[B2im} j0.05}0.05(0.05/0.05[0.05 Bz{m) {0.05(0.05/005 foosioos

[T tm} lo30lo3dja3ojoaofozo] [T imfa3cfo30l.30 lo3cfos0

Note : Figure after Kim (1975).

Figure 3.5 - Typical Section of Masonry Retaining Walls Recommended by
Ministry of Construction, Republic of Korea
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Figure 4.5 - Mode of Failure of Victorian Stone Retaining Walls
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Figure 5.2 - Pressure on Old Masonry Retaining Walls
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Figure 6.4 - Apparent Cohesion due to Interlocking Blocks of a Masonry




A

Note :
25 1. Forces on the wall
T Y
50 H l
TIANTE H -l
K]
2. Strength parameters adopted are
2o Ka=0.2 [for @=40%)
b= 20 kN/m®
¥m= 22 kN/m?
€ {frictional angle between wail and
soil) = 207

a. Sign conventions
X

1%

&
{i’; 4, Stresses in kPa, H in metre
AN A7/ SN ) !
(o} Magnitude of the major principal stress  (b) Mognitude of the minor principal stress  [c) Principal stress trajectory
(=5} _d'h
0.1H) 0.1H

Figure 6.5 - Principal Stress Distribution (No Groundwater Case)

-88_



TP

25

G

50

a4 Note :
t. Farcas on ths wall

N

25 i T IS 1
" |
HE

AR

H
-
2. Strength paramesters adopted are

Ka=0.2 [for ¢=40%

5220 kN/m?
#n=22 kN/m?®

€ {frictional angle between wall and
soil) =207

3. Sign conventions

i

a
[+

vertical internal stress

(&)

{q) Distribution of normalised

%

g2

4, Stresses in kPa, H in metre
“J) Distribution of normalised

e} Distribution of normalised
horizantal internol stress

horizontal /ver ticat shear stress

() G

Figure 6.6 - Orthogonal Stress Distribution (No Groundwater Case)
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_06_




25

50

S0

EZAN

]

{a} Magnitude of the major principal stress  [h] Magnitude of the minor principal stress

(e

LA

Note :
1. Forcas on the wall

v
5

BZNN

{c) pPrincipal siress trajectory

)

RSRT |

i+

2. Strength parameters adopted are

Ko= 0.2 { for ¢=40%
b= 20 KN/m?
¥m= 22 kN/m?

§ ltrictional angke between wall and
soil} = 207

. 3. Sign conventions

X

S0P
o

[+3]
! T

4. Streeses in kPa,H in metrs

Figure 6.8 - Principal Stress Distribution (Groundwater to Half Height)

16 -




2%

S0

7
ﬁ

S
2%

v

v
/’/(ét-) Digtribution of normalised
4! vertical Interna! stress
! d'y )
\O-H-l

% b) Distribution of normalised

harizonial internal stress

&)

[ 7%

(C)_Distl‘lbution of normalised

harfzontal / vertical

(

T
04H

)

shedr sStress

Note :
1. Forces on the wall

RN

>

3

—

LEINLIN
H
H
2. Strength parameters adopted are

Kaz 0.2 ( for ¢=40°%

Sy= 20 kN/m?
¥m= 22 kNim*

€ [frictional angle between well and
soill = 20°

3. sign conventions

4, Stresses in kPa, H in metre

Figure 6.9 - Orthogonal Stress Distribution (Groundwater to Half Height)

-Z6-




<

200

1025 50 2510

0.05 sV

A7

ZSZZ

{a) Fo.5. against sliding in X direction

(=)
Tan #

RSN

{b) FaS against sliding in ¥ direction

()
Tan @

TSR

{¢) FasS, against sliding in the direction of
maximum shear
(F 10 H)
S

Note :
1. Forces on the wall

e

H | =

e
— e —
EP

|41

!/A‘}’M;_ g -I
2. Strangth parameters adopted are
Kaz02 (for ®=L0°)
¥oz 20 kN/m?
¥mz 22 kN/m?

% {frictional angle between wail and
soill =20

3. Sign conventions

4, ¢y, Angle of friction of the masonry in the
X direction
@y Angls of friction of the masonry in the
Y direction
S Shoar strangthicoheslon) of the stablised
soil in kPa

5. H in metre

Figure 6.10 - Factors of Safety Against Internal Shearing (Groundwater to Half Height)

_E6_




- 04 -

Induces bulges under compression

Easily dislodged
by compression

7
%
A
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Figure 6.12 - Effect of Inclined Negative Minor Principal Stresses on Masonry
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Figure 6.14 - Deformation of Masonry Retaining Wall due to Shear Displacement at the Beds
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Figure 7.1 - Sectional View Illustrating the Method of Seismic Probing of Masonry Walls
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Figure 7.3 - Comer Cracks on Masonry Retaining Walls
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Figure 9.1 - Methods of Stabilising Old Masonry Retaining Walls
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Figure 10.1 - Proposed Arrangement for Model Tests on the Failure Mechanism
of Masonry Retaining Walls
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