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Preface

On behalf of the GEOMATE 2013 Organizing Committee, it is our great pleasure to welcome you to the
International Conference on Geotechnique, Construction Materials and Environment held at the Meitetsu New
Grand Hotel, Nagoya, Japan organized in conjunction with Nagoya Institute of Technology, GEOMATE
International Society, Japanese Geotechnical Society, AOI-Engineering, Useful Plant Spread Society, HOJUN
and Glorious International. On Friday 11 March 2011, at 14:46 Japan Standard Time, the north east of Japan
was struck and severely damaged by a series of powerful earthquakes which also caused a major tsunami. This
conference was dedicated to the tragic victims of the Tohoku-Kanto earthquake and tsunami disasters. Since
this is the third conference in this series, we have received a lot of positive feedback from the participants.

The conference covers three major themes with 17 specific themes including:
Advances in Composite Materials
Computational Mechanics
Foundation and Retaining Walls
Slope Stability

Soil Dynamics

Soil-Structure Interaction

Pavement Technology

Tunnels and Anchors

Site Investigation and Rehabilitation
Ecology and Land Development
Water Resources Planning
Environmental Management

Public Health and Rehabilitation
Earthquake and Tsunami Issues
Safety and Reliability

Geo-Hazard Mitigation

Case History and Practical Experience

This year we have received many paper submissions from different countries all over the world, including
Albania, Algeria, Australia, Bahrain, Bangladesh, Belarus, Benin, Canada, China, Colombia, Czech Republic,
Egypt, Ethiopia, Germany, Hong Kong, India, Indonesia, Iran, Iraq, Japan, Kenya, Libya, Malawi, Malaysia,
Norway, Poland, Romania, Russia, Saudi Arabia, Singapore, South Korea, Sri Lanka, Sudan, Taiwan, Thailand,
Tunisia, Ukraine, United Arab Emirates, United States and Vietnam. The technical papers were selected from
the vast number of contributions submitted after a review of the abstracts. The final papers in the proceedings
have been peer reviewed rigorously and revised as necessary by the authors. It relies on the solid cooperation
of numerous people to organize a conference of this size. Hence, we appreciate everyone who support as well
as participate in the joint conferences. Last but not least, we would like to express our gratitude to all the
authors, session chairs, reviewers, participants, institutions and companies for their contribution to GEOMATE
2013. We hope you enjoy the conference and find this experience inspiring and helpful in your professional
field. We look forward to seeing you at our upcoming conference next year.

Best regards,

Prof. Teruo Nakai, Conference Chairman g =

D 7 3
P - =X

e

Dr. Md. Zakaria Hossain, Conference General Secretary -WMY'
Dr. Hossain Md. Shahin, Conference Secretary M
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GROUND DEFORMATION DURING AND AFTER EARTHQUAKES
—SIMULATION AND PREDICTION BASED ON ELASTO-PLASTIC SOIL MECHANICS-

Akira Asaoka'

' Association for the development of earthquake prediction, Japan

ABSTRACT

Specialization may be an unavoidable accompaniment to development in science but specialization that runs
to excess can actually hinder development. This paper tries to explain briefly how the current level of knowledge
in civil engineering, particularly in geomechanics and geotechnical engineering, is useful in analysis and
prediction of surface ground deformation caused by earthquakes. The paper is delivered under the two content
heads of “What are the difference between sand and clay?” which will be the introduction of the advanced SYS
Cam-clay constitutive model, and “four application examples” in which subsurface ground deformation during
and after an earthquake. All calculations in this paper have been performed using a single analysis tool i.c.,

GEOASIA.

Keywords: Elasto-plastic soil mechanics, Seismic response analysis, SYS Cam-clay model, GEOASIA

INTRODUCTION

This paper tries to explain briefly how the
current level of knowledge in civil engineering,
particularly in geomechanics and geotechnical
engineering, is useful in analysis and prediction of
surface ground deformation caused by earthquakes.
The essence of geomechanics and the elasto-plastic
constitutive equation of soils are outlined first in
Sections 1 and 2 so as to make it easy to read and
understand Section 3, which deal with ground
deformation due to earthquakes. Although only the
mechanics of saturated soils are discussed here, the
author believes that this is quite sufficient for the
purpose.

Whether it be sand or clay, soil consists of
numerous soil particles forming a skeleton structure,
and the pores are filled with water (in case of
saturated soil). By themselves, both soil particles
and pore water cannot be compressed by the forces
that are encountered in civil engineering and
architecture. However, accompanied by expulsion of
the pore water, the soil skeleton structure will easily
undergo large compression when it is subjected to
external forces. Vice versa, it can also exhibit large
expansion by absorbing water into the pores. In such
cases, since the pore water movement will tend to
conform to Darcy’s Law of potential flow, the
mechanics of saturated soil essentially possess the
quality of being non-localized. To put it differently,
saturated soil is a material in which any volumetric
change in the soil skeleton is constrained by the
incompressible pore water, and the reaction to this
constraint force appears as (excess) pore water
pressure. The mechanical behavior of saturated soil
is described by the continuum mechanics of the two

mixed phases, the soil skeleton and pore water. To
deal with the stresses in this case, they are divided
into two types. One is the pore water pressure
mentioned above and the other is the effective stress,
which is obtained by subtracting the pore water
pressure from the stress (total stress). It is the
variations in the effective stress that produce the
changes in the state of deformation of soils (the
principle of effective stress).

Volume changes in soil is dependent on water
and air, moving in and out of its pores. Such
movements are, of course, due to variations in the
effective stress that acts on the soil skeleton.
Consider sand that has been placed into a tea can so
that it is deposited loosely at the bottom of the can.
No one would try to compress the sand by placing a
circular disc weight on top of it. The sand would
remain almost uncompressed by the forces produced
by such a weight. However, if the side of the can is
tapped lightly so as to subject the sand to marginal
cyclic shear forces, the sand will exhibit large
compression. This is known as “compaction”.
Compaction is characterized by the fact that
compression occurs although there has been no
increase in the effective stress p' (i.e., no increase
in the forces acting on the sand). This compression
is plastic compression because the sand, once it has
been compressed, will not loosen even if tapping is
then applied from the opposite side of the can. In the
above example, the sand is dry and only air exists
within the pores. If the pores are saturated with
water, liquefaction will occur first. After that,
accompanied by the drainage of water, consolidation
settlement will occur because of recovery of self-
weight by the sand. Because of the difference in the
history of effective stress experienced, there is a
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slight difference between the amount of compression
in dry sand due to compaction and the amount of
compression in saturated sand after liquefaction. But
all in all, the level of difference is small. Therefore,
it can be said that compaction and liquefaction are
contrasting phenomena that are dependent only on
whether volume change is permitted or not during
cyclic shear. The compaction behavior of loose sand
is illustrated in Fig. 1" by the calculation of
responses using the elasto-plastic constitutive
equation that is described later in this paper. It can
be observed that large compression has occurred
after the first few cycles.

Next, consider the situation that clay saturated
with water, somewhat like Japanese bean jelly, is
placed in the tea can instead of sand. In this case,
lightly tapping the side of the can would have no
meaning. The only way of compressing the clay is to
place a porous disc on top of the clay, place a heavy
weight on top of that disc, and then wait a sufficient
amount of time for the water to seep out. This type
of compression is called “consolidation”. Unlike
compaction, an increase in the effective stress p’ is
indispensable for compression to occur by
consolidation. That is to say, the force needs to be
applied continuously for a certain length of time.

As described above, sand and clay behave quite
differently. Then, is there no consolidation of sand
or no compaction of clay? How should one think
about compaction and consolidation for the
intermediate soils?

DIFFERENCE BETWEEN SAND AND CLAY

If it were possible to describe the behavior of
both sand and clay within the same framework using
elasto-plastic mechanics, it would permit to describe
the elasto-plastic behavior of the many intermediate
soils that actually exist in a state between sand and
clay too. The reason why there is no necessity to
deal with sand and clay separately is that the
concepts of both  “structure” ¥”  and
“overconsolidation” are common to sand and clay. It
was only in 1997 that the concept of structure, which
had been an intuitive concept until then, was
successfully  described through elasto-plastic
mechanics. This paper explains first the concepts of
structure and overconsolidation using the most
recent elasto-plastic constitutive equation of soils
named the SYS Cam-Clay model” ¥ and then
proceeds to clarify the differences between sand and
clay.

The compaction of loose sand illustrated in Fig.
1 occurs because the highly developed structure of
the soil skeleton is destroyed rapidly by plastic
deformation accompanied by cyclic shear. (It may
appear strange for plastic deformation to occur due
to cyclic loads of the same amplitude. How this
could be understood is explained in a later section

that deals with “overconsolidation.”) In fact,
although its state is different from that of sand, clay
also possesses a structure. This is depicted in Fig. 2.
Along with the progress of plastic deformation, the
developed structure of naturally deposited clay
collapse gradually until the compression line
overlaps from above the normal consolidation line of
clay that has been remolded and has lost its structure.
The entire behavior can be explained by introducing
the concept of a superloading surface*, which lies
outside the normal yield surface and is similar to it
in shape with respect to the origin as shown in Fig. 3.

In Fig. 3, p' and q are the mean effective stress
and deviator stress, respectively, which are defined
by the effective stress tensor 7' ((tension positive)
and the deviator stress tensor S as p'=-trT'/3,
g=4+/3/25-S and S=T'+p'I . Although the
normal yield surface is described by the modified
Cam-Clay model”, its explanation is omitted here
because anisotropy is not brought up as a topic in
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this paper. Along with the collapse/decay of the
structure due to progress of plastic deformation, the
superloading surface gradually moves from the
outside to overlap the normal yield surface.
Therefore, the similarity ratio R (0 < R" <1) of the
superloading surface to the normal yield surface
approaches 1 gradually from lower values as the
plastic deformation progresses. The structure,
expressed by R, indicates the bulkiness of the soil
skeleton. The collapse/decay of structure is
accompanied by the loss of bulkiness, that is to say,
plastic compression (see Fig. 2). This corresponds to
the saying, "The structure falls apart like a house of
cards, and the soil undergoes massive compression."

Overconsolidation and loss of overconsolidation
are explained next. In the table within Fig. 1, the
overconsolidation ratio (OCR, described below) has
become larger along with the degree of compaction.
This is because, with the current stress level
remaining the same, sand shows an elasto-plastic
response for each repeated load during cyclic
loading, which leads to expansion of both the
superloading and normal loading surfaces. In other
words, because of compaction/cyclic shear, the sand
is in a condition that is apparently the same as that
reached by massive unloading from a very highly
pressurized state. As explained above, the fact that
soil that has undergone unloading once
(overconsolidated soil) exhibits an elasto-plastic
response and not an elastic response when it is
reloaded is as important as the concept of structure.
This is illustrated in Fig. 4 using the compression
curve for clay.

If, during reloading from the unloaded
(overconsolidated) state, the soil exhibits only an
elastic response (i.e., if the symbol M were to
overlap O), which is the basis of the old elasto-
plastic theory, there would be no accumulation of
plastic deformation due to cyclic loading. This
would mean that nothing will happen to the soil due
to an earthquake. The above is the reason why the
elasto-plastic response of the soil during reloading is
important, and it can be expressed by introducing
again a subloading surface” (Fig. 3), which lies
inside the superloading surface and is similar to it in
shape with respect to the origin. The current stress
always lies on the subloading surface. The unloaded
soil, which is in an overconsolidated state, gradually
loses its overconsolidation with the progress of
plastic deformation during reloading, and the
subloading surface gradually moves from the inside
to overlap the superloading surface to approach the
state of normal consolidation. This is always
accompanied by plastic expansion as shown in Fig.
5. The expansion phenomenon corresponds to the
saying, “Soil will exhibit large expansion when the
strong forces of engagement between the soil
particles are relaxed.” The level of overconsolidation
is expressed by the similarity ratio R (0 < R <1, Fig.

3) of the superloading and subloading surfaces. The
inverse of R is the overconsolidation ratio OCR
shown within Fig. 1.

Naturally deposited soils, whether sand or clay,
have developed structures and are more or less in an
overconsolidated state. These can be considered to
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be living soils. When a living soil undergoes plastic
deformation, collapse/decay of structure will
progresses (R~ — 1) while compression occurs, or
loss of overconsolidation will progress while
expansion occurs ( R —1). This gives rise to the
following straightforward question: for a given unit
of plastic deformation, which is faster, the decay of
structure or the loss of overconsolidation? The
difference between sand and clay lies in this aspect.

To answer this question first, even a slight plastic
deformation causes very rapid decay/collapse of
structure in sand, whereas loss of overconsolidation
is extremely slow. Very large plastic deformation
that is quite unlikely to occur in a practical situation
would be required for sand to reach the state of
normal consolidation. On the other hand, clay is the
complete opposite of sand. Under even slight plastic
deformation, loss of overconsolidation occurs
rapidly in clay, and it will approach the state of
normal consolidation (in Fig. 4, [l is close to O).
However, its structure will not collapse easily. A
large plastic deformation would be required to cause
decay of structure in clay. The above is illustrated in
Fig. 6. If someone ask which is faster, the answer
would be that it is a matter of level. It is likely that
there would be soils that exhibit the same level of
rapidity or the same level of slackness. In other
words, between sandy soils and clayey soils, there is
various number of real soils, as represented by the
color gradation in Fig. 6.

Consider the case of liquefaction of sandy soil in
Fig. 6. In sand, the structure collapses first, and large
plastic volumetric compression occurs during this
stage. Under cyclic shear during earthquakes, etc., if
there is not sufficient time for the pore water to
escape, the collapse of structure occurs nearly under
undrained conditions (constant volume conditions),
and large elastic expansion is necessary to
compensate for the plastic compression. Elastic
expansion is related to the mean effective stress p’.
Since the total stress (pore water pressure + effective
stress) remains nearly constant during an earthquake,
the pore water pressure will increase steadily, and
this increase will continue until the effective stress
p' approaches zero. In other words, liquefaction of
the sand occurs. The accumulation of
overconsolidation during cyclic shear loading caused
by an earthquake is the same as the phenomenon of
compaction shown in Fig. 1. In sand, for the state of
overconsolidation to return after the earthquake to
the original state of effective stress (near the state of
normal consolidation) while recovering its own
weight, large plastic deformation is necessary (in
Fig. 4, B is far removed from O). It is for this
reason that the amount of consolidation settlement of
sand after liquefaction is larger than what would
usually be expected. It is only through these two
concepts of structural decay and loss of
overconsolidation that one is able to obtain a
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Clayey soils

overconsolidated state

a
Plastic
Almost non-structured, . Still structured, but
but deformation
u

almost normally

overconsolidated state consolidated state

Non-structured, and
normally consolidated state

Fig. 6 Differences between sand and clay

continued understanding of not only compaction of
sand but also the phenomena of liquefaction of
saturated sand and the subsequent large settlement
that occurs in it.

Next, consider the behavior of clay in Fig. 6. A
slight plastic deformation causes a clayey soil to first
approach the state of normal consolidation (in Fig. 4,
B is close to O). This is followed by gradual
decay/collapse of structure accompanied by large
plastic deformation. Of course, the decay of
structure is accompanied by large compression as in
the case of sand. However, since the permeability of
clay is less than 1/ 100,000th of that of sand, the time
required for compression to occur is long.
Furthermore, the delay in compression is aggravated
by the decrease in rigidity that results from structural
decay. These phenomena were referred to as
“delayed compression/secondary consolidation” in
the past. “Secondary consolidation” tends to take
place in the loading range that straddles the states of
overconsolidation and normal consolidation, and in
addition, the time required for large settlement to
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occur is very long. These phenomena can be
understood fully only by recognizing that both loss
of overconsolidation and decay/collapse of structure
take place at a sluggish pace”. In addition, from the
fact that decay/loss of structure is a phenomenon
common to both sand and clay, it can be understood
that compaction/liquefaction of sand is the same
phenomenon as delayed compression/secondary
consolidation of clay. It would be correct to say that the
phenomena of compaction/liquefaction of sandy ground
and delayed compression/secondary consolidation that
continues forever in clayey ground occur only because all
these soils are still living soils that possess structure and
are in a state of overconsolidation. However, it would be
unfortunate if Fig. 6, which illustrates the concept of
living soils, were to give one the impression that progress
of plastic deformation takes the soils on a one-way path
leading to death only. It has been mentioned earlier that
the state of overconsolidation is recovered by cycling
loads such as those caused by earthquakes.

Fig. 7 illustrates the cyclic mobility of sand in
triaxial testing and the high ductility of naturally
deposited diluvial clay”. Both of these cannot be
replicated without the attainment of a high degree of
structure during plastic expansion, i.e., without the
regeneration of structure.

ANALYSIS EXAMPLES OF GROUND
DEFORMATION DURING AND AFTER
EARTHQUAKES

The so-called “trampoline effect”

During the 2008 Iwate-Miyagi Nairiku
earthquake, a strong earthquake motion (3-
component synthesis value: 4022 gal) was recorded
on the ground surface at KiK-net station IWTH25
(West-Ichinoseki) located almost directly above the
epicenter. Aoi and his colleagues have stated that the
accelerometers on the ground showed clear
asymmetric pulsating waves in the vertical (up-
down) direction. They observed that the acceleration
in the upward direction reached nearly 4000 gal,
whereas that in the downward direction was limited
only to 1 gal (See Fig. 8), and they named this
phenomenon the “trampoline effect”'” '”. On the
same ground surface, no pulsating waves were
observed in the horizontal direction, and at a depth
of 260 m, the tremors in the horizontal and vertical
directions were symmetric, as is normal, without any
asymmetric pulsations (See Fig. 9). As a result, the
ground surface rose up an additional 28 cm
compared with the ground interior, and the soil layer
on the ground surface exhibited significant
expansion.

The ground’s surface layer is a terrace sediment
layer of Tuffaceous sandstone in an air-dried
condition. Samples taken after the earthquake
showed that the soil in this layer consisted of

The waveform is normal in the horizontal direction. Butin
the vertica direction, it is clearfy o pulscting waveform.
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crunchy porous gravel mixed in sand. Focusing
attention on this layer (thickness=approx. 20 m), the
swelling that appeared on the ground surface in the
vertical direction due to the nonlinear response to
the horizontal cyclic shear that it was subjected to is
replicated here using elasto-plastic geomechanics.
That the above replication is not difficult can be
understood from Fig. 10, which illustrates at the
level of elements the constitutive equation response
of sand during compaction and the subsequent
“loosening” that occurs.

During compaction, the first few cycles produce
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Fig. 11 Comparison of the results obtained through
analysis with observed results

large compression. However, as can be seen in Fig.
10, when sand that has been compacted once is
subjected to horizontal cyclic loading with greater
amplitude than previously, the sand will not loosen
in the beginning, but does so suddenly during the
last few cycles. Utilizing the above results as
background knowledge, the soil layer was extracted
horizontally, and the horizontal component only of
the seismic wave that had been observed at a depth
of 260 m was input at the extracted layer’s bottom
surface. Figure 11 is a comparison of the results of
analysis with the results of actual measurements.
(Material constants, initial conditions, other
analytical conditions, and a discussion can be found
in reference 12.)

Although quantitative comparison is insufficient,
there is very close resemblance between the
observed results and the results of analysis with
respect to the “asymmetry” of the acceleration
waveform at the ground surface in the vertical
direction (U-D direction). The observed and
calculated results both show that the acceleration in
the downward direction does not exceed 1 g. This
may be thought to be logical for soil that cannot
withstand tension, but the result is a natural outcome
of the computational boundary condition of not
allowing expansion of the ground in the downward
direction. In the calculated results, the magnitude of
the vertical component of the upward acceleration is
somewhat small but becomes a little larger if the
actually measured vertical component of
acceleration is added to the seismic wave motion
that was input at the bottom surface of the layer.
What is important is to observe that although only
the horizontal component of the seismic wave was
input, the response motion of the ground surface in
the up-down direction is larger than what was input.
Dilatancy, which is never seen in elastic bodies and
does not appear in the case of metal plasticity either,
is a type of plastic deformation that is unique to soil
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as an elasto-plastic body. It needs to be added that
according to the results of the calculations, the
trampoline effect appears in the high frequency
range above 10 to 100 Hz, and that is in agreement

with the actual observations made at the site'”.

Post-seismic slope failure

The phenomenon of expansion of the ground
during earthquakes such as the trampoline effect
described above is rare. However, there are many
instances of ground deformation that are caused by
plastic expansion occurring in compacted soils and
embankments due to earthquakes. A number of
embankments built on inclined ground along
highways and other locations in Japan collapsed
during the Chuetsu, Noto Hanto, Chuetsu-Oki, and
Suruga Bay Earthquakes. In many of these instances,
the collapse occurred not during the earthquake but
after a period of delay ranging from tens of minutes
to a few hours following the earthquake. Sliding of
the valley fill embankment at Takarazuka occurred
only on the day after the Great Hanshin-Awaji
Earthquake. A computational replication of the
delayed collapse of an embankment built on inclined
ground along the Noto toll road during the 2007
Noto Hanto Earthquake is presented here as an
example'”. Although the inclined ground, which
was composed of tuff breccia, did not deform during
the tremors, embankment that had been built with
crushed tuff stone suffered extensive damage. A part
of the computed replication is shown in Fig. 12.

From the shear strain distribution within the
embankment approximately 10 seconds after
earthquake occurrence soon after the main motion,
some slippage between the incline and the
embankment is observed, but no abnormality is seen
in the embankment body. After sufficient time has
elapsed after earthquake occurrence, the slip shape
exhibited by the embankment body is a traditional

100%%

(a) 10sec after earthguake ocourrence

(b) After a sufficiently long time elapsed after earthquake

Fig. 12 Delayed failure of an embankment on
inclined ground (shear strain distribution)
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circular slip. Since a circular slip is a type of failure
that is caused by the weight of the soil acting in the
vertical direction and does not occur if there are
inertial forces, the lower figure in Fig. 12 clearly
indicates that the failure occurred after the
earthquake ended. During the earthquake, because of
the large cyclic shear produced on the incline, plastic
expansion tends to occur in the embankment
material (compacted sand gravel). However, since
replenishment of water and air in the soil pores is
not possible within the very short duration of the
tremors, there is not sufficient time to allow
volumetric expansion of the soil to take place. For
this reason, large elastic compression is generated
during the earthquake, and the effective constraint
pressure on the soil skeleton increases. As a result,
the embankment does not fail during the quake.
Therefore, it is only after the earthquake that
embankment failure eventually occurs as a result of
the expansion (decrease of effective stress) that takes
place due to water/air absorption. Even now, more
than two years after the March 2011 earthquake,
slippage and arrest of embankments, etc. have been
taking place repeatedly in the housing area on the
hill behind Tohoku University. The surface soil is
made up of unsaturated soil. Study and clarification
of the mechanism of such delayed progressive
failures is one of the research tasks of The Japanese
Geotechnical Society’s concerted efforts in response
to the March 2011 earthquake'®.

Liquefaction phenomenon in Urayasu

The March 2011 earthquake caused liquefaction
to occur in wide areas centered on the reclaimed
land along the Tokyo Bay. Not only the ground
surface deposit of naturally deposited alluvial sand
but also the soil layer above it, which contained
large amounts (20 to 60%) of fine fraction (clay, silt),
was liquefied extensively, and the amount of sand
boil was great'”. Although the acceleration on the
ground surface was less than 100 to 200 gal, the long
duration of the earthquake led to the extensive

No-liquefaction <———) Liquefaction
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Fig. 13 Cross-section showing the geologicaﬂ profile
of the ground in Urayasu City
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liquefaction. Based on initial studies made in the
Urayasu area, where there was much damage to
houses, the distinctive nature of this liquefaction
phenomenon is described very briefly in this section.

When compared with loose sand, whose
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Fig. 14 One-dimensional seismic response analysis
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structure can collapse easily, accumulation of greater
plastic deformation is required to cause decay of the
structure in backfill soils that contain large fine
fraction. Therefore, if liquefaction extends up to
such layers, it is expected that D the seismic motion
input to this layer was a long-period wave and that
@ the duration of the earthquake motion was long
(i.e., the number of cycles was large).

Figure 13 outlines the geological profile in
Urayasu City. The bottom alluvial clay deposit

6,000m

thickens from about 10 m at location A, where
liquefaction damage was light, to about 50 m at
location C, where heavy liquefaction damage
occurred. Taking into consideration the above, the 1-
dimensional analysis illustrated in Fig. 14 was
carried out. The results are shown in Fig. 15. (Since
the soil properties of the backfill soil layer, alluvial
sand layer, and alluvial clay layer are still
provisional, the results shown in this figure are
preliminary.) It is seen that due to seismic motion
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transmitted from the alluvial clay layer to the top
liquefied layer, the longer-period components of
acceleration amplify as the clay layer thickness
increases. As depicted in Fig. 16, although the pore
water pressure has peaked 120 to 130 seconds after
earthquake occurrence, liquefaction has not occurred
at locations A and B. This result is inconsistent with
the actual liquefaction damage observed at Urayasu.

Therefore, 2-dimensional analysis was carried
out under the conditions set out in Fig. 17, although
the stratum organization was significantly simplified
for the analysis. It was assumed that the soil
properties were uniform along the horizontal
direction. Only the variation of the alluvial clay
layer thickness was taken into account. The
analytical results are illustrated in Figs. 18 and 19.
Figure 18 shows the conditions 300 sec after
earthquake occurrence. Liquefaction has occurred
widely from location A to location C, not only in the
alluvial sand layer, but also in the backfill soil layer
above it. Comparing Fig. 19 with the input seismic
waveform in Fig. 14, it can be observed that in the
120 sec before liquefaction occurred, the long-period
components in the above strata have been amplified
significantly—roughly four fold. It can also be seen
from the acceleration responses of the ground
surface that at any point between locations A and C,
a wave with a period of about 20 sec has been
overlapped by another wave with a period of about 4
sec (figure omitted), indicating that these seismic
tremors were such that they could even cause sea
sickness (as some readers may have seen in
YouTube videos of the March 2011 earthquake). The
calculations also indicated that the amount
consolidation settlement occurring within 2 to 10
days after the earthquake in the liquefied layers
would be roughly 20 cm at location A and 50 to 60
cm at locations B and C, the settlement at location B
being the largest. These values too were in good
agreement with the actual amount of settlement that
occurred.

The degree of liquefaction damage to houses in
the area varied in a complex manner in the
horizontal direction. For this reason, the non-
uniformity of the soil properties of the surface layer
has become a major issue at Urayasu. This, of course,
is true. However, the current analysis makes it clear
that the non-uniformity in the degree of liquefaction
is heavily influenced even by a slight inclination of
the stratum as shown in Fig. 17. The ground surface
deformation shown in Fig. 18 is indeed quite uneven,
and the ground surface accelerations obtained in the
course of the calculations vary greatly by as much as
100 to 160 gal at locations that are just a few meters
apart. More important than the above is that
comparison of Figs. 16 and 18 should not make
anyone jump to the conclusion that 1-dimensional
analysis is without meaning. That would be
equivalent to saying that in practical civil
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engineering and architecture, “accurate prediction of
liquefaction is not possible anymore.” This is why
the author has stressed that the analysis is
preliminary. Please note that the effects of
aftershocks have not been taken into account here.

Ground deformation resulting from delayed
compression of alluvial clay

Runway D at Haneda International Airport was
constructed on reclaimed land and encountered the
March 2011 earthquake about a year after its
construction had been completed. Under the landfill
is a naturally deposited alluvial clay stratum that is
approximately 20-m thick. This stratum is subjected
to eccentric earth pressure from the landfill. There
was a possibility of structural decay in this clay
being promoted by cyclic shear. It has been
explained earlier that it takes time for deformation to
occur in clayey ground due to structural decay.
Figure 20 shows the predicted deformation of
Runway D at Haneda International Airport obtained
through analysis (details of the analytical conditions
are omitted).

To the right of Point 2, the runway is a pier type,
and Point 2 is the interface that connects the runway
on the landfill with that on the pier. The amount of
settlement at Point 2 is a few centimeters and has
nearly reached a steady state already. Calculations
indicate a lateral displacement of about 20 cm
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Fig. 20 Prediction of future ground behavior of
Haneda Airport’s Runway D
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towards the pier between now (1.5 years after the
earthquake) and the next 20 years. The revetment
will slant about 1 degree towards the pier during the
next 20 years. Since the soil properties allotted to the
landfill were on the hazardous side, the calculated
value seems to be somewhat large. Even so, this
level of deformation can be absorbed easily by
maintenance and repair operations in the future.
Although Urayasu is a painful contrast, the author
believes that virtually no damage was caused to
Runway D by the March 2011 earthquake.

CONCLUSION AND REMARKS

This introduction to geomechanics, in spite of
having taken up a few pages of space, paints only a
part of the whole spectrum because it has limited
itself to soil structure and overconsolidation only
without touching on the evolution laws of
anisotropy. Anisotropy too, is closely connected to
re-liquefaction, which is an important issue'®. At
long last, it has become possible to calculate surface
ground deformation during and after earthquakes.
However, as ground surfaces are the places of daily
activities of people and society, it may be natural to
expect that certain restrictions need to be applied on
the disclosure of the true picture of ground
deformation behavior and mechanism. Therefore,
high-level engineering ethics would be expected
from research personnel too.
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ABSTRACT

The industry of civil construction generates huge amounts of wastes during the construction of new buildings
and the demolition or reformation of old structures. Construction and demolition wastes (CDW) comprise soils
from excavations, asphalt concrete from old pavement surfaces, and a large variety of material from buildings,
such as concrete, ceramics, sand and rock chips, gypsum boards, among others. These materials may be recycled
and reused for the construction of road pavement layers. This kind of application was chosen taking into account
the large amount of materials required and the possible economic impacts. CDW was recycled to produce
aggregates that could be used as granular layers or asphalt concrete. The materials were used raw or mixed with
other ingredients. The research shows the pros and cons of using recycled aggregates in different pavement
layers. The major problem is related to aggregate crushing and high porosity. Overall the research concludes for
the economic, environmental and technical feasibility of recycling construction and demolition wastes for
pavement construction.

Keywords: Construction and Demolition Wastes, Recycled Aggregates, Flexible Pavements, Particle Crushing

INTRODUCTION porosity, particle crushing and heterogeneities. The
problem of particle crushing and its impacted of
The amount of construction and demolition some relevant properties for the use of recycled
waste (CDW) generated in global and local levels aggregates for the construction of flexible
are significant. The volume of these materials is pavements are analyzed in the following sections.
increasing with the construction of new buildings
and the demolition of old structures that have CDW FOR GRANULAR BASE LAYERS
reached their project life, or due to natural hazards
such as ecarthquakes, storms and floods and Typical construction and demolition wastes are a
anthropic disasters like wars. mixture of reinforced concrete blocks, mortar,
Around 300 million tons/year of CDW are plaster, ceramics, soils, steel, plastic, wood, ink and
generated in Europe, about 170 million tons/year in solvents. Most of these can be recycled and those
the United States and 68 million tons per year are which can be ground or directly used was granular
produced in Brazil. The Federal District (Brasilia, materials are classified as class A for recycling
Brazil) has a daily production of 6000 tons, purposes according to the Brazilian environmental
equivalent to a production of 2.2 million tons/year. regulation CONAMA N°307/2002. Class A
The volume of CDW in Brazil has increased materials, subjected to other requirements, may be
dramatically in cities that will host the 2014 Soccer used as sub-base and base layer in high pavements.
World Cup due to the demolition of old stadiums When the amount of granular material exceeds a
and the construction of new facilities, such as road minimum of 85%, besides other requirements to be
and airport expansions. described later, the material is classified as recycled
Innovation and development of wastes recycling aggregates and may even be used as component of
technology are necessary to make these materials concrete mixtures.
suitable for reuse. Applications of CDW, recycled
concrete aggregates (RCA), and reclaimed asphalt Characterization of the CDW
pavement (RAP) in civil engineering works and
infrastructure are now common practice in many The recycled material investigated in this
countries [1]. Several researches show that CDW is research was collected from wastes of the National
an attractive alternative material for bases and sub- Soccer Stadium of Brasilia, which was imploded to
bases of highway pavements due to its high give rise to a brand new stadium for the 2014 World
resistance and its non-expansive behavior [2]-[5]. Cup in Brazil. For this study a representative sample
However, there are a few disadvantages such as high of about 1.6 tons of CDW aggregate was used for
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the laboratory evaluation. Two grinding process
were necessary to obtain the CDW aggregate with
the desired grain size distribution required for this
investigation.

Composition of the CDW used

In order to determine the composition of the
CDW used in this study, the coarse aggregate
fraction retained in the 4.75 mm sieve was examined
visually and segregated manually. The CDW
aggregate was separated into four main groups: (i)
cementitious materials (the major component of the
CDW aggregate, comprised mainly of concrete and
mortar, 41%); (ii) crushed rock chips (about 15%);
(ii1) red ceramics (bricks and roof tiles, 1%); and
(iv) white ceramics (floor and wall tiles, 1%).

The fine aggregate fraction, passing the 4.75 mm
sieve but retained in the 0.075 mm sieve (#200),
represented 42% of the total sample. Undesirable
materials retained in sieve #200 such as metals,
wood and plastic represented only a very small
proportion in weight of 0.6% of the total sample.
This value is far below the limit value of 3%
imposed by Brazilian standards for the use of
construction and demolition wastes in pavement
layers.

Physical properties of the CDW used

The physical properties of CDW used in this
research were determined using Brazilian (NBR)
and American (ASTM) standards. Tests like water
absorption, grain shape, grain-size distribution, sand
equivalent, soundness and Atterberg limits were
used to determine the physical properties of the
recycled aggregate and to define whether it was
suitable as base material for highway pavements.
The results are summarized in Table 1.

Table 1 Physical characteristics of CDW aggregates

Property Value Limit**
Uniformity coef. (C,) 61 >10
% Passing sieve N°40 15 10-40
% Passing sieve N° 200 12% 15%
% of contaminants 0.56 <3
Liquid limit % 32 <25
Plasticity index % NP <6
Expansion % 0 <05
Solid specific gravity, G 2.14-2.38 -
Absorption % 7.7 -
Sand equivalent =70 >30
Soundness in MgSO,4 (%) 6.0-11.0%* 30%

Shape Index 0.9-0.8 -
Los Angeles Abrasion (%) 35— 38* <55%

Note: * 1% value refers to tests performed on coarse
(gravel) fraction and 2™ value to tests performed on
fine (sand) fraction. ** Limits according to Brazilian

norm DNIT — ES 141/10.

All the results above comply with the minimum
requirements for the material to be used in granular
pavement layers. For base layers the norm requires a
plastic index inferior to 6% and expansion inferior to
0.5%. The material is non-plastic and does not show
swelling characteristics. This is due to the low
amount of grains passing sieve #200, which shows
little contamination by silt and clay size particles.
This is corroborated by the good value (70%) of
sand equivalent ratio, higher than minimum norm
requirements of 30% for base layers.

In fact the grain size analysis with less than 15%
passing sieve #200 qualifies the material by
Brazilian standards as construction and demolition
aggregates (CDA) rather than wastes (CDW). The
additional tests (abrasion, shape, soundness) indicate
that the CDA can be considered even for
applications on asphalt concrete mixes to be used in
flexible pavement surface layers.

The low value of particle specific gravity is due
to the presence of ceramics chips and also mortar
adhered to the rock chips used in the Portland
cement concrete and wall rendering. These materials
are responsible for the high water absorption value
and the characteristic particle breakage to be
analyzed in the next sections.

Breakage of Particles from CDW

Research results from [3] show that the bulk of
CDW nparticle breakage occurs during compaction
process rather than other tests emulating service life.
In order to evaluate particle breaking the grain-size
distribution curves before and after the compaction
process were compared. Due to the expected
breakage, the initial grain size distribution was
adjusted to the so called envelope or “band C”,
prescribed by Brazilian code (DNIT — ES 141/10).
This envelope is commonly used for base and sub-
base materials in highways with medium to heavy
traffic volume.

The material was then compacted at its optimum
conditions determined wusing Modified and
Intermediate Proctor energy (1263 kN.m/m’). The
laboratory compaction tests were performed
according to the American Standard procedure
(ASTM D1557-07). The observed values of
optimum water content and maximum dry density
were 13.0% and 16.5 kN/m’, respectively, for the
intermediate Proctor energy. Other water contents
(8%, 10%, 14% and 19%) were also investigated to
check the effect of this index on particle breakage.

Index for CDW particle breakage
Reference [6] developed a measure of particle

breakage during the construction of earth and
rockfill dams. His method was originally based on
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large-scale triaxial compression tests and computes
the changes in individual particle sizes between the
initial and final grain size distributions. The
difference in the percentage retained is computed for
each sieve size. This difference will be positive or
negative. Marsal’s breakage factor (B,) is the sum of
the differences having the same sign:

B =W -W)

(1)

in which Wk’ and ka are the initial (before

compaction) and final (after compaction)
percentages in weight retained in sieve “A”. Only
positive differences are considered in the summation
as indicated by the Mc Cauley bracket <x>. The
lower limit of Marsal’s index is 0% and the
theoretical maximum is 100%.

Results of particle breakage and B index

The original and after compaction grain size
distribution curves for different initial values of
water content (8%, 10%, 14% and 19%) are shown
in Figure 1.
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Figure 1 = Grain-size distribution of CDW and

effect of water content during compaction.

The change of grain sizes is evident from the
leftwards shift in the curves towards the center of the
gradation envelope, the gray zone in Figure 1. The
most significant change occurs for the samples with
lower initial water content (8%). Less crushing is
observed as the water contents increases. This is due
to the fact that water absorbs part of the compaction
energy.

The effect of compaction water content and
energy can be better appreciated by computing
Marsal’s degradation indices (Bg) for different
compaction conditions. Figure 2 shows lines of
equal degradation (iso-B,). Note that by increasing
the energy of compaction, there is an increase in
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breakage index and the same parameter decreases
with the increase in moisture content, as indicated by
the arrow in the figure.
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Figure2  Lines of equal degradation indices
according to compaction energy and water content.

Water Absorption and Suction in CDW
Aggregates

The particle breakage and compaction
characteristics discussed above are explained by the
presence of ceramics and mortar in the constitution
of the CDW. This also explains the high value of
water absorption of 7.7 % shown in Table 1. This
value is rather high when compared to natural rock
chips, but it is not uncommon in CDW which can
reach absorption values as high as 15%.

The absorption value of 7.7% also explains the
high value of apparent optimum water content (W)
around 13% for the intermediate Proctor energy.
Natural granular materials and rock chips tend to
show lower values of w,,. The effective compaction
water content, discounting water absorption, should
be in the range of 5%. In fact the optimum water
content of 13% was rather arbitrary, because the
compaction curves were erratic or very flat.
However the samples would not stand for water
contents lower than 8% and would exude water for
contents higher than 20%.

The discussion above prompts to the existence of
at least two families of pores: inter-particles and
intra-particles. The water inside these pores should
affect the mechanical (and the hydraulic) behavior in
different ways. In order to investigate these
conjectures the authors carried out a series of studies
about the Soil Water Characteristic Curves (SWCC)
or water retention curves (WRC) of the CDW.
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Water retention properties

Specimens of CDW were specially prepared for
determination of the WRC. The samples were
compacted using intermediate Proctor energy and
different water contents (9%, 13% and 17%). The
samples were 100 mm in diameter and 35 mm in
height and the original grain size distribution fitted
the coarser limit of envelope C, shown in Figure 1.
The water retention tests were performed using a
specially devised pressure plate apparatus based on
the axis translation technique (ATT) for suction
values between 3 and 200 kPa and the filter paper
method (FPM) for the remainder of the WRC [7].

The water retention curves were obtained
primarily by following a drying or desorption
process. Figure 3 shows the curves that describes the
change in gravimetric water content in the CDW
with respect to the change in matric suction. It is
noted that for suction values below 100 kPa, where
the desaturation process of the CDW begins, the
results of with the filter paper method (FPM) are
lower than those obtained by the axis translation
technique (ATT).

20
- % \ \ I
=?
: §3s
fg 15 %O 0* * —
E @ %o $o
Z o
3 o o ¢ °
z 10 —
k2] Main changes %
=
D
£ . o
N Overlapping teelnigues —
6 o
l} >
Litle changes
. \ | | |
o1 1 10 100 1000 10,000 100,000
Suction (kPa)
4 ATTRInw—17% @® FEMPInw-17% *  ATTPM w=17"%
¢ ATTPlnw=13"% Q@ FPMPInw=13%

< ATTPlnw-9% Q FPM Plnw-9%

Figure 3  Water retention curve of CDW.

Observing the results in Figure 3, very little
change is noted between the WRC of the different
samples for the higher suction values at the right end
of the curves. Most differences in the water retention
capacity of the samples are observed in the initial
part of the WRC. These changes in the initial form
of the WRC have a connection with the breakage of
the particles during the compaction process which is
primarily affected by the initial compaction water
content and the compaction energy as discussed in
the previous section.
The shape of each curve suggests a multi-modal
distribution of pores. This is clear for the WRC
of the CDW with 13% water content in

Figure 4, where it is possible to distinguish at
least three dominant pore sizes, from the sharp
changes of inclination in the w-log(s) curve. The
larger pores with diameter around 113 um
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correspond to the voids between the finer sand
grains. The intermediate pores with diameter around
1.6 um correspond to voids in the finer silt and clay
particles originally present in the CDW and further
generated due to particle breakage during
compaction. It is supposed that the smaller pores
(around 0.03 pm) correspond to voids within the
mortar or even within the calcareous aggregate chips
used to make the concrete, however this hypotheses
should be checked later using nitrogen absorption
technique directly in the aggregate chips.

The dominant pores can be better visualized by
plotting the pore size density (PSD) curves. These
curves are obtained from axis transformations on the
water retention curves. The ordinates are changed
from gravimetric water content (w) to air void
indices (e,) as follows:
e, =e—Gw ()
in which e is the total void ratio and G, is the
specific gravity. On the other hand the abscissa axis
is transformed from capillary suction (s) to pore
diameter (D), assuming that in each pore, water and
air are separated by a concave interface represented
by Laplace equation from which:

_do

D €)

N

in which o is the surface tension of the water
assumed as 0.072 N/m at 20 °C. The transformed
e,-log(D) curve has a shape similar to that of the
WRC in Figure 3, and its slope (first derivative)
for each diameter value represents the pore
density from which the pore size density curve is
constructed as shown in

Figure 5.
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Figure 4 Multi pore shape in the water retention
curve for the compaction water content of 13%.

Similar curves were obtained for other values of
initial water content, but the shapes of the WRCs for
low suctions (i.e. <100 kPa) were affected by
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compaction water content. As compaction water
content grows, the magnitude of the first air entry
value increases; this value is related to the largest
pore size. The final part of the curves converges.
This occurs for water content values lower than 9%,
which is close to the amount of water absorbed by
the recycled aggregates studied.
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Figure 5  Pore size density (PSD) curve for the

compaction water content of 13%
Mechanical Properties of the CDW

The most important engineering properties of
granular materials such as stiffness moduli, shear
strength, volumetric compressibility, consolidation
coefficient, and permeability depend on the integrity
of the particles or the amount of particle crushing
that occurs due to changes in stress. Therefore, it is
important to be able to identify and quantify the
effects of particle crushing on these engineering
properties [8].

The basic mechanical properties of granular
materials of interest for the design of flexible
pavements were investigated. These include
California bearing ratio (CBR), conventional
uniaxial compression and cyclic triaxial tests (CTT)
for the determination of Modulus of Resilience
(MR).

California bearing ratio (CBR)

Despite generalized criticism, the design of
flexile pavements based only on the CBR properties
is still a reality in many countries, including Brazil,
and any research about materials for pavement
construction would be incomplete without this test.

Different compaction efforts were studied
corresponding to Normal (PN), Intermediate (PI)
and Modified Proctor (PM) compaction energies.
Samples were prepared at maximum dry density and
optimal water content condition for each compaction
energy. The CBR standards generally require that
the samples should be soaked in water during four
days, during which swell or expansion index should
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be computed. Both soak and unsoaked tests CBR
tests were performed and the results are summarized
in Table 2 according to the Proctor energy applied.
The results shown in Table 2 are quite interesting.
First the absolute values of CBR qualify the CDW as
potential material to be used in sub-base layers
(CBR > 20% at PN) and base layer even in the case

of highways with heavy volume of traffic
(CBR > 80% at PI).
Table 2 Results of CBR test.

Compaction Energy Soaked Unsoaked
Normal 43% 55%
Intermediate 96% 128%
Modified 175% 247%

Second the soaked CBR in all cases were higher
than the unsoaked values. For natural soils, it is
generally expected a decrease in soaked CBR since
the increase in water degree of saturation causes the
collapse of aggregates or lumps of fine particles that
are produced during the sample preparation.

The increase in soaked or immerse CBR is
attributed to chemical reactions of the pozzolanic
materials remaining in the mortar and Portland
cement concrete fractions. This was further
investigated using unconfined compression tests in
samples aged with different curing periods.

Unconfined compression strength (UCS)

The gain in soaked CBR values prompted the
possibility of pozzolanic reactions that should be
variable with time. This was investigated by
preparing compacted samples of 100 mm diameter
by 200 mm of height in the optimum conditions for
the intermediate Proctor energy (1263 kN.m/m”).

The samples were allowed to rest or cure under
constant humidity and temperature conditions for the
following time periods: 0, 1, 7, 30, 60 and 90 days.
Later the samples were sheared under static
unconfined tests and dynamic confined triaxial tests
described in the next subsection.

The results of unconfined compression tests are
shown in Figure 6 in which each point represents an
average of three tests. The result for the samples
tested immediately after compaction (without cure
or 0 curing days) gave an average unconfined
strength of 120 kPa. This value was used to
normalize the strengths obtained after different
curing periods as shown in Figure 6.

The results clearly show the increase of
unconfined strength and corroborate the initial
hypothesis that further pozzolanic reactions are
taking place due to the reminiscent cementitious
material present in the CDW. The increase was
around three folds after three months tending to
stabilize after that.
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Dynamic triaxial tests

The modern trend in most countries is to move
from the empirical design methodology based on
CBR and migrate to more advanced procedure as the
one prescribed in the MEPDG, Mechanistics-
Empirical Pavement Design Guide [9]. In this case
the most relevant mechanical property of granular
materials is the modulus of resilience which is
obtained from a dynamic triaxial test normalized by
AASHTO T307-99. The procedure prescribes
variable confinement stresses and variable cyclic

deviatoric stresses preforming a total of 16
determinations of moduli for each test batch.
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Figure 6  Average normalized unconfined

compression strength versus curing days.

Similar to the unconfined compression tests the
value of modulus of resilience (MR) also varied with
curing time. The lower values were observed for
uncured samples and MR varied between a
minimum of 70 MPa and a maximum of 250 MPa,
depending on the stress state. The highest values
were obtained after 7 days of curing and varied in
the range between a minimum of 300 MPa and a
maximum of 600 MPa. These values are in
accordance with those expected for good natural
rock chips used for base layers in heavy traffic
highways.

The variation of MR with curing time is shown in

Figure 7. The average values increase rapidly
from 172 MPa immediately after compaction to a
value of 426 MPa after 7 days of curing. Then an
unexpected drop of stiffness is observed after 15
days of cure and after that the moduli turns to

increase and maybe stabilize as curing time proceeds.

The long term increase in stiffness might be related
to real cementation due to pozzolanic reactions as
discussed in the previous subsection. The apparent
decrease of MR after 90 days is not in line with
expectations and should be further investigated.
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The authors believe that the initially erratic
behavior of MR with time is due to stabilization of
suction between the different families of pore sizes
within the CRW sample. It was shown in previous
sections that three dominant pore sizes are present in
the CDW specimens.

In recent publications it is assumed that the
mechanical behavior is primarily controlled by
suction in the inter-granular pores and that strength
and deformability is less or little affected by suction
in the intra-granular pores present in lumps of clay
particles and in the mortar in the case of CDW [1],

[71, [10].
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Figure 7 Change in the modulus of resilience
with curing time.

Inter-granular suction takes little time to equalize
in the larger pores and tend to increase stiffness
initially. The water tends to migrated to the interior
of the porous aggregates where internal suction is
higher. This would lead to decrease in inter-particle
suction and hence a decrease of deformability
modulus. In the absence of further evidence this is
just a conjecture, but the authors sustain it as a
feasible explanation.

Modeling the variation of MR

The value of the dynamic modulus of resilience
tends to vary both with the confining pressure and
the deviatoric stress. The effect of confinement is
greater in loose granular materials and correlates
positively with the increase of modulus of resilience.
On the other hand, the effect of the cyclic deviatoric
stresses is more pronounced in cohesive materials
and generally tends to correlated negatively with the
MR in the case of natural clays.

Several models have been proposed in the
literature of pavements for the non-linear behavior
of the modulus of resilience with the stress state.
One widely accepted is the so-called Universal
model proposed originally by [11] which takes the
following mathematical expression:
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(4)

0 ky ks
MR=kp, (—) (Mﬂj
pa pa

in which p, is the reference atmospheric pressure, 0
is the first invariant of stress, T,y is the octahedral
shear stress and %, k, and k3 are non-dimensional
materials properties obtained from regression of
experimental data.

The numeric results for the constants of the
model described above were obtained from
regression for all tests performed and the best fit is
summarized in Table 3.

Table 3 Coefficient of Universal MR model.
Curing Universal Model
time MR
(days)  (MPa) ki k> ks
0 171 745 0.84 -0.35
1 299 1764 0.64 -0.49
7 425 2754 0.55 -0.45
15 280 1318 0.52 0.37
30 224 1302 0.01 1.25
60 293 1747 -0.07 1.52
90 239 1480 0.45 0.00

The value of k; gives a measure of MR at the
reference atmospheric pressure. It controls the
overall trend observed. The value of k; is related to
the nonlinearity typical of unbound granular
materials like natural sands and gravels. The values
show that this behavior is dominant in the initial
periods up to one or two weeks of curing time. Later
this parameter is approximately zero indicating the
dominance of cementation factors. Finally the value
of k; is related to the nonlinearity caused by the
deviatoric stress. This value is initially negative as
for natural clays where shear stresses tend to
decrease stiffness due to structural damage. The
results corroborate with the conjecture of an initial
stage dominated by inter-aggregate suction effects.
For longer curing times the value of k; becomes
positive indicating the dominance of bonding effects
over suction. Again the value obtained for 90 days
requires further analysis.

The overall adherence between the model and
the experimental values is excellent. This can be
appreciated in Figure 8 where all experimental
values are plotted against the theoretical values
computed using the universal model and the
parameters described in Table 3. The equality line
(at 45° degrees) is also plotted.

CDW IN HOT MIX ASPHALTS FOR
SURFACE COURSES

Flexible pavements demand a high amount of
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rock chip aggregates for the construction of surface
courses with Hot Mix Asphalt (HMA) concrete.
Unfortunately, in the Central Highland of Brazil the
only type of rock available is calcareous and it is
mainly exploited for the production of Portland
cement. The portion which is not consumed for the
production of cement is sold as aggregate chips for
the ever expanding building industry. The road
construction sector is left with the residues.
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Figure 8  Experimental values of MR versus
Universal model predictions.

Although the use of calcareous in pavement
surface is limited or even forbidden in some
countries, there is other alternative within viable
economic distance to be used in Brasilia. In other
regions like the Amazon, which is a huge
sedimentary basin, there is also very little rock
available. This shortage of natural aggregates for the
construction of unbound and cohesive pavement
layers in the many regions of Brazil has led to an
increasing interest for the use of recyclable materials,
such as construction and demolition waste — CDW.
However, all these researches concentrated on the
use of CDW for sub-base or base layers as described
in the previous section. Very little has been done
about the potential use of CDW in Hot Mix Asphalts.
Previous researches by [3] showed that a CDW from
the demolition of the old National Soccer Stadium in
Brasilia met all the requirements to be used as base
layer, even in the case of heavy traffic, although the
material showed clear tendency of changing grain
size distribution depending on several factors, such
as compaction energy and water content. These
results encouraged the investigation about the
feasibility of using the recycled aggregate from this
CDW to produce dense graded hot mix asphalt
(HMA) concrete for the surface course of medium
and low traffic pavements in the region. However,
particle breakage and high water absorption of the
recycled aggregate remained a major cause of
concern.

On the other hand the advantages of asphalt
rubber for the reduction of permanent deformation
and increase in fatigue life of flexible pavements has
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been widely reported in many paper journals and the
proceedings of five editions of the Asphalt Rubber
conference for instance [12] .

The main assumption here is that asphalt rubber
may also help to mitigate crushing of the recycled
CDW aggregates due to the elastic behavior of the
remaining particles of crumb rubber. In order to
check this hypothesis the authors prepared several
samples of dense graded asphalt concrete using
recycled aggregates and asphalt rubber with
different rubber contents. Different energies were
applied during the sample compaction and the
samples were later destroyed to recover the
aggregates and the final grain size distribution
curves were analyzed. The degradation was

measured by the index described in the next sections.

Physical and Mechanical Properties of the
Modified Asphalt Binder

The straight asphalt binder used in this project is
classified as CAP 50-70, according to the
penetration grade used in Brazilian standards. This
was chosen because it is the main binder used in the
region of the Federal District in Brasilia as well as in
Brazil as whole. The binder was tested at the
Highway Engineering Laboratory at the University
of Brasilia for quality control and to verify if it
satisfied the Brazilian Standard requirements.

The binder was subjected to conventional tests
such as penetration grade, softening point, ductility,
flame and fire temperature, etc. Non-conventional
tests prescribed by the Superpave Standards were
also carried out, including Dynamic Shear
Rheometer (DSR) for the determination of complex
shear modulus (G*) and phase angle (5), Rotational
Viscosity and aging tests in a Rolling Thin Film
Oven (RTFO). The results are shown in Table 4 and
satisfied all reference intervals required by the
Brazilian Petroleum Agency ANP N°19/2005.

Table 4 Asphalt binder characterization test.
Test Unit Reference Results for
limits CAP 50-70
Penetration 0,1lmm 50-70 53
(100g,5s,25°C)
Softening Point °C >46 47
Viscosity @ 150 cP >112 165
°C, sp21 (20rpm)
G*/send (46°C) kPa >1 22
(RTFOT) @ 163°C, 85 min
Loss of mass % <05 0.16%
Inc. Softening point °C <8 1.5
Inc. penetration % >55 73%
G*/send (46°C) kPa >2 33

Asphalt Rubber properties
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The crumb rubber used in this research was
recycled from scrap tires in a commercial recycling
plant in Sao Paulo, Brazil. It was tested at the
University of Brasilia (UnB) according to the
recommendations of the American Standard ASTM
D 6114/97. The rubber grains were loose, dry and
did not foam in contact with the asphalt binder. The
results of control tests for textile and metallic fiber
contents, water content and density met all
requirements for the production of asphalt rubber.

The gradation of the crumb rubber grains was
controlled in order to meet the standards prescribed
by the Arizona Department of Transportation
(ADOT). Figure 9 shows the ADOT limits and
adopted grain size distribution curves.
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Figure 9  Crumb rubber grain size distribution
curve and ADOT limits.
Modified  asphalt rubber binder was

manufactured in laboratory at UnB. The equipment
consists of a mechanical agitator coupled with a
rotational bar with a helicoidal blade at its ending, a
metallic recipient to heat the binder and rubber
mixture and a thermometer to control the mixing
temperature. The mixing speed varied in the range of
250 to 300 rpm in order to assure a homogenous
mixture. The digestion process was carried out at a
temperature of 170°C during a period of one hour
following suggestions from [13]. Modified binders
were prepared mixing CAP 50-70 (penetration
grade) with 10% and 20% in weight of crumb rubber
(AR-10 and AR-20).

Asphalt Rubber HMA

Different types of hot mix asphalts were
prepared in order to check the influence of the
amount of crumb rubber and the compaction energy.
All fractions of aggregates (coarse, fine and filler)
were recycled from civil construction and
demolition wastes (CDW-RA). The aggregates
grading fitted a dense gradation envelope (C)
prescribed by the Brazilian authorities. This
envelope is not the same as band C used in base
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layers. The binders include the straight CAP 50-70,
the modified CAP 50-70 with 10% of crumb rubber
(AR-10) and with 20 % of crumb rubber (AR-20).
The following cases were tested:

e Case 0-0: Unbound CDW-RA (only the
recycled aggregates)

o Case 6-0: HMA 6% of straight binder (recycled
aggregates + CAP 50-70)

e Case 6-10: HMA 6% of asphalt rubber AR-10
(recycled aggregates + CAP 50-70 +10% of
crumb rubber)

e Case 6-20: HMA 6 % of asphalt rubber AR-20
(recycled aggregates + CAP 50-70 +20% of
crumb rubber)

The case nomenclature uses two numbers B-R, in
which B is the percentage of binder (0 or 6%) and R
is the percentage of rubber in the binder (0, 10 or
20%). The idea was to test initially the crushing
potential of the unbound recycled aggregate under
Marshall energy, then to verify the mitigating effect
of the binder with different amounts of crumb rubber

(0%, 10% and 20%) on the particle breakage process.

Hence the binder content was kept constant at 6% in
the HMA.

The amount of binder in the dense graded hot
mix asphalt concrete was determined using the
conventional Marshall design procedure with an
automatic compactor: 50 blows in each face of the
sample using a 4.54 kg hammer falling from a height
of 457 mm. The ideal amount of 6% was obtained
using straight binder CAP 50-70 and it was kept
constant for the asphalt-rubber mixes for the sake of
comparison. The initial number of 50 blows was
chosen because this HMA was initially intended to
be applied in medium traffic highways.

This binder content of 6% is slightly higher than
the usual amount (around 5%) obtained for hot mix
asphalt concrete manufactured with calcareous
aggregate chips, commonly used in the Federal
District region of Brazil. This higher asphalt
consumption is believed to be related to the porous
nature of the recycled aggregate chips used in this
research, which had water absorption of about 7.7%.

Besides the rubber content, the authors also
investigated the influence of the compaction energy
on the crushing of the recycled aggregate particles,
by varying the number of hammer blows in each
face of the sample (35, 50 and 75). According to the
Brazilian standards, the number of hammer blows in
each face of the Marshall samples varies with the
forecasted traffic during the project life: 35 blows
for low volume traffic, 50 blows for medium volume
traffic and 75 blows for high volume traffic.
Therefore the number of hammer blows varied
accordingly for all combinations proposed. In the
compaction of the unbound aggregates, it was
necessary to use filter paper in both faces of the
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samples in order to avoid the loss of fine crushed
particles.

The mixing temperatures for the binders and
aggregates, besides the compaction temperature are
summarized in Table 5. In order to assure statistical
significance, each test was repeated two times, thus
resulting in a total of 24 samples (4 cases, 3 energies,
2 repetitions). The samples are illustrated in Figure
10. The reader may see the recycled aggregates
chips, including pieces of bricks and ceramics in the
cut and polished samples.

Table 5 Mixing and compaction temperatures.
Temperatures (°C) CAP 50- Asphalt
Binder temperature at 153 170
Aggregates temperature 166 190
Compaction temperature 138 164

Figure 10 Cut and polished samples.
Binder extraction and final grain size evaluation

After compaction, the samples were extracted
from the metal cylinders and immediately taken to a
centrifuge (Rotarex) with organic solvent. This
facilitated the separation process. The binder
extraction process continued with several solvent
soaking and centrifuging stages until the aggregates
were completely clear. Figure 11 illustrates the
aggregate recovery process. The clean aggregates
were then subjected to a new sieving process in
order to determine any changes in the grading curves
due to recycled aggregate particle crushing.

For the quantification of particle breakage in
flexible pavements, the Brazilian Department of
Transport Infrastructure (DNIT, former DNER)
prescribes the so-called Marshall Degradation Index,
denoted by IDy;, when the aggregate is unbound
(without asphalt binder), or IDyy, when the
aggregate is coated with asphalt binder. The test is
described in the Brazilian norm DNIT ME-401/99. It
uses a standard gradation curve and determines the
differences (D;) between the percentages before and
after compaction passing through six sieves with
pre-determined openings. In the case of IDyy the
asphalt binder should first be extracted using an
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appropriate procedure as previously described. The
degradation index ID is computed as follows:

D :%(iaj

i=1

(6]

where D; is the % passing before compaction minus
the % passing after compaction. The following sieve
openings are prescribed: 25.4 mm (17), 12.5 mm
(1/2”), 9.5 mm (3/8”), 4.75 mm (#4), 2.0 mm (#10),
0.425 mm (#40) and 0.075 mm (#200).

binder and

Extraction
aggregate recovery.

Figure 11 of asphalt

Results of Marshall compaction degradation

Figure 12 shows the effect of the compaction
energy on the degradation of the unbound recycled
aggregates. The initial gradation fitted the coarser
limit of the gradation envelope known as “gradation
C”, prescribed by the Brazilian Department of
Transportation Infrastructure (DNIT). In normal
cases, the ideal is to aim the center of the envelope
when using conventional rock chipped aggregates,
but the authors purposely choose to upper limit
(lower curve in the figure) in order to account for
possible particle crushing of the recycled aggregate.
This was based on previous experience using this
recycled material for granular pavement base layer
[3].

The reader can clearly see the shift of the
gradation curve towards the center of the envelope
in Figure 12. This shift increases with the increase in
compaction energy; however the influence of
compaction energy on the unbound particle breakage
is more evident when this is quantified by means of
the unbound Marshall Degradation index (IDy). The
authors obtained: IDy=6.98% for 35 blows;
IDy=7.81% for 50 blows and IDy=8.59% for 75
blows.

The Brazilian standard for dense graded asphalt
concrete (ES-031/2006) suggests “tentative” limiting
values of IDM < 8 % and IDML < 5% (supposedly
for 75 blows) for rock aggregate chips. However this
condition should be verified only in cases when the
rock aggregate fails the limit value of 50% for the
Los Angeles abrasion loss. There is no standard for
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recycled aggregates for HMA yet in Brazil, but the
aggregates used in this research presented maximum
abrasion loss of 38% [3] and therefore satisfies the
requirements of ES-031/2006.

The introduction of asphalt binder leads to a
significant reduction of aggregate crushing,
irrespective of the compaction energy. This is
illustrated in the grain size distribution curve shown
in Figure 13 for the cases with 75 blows of
compaction energy. Observe that the gradation
curves of the HMA are below that of the crushed
unbound aggregate (0% asphalt). Again the effect of
the binder type on aggregate crushing is better
captured by means a single numerical measure such
as the IDML. The absolute reduction in crushing
index varied between a minimum of 1.0% and a
maximum of 3.5%, depending on the type of binder
and compaction energy. The relative differences
with respect to the original degradation indices vary
between 14% and 41%.
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Figure 12 Unbound recycled aggregate. Effect of
compaction energy.
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Figure 13 Effect of binder on the crushing index
of the recycled aggregate. 75 blows.

Table 6 summarizes the results for all cases
investigated. The overall picture is illustrated in
Figure 14. Here the effect of compaction energy and
type of binder can be clearly appreciated. It is
interesting to observe the effect of the crumb rubber
on the degradation index of the recycled aggregate.
For 75 blows, for instance, the IDy; was 6.47% in
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the case with straight binder (case 6-0), 6.15% in the
case with 10% of rubber (case 6-10) and 5.05% in
the case with 20% of crumb rubber (case 6-20). The
differences are statistically significant using analysis
of variance (ANOVA). Hence it may be concluded
the rubber grains act as elastic springs, absorbing the
shock impact from the compacting hammer and
therefore reducing the crushing of the recycled
aggregates.

Table 6 Marshall degradation index for all cases
investigated.
Case Binder, Rubber IDy or IDy (%)
B-R B(%) R(%) Number of blows
35 50 75
0-0 0% 0% 6.98 7.81 8.59
6-0 6% 0% 5.69 639 647
6-10 6% 10% 594 6.07 6.15
6-10 6% 20% 5.63 5.69 5.05
10
_ 9 m 35 blows |
PE 3 50 blows |
é 7 4 75 blows
S 6
8 4
25
F P
I
o4
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Case B-R (Binder content - Rubber content)

Figure 14 Marshall degradation indices for all

cases.
Results of Marshall compaction degradation

Besides particle crushing degradation indices, the
most important is to investigated which impact this
characteristic might have on the relevant properties
of HMA to be used on flexible pavement surface
courses. The properties to be investigated depend on
the specific requirements of each country. In the case
of Brazil, besides Marshall Stability values, the
pavement authorities require the determination of
indirect tensile strength by means of the Brazilian
test. For types of dense HMA were prepared at their
optimum Marshall design conditions: (a) Calcareous
aggregates with straight CAP 50-70 asphalt binder
(the reference mixture); (b) Recycled aggregates
CDW-RA and straight CAP 50-70 asphalt binder; (c)
Calcareous aggregates with modified AR-17 asphalt
rubber binder; (d) Recycled aggregates CDW-RA
with modified AR-18 asphalt rubber binder.

Optimum binder contents were 5.1%, 7.3%,
6.8% and 8.9%, respectively. The binder contents
are typically higher for asphalt-rubber HMA due to
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the higher binder viscosity and therefore thicker
binder films coating the aggregates. This is actually
observed in cases (b) and (d) and the values are in
accordance with typical binder contents published in
the AR literature. For these cases, it is also observed
a higher binder content for case (d), and the authors
attribute this fact to the higher absorption of the
recycled aggregates.

The values of indirect tensile strength (ITS) are
shown in Figure 15. All mixtures satisfy the strength
minimum requirement of 0.65 MPa set by Brazilian
standards (DNIT 031/2004 - ES). The HMA using
asphalt rubber presented low ITS which not
uncommon for this type of binder.
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Figure 15 Indirect Tensile Strength.

Indirect tensile stress is an important property
related to mixture design or composition. However,
from a mechanistic design point of view, the most
relevant structural properties are those related to
fatigue-life and rutting due to permanent
deformations. The later aspect was analyzed using a
LCPC traffic simulator prescribed by French
standards. The test is illustrated in Figure 16.

=

Figure 16  Traffic simulation.

The values of permanent deformation after
30.000 load cycles are summarized in Figure 17.
The HMA using recycled aggregates, with straight
binder and asphalt-rubber, presented the best
performances and met the French requirements of
permanent deformation inferior to 10%. The
conventional mixture using natural calcareous
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aggregate normally used in Brasilia presented the
highest rutting and does not meet the requirements
of French standards. This bad performance is
attributed to the poor lamellar shape of the
calcareous chips. The performance improves when
asphalt-rubber is used due to the better resilience
and elastic properties attained with this kind of
modified binder.

Rutting %
16.00% 14.54% & Calcareous - CAP 50/70
s B Calcareous - Asphalt Rubber
1400% 1~ CDW -CAP 50/70
7 CDW - Asphalt Rubber
|
1000% = 8.68%
7 [ ] 6.95% 7.26%
8.00% | [ ] -
Fa | | ] H
6000 | [ ] u
I . ] ——
Ny = B
2.00% |7 S | u
0.00% + ; .
Calcarcous - CAP  Calcarcous - CDW-CAP  CDW -Asphalt
50/70 Asphalt Rubber 50/70 Rubber

Figure 17 Rutting in LCPC traffic simulator.
CONCLUSIONS

This paper analyses the feasibility of using
construction and demolition wastes (CDW) for the
construction of different layers of flexible
pavements.

Aggregates were recycled from the demolition of
the National Stadium in Brasilia, Brazil, and
subjected to a series of laboratory test. The results
were compared with the requirements necessary for
use in granular sub-bases and bases, and also for
dense asphalt concrete surface courses.

The loose aggregates met all the requirements set
by Brazilian standards to be used in sub-base and
base layers, even for the case of pavements of
highways with heavy traffic.

When used in dense hot mix asphalts, with
conventional and modified asphalt-rubber binders,
the recycled mixtures also met all requirements set
by Brazilian standards. In some case, such as rutting
in traffic simulator, the recycled mixtures performed
even better than traditional mixtures using natural
calcareous aggregates.

In both cases, granular layers and dense asphalt
mixtures, the recycled aggregates tend to show
particle breakage. This characteristic was analyzed
carefully and some directives may be drawn with
respect to compaction conditions: (1) limit the
amount of brick and ceramics materials in the CDW;
(2) start with a coarser grain size distribution; (3) use
lower compaction energy; (4) take water absorption
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into consideration in the case of granular layers.

A positive characteristic revealed in this research
is the trend of recycled granular layers to gain
strength and stiffness with time due to chemical
reactions. This should be dependent on the amount
of pozzolanic material available in the concrete
mortar.

A few words of caution, however: (1) the
material used in this research was exceptionally
good, but general construction and demolition
wastes are quite heterogeneous and must be
analyzed case by case; (2) the user should pay
attention to the possibility of contamination and
perform the additional tests according to
environmental regulations (this was done and the
material was good); (3) the use of CDW in
pavements must be decided on an economical bases
subjected the amount available and distances of
transportation.
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ABSTRACT

The paper investigates the mechanical behaviour of a granular material at low moisture content where
isolated pendular water bridges (menisci) at the interface of particles give rise to capillary forces in addition to
existing interparticle contact forces. During an increase in moisture content, the contribution of the capillary
forces is lost, which may give way to a collapse type of failure in the absence of any change in mechanical
loading. In this connection, we derive a single effective stress tensor that encapsulates evolving liquid bridges,
interfaces, particle packing, and water saturation, thus providing a link to failure through a micromechanical
analysis of force transport in an unsaturated pendular-state granular material. Apart from the fact that the stress
due to contact forces is dependent on fabric, it is also found that the so-called suction stress arising from liquid
bridges is direction dependent, i.e. anisotropic. The latter is at odds with the common belief that suction stress is
isotropic. We demonstrate that suction stress is a function of the distribution of liquid bridges, degree of
saturation as well as particle packing, and thus provide an adequate effective stress definition to describe both
constitutive behaviour and strength of unsaturated media.

Keywords: Unsaturated Soils, Pendular Regime, Anisotropic Suction, Generalized Effective Stress.

INTRODUCTION of the phases such as saturation, and other
microstructural quantities such as fabric.

Many emerging geotechnical problems implicate The paper presents such a generalized effective
unsaturated or variably saturated conditions in soils. stress variable starting from basic micromechanical
As such, unsaturated soils display rich and formulation of force transport in a three-phase
distinctive deformational behaviours that make their system composed of idealized soil particles and
analysis quite challenging. For instance, a slope may isolated pore water menisci. A tensorial effective
succumb to shallow failure above the water table in stress equation which can be viewed as a generalized
the unsaturated (vadose) zone due to the loss of Bishop’s equation is explicitly written as a function
capillary effects under variable environmental of evolving spatial distribution of water menisci and
conditions despite the absence of mechanical skeleton fabric. In short, if the matric suction and
loading. The failure that ensues is typically of a degree of saturation are known together with fabric
collapse type related to changes in internal stresses of both solid skeleton and water menisci distribution,
resulting from capillary effects, pore water pressure, a generalized effective stress can be computed that
water intake, shrinkage and swelling, as well as will lead to the expected irreversible deformations
strength reduction mechanisms akin to material encountered in unsaturated soils. Other higher order
instability. effects are discussed in the context of strength such

In order to predict such failures, we need to as the anisotropic nature of the suction stress and the
understand the mechanics of the governing physical additional surface tension created by the contractile
processes so as to build physically and mechanically skin formed by interfaces between water menisci
representative analytical models. The question that is and solid particle boundaries.
central to the above issue is whether there is a single
controlling (constitutive) stress variable that would PRELIMINARIES
substitute for the role of the effective stress in the
fully saturated conditions. The idea is that such The point of departure of this study is the classic
generalized effective stress variable would give the example of an unsaturated soil at the low end of
expected irreversible deformations when used in any water saturation (.S, <30% ) in which the air phase
so.il constitutive model based on elastoplasticity. For is discontinuous with the solid particles being
Fhls to work, .the stress variable would have to connected by discrete water menisci. As shown in
incorporate various internal processes such as partial Fig. 1, deformations in this unsaturated soil can be
pressures of water and air phases in the form of induced in two ways: (a) applying external

matric suction as well as evolving volume fractions mechanical loads such as in a stress increment Ao,
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and (b) increasing the water saturation by AS, . In

the former case, it is the increase in interparticle
forces caused by the external loads that leads to a
reorganization of particles, and hence densification.
On the other hand, an increase in water saturation in
the absence of mechanical loading erases any
capillary forces in the water menisci, thereby
disrupting the particle force equilibrium. A
densification also ensues in this case due to a
modification of force transport within the particle
assembly.

mechanical
loading — -
(f Ac ?
. densification
o — 'A -— O
<’
VW =
N
c
— -—

collapse due to loss of
capillary forces

Fig. 1 Permanent skeleton deformations induced
by mechanical and hydraulic loadings.

It 1is interesting to imagine cycles of

wetting/drying  inducing  permanent (plastic)

deformations in very much the same way as cycles
of loading/unloading. In both cases, there is a single
effective stress that would describe the deformations
caused by both mechanical and hydraulic processes.
Experimental evidences highlighting the above-
mentioned observations can be found in [1] and [2]
where skeleton plastic strains were measured for
both water suction and mechanical
loading/unloading cycles. Given the central role of
force transport in such processes, a micromechanical
formulation is warranted.

Bishop’s Effective Stress

The presence of an air phase in an unsaturated
soil was examined by Bishop [3] who extended
Terzaghi’s effective stress principle by intuitively
introducing an average pore fluid pressure weighted
over the pore air (u,) and water (u, ) pressures.
Using soil mechanics sign convention, i.e. positive
stresses mean compression, Bishop’s equation is
given by:
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o"=0'—[)(uw+(1—;()ua]
(1

= (o—u,)+x(u,~u,)
where o and o' are the total and effective stresses
respectively, and y is a weighted parameter usually
arbitrarily made a function of the degree of
saturation S, . Understanding the capillary (suction)
stress as a function of the difference between air and
water pressures as well as its dependency on the
degree of saturation, void ratio and soil structure is a
longstanding problem. This issue establishes a direct
connection between constitutive behaviour and
strength of unsaturated media in providing an
adequate expression for effective stresses.

When arbitrarily confounding y with the degree

of saturation, both the dry and fully saturated
conditions can be recovered readily in Eq. (1).
However, due to this rather simplified hypothesis,
the ability of Bishop’s equation to explain the
collapse of soils upon wetting has been historically
challenged [4]. Also, experimental determination of
the so-called effective stress parameter y over

suction ranges and wetting/drying paths is difficult
[5]. The above difficulties led to the necessity of
circumventing y by introducing two independent

stress variables [6], namely the net stress as
o, =(c—-u,) and the matric suction as

s=(u,—u,) that would control
instead of the effective stress. A soil water
characteristic curve (SWCC) describing how much
water can be retained in the soil through a water
saturation versus matric suction relationship is also
introduced. With these two independent variables,
Alonso et al. [7] developed their celebrated
Barcelona Basic Model (BBM) within the
framework of critical state and as such the
phenomenon of collapse upon wetting could well be
described. Many other models followed suit, adding
more complexities to the already developed
framework [8], [9], [10].

It is essential to know the formal meaning of y ,

deformations

including its experimental verification over all
suction ranges and for both wetting and drying paths.
Certainly, the literature abounds with empirical
relationships for defining y [11]. Relationships

using one or more parameters of the soil-water
characteristic curve such as the air entry value in
combination with the residual water content have
been proposed; but both experimental and
theoretical evidences point that void ratio and
microstructural parameters such as soil fabric are
also other contributing factors. With a view to
account for the link between the microscopic and
macroscopic properties of an unsaturated medium,
many researchers have worked on the intergranular
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stress in the solid skeleton under the action of pore
suction and surface tension forces [12], [13], [14],
[15].

For the above reasons, it appears that an
alternative approach that involves micromechanical
analysis is needed to get constitutive insights in
unsaturated soils rather than making
phenomenological assumptions that may lead to
unnecessary empiricism and complexity.

STRESS DERIVATION IN A THREE-PHASE
SYSTEM

We consider an ensemble of interacting solid
particles in the presence of a water phase and an air
phase in a representative elementary volume (REV)
in equilibrium with applied loads on its boundaries
as shown in Fig. 2.

[ air volume, 7,
Il particle volume, 7,
[ water volume, 7,

V="V,uV,ur,

REV( )

Z
Fig.2 Representative Element Volume (REV)
with solid, air and menisci.

The (Cauchy) stress tensor for such a composite
system can be readily calculated as a volume
average of the various constituents (phases) just as
in the case of a solid body consisting of interacting
point masses in the REV of total volume V', i.e.

1 N
<o, >=;ZJ‘W c,dV

+V7uw5i/. +V7ua5ﬁ

@)

where V%, a=p,w,a , represents solid particle,
water and air phase volumes respectively, N the
number of particles and &, the Kronecker delta.

In Eq. (2), the stress in both the water and air
phases has been considered to be hydrostatic and
equal to u, and u, respectively. As a result, the last
two terms on the right hand side of Eq. (2) simply
refer to the partial pressures due to air and water
phases with their respective volume fractions
applied to each individual pressure.

Next, suppose the above system is idealized as
an ensemble of mono-disperse spherical particles of
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radius R joined by independent concave liquid
bridges with negligible inter-particle contact area, an
assumption which will become evident below. Since
we are primarily interested in the transport of forces
in the REV, we will then focus on the first term on
the right hand side of Eq. (2) related to particle
interactions. Applying Gauss’ divergence theorem to
the above-mentioned term as an integration over
multiple particles with a closed boundary (due to
negligible contacts) for the case of static and
weightless media, the following so-called granular
stress tensor is obtained:

<O,

1 1
; >g=;zjw O'UdV=;ZJ‘rp xt,dT 3)

where I'” is the surface of a particle, x; the spatial

position of points on I'” at which various surface
tractions ¢, act. Among the various surface tractions
exerted on an individual particle, we will find
contributions from pair-wise particle contact forces
due to external loading, actions of air and water
pressures on dry (I'}) and wetted (I'?) surfaces
respectively, and surface tension forces arising from
air/water/solid interfaces formed by water menisci
along contour I',, at a particle’s surface.

It can be readily shown when considering
equilibrium of forces on the closed surface of each
particle that:

1Y RE
<oy >g:;zﬂ:f/_aﬁg?ﬁ +u“72.|‘r5 njnidF

uwR N L R N L
+TZZJ‘1'(: n/nidr—;zz_[n” T/flldr
4)

where n; is the outward normal to the particle
surface, f /.‘”ﬂ is the mutual contact force between

particle pair @ and S, ¢/ the so-called branch

vector defining to the separation distance between
the same two particles, 7 the surface tension forces

per unit length related to water meniscus action on
I formed by the intersection of the water

m

meniscus with the particle’s surface, L the number
of liquid bridges, I'? is the part of the particle

wetted by the liquid bridge, whereas I'/ is the union

of all dry parts of the particle’s surface. Interestingly,
the air/water interface at the particle’s surface, seen
as a contractile skin, allows the REV to withstand
tensile stresses.

The tensor moment of force, defined by the first
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term to the right hand side of Eq. (4), as a dyadic
product between £ and £, is easily identified as
the effective stress tensor that is responsible for
skeleton deformation. Finally, substituting Eq. (4)
into Eq. (2) and regrouping terms, we get a
generalized Bishop’s effective equation:
o, =(0; ~u,0,)+ 7;(u, ~u,)

)

in which %, is a dimensionless tensor that replaces

the scalar parameter y in Bishop’s equation, with

X=Xy t———
/’{U IU (ua _uw)

(6)

containing microstructural information through

which describes the spatial distributional nature of
the water menisci, 1.€.

R N L »
1950, 8 S5 mnar: 0

where ¢ is porosity. Also, this tensorial quantity

originates from the suction forces acting between
particles due to water menisci.

As additional contributions emanating from the
water menisci are surface tension forces whose
distribution in space is represented by:

R N L
M, =;ZZLM Tn,drl,, (8)

a new tensorial quantity, herein coined as the
contractile skin tensor, that involves a surface
integral of a dyadic products of surface tension force
(T) and radial normal (n) along the contour of the
particle-meniscus interface summed over all
particles containing a liquid bridge. This represents a
tensor moment of surface tension forces on the
particles, easily identified as contractile (cohesive)
internal force in addition to other microstructural
forces.

Following the newly derived Eq. (5), the
effective stress is thus governed by a net stress
(0,-u,0,) and a matric suction (u,—u,) that

a%ij
gives rise to a so-called capillary stress tensor
Xy, —u,) . In keeping the analogy with Bishop’s

equation, we denote y, as the tensorial effective

stress parameter. It is noteworthy that the latter leads
to a suction stress that is obviously anisotropic in
nature following the distribution of the contractile
skin surface tension and liquid bridges that in turn
vary as a function of the fabric of the granular
material, as well as the degree of saturation and
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volumetric density of menisci. This engenders a
meniscus based shear strength that increases with the
anisotropy of the packing. Finally, it can be easily
shown that Terzaghi’s effective stress is recovered in
the saturated case when S, =1 in which case

X; =0, and M, =0 since the half filling angle «

becomes 180° .
CAPILLARY STRESS AND STRENGTH

We next explore the implications of the newly
derived effective stress equation (Eq. 5) by
considering periodic or regular packings of mono-
size spherical particles wetted in the pendular
regime.

Isotropic Packings

The REV of a given packing can be described as
a unit cell which essentially is the simplest repeating
unit of the packing. Two limiting cases, namely
simple cubic (SCP) packing (loosest state) and face
centered (FCP) packing (densest state) are
considered. Figures 3a,b (as insets) show SCP and
FCP geometries respectively with liquid bridges
between each pair of particles. The objective is to
analytically compute the tensorial effective stress
parameter y, introduced in Eq. (5) as a function of
degree of saturation, among other things. Since one
liquid bridge is associated with each contact and
given the packing is regular, the distribution of
liquid bridges is isotropic. Furthermore, if we
assume a zero contact angle, the surface tension
forces become orthogonal to a radial outward normal
vector, and because of symmetry and isotropy
conditions there is no contribution from surface
tension forces arising from a meniscus/particle
interface when summing over all contacts and liquid
bridges within the granular assembly. The vanishing
of M, under such conditions is to be expected since
it represents a tensor moment of forces in the
granular assembly. Thus, in this special case,
X; = X; 1s an isotropic tensor with no contributions
from surface tension forces. As a result, the diagonal
terms of the tensor y, being all equal can be
identified with Bishop’s effective stress parameter
x which can now be analytically calculated at
various degrees of saturations for both SCP and FCP
configurations. Numerical results are shown in Fig.
3c together with actual experimental data for various
soils in the background for comparison purposes. It
should be noted that the range of degree of
saturation examined in the numerical computations
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is based on idealized mono-sized spheres and falls
below 30% since the menisci are not allowed to
merge to give full water saturation. Also, the
experimental data in this range of small degrees of
saturation are scare and not quite reliable, given
known difficulties in measuring low suction in soils.
The numerical results clearly show that the effective
stress parameter y is invariably a function of
packing and water menisci as illustrated in Fig. 3 for
the isotropic case.

X

(a) SCP

1.0

0.94

0.8 4

= 0.74

o

g FCP

g 0.6 (4):0.26)."

1 :

v 0.5 1

g J7

7 K/

o 0.4 4 1,

g 7, scp

£ 034 flt=049)

© K Silt, drained
0.21 7, Silt, constant moisture

A Madrid gray clay
X Madrid silty clay
X Madrid clay sand

0.1 {4

0 20 40 60 80 100
degree of saturation S,. (%)
(c) Experimental curves based on Ning and Griffiths, 2004
Fig.3 Computed effective stress parameter versus
degree of saturation for various packings

and comparison with experimental data.

It is also interesting to investigate the relative
contributions of the surface tension forces (term
M) and the suction forces between particles (term
X; ) to the capillary stress vy, =7, (u,—u,)
experienced by the unsaturated granular assembly.
We thus re-examine the two packings (SCP and
FCP) with now a contact angle 8 =30° and using a
particle radius of R=0.1mm for illustrative
purposes. Here again, because the packings are
isotropic, the capillary stress tensor is isotropic with
the difference that it has both suction and surface
tension contributions.

Figure 4a shows that the relative contributions of
surface tension and suction cross over at a
characteristic matric suction of about 1 kPa for the
loose case. At small matric suctions, the surface
tension effect arising from the particle/meniscus
interface dominates, but is ultimately overtaken by
the suction effect at large matric suctions. Referring
to the dense case in Fig. 4b, the contribution of
surface tension is always smaller than that of suction.
This suggests that the contractile effect of surface
tension is more likely to be important for loose
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materials and at low matric suctions, i.e. high water
saturations when the menisci are well developed.

1.2
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(a) capillary stress contributions for loose

packing
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(c) soil water characteristic curve for loose and
dense packings
quantities  with

Fig.4 Various computed

saturation.

Finally, Fig. 4c shows the computed soil water
characteristic curves (SWCC) for both loose and
dense packings. The whole range of saturation
cannot be covered as only the pendular regime is
herein considered. However, the theory developed in
this study shows that the SWCC can indeed be
analytically determined rather than using empirical
relationships as proposed in the literature [11].
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Anisotropic Packings

We now consider anisotropic assemblies of
mono-sized spheres through the tensorial effective
stress parameter y, that confers anisotropic

character to the suction stress. A body centred cubic
packing (BCC) is evoked with its unit cell at a
coordination number of 8 and with reference frame 1,
2 and 3 as shown in Fig. 5. By varying the size of
the unit cell through lengths L and L', a family of
anisotropic BCC packings with different particle
separations can be generated.

3

2

Fig. 5 Body centred cubic packing in various

configurations parametrized by interparticle
distance L’.

The anisotropy of the family of BCC packings
can be readily evaluated through the fabric tensor
F,; normally defined as the summation of dyadic
product of contact normals n,n, throughout the
assembly:

1 2N

©)

In principal axes relative to reference frame
(1,2,3) in Fig. 5, the fabric components (f}, F,, F})
for different values L' can be calculated and are
given in Table 1. We herein introduce the parameter
'a"' [16] to describe packing anisotropy, i.e.

L5 _(F-F) (10)
2(F+F,+F)

Table 1 Values of components of the tensor £

according to packing

L I 3 K a
2.10 0.276 0.362 0.362 -0.22
2.20 0.335 0.332 0.332 0.01

2.3094 0.333 0.333 0.333 0
2.40 0.360 0.320 0.320 0.1
2.50 0.391 0.305 0.305 0.21
2.60 0.422 0.289 0.289 0.33
2.70 0.456 0.272 0.272 0.46

29

Evolution of capillary stress

The components of fabric as obtained from Eq.
(9) and given in Table 1 allow us to compute
analytically the effective stress parameter J,

through Eqs. (6) and (7) for various anisotropic
packings. These relations ultimately define the
dependence of the effective stress on degree of
saturation, fabric and menisci distribution as

represented in Eq. (5).

270°

Fig. 6 Polar plot of various parameters controlling
capillary stress and anisotropy

Figure 6 illustrates the evolution of various
tensorial ~parameters %, .M, /(u, —u,) that
control the capillary stress y,; in a BCC packing
with cell spacing L'=2.7 as a function of degree of
saturation. The anisotropic nature of suction is
clearly demonstrated with the major and minor
principal directions of the capillary stress being
aligned with the vertical direction 1 (axial) and 2
(lateral) respectively.

The capillary stress component in each one of the
principal directions is further shown in Fig. 7 as a
function of matric suction. As the wetting angle is
small, the amount of capillary stress induced by
surface (M) is smaller in
comparison with the capillary stress due to suction
forces g, (u, —u,).

Finally, Fig. 8 shows the totally induced

anisotropic capillary stress which decreases with
increasing degree of saturation, as expected.

tension forces
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Fig. 7 Principal capillary stresses with various
contributions in axial and lateral directions.
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Fig.8 Decrease in capillary stresses following

increased degree of saturation.

Evolution of degree of anisotropy and link to
strength

There is a compelling connection between the
meniscus-based anisotropic capillary stress in un-
saturated granular soils and the shear strength
contribution that it engenders. As an extension to the
previous discussions we next analyze the evolution
of such anisotropy with the degree of saturation by
introducing an anisotropy factor a, similar to what

was defined for contact fabric, i.e.

zi(l/ﬁ_l//}) :E (v, —vs3)
2iracely,) 2y +vsv)

(10)

v
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The origins of such factor are in the computation
of the ratio of mean stress p to deviatoric stress g
in a granular assembly ( 7=¢/p ) with the
anisotropies of microscopic variables such as
interparticle force and contact normal distribution.
Thus, the anisotropy factor (a,) represents an
analogous fictitious ‘friction angle’ as a result of
water menisci. As illustrated in Fig. 9, the meniscus-
based anisotropy (a,) for each packing coincides
with packing anisotropy (Table 1).

0.8

0.6
- ——['=27
g 04 _—.-"."-_.__.--—.—"—_.—-——.—A ——['=26
& =25
& 02 ——1=24
=
Z ——L=23
s 5 10 15 2 =21

0.2

0.4

degree of saturation (%)

Fig. 9 Meniscus-based anisotropy with saturation
for various anisotropic BCC packings.

Upon wetting, the degree of saturating increases
since liquid bridges develop between particles,
resulting into an increase in anisotropy of the
capillary stresses following the anisotropy of the
packing in the background. This increase in
anisotropy is induced by the enlargement of the
wetted contours of the menisci with higher degrees
of saturations, while at the same time, the capillary
stresses decrease (Fig. 8). The rate of increase in
meniscus-induced anisotropy is greater the more
prominent the anisotropy of the packing is, i.e.
increasing values of L' in Fig. 9. For the isotropic
packing case (L'=2.3), there is obviously no
meniscus-based anisotropy induced upon wetting.

Contrary to the assumption classically made with
regard to isotropic pore pressures in unsaturated soil,
the derived tensorial equation for effective stress
shows the directional nature of the capillary stresses
induced by liquid bridges. One of the consequences
of this finding is that the meniscus-based anisotropy
can increase drastically with water saturation the
more anisotropic the packing is. As such, any
perturbation to such state of high anisotropy in
combination with a decrease in capillary stress may
make the unsaturated sample succumb to sudden
collapse. This combined increase in capillary stress
anisotropy and decrease in capillary stress
components with saturation can be made the basis of
collapse failure in unsaturated samples in the
absence of any increase in external mechanical loads.
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CONCLUSIONS

The physical significance of the effective stress
parameter y as originally introduced in Bishop’s
equation has been formally derived through
micromechanical analysis of a three phase medium
(air/water/solid) with isolated water menisci, i.e. in
the pendular regime. It turns out that y is generally
not a scalar, but is rather a tensorial quantity
described that is generally a function of degree of
saturation, particle packing as well as water menisci
distribution. This leads to the possibility of the so-
called capillary stress to be anisotropic in nature as
dictated by the spatial distri-bution of water menisci
and fabric of the solid skeleton evolving during
deformation history. The capillary stress is shown to
have two contributions: one emanating from suction
between particles due to air-water pressure
difference, and the second arising from surface
tension forces along the contours between particles
and water menisci.

Although the latter may be small at small water
saturations, it becomes prominent as water saturation
increases. The implication is that granular materials
in the pendular regime can engender an internal
suction based shear (deviatoric) effect under even
isotropic  loading. Also, this becomes
particularly relevant when studying the material
instability behaviour of unsaturated soils in the
pendular regime where failure is characterized by a
sudden collapse. In this paper, it is demonstrated that
the more anisotropic the packing and capillary stress
are, the higher the potential for collapse upon
saturation. It is seen that the capillary stress tensor,
while decreasing in magnitude upon wetting, also
evolves with an increase in anisotropy that leads to a

issue

collapse failure in the absence of mechanical loading.
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ABSTRACT

This paper aims to present the recent geotechnical research advances in the field of geotechnical engineering
in Universiti Putra Malaysia as follows; (i) Electro-biogrouting method for soft soil stabilization. In this method,
the live bacteria or their production are induced by electrical gradient. The soft soil is then stabilized through a
physicochemical reaction. (ii) Soil improvement using nano particles, in this method, the effect of nano SiO, on
residual soil treated by cement was investigated. The results showed that nano SiO, increased the shear strength
of the soil effectively. (iii) Effect of coir fiber on flexural strength of the soil was investigated to evaluate the
mechanical properties of reinforced marine soft clay as earth structures. The results revealed that the coir fiber
increased the flexural strength of the marine soil. (iv) Effect of acid rain on engineering properties of soil was
investigated. Significant changes in engineering properties of soils under effect of acid rain were shown.

Keywords: Electro-biogrouting, Bacteria, Nano particle, Shear strength, Coir fibre, Flexural strength, Acid rain

ELECTRO-BIOGROUTING STABILIZATION
OF SOFT SOILS

This project was carried out by Hamed Keykhah
under supervision of Prof. B.K.Huat and Dr. Afshin
Asadi. A new method of soil stabilization was
developed. Electro-biogrouting method is a novel
combined techniques of electrokinetic and
biogrouting /biocement. = The most advantages of
this invention are explained as follows:

(1)The method is able to be applied in fine grain
soils with low permeability. The method uses the
electrical gradient to flow and transport of bacteria,
Bacillus pasteurii, and essential materials (i.e. urea
and calcium chloride) instead of hydraulic gradient
in the soil.

(i1)The bacteria are transported in the soil. The
most bacteria have a net negatively charged surface
at high pH values and a net positive charge at low
pH value due to a number of polymers, which carry
ionizable groups in the membrane. Since
electrokinetic technique is capable to induce charged
particles and biocolloids such as bacteria, it is able
to distribute bacteria in porous media of soils
uniformly by electrophoresis.

(111)This method is able to control the direction of
materials movement in soil fabric. The distribution
of bacteria, urea, Ca™ and Co;? in EK depends on
position, power and the period of applied electrical

32

gradient. The uniform injection can be acquired by
selection of appropriate position of electrodes.
Therefore, it is possible to control the direction of
the materials movement.

(iv)In this method, the pH can be controlled to
optimize the condition for the culture media of the
bacteria. During EK process, H" and OH are
generated from the anode and the cathode,
respectively. The pH is reduced at the anode, and
increases at the cathode. Since, the growth and
activity of the bacteria are often pH dependent, this
EK system is able to regulate appropriate
environment for them.

(v)In this method, the oxygen released in EK
helps the bacterial activity. The electrolyzing of
water in the anode and cathode chambers cause to
release oxygen and hydrogen. Since, the applied
bacteria are aerobic and need O, for growth and
activity, the system is able to regulate appropriate
environment for them.

The EK not only is capable to transport the
bacteria in soils, but also is able to transport CO;?
which is the production of bacterial activity in soil.
The hydrolysis of urea by bacteria releases CO;~.
Then, the Ca™ and Co;” can be injected in the soil
by electrokinetics, resulting precipitation of CaCO3

[11-[5].
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There are two possible methods as follows;

(a) Elector-biogrouting by bacteria
injection; we injected 2M CaCl, and 1M
urea solution in the anode chamber, waiting
to be transferred by electromigration and
electroosmotic procedures completely in
the soil for 72 hours. Then, the live culture
bacteria were added with optical density
around 0.5 into the cathode chamber to
transport as particles by electromigration
process. When the bacteria were exposed to
the urea, they released the enzyme and
made bicarbonate (CO;?) which quickly
joined to the calcium ions (Ca') and
precipitate CaCO3 (Fig.1).

(b) Elector-biogrouting by bacterial
products injection; we initially added 2 M
CaCl2 into the anode chamber to be
induced form anode to cathode by
electromigration. Then, the mixed bacteria
and urea solution were added to the cathode
chamber. The bacteria quickly released
enzyme to hydrolyze wurea, and the
bicarbonate (CO;?) is produced in the
cathode chamber. Then, the bicarbonate
which has a negative charge was moved
directly to the anode in the soil. Finally, the
calcium carbonate was precipitated in the
soil (Fig.1).

DC power supply

Fig.1. a) Schematic diagram of Electro-biogrouting
setup

Fig.1. b) Electro-biogrouting setup

Figure 2 shows the undrained shear strength
changes of the soil under electrical potential of 5-10
mV/cm after 72 hours EBM treatment in two
different described methods. The undrained shear
strength was measured using a vane shear apparatus.
The study revealed that the method (b) was more
effective than method (a) because of some reasons
as follows [5]-[10];

(i) The usage of bacterial production (CO;?),

(ii) The movement of CO;~ ions in an electrical field
was easier than the bacterial movement in the soil,
and

(iii)Reduction of bio clogging as a result of bacterial
concentration in porous media.

[70
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Fig.2. Undrained shear strength of the soil before
and after treatment

EFFECT OF NANO PARTICLES ON
PROPERTIES OF RESIDUAL SOIL

The research was conducted by Sayed Hessam
Bahmani, MSc student, under supervision of Prof.
Bujang B.K.-Huat and Dr. Afshin Asadi.
Nanoparticles are small objects, which are sized
between 1 and 100nm, Because of extremely small
size in nano-scale (10°m) and ultra-high surface
area, some nano particles show unique properties
that can improve physical and mechanical properties
of the materials. Engineered nanomaterials can be
categorized into four groups as follows; (i) carbon-
based materials, usually including fullerene, single
walled carbon nanotube (SWCNT) and multi walled
carbon nanotube (MWCNT); (ii)) Metal-based
materials such as quantum dots, nanogold, nanozinc
(nano-Zn), nanoaluminum (nano-Al), and nano scale
metal oxides like SiO, ,TiO,, ZnO and Al,O;; (iii)
dendrimers, which are nano-sized polymers built
from branched units capable of being tailored to
perform specific chemical functions; and (iv)
composites, which combine nanoparticles with other
nanoparticles or with larger bulk-type materials. The
first two types are common and are often studied.
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Silicon dioxide as a nanoparticle, also known as
silica, is the oxide product of silicon (SiO,) with
commonly spherical morphology (Fig. 3) [11]-[15].

A typical residual soil, which is residual granite
soil in Malaysia, the SiO, nanoparticles and ordinary
Portland cement (OPC) were used in this study. The
nano particles and distilled water were mixed by
stirrer. The mixture was then sprayed on the
different mix proportions for exchanging moisture
among the particles, forming homogenous blend,
and prevent agglomeration of nano particles. The
mixtures were kept in sealed plastic bags for
24hours. Finally, geotechnical tests were carried out
on the specimens.

Fig. 3 SiO2 nano particles

Effect of Nano Particles on Engineering
Properties of Soil

The effect of cement and nanoparticles on liquid
limit (LL) and plasticity index (PI) of the soils are
shown in Fig. 4. It can be observed that addition of
cement initially increased the LL and PI. However,
higher percentages of the additives have led to
reduction in PI. In this context, it is illustrated that
reduction in the plasticity of cement/nanoparticles
stabilized-residual soils was as a result of the
increase in LLs and PLs. Variation of OMC and
MDD weight of the soils at different mixture content
are shown in Fig. 5. It can be clearly seen that the
addition of cement and nano particles led to an
increase in OMC. The increasing OMC is may be
caused by the additional water held with the
flocculent soil structure resulting from cement and
cement/nanoparticles. It also can be observed that
MDD of the treated soils decreased slightly as a
result of cement and nanoparticles treatment.
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Fig. 4. Effect of nano particles SiO2 on Atterberg
limits of soil treated by cement
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Fig. 5. Variation of compaction characteristics soil
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Effect of Nano Particles on Unconfined
Compressive Shear Strength of Soil

The effect of the addition of SiO2 nanoparticles
(15 and 80 nm) and cement on the unconfined
compressive strength of the soil is shown in Fig. 6. It
can be observed that both cement and nanoparticles
led to increase the shear strength and lower SiO2
nanoparticles ratios in both sizes 15-80nm resulted
in higher strengths.
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Fig.6 Variation of shear strength characteristics soil
treated by cement and nano particles

The addition of nano particles (SiO,) in Portland
cement marks a novelty in the high performance soil
stabilization technology. The nano particles silica
behaved not only as a filler to improve soil/cement
microstructure, but also as a promoter of pozzolanic
reaction by transforming portlandite into C—S—H gel
(Fig. 7) [15]-[20].
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EFFECT OF COIR FIBRE ON FLEXURAL
STRENGTH OF SOFT MARINE SOIL

The research was conducted by Vivi Anggraini,
Ph.D student, under supervision of Prof. Bujang
B.K.Huat and Dr. Afshin Asadi. Soft marine clay
deposit used in the construction of earth structures
has recently come under focus because of its
potential to resist cracking of the compacted layer
after construction. Due to that soft marine clay is
weak in tension and gives rise to the risk of certain
areas of the layer being subjected to flexure, a
testing program was undertaken to determine the
effects of compaction and internal reinforcement on
the potential failure of clay liners. A schematic
illustration of localized subsidence due to post closure
decomposition for a landfill site is shown in Fig. 8
along with the flexural distress caused due to
differential settlements.

AW ON -

Decomposing MSW

1 = Cover soil; 2 = Drainage layer (rain water);
3 = Compacted soil barrier ; 4 = Gas drainage layer.

Fig.8 Flexural Distress in clay-based cover
system.(Viswanadham, 2010)

The stabilization of soft marine clay soil with
randomly inserted natural fibres for earth structures
applications has been investigated in this research.
The methods of in-situ reinforced soil are based on
the principle of stabilizing natural soils by the
inclusion of elements capable of resisting forces
associated with tension and/or bending [21]-[25].

Three-point bending test is a conventional
mechanical test which is generally used for concrete
specimens. It represents the case of a plane beam
placed on two simple supports and subjected to a
vertical load at the middle. The test is attracting due
to the fact that the Young's modulus obtained from
the three-point-bending tests may represent the
behaviour of the earth platform under surface loads.

Bending moment is equal to:
Y
4

()

Where F is the maximal applied load; L is distance
between the supports.

Flexural stress for circular section of the specimen is
equal to:
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2

Where r is the radius of the specimen.

Then the Young's modulus of the specimen is
calculated as follows;

_FL
1272y

3)

Where y is the deflection at the centre of the beam.

Effect of Coir Fibres on Mechanical Properties of
Soft Marine Clay Soil

The load deflection response of the soil fibre
inclusion subject to extended deformation is shown
in Fig 9.
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Fig. 9 Flexural load-extension relationship with
various fibre contents at 7 and 14 day-curing

This initial peak load is directly related to the
flexural tensile strength of the coir fibre reinforced
soft marine clay, the region in which pronounced
cracking occurs within the middle third of the
specimen. An increasing the fibre content enhances
the degree of plastic straining at constant load, with
the load deflection response a ductile plastic
deformation.
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From the results presented in Fig 9, the computed
flexural strength from in Eq.(1) and (2) was
evaluated based on the maximum applied load. The
distance between the supports applied was 60 mm
specimens and radius 25 mm applied for all
specimens. Young's modulus of the specimen was
calculated from the deflection of the specimen after
testing in Eq (3). The maximum value of flexural
strength and young’s modulus are shown in Fig 10
and Fig.11. Due to the slab action of the soil layers,
the result of flexural tension test was appropriate to
evaluate the mechanical properties of reinforced
marine soft clay as earth structures [26]-[28].

EFFECT OF ACID RAIN ON ENGINEERING
PROPERTIES OF SOILS

This research is being conducted by Zeinab
Bakhshipour, PhD student, under supervision of
Prof. Bujang. B.K.Huat, and Dr. Afshin Asadi. Acid
rains is a broad term referring to a mixture of wet
and dry deposition (deposited material) from the
atmosphere containing higher than normal amounts
of nitric and sulfuric acids. The precursors, or
chemical forerunners, of acid rain formation result
from both natural sources, such as volcanoes and
decaying vegetation, and man-made sources,
primarily emissions of sulfur dioxide (SO,) and
nitrogen oxides (NOy) resulting from fossil fuel
combustion. Acid rain occurs when these gases react
in the atmosphere with water, oxygen, and other
chemicals to form various acidic compounds. The
result is a mild solution of sulfuric acid and nitric
acid with an acidic pH lower than 5.6 (Fig. 12)[29]-
[33].

Fig. 12 Formation of acid rain in the environment by
anthropogenic sources

Artificial acid rain used in this experiment was
prepared by diluting sulfuric acid H,SO, and nitric
acid HNO;. Tests were conducted at five pH levels:
pH 2.0, pH 3.0, pH 4.0, pH 5.0 and pH 5.6, which
were arranged using 1N H,S04 and HNO; in distilled
water. Two test methods of infiltration and soak
methods were selected to investigate the physico-
chemical and engineering behavior of soils eroded
due to acid rain. Infiltration and soak tests
simulating the erosion process of soils due to acid
rain were made for this study.
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(a) Infiltration setup

(b) Soak setup

Fig. 13 Experimental setup for (a) infiltration and (b)
soak test

Fig. 14 and 15 show the consistency and
unconfined compressive shear strength of the soil in
different pH respectively. The liquid limit
significantly decreased in the artificial acid rain with
pH 2.0 because of a large of exchangeable cations
were exchanged. In addition, the diffuse double
layer became thinner because the concentration of
the water-soluble cations increased. The unconfined
compressive strength of the soils increased with an
increase in pH. The reason for this is the formation
of the crystalline CaSO4 and CaCO;, which may
plug the pores of the specimens to cement the soil
particles together.
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The infiltration and soak methods were used in
this study, to illustrate the erosion process of the soil
due to acid rain. We have obtained some evidence of
the engineering behaviors of acidified soils by
means of an experiment simulating the erosion
process. This data may be helpful in assessing the
damaged condition of the soil due to acid rain and to
estimate the effects of acid rain on soil in the future.
The erosion by acid rain caused an increase in the
sensitivity ratio of the soils. There was a comparably
increase in the liquid limit of the soils. An increase
in the unconfined compressive strength of them
could be observed in higher ranges of pH. We are
planning to investigate the underlying behavior of
different soils and their mechanisms under effect of
acid rain with different compositions. The physic-
chemical properties of the soils will also be
investigated in this project. It can be predicted that
the effect of acid rain on the properties of soils will
become serious if the rainwater is further acidified
due to industrialization in the future. However, the
project is ongoing further information will be
released in the future.

CONCLUSION

This paper presents the recent geotechnical
research advances in the field of geotechnical
engineering in  Universiti Putra  Malaysia.
Concurrently, there are some research projects as
follows; (i) Electro-biogrouting method for soft soil
stabilization which is a new method. The live
bacteria or their production are injected to the soil
using an electrical gradient. The soft soil is then
stabilized through the CaCOs; precipitation. (ii) Soil
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improvement using nano particles. In this study, the
effect of nano SiO, on residual soil treated by
cement was investigated. The results showed that the
nano SiO, increased the shear strength of the soil
effectively. (iii) Effect of coir fiber on flexural
strength of the soil was investigated to evaluate the
mechanical properties of reinforced marine soft clay
as earth structures. The results revealed that the coir
fiber increased the flexural strength of the marine
soil well. (iv) Effect of acid rain on engineering
properties of soil. In this study, effect of acid rain on
soil consistency and shear strength of soil are being
investigated. However, the research is ongoing and
the outcomes will be released in the future[34]-[38].
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LANDSLIDES IN BANGLADESH: CAUSES AND RECOMMENDATION

Musahag Ali, Zakaria Hossain and Shigeko Haruyama
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ABSTRACT

This paper gives an account of the investigation carried out to review and analyses of floods and landslides in
some selected areas in Bangladesh. The study aimed to determine the main causes of failure of slope or
landslides and to suggest remedial measures for minimizing natural disasters in the country. Information on
landslide and slope failure were collected from daily newspapers, available internet sources, statistical yearbook,
and technical research reports. On the basis of such information, five major devastations were taken into
consideration in this paper for detailed study. The results of analyses and discussion revealed that the major
causes of landslides were due to illegal cutting of slope by public. Other causes were identified as poor planning
and faulty construction of structures neighboring to landslides sites. Analyses of slope stability with and without
pore water demonstrated that the factor of safety of slope decreased with an increase in pore water pressure
during rainfall causing the landslide devastation in Bangladesh during rainy season.

Keywords: Landslide, Flood, Heavy Rain, Bangladesh, Stability Analysis

INTRODUCTION Bangladesh but also outbreak many parts of the
world [3]. In Japan, a lot of devastating landslides

Heavy rains and landslides in Bangladesh occurred almost every year. It can be noted that a
occurred during the last couple of years had killed at wealth of experience in understanding, recognition
least 329 people and left stranded over 1950000 and treatment of landslide hazards is needed [4].
people in the south-east Bangladesh. The landslides Particular area requiring attention concerning the
are also a great concern in Bangladesh as they selection and design of appropriate, cost-effective
threaten the life and property of the people in the remedial measures which in turn requires a clear
hilly areas of Bangladesh such as Chittagong, understanding of the mechanisms and processes that
Rangamati, Cox’s Bazar, Hobigonj and like other caused the landslide [5]. Especial attention had been
natural disasters those frequently occurred in required for the hills of Chittagong in Bangladesh as
Bangladesh such as tropical cyclone, flood, draught it was particularly badly hit caused devastation due
etc. The recent Cox's Bazaar, Bandarban and to heavy monsoon rainfall. Sudden landslides not
Chittagong landslides in 2012 that occurred on June only destroying lives, crops, agricultures, poultry,
27 is another devastating natural disasters since the fisheries and many other things but also it creates
independent of Bangladesh in terms of human simultaneous accumulation of silts in the river beds
casualties damage and personal. The indiscriminate and floodplains. Unfortunately, very little or no
cutting of hill that made it very steep slope, faulty study is available which specifies the main reasons
construction of homes, embankments, roads and for such disasters. It is therefore felt that a research
miscellaneous structures in the mountainous areas, reviewing the causes of landslide in Bangladesh
worsen by the heavy rains; had increased the should be undertaken. In order to fulfill the above
occurrences of frequent landslides especially during objectives, information on landslides or failure of
the last two decades in the southern part of slopes was collected from different sources such as
Bangladesh [1]. A catastrophic super landslide like daily newspaper, web page, statistical year book and
that took place in 2007 was the most damaging one, technical reports. Discussion has been made to
claimed 130 lives, rendered nearly 150 families reveal the causes of landslides and recommendations
homeless and left over 300000 people without are made for minimizing the landslide hazard in
secure accommodation.. The tragic landslide of 1986 Bangladesh
and 1989 claimed 51 and 300 lives respectively [2].

In recent years, the loss of life and property LOCATION OF LANDSLIDES
which occurred due to these landslides still causing
staggering situation such as landslides in 2009, 2010 The geographical position of landslide occurred
and 2011 had killed at least 81 peoples and affected in Bangladesh is shown in Fig. 1. The place of
more or less all the seven landslide prone districts of occurrence is mainly Chittagong and Cox’s Bazar
the hilly region. Landslides and related slope district as shown in the south-East location on the
instability phenomena was not only the problem in map of Bangladesh.
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Death of People During Past Five Years

The number of death of people occurred during
the past five years are given in Table 1. It is noted
that there were many other landslides took place
after the independence of Bangladesh in 42 year. In
this paper, the recent casualties are emphasized. As
can be seen in Table 1, the devastation that took
place in 2012 claimed over 118 lives along with over
250000 peoples left homeless or stranded without
proper accommodation.

Table 1 Recent death of people due to landslide

Date of Death of | Left
Place
occurrence people | stranded
2007 June 11 130 300000 | Chittagonj
2009 July 4 6 500000 | Hobi-gonj
2010 June 15 58 200000 | Cox's Bazar
2011 July 1 17 700000 | Chittagong
2012 June 27 118 | 250000 | Shittagong,
Cox's Bazar

Fact findings

The Chittagong district is second largest city and
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Cox’s Bazar top tourist city of Bangladesh close to
Bay of Bengal facing heavy rains during monsoon
season in the month of June and July. Large part of
the port city of Chittagong are badly affected by
floods (Fig.2) causing multiple landslides (Fig.3).

Fig.2 Heavy rain causing flood in Chittagong city
(source: BBC)[6]

Fig.3a Destruction of houses due to landslide (2012)
(source:: reliefweb)[7]

Fig.3b Destruction of houses due to landslide (2007)
(source: reliefweb)[8]

It is known that there are lot of illigal cutting of hills
in the Chittagongcity took place every year by the
influencial people. Owing to cutting of natural slope,
the slope became heay stiff and sometimes the
inclination were over 70 to 80 degree or close to
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vertical as can be seen in Fig.4.

Fig.4 Natural slope was illegally cut to stiffer
inclination susceptible to failure (source: Daily star)

CHECKING STABILITY OF SLOPE BEFORE
AND AFTER CUTTING

In order to check the effect of rainfall on the
stability of slope, it is necessary to perform the
analyses considering the existence and non-existence
of pore water inside the slope for both the natural
and cut slopes. Considering the facts above, the
analyses were performed using the method of
determination. The main feature of this method is
that it calculates the factor of safety of a slope based
on moment equilibrium of simultaneous blocks
dividing the whole slope into two major blocks of
left and right sides as shown in Fig.5.

O E.

Fig.5 Forces acting on a slope for stability check

Where, Hi is the horizontal component of internal
force and Vi vertical component of internal force
both are acted at the vicinity of i-section owing to
the self-weight of the right-side soil-block when
considering the free-body of left side soil block. In
the same way, considering the free body of the right-
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side soil-block, the Hi and Vi are acted in the
opposite direction due to the reaction of the left-side
soil-block. The self-weight of right-side soil-block is
denoted by Wir. The center angle formed by the
lines connecting to the center of the arc and the point
which is the cross-section of slip line and acting line
of Wir is denoted by air., The horizontal distance
between the i-section and the acting line of Wir is
denoted by Xir and the vertical distance between the
point of action of internal forces and the slip line is
given by Li.

Alike the right-side soil-block, the parameters
Wil, ail, Xil are also defined in the case of left-side
soil-block. Another feature of this method is that the
point of action of internal forces to the slip circle
(Li) is common for both left and right group. The
radius of the circular arc is defined by r. The
horizontal distance between the bottom edge of the
slip circle and i-section is defined as Xi and the
center angle formed by the line passing through the
cross-section of i-section and slip-line with the
vertical direction is defined as
method can be found elsewhere (Hossain and Inoue,
2007). By using the determinate method, the factors
of safety of the landslide section are calculated by
the following equation.

F = {H n—lSinan + (Wn _Vn—l) C0Sa, _unln}ﬂ

s . 1)
W, -V, )sina, ,—H, ,cose,

where, n indicates the number of vertical slices,
indicates effective angle of internal friction and
indicates effective cohesion of soil. Here, H is the
horizontal force component, V is the vertical force
component, W is the self weight of slice, a is the
angle to the center of the circle, u is the pore water
pressure and | is the base length of the slice along
the circle. The 7 given in the above equation is
defined as follows.

n=tang +cl @)
Figures or Tables should be sized the whole width of
a column, as shown in Table 1 or Fig.1 (Figs. 1
and/to n) in the present example, or the whole width
over two columns. Do not place any text besides the
figures or tables. Do not place them altogether at the
end of manuscripts.

RESULTS AND DISCUSSION

The properties of soil obtained by laboratory
tests are given in Table 2.The results of analyses of
natural slope (Fig.6) are compared to that of the cut
slope (Fig.7) in Table 3.

[Ji. The details
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Table 1 Materials properties used in
stability checking

Parameters Values
Dry density, t/m? 01.64
Specific gravity 02.723
Cohesion, kN/m? 95.71
et
Sand, >75um (%) 16.00
Silt, 5-75um (%) 44.00
Clay, <5um (%) 40.00
Liquid limit 52.0%
Plastic limit 29.7%
Plasticity index 22.3
Unified Classification CH

System

Fig.6 After cut: facing of natural slope

The factors of safety of the natural slope before
cutting are 1.98 and 2.35 with and without pore
water pressure respectively. This indicates that the
stability of the slope decreases due to the increase in
the pore water pressure during rainfall. After cutting
the hill, the safety values are obtained as 1.48 and
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1.10 respectively indicating that the factor of safety
decreased significantly with the increase in pore
water pressure which leads to the failure of the slope
during rainfall because the recommended factor of
safely values are over 1.8 or more.

Table 3 Results of stability checking

Pore water | Factor of safety Factor of
pressure before hill safety after hill
condition cutting cutting
Without 2.35 1.48

pore water

With pore 1.98 110

water
CONCLUSION

From the results and discussion given above,
the following conclusions can be drawn:
1. The natural slope in the failure location in
Bangladesh was stable both in the dry season and
rainy season as the factor of safety are found to be
equal or more than the required factor of safety of a
stable slope.
2. The major cause of landslide was found to be
man-made through illegal hill cutting by influential
people of Bangladesh.
3. The other causes of landslides were identified as
the increase in pore water pressure during rainfall.
4. It is recommended that unless serious steps are
taken to correct this way of hill, the landslides in
Bangladesh are plausible to turn into even worse
with time and achieve eventually devastating
magnitude.
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ABSTRACT

The use of IBS in construction is of interest mainly due to its relatively green technology and the fact that by
implementing IBS, the cost of construction and its required time are decreasing remarkably. Finding a total
precast solution for low to moderate rise buildings is the aim for Malaysian Construction Industry Development
Board (CIDB). However, the aim is not totally achieved yet, although many precast structures have been built,
none of them are totally precasted. In fact, the substructures are cast in place. The current aim of the research in
Universiti Teknologi Malaysia (UTM) is to develop and introduce a new thin wall precast spread foundation
known as IBS footing for low to moderate rise buildings to complete the cycle of using precast elements for
affordable houses. This study reviews developed precast spread foundation as well as investigates the axial
bearing capacity of a new proposed IBS footings as this parameter plays an important role in the design of
footing. For this reason, a set of parametric studies using finite elements code, PLAXIS,were conducted to
evaluate the optimum shape of spread foundation suitable for rapid construction. The parametric study results
show that the effect of increasing the length of foundation thin walls on axial bearing capacity is much more than
that of wall thickness. Based on the results of the parametric study, the new IBS footing was proposed.
Consequently, the proposed IBS footing was analyzed numerically by implementing the finite element software,
ABAQUS. The numerical results reveal that the bearing capacity of the proposed IBS footing is 380 kPa for 25
mm settlement. In general, numerical results confirm that the proposed IBS footing can be considered for further
investigation to be used as a substructure system in low to moderate rise buildings.

Keywords: ABAQUS, Bearing Capacity, Granular Material, PLAXIS, Precast Spread Foundation

INTRODUCTION Apart from economical perspective, the use of
IBS has other advantages such as rapid construction,
Implementation of Industrial Building System reduction in site workers and wastes, less affection
(IBS) has recently become highlighted in by weather condition, relatively higher quality and
construction industry [1]. Among many technical safer construction. On the other hand, IBS
definition of IBS [2]-[6]Warszawski [7] expounded implementation has some disadvantages such as the
that an industrialization process is an investment in need for high initial capital cost, competent and
equipment, facilities, and technology with the certified assembler,and site accessibility requirement
objective of maximizing production output, [11]. Although IBS implementation has some
minimizing labor resource, and improving quality disadvantages, the advantages of IBS usage
while a building system is defined as a set of outweighted the disadvantages.The use of precast
interconnected element that joint together to enable elements such as beam, column, wall and panels is
the designated performance of a building. However, well established. However, when it comes to precast
Kamar [8] mentioned that in Malaysia, IBS spread footing, only a relatively few numbers of
definition represents the concept of prefabrication reported cases can be found in literature. This
and industrialization of construction. A survey on excludes the use of precast driven piles as a kind of
the usage of IBS [9] in Malaysian construction deep foundations. In fact, from the economical point
industry shows that almost 70 percent of engineers of view, many studies show that spread foundations
have positive point of view towards IBS are more preferable. In other words, the use of
implementation in construction. This is due to shallow foundations instead of deep foundations can
numerous advantages of IBS implementation in reduce the cost of project from 20 to 70 percents
comparison to the conventional method of [12].
construction. Many researchers have investigated the
advantages of IBS usage. Among others, study by INTRODUCTION OF A NEW PRECAST THIN
Cheong [10] shows that through IBS implementation, WALL FOUNDATION
the cost of project can be reduced up to 46% of the
total cost. The idea of precast thin wall foundation

originated from the Malaysian's ancestors usage of
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invert bottles or barrels as a foundation for their
houses. In order to investigate the geotechnical
performance of such thin wall foundation as well as
develop its optimum shape, the initial idea was
evolved and extended through a comprehensive
parametric study.

The finite element code, PLAXIS [13], was used
for the course of the parametric study mainly due to
its availability and ease of use. In this parametric
study, the effect of some parameters including the
effect of both wall length and wall thickness on the
bearing capacity of the proposed IBS footing is
investigated.

It is apparent that soil strength and foundation
width also can effectively increase the bearing
capacity of foundation [14]. However, due to their
obvious effects on bearing capacity, these factors are
excluded in the parametric study.

Parametric Study

In order to conduct a parametric study for precast
thin wall spread foundation or IBS footing, some
plane strain models were considered in PLAXIS
version 2010 (see Figure 1). A working area of 10 m
width and 10 m depth was used to minimize the
boundary effects. The width and wall length of
default footings (Figure 1-b)were equal to 1 m and
default wall thickness was equal to 10 cm. The cap
was set to be 20 cm by 20 cm.

The soil was modelled as one layer of sand. The
Mohr-Columb (MC) model was considered for soil
constitutive model. The drained behavior was
assumed due to the type of material i.e sand.

On the other hand, for concrete material i.e
footing, a Linear Elastic (LE) model was selected to
define the concrete behavior. The concrete was
selected as a non-porous material.

The coefficient of earth pressure, Ko, in analysis
was approximated by considering Jacky's estimate
of Ko=1-sin¢ [15]. The materials properties for
parametric study were taken from the study
conducted by Momeni et al.[14] and they are
tabulated in Table 1.

To define boundary conditions, standard fixities
PLAXIS tool were used. These boundaries are
defined in a way that for vertical geometry line,
there is a horizontal fixity while the bottom
horizontal geometry line is fixed vertically and
horizontally.

According to a study conducted by Lebeau[16] in
sandy soils, the size of mesh in PLAXIS does not
have considerable effect on output curves. Therefore,
in this study, course mesh size was considered for
the further finite element analysis as shown in
Figure 2.
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a) Simple Footing

b) Footing with embedded wall (Default Footing)
¢) Footing with longer (1.5x) empeaaea wan
d) Footing with thicker (2x) embedded wall

< 4 4 o

Fig.1 Different foundations used for parametric

study

The prescribed displacement method for which a
certain displacement will be imposed on the top of
the footing was considered for analysis. The
maximum allowable settlement was considered to be
20 mm [13].The calculation was divided into two
phases. In the first step, water level was defined and
the initial effective stresses are generated by Ko
procedure.

Table 1 Material Properties for parametric study

Material Symbol  Sand Footing Unit
Material Model - MC LE -
Unit Weight ¥ 18 24 kN/m?
Stiffness E 14.4 26E3 MPa
Poisson’s Ratio v 0.35 0.15 -
Friction Angle ) 30.5 - degree
Cohesion c 0.06 - kPa

The initial phase also dealt with generating the
hydrostatic pore water pressure based on the water
level. The water was leveledon the bottom geometry
line to represent the dry condition. In the second
phase, the static plastic analysis was selected for the
type of analysis. Since the analysis was
static,thewhole analysis can be applied in one
stage.Both stage construction and total multiplier
techniques could have been used in this study,
however, the results are obtained using stage
construction method.

Different analyses were performed to investigate
the effect of important structural elements on the
bearing capacity of IBS footing. In fact, the
parametric study dealt with the effect of wall and its
size variation on geotechnical performance of
footing. The analysis began with bearing capacity
estimation of simple footing (Figure 1-a). The
analysis was then repeated for default footing
(Figure 1-b).
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Fig. 2  Generated mesh for footing before analysis.
In order to investigate the effect of wall length on
the bearing capacity, third analysis was conducted
on the aforementioned footing except that the length
of walls was increased 1.5 times (See Figure 1-c).
For last analysis, to investigate the effect of wall
thickness on bearing capacity, the wall thickness of
default footing was increased two times while the
wall length was kept constant (Figure 1-d).
the deformed mesh of one of the footing in addition
to the results of four different analyses is shown in
Figure 2 and 3 respectively.

Figure 4 shows that, for 20 mm settlement, the
maximum axial bearing capacity is almost 90 kN/m.
However, by adding the embedded walls, the axial
bearing capacity was increased up to 110 kN/m. This
is almost 25% higher than simple footing which
shows the importance of such walls on the axial
bearing capacity. Figure 4 also depicts the
effectiveness of wall length and thickness on the
geotechnical performance of footing.

As shown in this schematic figure, for the case
that wall length is increased 1.5 times and the wall
thickness remained constant (Figure 1-c), the rate of
the increase in bearing capacity is much more than
the case that wall length is kept constant and the
wall thickness increased two times (Figure 1-d).

In other words, in comparison to the default
footing (Figure 1-b), there is 10% increase in
bearing capacity for the latter case while for the
former case this rate is 15%. In interpreting the
results, it is worthy to note that the wall length is
increased 1.5 times while the thickness of the walls
is increased two times. In fact, it can be determined
from the results of the parametric study, the effect of
increasing wall length on axial bearing capacity is
much more than that of wall thickness.
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Fig. 3 Deformed mesh after analysis

Fig.4 Schematic figure of the parametric study
results

Proposed IBS Footing

Based on the results of parametric study, and
engineering judgment, a thin wall precast spread
foundation (IBS footing) suitable for low to
moderate rise buildings is proposed. The proposed
IBS footing is shown in figure 5. In the proposed
footing, some other factors such as transportability
are considered. Hence, the wall thickness which
does not have remarkable effect on the bearing
capacity of footing is considered to be 5 cm. On the
other hand, to prevent the walls from brittle failure, a
bracing system was developed as shown in figure
5(b). The wall length was set to be 1.1 m and the
whole square IBS footing was selected to be 1.5 m
by 1.5 m. Other dimensions are shown in the Figure
5.

FINITE ELEMENT ANALYSIS OF THE IBS
FOOTING

The proposed precast thin wall spread foundation
(1BS footing) was modelled numerically using finite
element technique. Discretization of continuous
media by finite number of elements is known as
Finite Element (FE) method [17]. Due to specific
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shape of the proposed IBS footing, the finite element
code, ABAQUS [18], was implemented in this study.

L
(110 cm)

@ ®)

13
(10 cm)

@

Fig.5 Proposed IBS footing: a) isometric view,
b) Bracing system, c) bottom view, d) cross
sectional view

One layer of sand with ¢’=0 kPa and ¢’=37° was
considered for FE analysis. The surface area of sand
stratum was 81 m? while its depth was 7m. The
boundaries were selected in accordance to previous
literature suggestions [13]. However, in order to
reduce the computation time, only one-fourth of the
footing was modelled. This can be done due to
symmetry of the problem.

For successful numerical analysis to be
performed, the soil behavior should be defined
properly and realistically. Hence, modified Drucker-
Prager constitutive model with cap was considered
for defining the soil behavior. It is well established
that the soil behavior is stress dependent [20] and the
cap model used in this study considers this
significant factor. The cap eccentricity value, R,
used in this study was 0.4 [19]. Table 2 shows other
cap model parameters which are taken from

Helwany [19].

The IBS footing was considered to be rigid and it
is assumed to be in perfect contact with soil. Study
by Merifield and Nguyen [21] shows that the soil-
footing interface strength has little or no effect on
the calculated bearing capacity. In order to model a
rigid footing, a downward displacement boundary
condition was applied on the soil stratum [22]-[24].
Since the maximum allowable settlement for
buildings is often considered to be 25 mm, this
amount was applied on the soil body in 25
subsequent steps. In each step, 1 mm prescribed
downward displacement was applied over the
normal soil-footing interfaces area. The sand bottom

layer is fixed in all directions while for vertical
boundaries only the horizontal movement is fixed.

The automatic meshing technique was employed
mainly due to the specific shape of the IBS footing.
Nevertheless, in the vicinity of the footing, finer
mesh was considered because of significant
displacement change in this area as well as the fact
that this zone is the zone of stress concentration.

It is worthy to note that Four-node linear
tetrahedron coupled displacement-pore pressure
elements (C3D4P) were considered for FE analysis.
The finite element mesh used in the analysis consists
of 5571 nodes and 27652 elements. The generated
mesh is shown in Figure 6.

In the analysis of the foundation, as mentioned
earlier, the load is applied using a constant down-
ward displacement boundary condition at the normal
soil-footing interface areas. This type of boundary
condition causes the footing to settles uniformly.
The sum of reaction forces over the area, in which
the downward displacement boundary condition is
defined, is considered as the bearing capacity of the
footing [21], [25].

Due to the static nature of the problem, static
analysis was performed. In the beginning of the
analysis, gravity loads were applied to the soil body.
Subsequently, geostatic command was invoked for
determination of the initial stresses in all
soilelements and to make sure that equilibrium is
satisfied within the sand layer.

Table2 The Modified Drucker-Prager (D-P)
Parameters for sand layer

Parameters Symbol  Sand Unit
Density p 1923 kg/m?
Initial void ratio eo 15 -
Elasticity E 182 MPa
Poisson’s ratio v 0.28 -
Cohesion d 10 kPa
Friction Angle B 55 degree
(3-D model)

Eccentricity R 0.4 -
Coefficient of transition o 0.05 -
surface

Initial Yield - 0 -

Fig. 6 IBS footing Generated Meshes
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RESULTS AND DISCUSSION

The results of the aforementioned finite element
analysis are discussed in this section. The deformed
mesh is shown in Figure 7 while the influenced zone
of the soil due to vertical displacement is shown in
Figure 8. The blue color indicates zero displacement.
As shown in this figure, the soil defined boundaries
are assigned properly. It is worthy to note that, in
Figure 8, the ABAQUS mirror tool was used for
visualization purpose. Based on the results, the
significant displacement occurs within vertically 2B
(B is the footing's width) below the footing and
horizontally 1.5B from the center point of the
footing which is in good agreement with Boussinesq
theory and the well-established experimental study
by Briaud and Gibbens [12]. According to the well-
established literature, the horizontal influenced zone
is often 2.5B to 3B for simple footing. Nevertheless,
the remarkable decrease inhorizontal influenced
zone might be due to embedded thin walls.

The load-settlement curve of the footing for 25
mm settlement is shown in the figure 9. As shown
schematically in this figure, the bearing capacity of
the proposed IBS footing for allowable settlement is
380 kPa. It is discussed earlier that the bearing
capacity of the footing is obtained by summation of
reaction forces over the applied prescribed
displacement area using history output menu in
ABAQUS.

Fig. 7 IBS footing deformed mesh

SUMMARY AND CONCLUSION

The importance of IBS and precast spread
foundations was investigated through a critical
review. Apart from that, a parametric study for
developing a new precast foundation was conducted.
The results of the parametric study reveal that the
effect of embedded wall on bearing capacity is
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remarkable. Based on the results of the parametric
study and some other factors such as transportability
of the footing, a precast thin wall spread foundation
known as IBS footing was introduced.

Influenced zone of the soil under 25 mm
settlement

Fig.8

U B i [ n %

Setilement (mm)

Fig. 9 Load-displacement curve under the IBS

Footing

The proposed IBS footing was analyzed
numerically by using the finite element software,
ABAQUS. From the finite element analysis, it is
found that the bearing capacity of the proposed
footing is 380 kPa for 25 mm settlement. Apart from
that, the numerical analysis of the IBS footing shows
that the vertical zone of influence of the soil body is
within 2B from the center point of the footing while
horizontal zone of displacement is located in area
between the center of the footing and 1.5B after it.

The influenced zone of the sand layer considered
in this analysis lies inside the suggested range of
influenced zone of displacement provided by
researchers in well-established empirical studies.
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ABSTRACT

Peat is a highly organic and compressible soil. Surfers Paradise (as a study area) has problematic peat layer which has
different thickness at different locations between R.L. -10 to -19.6 m below the ground surface. Buildings in Surfers
Paradise are using piled foundations to avoid the high compressibility and low shear strength peat layer. In this paper,
geotechnical borelogs are compiled from 51 sites in the study area. These borelogs data are then imported into
ArcGIS10 as digital layers and converted into assessable formats by Geographic Information System (GIS). This
technique has been utilised to produce digital zonation maps for the study area. The application of interpolation
techniques allows the production of zonation maps and bring together years of geotechnical data. Standard Penetration
Test (SPT) N values have been selected to determine the soil stiffness in the study area. These SPT-N values are then
categorised to produce different zonation maps. The occurrence of peat layers can be located using these zonation maps.
These GIS-based zonation maps will provide a better overview of subsurface geology, bed rock elevations, and
geotechnical properties of the various soil types found in the study area.

Keywords: Peat, Geographic Information System, Standard Penetration Test, Spatial Analyst.

INTRODUCTION

GIS has the capability to manage, store, and
referencing geotechnical data to its geographic
locations. It has been used to integrate existing data
such as soil investigations aided by geographic
coordinates with specific project data to identify
potential geotechnical challenges. For instance, a case
study has been presented by [1] where a geotechnical
investigation data has been managed by using GIS for
design purposes in transportation projects. The outcome
of this study was an early identification of the
geotechnical problems which require an additional
budget and time consuming design’s substantial
changes. It is generally accepted that the organic matter
presence in soils causes a detriment of their
geotechnical and engineering qualities [2]. Peats and
organic clays cause typical geotechnical problems as a
result of their characteristics such as compressibility,
lightness, creep ability, weatherability, and low strength
and stiffness [3].

GIS Application in Geotechnical data

GIS has been wused in many geotechnical
applications ubiquitously over the world. For example,
in Brazil, GIS used for geotechnical and environmental
risk management of Brazilian oil pipeline in 2010 [4].
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In addition, in Greece, GIS has been used to produce a
thematic map for the geotechnical, geological,
seismological, and geomorphological data of Athens
[5]. In Turkey, reference [6] has used GIS to produce
zonation maps and to estimate if a further precaution is
required for a safer area. Cross sections which include
SPT-N blow count with depth have been performed to
determine the soil strength. Further, GIS-based
geotechnical information system