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Manuel Rocha Lecture

Manuel Rocha (1913-1981) was honoured by the Portuguese Geotechnical Society with
the establishment of the Lecture Series bearing his name in 1984.

Having completed the Civil Engineering Degree at the Technical University of Lisbon
(1938) he did post-graduate training at MIT. He was the driving force behind the creation
of the research team in Civil Engineering that would lead to the foundation of the National
Laboratory for Civil Engineering (LNEC), in Lisbon. He was Head of LNEC from 1954 to
1974 and led it to the cutting edge of research in Civil Engineering.

His research work had great impact in the area of concrete dams and rock mechanics. He
was the 1! President of the International Society for Rock Mechanics and organized its 1
Congress in Lisbon (1966). He did consultancy work in numerous countries. He was Hon-
orary President of the Portuguese Geotechnical Society, having promoted with great com-
mitment the cooperation between Portugal and Brazil in the area of Civil Engineering, and
member of the National Academy of Sciences of the USA. Recognized as a brilliant re-
searcher, scientist and professor, with a sharp, discerning intellect allied to a prodigious ca-
pacity for work and management, he was truly a man of many talents.

The 2018 Manuel Rocha Lecture was presented by Prof. Dr. Laura Caldeira, Head of the
Geotechnics Department of LNEC, the National Laboratory for Civil Engineering in Lisbon, Portu-
gal. She is a former professor of Universidade do Porto and Universidade Nova de Lisboa and, be-
tween 2008 and 2016, of Instituto Superior Técnico. Dr. Caldeira graduated in Civil Engineering
with honours in 1981 from Universidade do Porto, having obtained a Ph.D. degree from the same in-
stitution in 1994. Her Ph.D. research focused on the dynamic analysis of embankment dams, includ-
ing studies conducted at University of Princeton (USA) of strain localization in particulate media and
liquefaction of the alluvial foundation of embankment dams. In 1998, Dr. Caldeira became a re-
searcher at LNEC, and, in the following year, head of the Foundations Division. In 2006 she obtained
her Habilitation, presenting a research program on Risk Analyses in Geotechnics and Application to
Embankment Dams. Dr. Caldeira has also been involved in consulting, including a number of large
dams, tunnels, and the Lisbon Docks, and has authored or co-authored more than 40 journal and 140
congress publications, one book and 15 book chapters, and more than 260 technical reports. Dr.
Caldeira delivered more than 40 invited lectures in Portugal and elsewhere, and was president of the
Portuguese Geotechnical Society from 2008 to 2012. She has integrated several committees, namely
at the Science and Technology Foundation, the Engineering Academy, and the Dam Safety Commis-
sion in Portugal, and the European Large Geotechnical Institutes Platform.

Soils and Rocks
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Internal Erosion in Dams

L. Caldeira

Abstract. In embankment dams and dam foundations, internal erosion is the major cause of structural dam failures and
incidents. Internal erosion develops locally along concentrated leaks or in the largest flow velocity zones, where the
permeability is high, and at the interface between coarse and fine materials, where the flow velocity in coarse material may
be high compared to the adjacent fine material. The mechanics of the equilibrium of the particle governs the initiation of the
internal erosion. Filter and drain systems constitute a first line of defense against the phase of continuation of erosion. It is
assumed by several authors that the continuation of internal erosion can be prevented by using adequate granular filters in
areas where important hydraulic gradients may develop. This lecture addresses the most important and frequent of those
internal erosion mechanisms in dams - induced by concentrated leaks or by backward erosion piping, presenting event trees
for estimating the resultant probabilities of failure. To assist in the determination of the range of probabilities of their
branches, a set of laboratory tests is described. In complement, some knowledge gaps related to the described mechanisms
are identified, where future research efforts are directed at LNEC. Two case studies of dams and one case study of a
cofferdam with internal erosion problems are described. The first is an embankment dam, Lapao dam, where due to design
and construction problems an internal erosion process was developed. The other is Crestuma dam, a gated structure type.
Since the dam started operating, the riverbed near the dam has been subject to frequent monitoring that showed progressive
scour of the protective rockfill layer. This lecture presents the results of the studies undertaken in relation to the hydraulic
stability of the alluvial foundation of the dam stilling basins and of the downstream rockfill, and the main features of the
implemented repairing solutions. The last case is a cofferdam constituted by natural decomposed granite rock mass and a
water tightness solution with jet grouting columns and grouting. The problems of internal erosion related to this type of
formation are described, as well as the interventions adopted to overcome their effects.

Keywords: backward erosion piping, case studies, concentrated leaks, laboratory tests.

can result in dam failure by internal erosion (ICOLD,
2017).

Internal erosion develops locally along concentrated
leaks or in the largest flow velocity zones, where the perme-
ability is high, and at the interface between coarse and fine
materials, where the flow velocity in coarse material may
be high compared to the adjacent fine material. The me-
chanics of the equilibrium of the particle governs the initia-
tion of the internal erosion, and five main mechanisms can
be distinguished: concentrated leaks along flaws, backward

1. Introduction

Internal erosion is a major cause of structural dam
failures and of incidents on embankment dams and on foun-
dations of concrete or masonry dams. The statistics of em-
bankment dam failures shows that internal erosion is re-
sponsible for 46%, overtopping for 48%, and sliding for
only 6% (4% in static conditions and 2% in seismic condi-
tions) of the failures with known failure mode.

Most of these failures occurred on the first filling, but
they also can happen after this period due to cracking (more

likely to occur in the upper part of the dam), deterioration of
the conduits through embankments and adjacent structures
confining with embankments or the ground, and non-
existent or deficient filter systems. Incidents include exces-
sive, new or increased seepage and leakage, sinkholes, sand
boils, and fast settlements of the dam. Sinkholes may be
present in all types of internal erosion, and if they are ob-
served, the erosion has already progressed and time to fail-
ure may be small.

In recent years, two lines of investigation of internal
erosion have been addressed: the application of risk assess-
ment methods in the estimation of the probability of failure
of dams due to internal erosion phenomena, and the im-
provement of the knowledge about the mechanisms that

erosion, contact erosion, suffusion and suffosion.

This lecture addresses the most important and fre-
quent failure mechanisms in dams: those induced by con-
centrated leaks and backward erosion piping. It describes in
detail the internal erosion process necessary to evaluate the
probability of dam failure, based on event tree analyses,
and including the purpose and functions of filters. It also
presents the tests that assist the assessment of some of the
probabilities of the branches. Some of the gaps of knowl-
edge that require further investigation are also identified.

Case studies of two dams and a cofferdam with inter-
nal erosion problems are presented. The first is an embank-
ment dam, Lapao dam, where due to design and construc-
tion problems internal erosion processes were developed

Laura Caldeira, Ph.D., Principal Researcher, Laboratério Nacional de Engenharia Civil, Lisbon, Portugal. e-mail: laurac @Inec.pt.
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through concentrated leaks. The other is a large gated con-
crete structure type where the riverbed near the dam had
been subject to frequent monitoring that showed progres-
sive scour of the protective layer. With this scour, the foun-
dation of the dam was no longer protected against back-
ward erosion piping. Finally, it is presented a cofferdam,
with internal erosion initiation and progression in natural
decomposed granite, and the evidences of their occurrence
are described.

2. Failure Probability Due to Internal
Erosion Induced by Concentrated Leaks

A methodology for estimating probabilities of failure
of embankment dams by internal erosion and to investigate
aspects related with internal erosion in embankment dams
and their foundations is being developed, which involves
the decomposition of the internal erosion failure process
into a sequence of steps (Fell et al., 2008). Generally, the
steps considered are the following: (1) loading conditions
assessment; (2) identification of the location where the
internal erosion can start, and of its paths; (3) initiation of
erosion; (4) filtration or continuation of erosion; (5) pro-
gression; (6) detection; (7) intervention and repair; (8) and
formation of a breach mechanism. This sequence can be in-
terrupted if there are zones capable of stopping the erosion
process once initiated, or if it is detected and inhibited dur-
ing the erosion phases prior to the formation of the breach.

In terms of loading conditions, the historic cases
showed that nearly all internal erosion failures in the em-
bankment took place when the reservoir was at the highest
level ever, or within one meter of that level, while in the
foundation the reservoir level was not as determinant
(ICOLD, 2017). However, Engemoen & Redlinger (2009)
and Engemoen (2011), based on a detailed analysis of inter-
nal erosion incidents of 220 embankment dams, concluded
that they can occur at any time in the dam life, when the res-
ervoir level is close to normal high water level.

Figure 1 presents the event tree developed for the esti-
mation of the probability of failure induced by a concen-

4 Continuation
3 Initiation

Sufficient
gradient
exists to

initiate

2 Localion

1 Loadmg conditions

along the
transverse
crack?

ch
Upstrcam
Yes  zoning is Yes
Continuous able to limit
stable sidewalls flow? Upsiream
g zoning is able
Yes are maintained eIl
An unfiltered or
inadequately
Yes filtered exit No
exists allowing
erosion to
continue? No >

trated leak due to the presence of a transverse crack in the
embankment, caused by differential settlement. To evalu-
ate the probability of failure, one must assess the probabil-
ity of the initial event (the assumed reservoir loading) and
the probability of each branch of the event tree that leads to
the breach formation, i.e., the failure of the dam, in Fig. 1
represented by the red triangular shape.

Internal erosion may initiate in the embankment due
to a concentrated leak in transverse cracks, poorly com-
pacted or high permeability zones, a gap at the interface
with concrete structures formed due to differential settle-
ment between the embankment and the structure, or due to
the collapse settlement of poorly compacted fill in the em-
bankment around conduits and adjacent to walls.

Cracking in embankment dams can be induced by
vertical stress release caused by arching between two or
more locations that do not settle as much as the location be-
tween them, by hydraulic fracturing, and by seismic action.
Most of hydraulic fracturing occurs during the first filling
of the reservoir as a wetting front passes through the dam.
Nevertheless, water penetrating the sides of a crack may
produce some swelling in unsaturated soils that can close
the crack before erosion begins to make it wider, the behav-
iour of the dam being dependent on which process pro-
gresses faster (swelling or erosion).

If the gradient is sufficient to detach particles by slak-
ing along the walls of the crack or flaw, the soil is subse-
quently eroded by water flowing at relatively high velocity,
and the erosion or scour process initiates.

If there is a proper filter, the eroded particles are then
carried out through the preferential flow path to the filter
face, and the filter will stop particle erosion through the
crack by a self-healing process presented in Fig. 2.

In an initial stage (Fig. 2a), the soil eroded from a
crack is caught at the filter face, forming a cake (a material
with high solids content and low permeability), by a pene-
tration mechanism. The eroded particles progressively fill
the voids with a velocity that decreases with increasing
head loss, until equilibrium between driving forces and

the erosion

Yes
pathway?
B

Detection and
No _ intervention
are reach occurs
successful? by gross
No_enlargement,
5 Progression sverghng No

settlement?

A transverse crack conccmratcd
exists in the leak erosion N
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to differential exit?

crest collapse
and
6, 7 Intervention

Figure 1 - Event tree for estimation of the probability of failure by internal erosion induced by concentrated leaks (adapted from

Shewbridge, 2014).
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Internal Erosion in Dams

(a) (®)

'} High gradient

)€
8

(@)

Figure 2 - Self-healing process at the end of a crack: a) initial stage; b) intermediate stage; c) final stage (adapted from Redlinger, 2014).

friction forces stops the flow. The depth of penetration of
the eroded particles into the confining filter is governed by
the hydraulic gradient and the geometrical characteristics
of the pore system. The high gradient between water in the
crack and the adjacent filter causes some widening of the
filter cake near the crack. Further widening of the filter cake
is induced in the next stages (Fig. 2b), until the local hy-
draulic gradient is reduced. At the final stage (Fig. 2c) the
low permeability filter cake covers the opening and the ad-
jacent zones on each side of the crack. The remaining filter
adequately collects seepage flow through the pores of the
soil.

Once the internal erosion process starts, for a given
load condition, and there are no effective filters stopping
eroded particles along the erosion path, the continuation
and progression of internal erosion are governed by the me-
chanics of grain transport and shall be assessed. Mechani-
cal and hydraulic conditions must take place simulta-
neously (ICOLD, 2017), namely cracks, pipes, or other
defects must be sustained, and the drag force by seepage
flow must be sufficient to continue the particle transport.
The erosion will progress unless an equilibrium situation
develops and the eroding forces become equal to or less
than the resisting forces.

Soils capable of holding a crack or pipe, either fully or
partially saturated, are: well compacted soils containing
more than 5% plastic fines, poorly compacted soils contain-
ing more than 15% plastic fines, and soils containing more
than 30% non-plastic fines. Non-plastic silts, sands, and
gravels will not in general hold a roof as the roof will col-
lapse when they become saturated. However, partially satu-
rated and non-plastic soils with high fines content may hold
a roof along the phreatic surface, for example, but the roof,
which in this situation is sustained by the negative pore wa-
ter pressure, i.e., by suction, may collapse when saturated.

As the flaw enlarges, the hydraulic shear stresses in-
crease, and the erosion will progress unless the reservoir is
drawn down to reduce the gradient. In general, this enlarge-
ment is rapid, leading to the dam breach, usually within few
hours. However, in some cases, even though initially con-
centrated leaks had rapidly been developed in the embank-
ment, the flow stopped or tended to stabilize. The most

Soils and Rocks, Sao Paulo, 41(3): 237-263, September-December, 2018.

relevant issue in zoned dams appears to be related to the
types of material upstream of the cracked core (Fell ef al.,
2003). In the described scenarios, the limitation of erosion
progression may be attributed to the flow restriction and/or
crack-filling actions. Therefore, it is necessary to evaluate
the possible contribution of those materials in the internal
erosion process.

The flow restriction action is in place when the up-
stream shell or an upstream transition zone in a zoned dam
is able to restrict the flow that can pass through a concen-
trated leak in the core. An example of an accident where the
flow appears to have been restricted has occurred in the
Balderhead dam.

Balderhead dam is 48 m high earth-rockfill dam, built
in England in 1961-1965, where transverse cracks were de-
tected in the thin central clayey core, likely due to hydraulic
fracture (Sherard, 1973). Compacted schist materials con-
stituted the upstream shell. A transition zone was adopted
immediately upstream of the core, using fine schist mate-
rial. The flow restriction action was partially imputed to the
relatively low permeability of the upstream transition zone.

The upstream crack-filling action involves the wash-
ing in of particles of the upstream material into core cracks.
These particles are transported by seepage flow from the in-
terface with the cracked core up to the downstream mate-
rial. The upstream material from higher levels may fall
down into the empty space created by the particles dislo-
cated at the crack level, and then carried away downstream.
This continuous process can fill up the crack and stop the
concentrated leakage, and eventually may lead to the devel-
opment of a sinkhole at the crest or at the upstream slope.

This concept has been incorporated into embankment
dam design for some decades, by the use of upstream sandy
zones as crack stoppers (Sherard & Dunnigan, 1985), a re-
dundant measure that takes into account the possible pres-
ence of a deficiently designed or constructed filter. The
filter might not properly hold the eroded particles from the
cracked core, but it can retain the particles washed from the
upstream material.

Foster et al. (1998) identified several case studies
with evidences of the washing in of materials into cracks
(shown by sinkhole formation), and of the decrease of leak-
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age flow rates. Examples include Balderhead dam in Eng-
land, Matahina dam in New Zealand, Viddalsvatn dam in
Norway, Wreck Cove dam in Canada, Uljua dam in Fin-
land, and St. Stephen Powerhouse dam in USA. They no-
ticed the following common characteristics of those dams:
a downstream filter or permeable zone, which enables the
filtering of particles washed from upstream materials, and a
coarse granular material constituting the upstream zone.

When the upstream material is unable to provide flow
limitation or a crack filling action and if the internal erosion
phenomenon is not detected, or proper mitigation measures
are not implemented, the crack tends to enlarge very
quickly, the crack walls become very unstable, collapsing
into the flow, and a breach is formed.

3. Failure Probability Due to Backward
Erosion Piping

The detachment of particles at the exit of the leakage
path characterizes the initiation of a backward erosion
mechanism. Along any given seepage flow path through
the pore space, each soil will have a critical gradient based
on its properties. If this gradient is exceeded at the dis-
charge point, soil particles will be eroded away with the
flow water. For silts and clays (IP > 7), very high gradients
are required to initiate backward erosion piping, but for
non-clayey soils (IP < 7) and particularly non-plastic soils,
much lower gradients will initiate it.

The critical gradient depends on the uniformity of
particle size distribution, the mass and size of particles, and
soil density. High susceptibility to detachment is present in
soils with particles of fine uniformly graded sand with no
clay (SP or SP-SM according to the Unified Soil Classifica-
tion System), low particle mass, and lack of inter-particle
attraction. More resistant are large sand particles and grav-
els, due to their large mass, well-graded sands, where small
particles are blocked by larger particles in the mass, and
compacted or dense soils. According to Schmertmann
(2001), the minimum hydraulic gradient that leads to mate-
rial movement is only 0.08 and the velocity required for
scour along a concentrated leak is 40 to 90 times that re-
quired for piping (a quick condition resulting in localized

sloughing and transport under essentially zero effective
stress).

When a filter does not support the discharge face and
the critical gradient is exceeded, soil particles are eroded
from that discharge face. A cavity or a pipe is formed and it
progresses from downstream to upstream at a faster and
faster rate, as the gradient and the flow increase with the
loss of soil.

If the soil is capable of supporting the cavity, failure
follows as the cavity enlarges rapidly due to the intense ero-
sive forces. This type of occurrence is called backward ero-
sion piping, and its onset at the foundation is often detected
by the presence of sand boils at the downstream side of the
dam.

If the soil is unable to hold the cavity, the pipes col-
lapse, resulting in the movement of the soil above, and
unravelling if it occurs on the downstream slope of an em-
bankment. In this case, the phenomenon is called global
backward erosion.

To protect against backward erosion piping, a granu-
lar filter is placed in contact with a surface of the soil
(herein called base soil), properly confined by a down-
stream zone such that positive pressure is ensured. Filters
support the discharge face with points of contact spaced at
some distance as determined by the gradation of the filter.
Figure 3 shows the interface between the base soil and the
filter, where after stabilization, the coarse particles of the
soil base (D,,) are retained by the fine particles of the filter
(D,y), creating a bridging effect between contact points,
which prevents any particle movement (including colloidal
particles).

Filters are granular soils, cleaned of fine particles,
manufactured from natural earth materials by grading,
screening, washing and/or crushing. The fines content must
be insufficient to bind the granular particles together (no
cohesion criterion) and to prevent free flow of water. It con-
sists of an internally stable granular porous medium (self-
filtration or stability and segregation criteria) with pore size
openings small enough to prevent migration of the base soil
through which the water is flowing into the filter (retention

a) Base soil particles at interface

b) D85 base soil particles retained by the
filter

¢) Soil migrated to the filter and retained
by D85 base soil particles

d) Seepage

e) D85 (soil)

f) D15 (filter)

g) Filter

h) Base soil

j) Nominal interface before stabilization
due to seepage

Figure 3 - Bridging effect at the interface between the base soil and the filter (adapted from Cedergren, 1977).
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criterion) and sufficiently pervious to offer little resistance
to water flow (drainage criterion).

They serve to accommodate high gradients through a
dam by intercepting the seepage flow from the zone con-
taining high gradients and reducing them to near zero in the
internal drainage system. The filter materials must be of
sufficiently high quality (strength criterion) so that the filter
will not be able to sustain a crack. The compaction charac-
teristic must also be controlled, because there is some evi-
dence that very dense compacted filters, namely gravels,
may hold a crack (Redlinger ef al., 2011).

In the past and presently, the development of filter
criteria for soils has been centred on empirical relationships
based on laboratory testing, focused on determining the
grain size of a filter required to protect a base soil, which
limited the fines content and precluded the use of materials
with plasticity or any type of binders or cementing agents.

However, analysing the results of tests, Foster and
Fell verified that filters which were too coarse to satisfy the
usual design criteria could eventually seal after retaining a
certain quantity of eroded material. The coarser particles
from the base soil may become retained at the surface of the
filter forming a finer filter, which in turn may stop the ero-
sion process. Therefore, they considered three filter erosion
boundaries, namely: no erosion, excessive erosion, and
continuing erosion boundaries (Fig. 4). These boundaries
allow to define when the filter works with practically no
erosion, after “some” erosion of the base material and after
“excessive” erosion of the base material, and when the filter
is too coarse to retain the eroded base materials, i.e., is
prone to continuing erosion. Based on test results, they pro-
posed the criteria for these boundaries that can be found in
Foster & Fell (2000, 2001).

The criteria for excessive and continuing erosion
boundaries are particularly useful when assessing existing
dams with a filter or transition zone which is coarser than
required by current filter design criteria. ICOLD (2017),
based on the information about case histories, suggests the
following categories for filters as a function of the maxi-

3 Initiation

Sufficient exit

’ 2 Location .
to initiate
backward

Yes

A continuous
layer of fine at the
YES o medium
uniform sand
exists?

1 Loading conditions |

An unfiltered exit

I
Reservoir loading ———> exists? - 4

No<

4 Continuation

Yes stable roof

gradient exists

erosion piping

unfiltered exit? [ INO <

Continuing erosion boundary

Continuing
erosion

Excessive erosion boundary

Excessive
erosion

Disp

Some erosion
No erosion boundary
No erosion

Other factor e.g. Dgsp

Figure 4 - Conceptual filter erosion boundaries (Foster & Fell,
2000, 2001).

mum leakage flow that could develop due to piping: up to
100 L/s, filters with some erosion; between 100 and
1,000 L/s, filters with excessive erosion; and more than
1,000 L/s, filters with continuing erosion.

Figure 5 presents the event tree developed for the esti-
mation of the probability of failure induced by backward
erosion piping due to the presence of an unfiltered exit as-
sociated to a continuous layer of sandy soil. As explained
before, the internal erosion starts when the critical gradient
is exceeded at the exit point (internal erosion initiation).
Whether the erosion progresses upstream towards the reser-
voir depends on the seepage gradient within the erosion
pipe. There is a critical gradient above which the soil parti-
cles will be detached and a critical flow velocity above
which the particles will be transported in the erosion pipe.
For reaching dam failure, it is essential that no filter exists

Yes >

Detection and

Sufficient ~_Yes intervention Yes

global are Breach occurs <
gradient successful? by gross
Yes  exists f_or No enlargement,
progression crest collapse
of the pipe and
to the No overtopping? | No
|

reservoir?
6, 7 Intervention

A continuous

forms over the
developing pipe?

No <

8 Breach

5 Progression

Figure S - Event tree for estimation of the probability of failure by backward erosion piping (adapted from Shewbridge, 2014).

Soils and Rocks, Sao Paulo, 41(3): 237-263, September-December, 2018.

241



Caldeira

or filters with continuing erosion be present along the seep-
age path ending in the formed pipe, that the pipe is stable,
and that the reservoir level is sufficient high to continue the
detachment and transport of the particles from the pipe sur-
face (internal erosion progression). Breach initiation is less
likely if some or excessive erosion are expected. Addi-
tionally, it is necessary that no detection or no timely inter-
vention take place.

There are two basic approaches to make dams capable
of resisting internal erosion: barriers, to prevent seepage
from passing through the dam or foundation, and filters to
trap any particles eroded by seepage, while allowing the
water to drain away downstream.

In general, filters are associated to drains, which are a
second stage to the first stage filter, and are used to convey
larger amounts of seepage flow, in order to control the satu-
ration level and the seepage pressure in the downstream
section of the dam, and to carry the water to a safe and con-
trolled exit. The filter and drains must have sufficient
capacity to carry the volume of seepage water, and a perme-
ability larger than any of the layers of the dam or foundation
that encounters the filter. Otherwise, the pressure will build
up in the layers with higher permeability.

4. Tests to Assist the Assessment of Failure
Probability Due to Internal Erosion

Some of the probability ranges associated to some of
the branches of the event trees presented can be estimated
through laboratory testing, namely, the dispersion of clayey
soils, the soil erodibility, as well as the flow restriction and
the crack filling actions. In the following, this section de-

X

Compacted soil

scribes some of the tests used for those purposes, and
presents their results.

4.1. Pinhole test

For evaluating the adequacy of a filter, it is necessary
to characterize the soil to be protected in terms of its disper-
sion. The pinhole test is possibly the most used direct and
qualitative measurement of the dispersibility and colloidal
erodibility of clayey soils.

Figure 6 shows the setup of the pinhole test, which
models the action of water flowing along a flaw. The test
starts with distilled water flowing horizontally under a hy-
draulic head of 50 mm through a 1 mm diameter pipe
punched in a nominal 38 mm long specimen of clay. During
the test, it is appreciated the cloudiness of the flowing solu-
tion emerging from the specimen, and evaluated the flow
rate and the final size of the pipe through the specimen. The
first measurement of discharge corresponds to the time, in
seconds, required to collect 10 mL, and the following to the
time interval required to collect 25, 50 or 100 mL of efflu-
ent. Normally, the duration of the test is 5 or 10 min (see
Table 1). It is important to observe and record the character-
istics of the pipe at the end of the test. Due to the heteroge-
neous nature of the soil, it is possible to have all the colloi-
dal erosion develop in one or more small areas along the
pipe through an undisturbed sample.

Flow from dispersive clay is dark, and the specimen
pipe enlarges rapidly with an increase of the flow rate. Flow
from slightly to moderately dispersive clay is slightly dark,
but the pipe diameter and the flow rate remain constant dur-

~ H = hydraulic head

Plastic cylinder

o = speciment — 1w »
Distilled water from M “Nipple” p ~1371.04; 4” long
constant head tank AN
ey | %
7 7 I 2, _Harvard miniature
9 i ; g7 compaction permeameter
m% : W , 7. with top and base plates
— ' Pea eravel machined for
7 \( ~ ¢ ~ “0”-ring seal
& N
o . < — Graduated cylindical
/// Wi S measuring flask
Wire screen (one) — Lo” ire screens (two)
0.4” 1.5”
T N

Figure 6 - Pinhole test apparatus (Sherard et al., 1976).
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Hole size after test (mm)

Final flow through specimen (mL/s)

Test time for given head (min)

Head (mm)

Dispersive
classification

Table 1 - Summary of criteria for evaluating results of pinhole test (ASTM D4647 / D4647M, 2013).
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ing the test. In nondispersive clay, the flow is clear with no
measurable increase in the pipe size.

Table 1 shows the criteria for evaluating the results of
pinhole tests. Soils that fall into the categories D1 and D2
are dispersive. Soils that fall into the categories ND1, ND2,
ND3 and ND4 are considered non-dispersive.

4.2. Hole erosion test

For evaluating the probability of initiation of internal
erosion induced by concentrated leaks, it is necessary to
compare the applied hydraulic shear stress with the critical
shear stress that will initiate erosion at the degree of satura-
tion of the soil on the sidewalls of the flaw. For this pur-
pose, it is necessary to carry a series of Hole Erosion Tests
(HET) at varying heads.

This type of tests has been conducted in the labora-
tory to simulate erosion through a concentrated leak in an
undisturbed cylindrical specimen or in an unsaturated soil
specimen compacted into a mould. It is suitable for soils
containing plastic or non-plastic fines, which will sustain
an opening when wetted during the test.

Figure 7 shows a schematic diagram of the HET ap-
paratus used at LNEC. The soil specimen can be compacted
inside a standard Proctor mould, a 6 mm diameter hole is
drilled along the centreline axis, and the mould with the
specimen is assembled between two chambers made of
acrylic glass. The monitoring devices of the HET are an
electromagnetic flow meter, located upstream of the test
cell, and two standpipe piezometers installed on the acrylic
chambers near the ends of the test specimen. A control
valve is installed upstream of the test cell, to assist in the
test procedures.

The test starts imposing a selected head loss, by fully
opening the control valve. During the test, the flow rate and
the piezometric levels are recorded at regular intervals. The
test ends when one of the following criteria is attained: 3 h
of test duration; 1,000 L/h of flow rate; 25 mm of diameter
of the pipe eroded; blocking or collapse of the erosion pipe.

After dismantling the test apparatus, the compaction
mould is placed vertically, and the pipe filled in with
melted paraffin wax. After cooling of the paraffin wax, the
specimen is extracted from the compaction mould, and the
soil surrounding the paraffin mould is carefully removed.
The equivalent diameter of the resulting erosion pipe is es-
timated by measuring the paraffin mould volume. The par-
affin mould also gives an indication about the shape of the
erosion pipe at the end of the test, and the roughness of the
surface along its length.

In order to have a successful test, a condition of pro-
gressive erosion must be achieved, where the enlargement
of the pipe leads to further increase in shear stress and
higher rates of erosion. When both the rate of erosion, &, and
the applied hydraulic shear stress, 1, increase, they usually
have an approximately linear relationship, given by
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erosion rate index, I, as

where C, (kg.N".s") is the coefficient of soil erosion, and t,
(Pa) the critical shear stress for soil detachment, which cor-
responds to the intersection of the straight line with the hor-

izontal axis. This equation is valid only for t > t,. Wan &
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(Fig. 8a), used to estimate the erosion rate and shear
stresses applied in the pipe walls along the test (Fig. 8b).
Based on those results, the erodibility parameters are:
C, =638 x 10” s/m, 1,=32.8 Paand [/ =4.2.

Soils with erosion rate index lower than 2 are usually
so erodible that they cannot be successfully tested in HET
devices. Since erodibility is strongly influenced by the
compaction characteristics, the authors have defined a rep-
resentative erosion rate index, 7, determined for soils com-
pacted to 95% standard Proctor maximum dry unit weight
at optimum water content, and the classification system is
shown in Table 2. The time for erosion to progress is very
dependent on the erosion properties expressed by the ero-
sion rate index.

Most clayey soils tested have significantly higher ero-
sion rate indices (slower erosion) and higher critical shear
stresses when saturated than at the partially saturated com-
paction condition. This is an important finding because it
means that once the core of a dam built of clayey soil is sat-
urated and consolidated, it may have a slower rate of ero-
sion, and a higher critical shear stress.

Intact samples, with in-place soil structure, are pre-
ferred to remoulded samples. Large differences of critical
shear stresses are often noticed between them.

4.3. Flow limiting erosion test

Fry (2007) states that an upstream shell of a relatively
fine-grained material can generate such relevant head loss
that it can stop the erosion in a crack passing through the
core. The author considers that crack erosion is mainly de-
pendent on the relation between the critical shear stress of
the core and the permeability of the shell. Cyganiewicz et
al. (2007) suggest that the likelihood of upstream soil
cracking should also be considered, since the ability of an
upstream material in limiting the flows may be substantial
reduced if it can sustain the crack.

To study the flow restriction action, a new test appa-
ratus and its setup procedures have been developed by
Santos et al. (2014), aiming at the assessment of vulnerabil-
ity to internal erosion progression of the cracked core of a
zoned dam, taking into account the presence of a shell or
transition zone upstream of the damaged core.

Table 2 - Qualitative classification of erodibility of soils based on
the representative erosion rate index (Wan & Fell, 2002).

Group  Representative erosion rate index Classification

1 <2 Extremely rapid
2 2-3 Very rapid

3 3-4 Moderately rapid
4 4-5 Moderately slow
5 5-6 Very slow

6 >6 Extremely slow

Soils and Rocks, Sao Paulo, 41(3): 237-263, September-December, 2018.

Figure 9 - LNEC test cell used in the flow limiting erosion test
(Santos et al., 2014).

Figure 9 shows the new test cell designed. It is com-
posed of three aluminium plates, three aligned aluminium
rings (with an inner diameter of 280 mm) and a circular
cover plate of acrylic glass. The different pieces are sequen-
tially assembled, as the core and the upstream material are
being compacted, using threaded steel rods and nuts. The
test cell allows the compaction of a specimen composed of
a 170 mm long core, and an upstream material up to
250 mm long. The cell has a water inlet chamber, where, to
ensure lateral support for the upstream material, two con-
centric springs of similar stiffness and a rigid annular or a
porous plate are installed. At the downstream side, an outlet
chamber collects the eroded material from the pipe in the
core. The acrylic glass plate allows direct visualization into
this chamber. The inlet and outlet chambers have purge
valves used for air release/entrance during the filling/emp-
tying of the test cell.

Figure 10 shows a schematic diagram of the setup of
the flow limiting erosion test (FLET). A pipe is drilled in
the centre of the core to model a concentrated leak. In some
tests, to take into account the observation by Cyganiewicz
et al. (2007), the pipe is also drilled in the upstream mate-
rial. The specimen is subjected to water flow imposed
through a constant hydraulic head loss. The measurements
made during the tests include piezometric heads, flow rate,
and visual observations through the downstream acrylic
glass cover plate. The particle transportation and the turbid-
ity of the effluent observed through the acrylic cover plate
are recorded using a digital camera. Detailed information
about the test cell, specimen preparation, test concept, test
setup, and test procedures can be found in Santos et al.
(2014).

The FLET results allow the identification of four
types of behaviour: flow stopping or decreasing greatly due
to upstream pipe collapse (type F1), flow limitation to a
threshold value (type F2), slowing down of core erosion
(type F3), and progression of severe erosion (type F4). Fig-
ure 11 shows the trend of the flow rate for each behaviour
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Figure 11 - Behaviour types observed in the FLET (Santos et al.,
2014).

type, and illustrates the typical layout of the specimen at the
end of the tests.

An extremely rapid erosion of the fines in the inner
surface of the erosion pipe in the upstream material, fol-
lowed by the release of the surrounding coarser particles
with fast increasing flow rate, characterize the behaviour
type F1. After a short time, some of those coarser eroded
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Base material

Upstream material

particles are trapped inside the core pipe, which has no
erosion, since the core material has considerably higher re-
sistance than the upstream material. The flow rate starts to
diminish while the upstream material continues to erode,
filling the voids between the trapped particles with even
smaller particles. This results in the progressive limitation
of the water flow, and the collapse of the pipe in the up-
stream material, due to prolonged soaking.

Type F2 occurs when the upstream soil is non-ero-
dible for the applied hydraulic load. The initial increase of
the flow rate is mostly due to the erosion of the pipe in the
core. In general, this occurs with the drop of the hydraulic
head loss in the core and with a slight increase of the hy-
draulic head loss in the upstream material. Consequently,
the shear stress, due to the eroding fluid on the pipe surface
in the core, decreases below its critical value. The erosion
process in the core slows down substantially, or even stops,
resulting in a constant flow rate.

In type F3, after the initial increase of the flow rate,
the fines of the upstream material erode at a faster rate than
the core. This results in release of the coarse particles of the
upstream material, whose maximum dimension is higher
than the diameter of the pipe in the core. These particles be-
come trapped at the interface with the core, resulting in
near-stabilization of the flow rate. Nevertheless, this rate is
sufficiently high to continue to erode the core, and those
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coarse particles end up being transported from the interface
downstream, with the flow rate increasing with no marked
restriction.

In type F4, the flow rate increases continually at a
very fast rate, mainly because of the high erosion rate of the
upstream material. Despite the low erosion resistance of the
upstream soil, the developing erosion pipe sustains its roof
during the progression of erosion.

Soils exhibiting behaviour type F1 are considered
highly capable of stopping the leak along the flaw. Soils
with behaviour type F2 are effective at limiting the increase
of the flow and thus controlling the progression of the inter-
nal erosion along a flaw in the core. Upstream soils show-
ing type F3 and type F4 cannot be relied upon for providing
limitation to the progression of internal erosion.

4.4. Crack filling erosion test

There are very few laboratory experiments focused
on this topic. The exceptions are the laboratory tests carried
out by Maranha das Neves (1989, 1991), at LNEC, with the
Crack Erosion Test (CET). The CET allowed, for the first
time, the direct observation of the transport of eroded mate-
rials, from a crack wall to the filter face, as well as the as-
sessment of the filtering mechanism at the filter layer.
Using a uniform layer located upstream of the core (which
acted as a crack stopper), the tests performed also enabled
the visualization of the crack filling action. Figure 12 shows
the setup of the CET. This apparatus allows to test any
crack orientation (horizontal, vertical or inclined), by set-
ting the position of the test cell, and a range of applied hy-
draulic gradients and crack apertures. The original test
setup, represented in Fig. 12, was slightly changed by re-
placing the pea gravel layer enwrapped with an upstream
soil acting as crack filler.

Instead of simulating a crack, the crack filling erosion
test (CFET), designed by Santos ef al. (2015) to study the
crack filling action, uses the test apparatus and cell devel-
oped for the FLET. For establishing the setup procedures,

the authors assumed the following basic assumptions: there
is a downstream filter that may not properly filter the parti-
cles eroded from the core, but can retain some of the parti-
cles that are washed from the upstream material. Conse-
quently, this test aims to assess the vulnerability to internal
erosion progression of the cracked core of a zoned dam,
taking into account the presence of a shell or transition zone
upstream, and an inadequate filter.

As in the previous type of test, the different pieces of
the test cell are sequentially assembled, as the core, the up-
stream material, and the filter are being compacted. The
downstream filter is compacted within the outlet chamber,
which allows the compaction of a specimen with a 120 mm
long filter. A pipe is drilled in the centreline of the core to
model the concentrated leak.

Figure 13 shows a schematic diagram of the specimen
used in a CFET. The hydraulic loading conditions, mea-
surements and observations made during the tests are those
described for the FLET. Detailed information about the
specimen preparation, test concept, test setup, and test pro-
cedures can be found in Santos et al. (2015).

The CFET results allow the identification of three
main types of behaviour: rapid crack filling with almost no

Figure 13 - Longitudinal section of specimen in a typical CFET
(Santos, 2014).
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Figure 12 - Setup of the Crack Erosion Test (Maranha das Neves, 1989).
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Figure 14 - Behaviour types observed in the CFET (Santos et al.,
2015).

erosion of the core (type C1), filtering and stabilization af-
ter erosion of the core and/or upstream material (type C2),
and continuing erosion of the core and upstream material
(type C3). Type C2 behaviour can be divided into two
groups: after some erosion (type C2a), and after excessive
erosion (type C2b). Figure 14 shows the trend of the flow
rate for each behaviour type and Fig. 15 displays the typical
layout of the specimen at the end of the tests.

An extremely rapid transport of a considerable amount
of particles of the upstream material at the interface with the
core, along the pipe (forming a ‘sand jet’) up to the down-
stream filter face, characterizes the behaviour type C1. The
flow rate falls abruptly at an earlier stage of the test.

In tests of type C2, the flow rate increases rapidly due
to the development of suffusion in the upstream material.
The downstream filter is unable to retain this fine material
coming from the upstream material. At a given time, the hy-
draulic shear stresses, applied to the inner surface of the
pipe, reach values high enough to detach the sand-size par-
ticles, which are retained at the downstream filter face. This
filtering mechanism leads to a progressive decrease of the
flow, even to its stabilization. The eroded particles are
transported by flow up to the filter face, and, then, slowly
seep into the filter. This leads to two opposite effects on the
flow rate. On the one hand, the widening of the pipe diame-
ter tends to increase the flow, and, on the other hand, the de-
crease of the filter permeability causes the decrease of the
seepage flow. This balance may result in an increase or sta-
bilization of the flow for a period.

In tests of type C3, the flow rate increases rapidly.
There is a fast progression of suffusion in the upstream ma-
terial, and the filter is too coarse to retain those particles.

Upstream soils showing behaviour type C1 in the
CFET are considered highly capable of rapidly filling
cracks in the core, and are effective in limiting the progres-
sion of internal erosion. Upstream soils exhibiting behav-
iour type C2 can stop the progression of the internal erosion
process by providing the filtering mechanism, which will
occur after some erosion or after excessive erosion. Up-
stream soils showing behaviour type C3 cannot be relied
upon for providing any effect on the progression of internal
erosion caused by a crack-filling action.

5. Knowledge Gaps in the Internal Erosion
Failure Process

There are some topics in the methodology and tests
presented that need further investigation in theoretical and
experimental terms, Namely the following are recognised
as very important:

* the conditions required for the stability of the walls of
cracks or the roof of pipes during and after the erosion
process;

¢ the influence of the seepage forces in the stability condi-
tions in both types of internal erosion mechanisms (along
concentrated leaks or backward erosion piping);

¢ the representativeness of the laboratory tests, mostly per-
formed on pipes, for the evaluation of erodibility condi-
tions along cracks.

The concern about the structural behaviour of a dam
has always been to try to ensure a ductile, thus more stable,
structural behaviour, for which conditions of placement
and construction should be established so as to locate the
soil on the wet side of the critical state line (CSL), exhibit-
ing a contractile behaviour. According to the critical states
concepts, the soil must be in a state of optimal compaction
when subjected to the service loads. Over-compaction has
the risk of cracking the soil body in blocks, presenting a
permeable to highly permeable behaviour as a whole.

An element of the core after compaction is character-
ized by its non-saturated state and some overconsolidation,
that is, the value of n = ¢g/p’ is less than M. The stresses in
the element will proportionally increase due to the weight
of the overlying embankment. The mean stress increment

B 0 A
Dy~
25-30 mm
Core#20 (Upstream
material Sm
o
Type C2b

Figure 15 - Typical layout of the specimen at the end of the tests (Santos, 2014).

248

Soils and Rocks, Sdo Paulo, 41(3): 237-263, September-December, 2018.



Internal Erosion in Dams

determines a reduction in void ratio, and if the initial satura-
tion degree is relatively high (80 to 90%), the soil becomes
saturated. Nevertheless, at the end of construction, the
stress state will remain slightly OC (point A in Fig. 16). The
soil will then exhibit a stable contractive behaviour.

When the dam is in operation, the total stresses before
and after reservoir filling are practically constant, and the
rise of the water level in the reservoir will induce saturation
in most of the core. However, it will also increase the pore
water pressure, u,, decreasing the effective stress, and the
soil becomes progressively OC (p’ decreases and g re-
mains, from a practical point of view, constant). The corre-
sponding stress path is represented in Fig. 16 by the arrow
AB. Depending on the value of «, and the depth of the ele-
ment, the soil can reach a highly OC state (point B in
Fig. 16). Figure 16 also shows that, the larger the value of n
(represented, for example, by point B,), the larger the in-
crease in the specific volume needed to reach failure, i.e.,
the critical state.

Independently of some precisions relative to the abo-
ve (total pressure increase with soil saturation, flow effect,
etc.), in general terms, a core transition effect is plausible
from slightly OC to strongly OC, associated with the filling
of the reservoir, especially at dam lower levels (Maranha
das Neves, 2018).

q4 n>>M

NCL (n = 0)

CSL

Figure 16 - Decrease of p’ due to the increase of u,, bringing the
soil from a slightly OC state to very OC states (passage of a con-
tractile behaviour to a dilative behaviour) (Maranha das Neves,
2018).
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The mechanical (and hydraulic) behaviour of a satu-
rated highly OC soil is very different from that of a NC soil
or slightly OC. This contrast is well identified in the behav-
iour map of a saturated remoulded soil (Fig. 17) presented
by Schofield (2005). In this figure, v, is a measure of the li-
quidity and degree of compaction of a set of stressed soil
particles, and n = g/p’ is a measure of the stress obliquity.
The left part of the map is of major interest as it concerns
heavily OC soils. The contrast of the soil behaviour in this
area with that of the area on the right is flagrant. In the lat-
ter, the soil behaviour (NC or slightly OC, that is, with OCR
of the order of 2.5) is the most well known and, in terms of
the stability of most geotechnical structures, the desired
one.

In the leftmost part of the map (1 =3 in compression),
the action of g can originate several types of possible me-
chanical and hydromechanical behaviour, such as cracking,
generation of fluidized soil blocks (rubbles), hydraulic
fracturing and internal erosion (piping). They all are situa-
tions difficult to model, barely known in their characteris-
tics. For M_ < 1 < 3 (in compression), the action of g gives
rise to impervious sliding planes (in the sense that the water
pressure on a slip surface does not transmit to that of the
neighbouring soil).

It should be noted that the stress-strain behaviour of
highly OC soils is far from having been as well studied as
that of the NC or slightly OC soils. In the former, the occur-
rence of shear bands, despite the many difficulties that the
subject raises, has been widely studied. In the evaluation of
the localization, it is legitimately assumed that the soil is
uniform, since the shear bands corresponds to a plastic
flow. But, once critical situations are established regarding
the obliquity of stresses, such legitimacy is indeed dubious
(Gudehus, 2011).

On the other hand, a prolonged major drawdown of
the reservoir will substantially increase effective stress and
the undrained strength. With the refilling of the reservoir,
the water content will be increased but it will not reach the
values before the lowering of the water level in the reser-
voir, resulting in an increase of the undrained strength and
the resistance to hydraulic fracture (Atkinson et al., 1994).
This helps to explain why hydraulic fracture, in undrained
conditions, is more likely to occur during the first impound-
ing of the reservoir.

Consider, now, a longitudinal or transversal vertical
crack developed during construction or induced by hydrau-
lic fracture after or during reservoir filling, and filled with
water. Knowing that saturated soils do not exhibit effective
cohesion, what must be analysed is if there is a justification,
based on the high OC generated by the increase in pore wa-
ter pressure, for crack sidewalls to be stable. This must con-
sider the equilibrium of the flat face of the soil element
where the effective normal stress is zero. Up to now, there
is no knowledge of studies that meet all of these conditions
(of experimental nature or based on the study of mechanical
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Figure 17 - Map of disturbed saturated soil behaviour (Schofield, 2005).

behaviour), as well as the stability condition of cracks in
unsaturated soils. In addition, the mechanism of hydraulic
fracture in dam cores remains to be fully resolved (Atkin-
son et al., 1994).

There is no doubt that cracks decisively influence the
mechanical behaviour of the soil, but it is very difficult that
the occurrence of cracks can be detected using constitutive
relations. The transport of pore water and air becomes cha-
otic due to cracks, which can lead to a deterioration of the
soil skeleton and internal erosion (Gudehus, 2011).

The study of the stress-strain behaviour of highly OC
soils at low effective stress will be carried out at LNEC, us-
ing triaxial tests. The stress path of a soil element of the
core during construction, first filling and operation of a dam
will be simulated, in order to assess the failure mechanism
and configuration, and the strength of the soil in those con-
ditions.

Another question is the contribution of the seepage
forces to the stability of the walls of cracks or the roof of the
pipes originated by both internal erosion mechanisms (con-
centrated leakage and backward erosion piping). An exam-
ple of a flow net induced in the cracked core of a dam is
presented in Figure 18. Around the crack, the flow lines di-
verge from the crack and the seepage forces are directed
into the core, having a stabilizing effect on the crack walls.

Figure 19, on other hand, represents the flow nets of
an incipient pipe and of a developed backward erosion pipe.
Based on this figure, it can be concluded that the erosive ca-
pacity of the erosion pipe increases as its length, as well as
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Figure 18 - Flow net in a homogeneous core with a crack
(Lofquist, 1992).

the intake area (in blue), increase. The seepage forces origi-
nated by the flow in the soil are directed towards the pipe,
having therefore a diminishing (or negative) effect on the
pipe stability.

These opposite effects of seepage forces on these
mechanisms may help to justify the fact that the hydraulic
gradient needed to induce backward erosion piping is much
lower than that required for erosion along concentrated
leaks. Nevertheless, this subject requires further and sys-
tematic investigation.

As described in the previous section, the most com-
monly used tests involving internal erosion mechanisms
rely on pipes in cylindrical specimens, which are easier to
prepare. However, their results are used to evaluate the soil
erodibility along cracks and the flow restriction and crack
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Figure 19 - Flow nets illustrating increase of flow intake area as
length of erosion pipe increases: a) incipient state; b) after back-
ward erosion piping has proceeded to a considerable distance
from the exit point (Terzaghi et al., 1996).

filling actions, which have very distinctive geometry,
boundary conditions and stress state around the crack.
Moreover, the tests are generally performed on unsaturated
soils, imposing hydraulic gradients much higher than those
present in dams.

Carrying out HETs, FLETs and CFETs, using cracks
with different orientations to model a concentrated leak in
the core, can be helpful for the research on the differences
in terms of stability, erodibility, flow limitation and crack
filling actions between cracks and pipes. Presently, these
tests are being performed and their results compared with
those of pipes, to establish correlations or correction factors
between both flaw geometries.

Nevertheless, the relationship between dam internal
erosion and the laboratory tests is less certain, and the re-
sults must be carefully calibrated with data from real case
studies.

6. Case Studies

6.1. Lapao dam

Lapao dam is located in the central part of Portugal,
with a total reservoir volume of 1.26 x 10° m’, and was built
for water supply and irrigation purposes. The dam, with a
maximum height of 39 m, is constituted of clayey and silty
materials in the upstream shell and core, and materials re-
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jected from Mortdgua and Gandara ceramic industries in
the downstream shell, essentially composed of clayey
sands and gravels (Fig. 20). An internal drainage system,
with a vertical filter, a horizontal drainage blanket over the
riverbed and a downstream toe drain, was designed to con-
trol the seepage through the dam body and its foundation.
The downstream shell also contains several horizontal
drains to help the dissipation of pore water pressures result-
ing from the construction process. The upstream and down-
stream slopes are, respectively, 1(V):4(H) and 1(V):2.9(H).
The normal water level (NWL) is 217 m, the maximum wa-
ter level is 218.6 m, and the crest elevation is 220 m. The
downstream slope includes an access road to the bottom
outlet exit. The dam is inserted in a narrow valley, with very
steep slopes (1(V):1.39(H), at the left riverbank, and
1(V):1.32(H), at the right riverbank), especially at the bot-
tom, where the slope reaches 1(V):0.32(H) (Fig. 21).

The rock foundation is constituted by schistose rocks,
highly fractured superficially. From the hydraulic conduc-
tivity point of view, a series of Lugeon tests was executed,
in which very high absorptions were recorded down to 15 m
depth. Nevertheless, during construction, the foundation
treatment was limited to a restricted zone in the right river-
bank, discarding the bottom valley and the left riverbank.

During the first filling of the dam, in 2002, only 2
months after the beginning of the reservoir filling, when the
water level was 211 m, it was detected an extensive crack-
ing and settlements at the crest, mainly at the interface with
the spillway structure (Fig. 22). As a precautionary mea-
sure, it was decided to lower the reservoir level, to open the
bottom outlet valve, to carry out a proper field and labora-
tory investigation, and to install additional monitoring de-
vices to identify the causes of such anomalous behaviour of
the dam.

In January 2003, after an intense rainfall in the catch-
ment area, the reservoir level exceeded the NWL. It was re-
corded a large increase of seepage at the downstream toe
drain exit with cloudy water, as well as the formation of
sinkholes in the berm over the toe drain (Fig. 23) and in the
access to the bottom outlet valve (Fig. 24). These cavities
were promptly filled with sand bags to reduce the rate of
progression of internal erosion (Fig. 25), and the labyrinth
weir of the spillway was partial demolished to lower the
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Figure 20 - Typical cross section of Lapao dam.
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Figure 22 - Extensive cracking and settlements at the crest.

water level in the reservoir (Fig. 26). During and after emp-
tying of the reservoir, two upstream sinkholes were noticed
at the spillway wall vicinity (Fig. 27).

The analysis of the design and construction available
elements, field and laboratory tests results, monitoring
data, and results from the visual inspections (Marcelino et
al., 2003) led to the following conclusions.

Based on the valley shape and rock mass character-
istics at the foundation and abutments, the design should
include transition zones composed of plastic materials
compacted on the wet side in contact with the rock for-
mation and the spillway structure, as well as, in the lower
part of the dam, where the arching effects could be sig-
nificant.

Lefranc and Lugeon tests carried out at the foundation
and foundation-embankment interface allowed to detect
several high permeability zones. The drainage blanket di-
mensions seemed to be insufficient to catch and safely
carry the seepage water downstream.

The records of the compaction control tests revealed
that the embankment was compacted with water contents
lower than the optimum, which could result in an excessive
stiffness and high susceptibility to cracking induced by
wetting collapse or differential settlement. They also
showed that the average thickness of lifts was excessive for
the vibrating rollers adopted.

Figure 23 - Sinkhole in the berm over the toe drain.
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Figure 25 - Sand bags placed inside the sinkholes.

Figure 26 - View of the spillway after partial demolition of the labyrinth weir.
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Figure 27 - Upstream sinkhole in the spillway vicinity.

The in situ investigation confirmed that the embank-
ment was poorly compacted, especially in the upper part of
the dam.

The monitoring data indicated a deferred increase of
the settlement rates with the increase of the water level in

700

the reservoir, and horizontal displacements towards up-
stream and in the valley direction, during the first filling
(Marcelino, 2004, 2008). The results of two groups of total
cell pressures showed very pronounced arching effects at
the bottom of the dam, with the vertical stress of the group
at elevation 187.7 m (32 m deep) reaching the minimum
value of 100 kPa (Fig. 28). It is apparent in this figure that,
especially during the first filling, the embankment experi-
enced significant changes in the stress field, capable of
causing hydraulic fracturing.

The above description of the dam and of its behaviour
allows to conclude that internal erosion processes have oc-
curred in Lapao dam, initiated by two simultaneous mecha-
nisms, both induced by concentrated leaks.The first was
caused by arching in the lower part of the dam, which re-
sulted in hydraulic fracture during the filling of the reser-
voir. The cracks remained open until pore water pressure
dropped because of the lowering of the reservoir water lev-
els. The cracks that closed, probably, re-opened when the
reservoir water level raised during the intense rainfall event
of January 2003, producing the downstream toe sinkhole.

These arching effects are due to the very narrow
shape of the bottom valley and the very difficult compac-
tion conditions in the lower part of the dam, and have been
confirmed by the total pressure cell data. The materials of
the core and shells, being unsaturated clayey materials,
could easily sustain the crack, so the internal erosion pro-
cess could continue as long as the hydraulic gradient was
enough to erode the walls of the crack, leading to the forma-
tion of the sinkhole over the downstream toe drain.

The other mechanism is associated to the interface be-
tween the embankment and the spillway wall, and the con-
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Figure 28 - Vertical stress recorded in the cell groups G1 (at elevation 187.7 m) and G2 (at elevation 196 m) and corresponding overbur-

den stresses.
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ditions of the (poorly compacted) upper part of the dam.
Vertical walls are likely to have gaps, where the soil col-
lapses on saturation, forming a flaw (an open pathway) in
which water flows. The upper parts are also more likely to
be affected by cracking and hydraulic fracture due to differ-
ential settlements within the dam and its foundation during
and after construction. The effects of this mechanism are
the upstream sinkholes and the various downstream sink-
holes near the spillway wall.

Additionally, the internal drainage system was not
properly designed or built to protect the dam given that
cloudy water flowed downstream.

6.2. Crestuma-Lever dam

Crestuma-Lever dam (Fig. 29), located 13 km up-
stream from Porto, is the last downstream hydropower
scheme of a dam cascade system in the Douro River, which
comprises 6 Spanish and 8 Portuguese dams. The catch-
ment covers 97,603 km’. The dam was designed and built
by Electricity of Portugal (EDP) (completed in 1985) for
hydropower purposes (105 MW), water supply and river
navigation. The dam safety control has been followed-up
closely by EDP, with technical support from the National
Laboratory for Civil Engineering (LNEC).

Crestuma-Lever dam must cope with a very wide
range of flow discharges (the maximum flood discharge is
26,000 m’/s) and a considerable variation of water depths
downstream (from a few meters to over 20 m), involving
tidal effects. To deal with these hydraulic constraints, a
gated dam was designed, composed of 8 concrete stilling
basins (56 m long), equipped with double leaf vertical roller
gates (28 m wide, 13.8 m high - Fig. 30), supported by
seven concrete piers, discharging floods by the crest and
bottom. These piers reach the schist bedrock, and cross
40 m of sandy soils. The stilling basins rest in the alluvial
riverbed. To reduce the seepage flow and hydraulic gradi-

ents, upstream and downstream partial concrete cut-off
walls were adopted, reaching elevation -17.50 m.

For the construction of the dam, two cofferdams were
used in each riverbank (Fig. 31), essentially formed by the
natural sand of the river bed as shells and a central concrete
diaphragm wall, properly sealed to the bedrock. In the cen-
tral part of the river (stilling basins 1E and 3E), two plastic
self-hardening slurry walls (constituted of bentonite and
cement, represented in Fig. 31 in red) were executed up-
stream and downstream down to the bedrock, at a distance
of around 1 m from stilling basins 1E and 3E.

This solution is particularly sensitive to any abnormal
scouring of the riverbed downstream, and its foundation to
backward erosion piping, especially stilling basins 1E and
3E. To prevent uncontrolled scouring, the riverbed has
been protected with rockfill extending 80 m downstream of
the spillway (Fig. 32), placed over filter layers to inhibit the
initiation of backward erosion piping.

From the records of the spillway operation, it was
concluded that the most severe conditions concerning en-
ergy dissipation are those involving flow passing under the
gates. In fact, in special conditions, the hydraulic jump can
be pushed downstream of the stilling basin end sill, or even
worse, the outflow can be, in essence, a high energy hori-
zontal jet (Melo et al., 2014).

Regular surveying of the downstream rockfill stabil-
ity has been carried out. Particular attention has been given
after the occurrence of significant flood discharges. The
survey completed after the first significant flood
(13,000 m’/s), in the 1989/90 winter, detected a 4 m deep
scour cavity in the initial 10 to 20 m of rockfill, and a 1 to
2 m high bar around 30 m downstream of the spillway end
sill in three out of the four basins surveyed. The following
surveys showed a general scour of the rockfill protection
close to the downstream concrete cut-off wall (Fig. 33).
Three-dimensional bathymetry surveys performed from

Figure 29 - Crestuma-Lever dam aerial view.

Soils and Rocks, Sao Paulo, 41(3): 237-263, September-December, 2018.

255



Caldeira

m
30
. 25 2150 18

1 - Alluvium [ A——
2 - Bedrock 20 15 _4%? i
3 - Dam pier | i
4 - Stilling basin 15 130016 | i
5 - Cut off < 5
6 - Self-hardening slurry wall

7 - Rockfill protection layer
8 - Viaduct

9 - Water pipes

10 - Air vent

11 - Double leaf gate

12 - Stoplog groove

13 - Gantry crane

14 - Lining

15 - Observation wire

16 - NWL

17 - Downstream water level
18 - Maximum flood level

Cross section

Figure 30 - Crestuma-Lever cross section (Alvares Ribeiro et al., 1982).

Figure 31 - Crestuma-Lever cofferdams and plastic self-har-
dening slurry walls, in red (Alvares Ribeiro, 1991).

October 2007 onwards confirmed the previous general
scour near the stilling basins. Also visual inspections per-
formed by divers showed that most material in the scour de-
pression was formed by sediments and that the protective
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rockfill and underlying filter layers, adjacent to the down-
stream cut-off wall zone, were severely damaged.

In these circumstances, unprotected exits of the seep-
age flow in the downstream foundation existed, as well as a
continuous layer of fine to medium uniform sand in contact
with the stilling basins. Therefore, there were conditions
for the initiation of backward erosion piping if a sufficient
hydraulic gradient was induced at the exit point. If initiated,
this phenomenon would tend to progress and continue,
given that the overlying concrete structures constitutes an
artificial roof, which could allow the enlargement of the
formed pipes.

In 2012, after 27 years of systematic observation of
the rockfill, it was decided to perform a detailed analysis of
the causes for the unexpected rockfill scour, and an assess-
ment of the risk of backward erosion piping in the alluvial
foundation.

A seepage study through the foundation of stilling
basins 1E and 3E was carried out by LNEC (Caldeira et al.,
2012). For that purpose, a 2D numerical model was devel-
oped using the PlaxisFlow 1.1 software. The main goals of
the model were to assess the conditions for initiation of
downstream backward erosion piping and hydraulic heave.
The model allowed a comparison of foundation behaviour
considering the design assumptions and the scouring condi-
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Figure 32 - Rockfill downstream protection (Caldeira et al., 2013).

Figure 33 - Downstream rockfill scour (Caldeira et al., 2013).

tions observed in 2012. Geotechnical investigation data,
dating back to May 1972, was used to estimate the founda-
tion hydraulic conductivity and the critical hydraulic gradi-
ent of the superficial alluvial formation. Data from piezo-
meter readings provided information on pore water
pressures of the foundation to calibrate the main parameters
of the model. The finite element model reproduced the ge-
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ometry of the stilling basin, concrete cut-off walls and
self-hardening slurry walls. The riverbed was modelled
considering a 32.5 m thick alluvium layer, over a 4.0 m
thick layer of slightly weathered rock on top of an 8.0 m
thick layer of moderately weathered rock. Figure 34 shows
that, in stilling basins 1E and 3E, the flow is concentrated in
the upstream and downstream zones between the basin and
cut-off walls and self-hardening slurry walls, increasing the
exit hydraulic gradients, and decreasing the safety condi-
tions in terms of backward erosion piping and heaving.
More pronounced effects exist when the downstream scour
depression is considered, associated to a partial loss of con-
finement of the downstream cut-off wall.

The numerical modeling of the foundation provided
helpful information regarding its safety and the effect of the
erosion of bed material immediately downstream of the
stilling basin cut-off wall. It evidenced that any further de-
velopment of the erosion would result in reduction of the
foundation safety margin comparing to the designed solu-
tion, namely if erosion went below elevation -8.0 m near
the downstream cut-off walls.
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Figure 34 - Foundation 2D model of stilling basins 1E and 3E with the flow velocity vectors (Caldeira et al., 2012).
Soils and Rocks, Sao Paulo, 41(3): 237-263, September-December, 2018. 257



Caldeira

Additionally, a physical hydraulic model was devel-
oped by LNEC, to study the causes of the scour and a cor-
rective solution capable of resisting the hydrodynamic
actions imposed by spillway operation (Melo et al., 2014).
If the gate operation rules were followed or slightly vio-
lated, the model tests showed that no scour would be ob-
served. Based on operational data, a new rating curve was
derived and applied in new tests. Then, the rockfill scour
developed in accordance with the monitored pattern of ero-
sion, indicating that the unfavorable evolution of the river
natural rating curve was a major factor leading to the expe-
rienced scour.

Tests with rockfill involving larger blocks were then
carried out to assess the size capable of withstanding the
hydrodynamic actions of the flood discharges considering
the revised downstream rating curve of the river. A consid-
erable increase of block dimensions was necessary. The av-
erage size increased from a range of 0.9 to 1.35 m, consid-
ered in the design, to a range of 1.0 to 2.2 m.

These studies made clear that the phenomenon of
backward erosion piping could be initiated and that reme-
dial measures should be implemented for inhibiting its con-
tinuation and progression. Quoting Victor de Mello, in his
Rankine Lecture (de Mello, 1977): “Engineering involves
action based on decision despite uncertainty. Prediction is
one necessary vehicle for adequate decision; but, most of-
ten an engineer’s capacity at predicting is disparately poor
regarding what will happen, and quite competent, in com-
parison, at predicting what will not happen”.

In order to guarantee the non-occurrence of failure by
piping, the corrective measures found to address founda-
tion safety of stilling basins 1E and 3E were the construc-
tion of an upstream solution completely watertight and new
filters beneath the rockfill protective layer (Caldeira et al.,
2012). These measures greatly decreased the hydraulic gra-
dients in the active seepage zone of the dam, protected the
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Figure 35 - Upstream watertight intervention (Caldeira et al., 2013).
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Upstream

downstream flow exit points, avoiding the development or
progression of backward erosion piping, minimized the
thickness of alluvium material removal, limited the inter-
vention area to the zone adjoining the stilling basins, and its
functioning is virtually independent of the downstream
scour conditions. The upstream watertight intervention
consisted of a secant pile wall, embedded, at least, 1 m in
the bedrock formation, sealed at the top by a jet grout slab
and laterally by grouting (Fig. 35).

Based on hydraulic test results, which required larger
rockfill blocks than those of the original design, new parti-
cle size curves and layer thicknesses were prescribed for
rockfill and underlying filter layers, taking into account
up-to-date filter criteria.

In order to ensure the global homogeneous behaviour
of the new rockfill protection, the removal of the damaged
rockfill was carried out, from the stilling basins end sill up
to the existing bar (formed approximately 40 m down-
stream, with crest approximately at elevation -2.0 m). Ex-
cavation near the downstream cut-off wall of the stilling
basins was foreseen until the original riverbed was attained,
and down to elevation -8.0 m, allowing to accommodate the
required thickness for the filter and rockfill layers (Fig. 36).

6.3. Canicada cofferdam

Figure 37 presents the plan view and a cross section
of the cofferdam, excavation slopes and zone of the inlet
structure of the complementary spillway of Canigada dam.
The proposed solution (MotaEngil, 2014; JetSJ, 2015) con-
sists of a concrete gravity retaining wall, resting on a cur-
tain with two rows of jet grout columns (with 1.0 m diame-
ter) and on vertical and inclined steel profiles,
complemented with micro piles and grouting executed be-
tween the jet grout column rows. Therefore, the cofferdam
is made of the natural ground and the described ground re-
inforcement. The final geometry is achieved through the

\ Basin 1E /
4

Tube a manchette
grouting

\L{

Plan view

Jet-grouting slab

+
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Figure 36 - Schematic representation of the filters and rockfill replacement in the damaged zone (Caldeira et al., 2013).
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Figure 37 - Plant and a cross section of the cofferdam, excavation slopes and zone of the inlet structure of the complementary spillway of

Canicada dam (MotaEngil, 2014).

excavation of the ground and the application of nails and
drains at slope inner faces.

The ground is essentially a granite rock mass, very
decomposed superficially, but in depth formed by mixtures
of residual soils and granite blocks, and finally by sound
granite. In this type of ground, it was very difficult to mate-
rialize properly the jet grout columns, and it was necessary
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to complement the ground treatment with grouting, exe-
cuted with fube a manchette.

The weathering process produced a wide range of soil
types within the weathered soil profile. This includes silty
sand residual soils, which are easily eroded, gap-graded
soils, which may be suffusive, zones of contrasting grading,
where contact erosion may initiate on the interface, and

259



Caldeira

hard rock-like soil or granite blocks, which can provide a
roof below which backward erosion piping can occur, if the
hydraulic gradients are sufficient.

At the left abutment of the cofferdam, the curtain of
jet grout columns and grouting was too short and its extent
was not sufficient to prevent the described internal erosion
phenomena, and some signs of their occurrence began to be
observed during the ground excavation, such as sinkholes
(Fig. 38) and cloudy water exiting at some points.

To control seepage through the left abutment of the
cofferdam and adjacent excavation slopes, it was decided to
extend and deepen the water tightness curtain in order to
decrease the hydraulic gradient, installed in the decom-
posed granite rock mass, below the critical value, and to re-
duce the probability of occurrence of internal erosion.
Figure 39 shows the initial position of the jet grout columns
at the left abutment of the cofferdam and a secant pile wall
constructed for that purpose. After the pile wall execution,
the seepage flow from Canigada reservoir had to skirt this
pile wall before reaching the definitive slopes contiguous to
the entrance structure of the spillway.

Nevertheless, due to the high susceptibility of the so-
Iution and of the decomposed granite rock mass to internal
erosion, other effects were observed during the construc-
tion of the spillway. Figure 40 shows an exit point of flow
with a pipe already formed, and water with fines entrain-
ment (cloudy water). These effects, as well the seepage
flow inside of the cofferdam, worsened with the rise of the
Canicada reservoir water level up to 151.7 m, in November
of 2016, as required for testing the hydraulic circuit of the
harnessing of Salamonde II. To stop the progression of the
internal erosion process, the downstream area of the
cofferdam was inundated (Fig. 41). The works were re-
sumed with no major effects when the reservoir water level
decreased, and the water downstream of the cofferdam was
pumped. Nevertheless, during the final excavation, sand
boiling was detected at several points (Fig. 42), which pro-

e
. v

Figure 38 - a) Location of a sinkhole; b) aspect of the sinkhole (Caldeira & Santos, 2015).
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Figure 39 - Jet grout columns at the left abutment of the cof-
ferdam and secant pile wall built to decrease the internal erosion
effects (Caldeira et al., 2016a).

gressively disappeared with the drainage of the rock mass
at the slope.

7. Conclusions
In embankment dams and dam foundations, filters
and drainage systems constitute a first line of defence

against the phase of continuation of erosion. There is evi-

Vi - ] T
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Figure 40 - Exit point of the flow with the formation of a pipe and
fines entrainment (Caldeira et al., 2016b).

Figure 41 - Inundation of the cofferdam interior up to elevation
138.0 m in November 2016 (Caldeira et al., 2017a).

Nm-“!"

Figure 42 - Soil boiling at the slope toe (Caldeira et al., 2017b).

dence from failure statistics (Foster et al., 1998) that since
the improvement of filter design and construction methods,
there was a reduction of the ratio of failures due to internal
erosion to the number of dams. However, such ratio has not
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been reduced drastically (FEMA, 2011), due to the fact that
dams deteriorate with ageing due to undetected internal
erosion, and small embankments and dikes continue to be
built without adequate filter protection, and fail upon first
filling.

The filters are means of controlling and directing the
seepage flow. They also prevent movement of soil particles
from or between various zones of the dam and its founda-
tion. Even in dams designed with adequate hydraulic gradi-
ents, they are needed when dams present cracks, are poorly
constructed and are built with highly erodible materials, or
their foundation conditions allow large amounts of under
seepage. Therefore, filters constitute a defensive measure
to protect the dams from the less than desirable conditions.

Existing dams may not comply with the up-to-date
filter criteria or have deficient filters. In these cases, it is
necessary to assess the probability of failure by internal
erosion. Event tree analyses and laboratory tests were de-
veloped and are herein described to assist that purpose case
by case, thus supporting the judgement of the dam engi-
neers.

In addition, new lines of research are needed to over-
come some knowledge gaps regarding the behaviour of sat-
urated and unsaturated soils under reduced effective
stresses, the stability conditions of cracks and pipes taking
into account the soil state and seepage conditions, and soil
erodibility characteristics, namely, flow limiting and crack
filling actions, along cracks based on laboratory tests.

As case studies, two dams with internal erosion evi-
dences - in Lapao dam induced by concentrated leaks, and
the Crestuma-Lever dam affected by backward erosion pip-
ing - were presented in this lecture. The first is an embank-
ment dam where during a flood several sinkholes were
detected. The causes of the anomalous behaviour are re-
lated to a deficient design that neglected the possible arch-
ing effects associated to the shape of the valley, and to the
compaction conditions, namely, at the interface with the
spillway structure. During construction, the compaction
control was ineffective and the foundation treatment was
limited to the right riverbank, despite the identification of
high permeability zones.

The second dam is a gated structure built in alluvial
foundation, where an abnormal rockfill scour was ob-
served. Given that this solution is very prone to occurrence
of internal erosion, it was assessed its safety against back-
ward erosion piping. Geotechnical analysis allowed the
definition of corrective measures for increasing the founda-
tion safety and the downstream protective rockfill stability.
These measures involved the definition of an upstream wa-
ter tightness solution and the redesign of geometry and
grading curves for rockfill and filters layers.

Finally, attention was focused on a cofferdam com-
posed of a weathered soil profile, very susceptible to inter-
nal erosion phenomena. The evidences observed and the
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mitigation measures that allowed the conclusion of a spill-
way structure in safety conditions were described.
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Some Case Histories with Lessons

to Learn in Dam Engineering
(2" Dr. Victor de Mello Goa Lecture, presented on October 15", 2018, in Farmagudi, Goa, India)

L.G.F.S. de Mello

Abstract. Three case histories of dam engineering related topics are presented as previous knowledge and experience
would not have led to predict their impact on dam design. The Lecture honours Prof. Victor de Mello by discussing the
Balbina HPP where Prof. de Mello led the saprolite foundation design when ancient termite canaliculae were found,
imposing the need to control seepage through the dam’s foundation. The remote location of the dam site associated to its
meteorological characteristics did not allow for conventional earthmoving or plastic diaphragm solutions to be used, and
special pressure grouting was studied and successfully applied. Details of the field studies to allow pressure grouting in
saprolite soils as well as to define the grout mixtures are presented. Two other very interesting case histories are presented,
one being the Teles Pires HPP. In this project thrust faulting generated unforeseen persistent sub-horizontal joints to depths
not associated to the common pattern of stress relief joints in granitic rock masses, with presence of preserved slickensides
and estriae. Stability considerations for the Intake Structure lead to the need of excavating shear keys consisting of tunnels
filled with concrete, drainage tunnels and installation of passive anchors. Finally, the Chaglla HPP head race tunnel case
history is presented. This tunnel 9 km long tunnel excavated through limestones previously investigated did not intersect
any karstic feature. During commissioning turbine tests, with the tunnel pressurized, a small magnitude shallow
earthquake occurred very close to the site, and muddy water was seen outcropping in a small creek valley in the side slope
of the mountain where the tunnel was excavated. Detailed investigation lead to postulate a mode of failure in which the
earthquake generated the disarticulation of a very fractured and saturated stratigraphic fault, leading to the retrogressive
erosion developing from a distant karstic feature till the vicinity of the tunnel’s shotcrete, drastically reducing its passive
support, leading to the failure inside out of the tunnel lining and support. The importance of sound geological models is
emphasized by these case histories, as always strongly argued by Prof. de Mello.

Keywords: case histories, embankment dams, forensic investigations, foundations, geological model, head race tunnel, karstic
behaviour, shear keys, termite canaliculae.

It was a pioneering solution at the time it was con-
ceived, impacted positively the dam where it was imple-
mented, and was used in other situations of my knowledge.

1. Introduction

Honouring Prof. Victor de Mello is a very hard task;
doing it in his hometown raises the responsibility many
steps higher.

This technical paper presents other two case histories
focusing on particular geological situations faced during
dam construction or final stages of commissioning, both
also in the tropical environment of Brazil’s Amazon region.
One led to the need of completely changing the geological /
geomechanical model for the stability calculations of its in-
take structure, and the other led to the failure of a headrace
tunnel following a mechanism not previously reported in
the specialized literature. Geological particularities of the
three sites are described in detail for two of the sites, with
contribution from the geologists involved, endorsing many
other authors (for example Fookes et al., 2000) on the need
of having a sound geological model to work with.

I have decided to look into one of his loved fields of
expertise, sharing with a broad community a less known but
important contribution he has conceived, coordinated de-
sign and tests, and led throughout the implementation in the
field, following its success through monitoring results. This
contribution is not as well-known as his discussion and pro-
posal of understanding compacted fine grained / clayey fills
as pre-consolidated materials, of using an inclined up-
stream stepped chimney filter in different earth fill dams,
and the optimization of the wrap-around interface between

concrete structures and the adjacent compacted earth fill in
dams, as illustrated in Figs. 1-4, and discussed in detail in
his Rankine Lecture - de Mello, V.F.B. (1977).

The idea of discussing geotechnical challenges, either
in time to make the best decisions possible or after a failure
happens and repair is to be discussed, comes from the valid-
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ity of sharing the experience gained when unforeseeable
situations arise, so that equivalent future cases are pre-
vented. Case histories add an important source of informa-
tion for practitioners and even researchers when reporting
situations properly documented. In all these cases a clear
understanding of both the geological and physical model,
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leading to identifying the prevailing and conditioning
behaviour(s), is fundamental. It is understood that case his-
tories are an important tool to disseminate gained experi-
ence; in a previous lecture the author has shared some other
situations of failures, discussing his views on this important
source of knowledge (de Mello, L.G., 2005).
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Hypothetical dam 62.5 m high

//'/ current typical prices
#  Cost difference = US$ 3 x 100

Volumes (m?3)

Comparison assuming same length
for both solutions

Case B
Material™ | (conventional) | (present recommended)
Filt 103 665 14 055 . . .
Rlo:kr i 220294 580 834 Subvertical filter - transition
Concrete| 201543 160 055 both US and FS as extension
Clay 791 531 2261354 of concrete end-face

to Learn in Dam Engineering

Figure 4 - From V. de Mello’s Rankine Lecture - optimizations proposed and routinely used in South America for the wrap around inter-

face of concrete structure and earthfill dam.

2. Balbina Hydroelectric Power Plant

The Balbina Hydroelectric Scheme is located 170 km
north of Manaus, in the Uatuma River, left side contributor
of the Amazon River. Its embankment dam is a homoge-
neous earth fill with average height of 30 m, having as
foundation silty-clayey residual and saprolitic soils gener-
ated by the weathering of volcanic rocks, called volcanites
to keep the same simplified terminology used during the
works. The main features associated to the plant are: in-
stalled capacity 250 MW, generating since 1989; concrete
volume 350,000 m’; volume of the compacted soil
5,000,000 m’; total length of dam 3,300 m, 330 m of which
correspond to the concrete structure; maximum height of
the structures 34 m and 33 m for the earth fill dam.

2.1. Local geology

The volcanic rocks present at the site show all fea-
tures of a theoretical weathering profile. The main charac-
teristic of the materials is the relatively low thickness of the
weathered rock (usually fractured), being about 2 m thick.
The saprolite and residual soils capping the rock present
typical thickness greater than 10 m; the saprolite and sapro-
litic soil predominate in 80% of the strata, the mature resid-
ual soil being often eroded, remaining only the saprolitic
soil. Another important aspect is the extremely irregular to-
pography of the interface with the volcanic rock top, as well
as the absence of boulders or core stones in the soil mass,
which is very favorable to investigation and/or soil grout-
ing.

Among the geotechnical-geological features condi-
tioning the design of the embankment dam, the existence of
regions points with permeability higher than 10° cm/s
needs to be emphasized. These high values of permeability
were measured in constant level in situ permeability tests
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carried out in the clayey and silty saprolitic soil, as well as
in in situ tests performed in trenches.

This layer of low density (dry density between 5 and
10 kN/m") saprolitic soil showed areas with high occur-
rence of tubular cavities denominated “canaliculi”, with
typical diameters of a few millimetres to 2 cm, and, in ex-
ceptional cases, of 2 to 10 cm.

Figure 5 presents the distribution of the measured
permeability values in the saprolitic soil; it can be seen that
38% of the values are higher than 10 cm/s, and 10% are
higher than 10 cm/s, values which are not compatible with
the existing experience in saprolitic soils. No sample from
the SPT tests recovered every meter exhibited any feature
that could justify the high permeability values encountered,
such as sand or gravel.

On this basis, the high permeability values were put
under suspicion; in early stages of design, the saprolitic
soil was treated as a low permeability soil, consistently
with its grain size curve and plasticity characteristics. Ba-
sic design conceived foundation treatment with a shallow
cut off down to the bottom of the alluvial layer, associated

100% -
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80% -
70% -
60% -
50% - 45.8%
40% -
30% -
20% | 16.7%

21.1%

0% | 650 | 99%

0%

<10% 10 104 5x10™ 1073 >1073
K (cm/s)

Figure S - Distribution of measured permeability values.

269



de Mello

with an upstream impervious blanket and relief wells

downstream.

Different phases and sophisticated subsoil investiga-
tion associated the high permeabilities to the presence of tu-
bular cavities, canaliculi, in the saprolitic soil profile, with
diameters varying from millimetric to centimetric (2 to
3 cm), intercommunicating-and with an erratic geometric
pattern. They were detected in most trenches, with a fre-
quency, which would vary grossly between one or two per
square meter for the largest diameters, and one per square
decimeter (100 per m”) for the canaliculi of 2 mm diameter.
This frequency varied along the foundation, and some
trenches did not detect any canaliculi at all.

The previously described sequence of in situ investi-
gations and observations led to the following conclusions:
* the saprolitic soil underlying the alluvium and overlying

the highly fractured weathered rock consists mainly of a
silty matrix. This matrix has a typical permeability of
107 cm/s, in tune with Brazilian experience.

e criss-crossing the soil matrix, tubular cavities/canaliculi
ranging in diameter from 2 to 30 mm are present, condi-
tioning the flow of water and giving the soil mass an
equivalent permeability which can locally reach values
as high as 107 to 10™ cm/s.

Since it was found impossible to follow the canaliculi
into the soil mass, no determination of their length, continu-
ity, interconnections and preferential direction could be
made. Visually they seemed to be distributed in all direc-
tions with their diameter varying along their course by a
factor of approximately two. The interconnection between
the canaliculi was demonstrated by the excavation and
dewatering of adjacent trenches; the addition of a tracer in a
trench lead to its surge in the other in only 20 s. These in-
vestigations led to the conclusion that the canaliculi needed
to be considered continuous at least over a distance of the
order of 5 m.

Another very important question was associated with
the stability of the canaliculi’s walls when submitted to a
continuous flow of water.

These canaliculi were interpreted as being generated
by intense termite activity linked with the last glacial period
and the associated lowering of the water table linked to the
ocean regression (de Mello, L.G. et al., 1987). The action of
termites was proposed by the Portuguese biologist A. B.
Machado (1983), confirming the activity of these insects in
all the samples, through traces, essentially composed of
faecal and oral pellets, found inside the canaliculi. Accord-
ing to Machado, the canaliculi developed probably in the
last glacial quaternary era (12,000 to 18,000 years ago),
when the region had relatively dry climatic conditions, de-
cisive for the existence of vegetation formations designated
as “credo” and ““caatinga”, propitious for the proliferation
of termites. These insects became rare after the formation
of the Amazon forest and were not found inside the cana-
liculi studied. Machado also suggested that the canaliculi of
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higher diameters should correspond to ramifications of
roots, which the termites had eaten, and that those with di-
ameter smaller than 0.8 millimetres would have their origin
associated with the disintegration of thin roots, still par-
tially preserved in the regional soils. Figures 6-8 illustrate
said canaliculi in inspection trenches just excavated.

2.2. Foundation treatment

Many different alternatives were evaluated prior to
the definition of the foundation treatment to be used in the
dam (Sathler & Camargo, 1985; Remy et al., 1985), includ-
ing conventional cut-offs, use of diaphragm walls to imple-
ment a cut-off, use of impervious blankets, etc. Grouting of
the saprolitic soils at high pressure, generating hydraulic
fracturing using the tube a manchette technique and thus in-
tercepting the net of canaliculi was proved to be the best
cost-effective alternative, when proper consideration of lo-
gistic and climatic peculiarities of the Amazon Region
were included in the analysis.

The essence of the concept behind treating the foun-
dation by grouting, aimed at creating a zone under the em-
bankment’s core in which all localized permeability singu-

Figure 6 - Canaliculi at Balbina hydroelectric power plant dam
foundations.

Figure 7 - Canaliculi at Balbina hydroelectric power plant dam
foundations.

Soils and Rocks, Sdo Paulo, 41(3): 267-307, September-December, 2018.



Some Case Histories with Lessons to Learn in Dam Engineering

larities were eliminated, allowing all foundation studies to
treat it as homogeneous, in terms of statistics of averages, in
tune with the de Mello, V.F.B. (1977) Rankine Lecture.

Figure 8 - Canaliculi at Balbina hydroelectric power plant dam
foundations.

The same grout holes were used to extend and grout

through the weathered and fractured rock beneath the sa-

prolitic soils. The self-testing characteristics of the treat-
ment methodology by grouting were also valued, leading to
the concentration of treatment where specifically required.

Figure 9 illustrates a typical cross section for the proposed

hydraulic fracturing grouting foundation treatment. The

goal of grouting was defined as creating, by grout pressure
fracturing, a net of grout planes which would intercept
each other and the canaliculi, filling them with grout over

part of their length, in order to create a zone 5 m to 6 m

wide with reduced and homogenised permeability. A

maximum value of permeability of 10 cm/s was expected

after treatment.

Using the tube a manchette technique, grouting in
phases and localized was performed, applying pressures
high enough to generate hydraulic fracturing of the soil, to
allow penetration, interception and filling of the canaliculi
and voids by the lenses of grout. The tube a manchette
grouting apparatus used in Balbina is shown schematically
in Fig. 10.

The advantages of this concept of treatment are:

a) grouting can be intensified in regions where intake was
higher;

b) treatment can be done all year round, despite the climatic
changes that are drastically conditioning in the Ama-
zon Region;

¢) use of conventional equipment;

d) the same boreholes can be used to treat the weathered
and sound rock underneath the saprolitic soil.

An in situ inspection trench of a grouted borehole is
shown in Fig. 11.

2.3. Grouting experimental stretch

The pioneering characteristics of the proposed foun-
dation treatment in saprolitic soils led to scheduling and

| 15.00 m |
'I‘ L
Flow Cut - off axis | | Dam axis
\ i/
200m , _=|= 2.00 m
Alluvial soil Sl 1 " 1 Alluvial soil
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AN
Residual soil of N } Material to |be removed
vulcanic rock Treated | zone
N\ Top of bedrock
Weathered 1”17 Rod
L) L]

|
E\?Q.:&_ ) KTop of sound bedrock
Grout curtain

Typical cross section

Figure 9 - Balbina Dam foundation treatment typical cross section.
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Figure 10 - Tube with manchette valve and grouting packers.

performing an experimental grouting stretch about 180 m
long to allow selection of the criteria and methodology for
the abovementioned treatment. This grouting test was car-
ried out in the dam foundation area so as to be a part of the
whole treatment of the dam’s foundations.

The main aspects considered in the experimental
stretch are summarized in Table 1, as well as the variables,
which were analyzed on each of the four sub-segments
grouted, as presented by Santos et al. (1985).

2.4. Treatment methodology

At the beginning of the treatment, special tests and a
experimental stretch of work were performed to supply the
engineers involved with data, which, in turn, helped opti-
mize the treatment specifications. The special tests in-
cluded:

Figure 11 - Inspection trench - Tube a manchette in grouted bore-
hole, with grout planes generated by hydraulic fracturing.

e carefully performed water loss tests in drained and in un-
drained conditions. Figure 12 presents two of the referred
tests, from which the pressure causing hydraulic fracturing
and the minor principal total stress c,, were interpreted.
Following Bjerrum and Andersen (1972) discussions, the
coefficient of earth pressure at rest K, was estimated, pro-
vided that o, is assumed to be horizontal. This value was es-
timated to vary between 0.21 < K, < 0.36.

16
/"\VA\N
yau
- -
’l
7
—_— T~

Pe (kg/ cm?)

0 10 20 30 40 50 60 70 80 90 100

Q spec (1/ min./ m)

Figure 12 - Groutability test example — Hydraulic fracturing of
the saprolitic soil.

Table 1 - Balbina Dam foundation grouting experimental stretch main aspects and analyzed variables.

Characteristics Parts of the experimental grouting line

I I I v
Length (m) 40 24 50 68
Borehole disposition (m) 2x4 2x2 2x4 2x2
Phases of grouting (un.) 3 2 1 1
Volume grout per phase (L) 333 125 1000 300
Total grout vol. per valve (L) 1000 250 1000 300
Order of execution Soil/rock Rock/soil Soil/rock Soil/rock
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e after grouting with different colored cement pigments
added to each grouting phase, inspection trenches
showed valid the assumption of the orientation of o,

Once the value of K is known with some degree of
confidence, many theories exist which enable the pressure
of hydraulic fracturing of a massif to be estimated (Bjerrum

etal., 1972; Kennard, 1970; Haimsom and Fairhurst, 1967;

Morgenstern and Vaughan, 1963).

The data collected allowed the following relation to
be established between the formulation proposed by Bjer-
rum and the observed values:

A, =783+1.02 Ay, (kPa) )

The grouting methodology used in the treatment re-
sulted from the experience of the professional team in-
volved and was optimized many times as a function of the
results and data collected. The methodology used during
the major part of the work can be summarized as:

a) Double packers developed at the site were used for test-
ing and for grouting, which sealed through O-rings
against a PVC tube left in each grouting borehole,
weakly grouted in its external side to develop close
contact with the saprolitic soil (as shown in Fig. 11).

b) initially, water loss tests were done in the saprolitic soils
with pressure stages of 20; 40; 60... kPa until hydraulic
fracturing occurred. Through this testing the determi-
nation of the coefficient of permeability prior to treat-
ment and relevant indications of the pressures with
which treatment was to be performed were gathered.
Figure 13 presents some of the results obtained. Spe-
cial techniques to ensure perfect contact of the expan-
sible packers with the walls of the boreholes were-de-
veloped in order to avoid preferential vertical seepage

25
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Figure 13 - Relationship between the increase of pressure to gen-
erate hydraulic fracturing and effective stresses in water loss tests.
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due to deformation of the saprolitic soil when submit-
ted to the packer pressure, which would invalidate all
the testing. Spacing between valves was defined as
0.5 m.

c) three lines of grouting holes were planned — central/up-
stream/downstream - with grouting starting from the
external lines in order to confine and improve treat-
ment through the central holes.

d) the soil-cement grouts postulated to treat the soil were
different from those used to fix and seal the PVC
grouting tube. Both used as much as possible the local
clayey saprolitic soils in order to reduce costs of treat-
ment, due to the difficulties in hauling bentonite to the
site. The physical characteristics of the grout neces-
sary to fix and seal the PVC tube needed to be care-
fully evaluated so that they would not condition the
pressure values required for its rupture when grouting
the foundation soil. Several grouts were prepared in
PVC pipe molds, with variable thickness and grout re-
sistance. Tests simulated rupture processes of the an-
nular seal grout, as a function of its thickness, grout
strength and confining pressure. The results of these
tests showed that the increments of the seal grout rup-
ture pressure, as a function of the three variables
tested, were higher with the confinement pressure and
with the seal thickness, for rupture pressure values
within the same order of magnitude, as shown in
Fig. 14. Based on these results, a grout mixture for the
annular seal was defined as cement: 285 kg / soil: 290
kg / water: 805 L. The specification of the soil-cement
foundation grout asked for:

e uniaxial compressive strength at 28 days of
1.5 kg/em’;

* viscosity < 50 cP;

¢ sedimentation factor < 5%;

e fluidity in Marsh cone of 40 s to 45 s;

» yield limits < 0.1 g/cm’, which was achieved with
the following mixture: cement: 73 kg / soil: 310 kg
/ water: 860 kg.

It is worth noting that the initial amount of cement consid-
ered was 375 kg in the proportion above and was re-
duced substantially during the tests.

e) grouting of the saprolitic soils was undertaken bottom-
up, from the lowest manchette valve towards the top
under a 3 m high compacted earth fill, at pressures
compatible with the hydraulic fracturing pressures as a
function of depth previously determined. Tests were
also performed to investigate if the ideal grouting se-
quence was to initially grout the saprolitic soils, and
then to grout the underlying weathered rock horizon,
or to invert this sequence. Water loss tests were made
in the contact zone between saprolitic soil and weath-
ered rock horizons, showing that foundation treatment
was more efficient when the weathered rock was
grouted first. The possible explanation for the lower
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Figure 14 - Results of tests with grout seal models.

effectiveness of grouting close to the horizons inter-
face in a top-down sequence was interpreted as proba-
bly associated to soil-cement grout migration to the
untreated weathered rock fractures. As grouting of the
higher depths of saprolitic soils was implemented with
constant grout volumes, such migration would reduce
grout quantity at the bottom of the saprolitic soil, con-
sequently reducing the effectiveness of treatment in
this interface.

f) grout flow was usually 60 L/min, and this value was spo-
radically reduced to control and reduce occasional
grout surge at the surface.

g) grouting, in stages, until the postulated volume per
manchette is completed, was conceived to create hy-
draulic fracturing planes in several directions, associ-
ated to each grouting stage. Initially, a 1,000 L grout
volume per manchette was postulated in analogy with
permeation grouting in sands, estimated as a function
of the soil porosity. Tests showed this volume to be ex-
cessive, due to the long reach of the hydraulic fractur-
ing planes as inspected in trenches, often at points over
10 m away from the grout hole. Treatment was defined
to stop when 300 L of grout were absorbed by the soil
or after 10 min of no intake of grout. Inspection tren-
ches were opened and visual inspection showed that
grouting planes of different stages generally formed
parallel planes, often overlapping. These observations
led to defining grouting in a single stage per man-
chette.

h) water loss tests were performed in specially located addi-
tional boreholes to document the benefit of the treat-
ment, limiting the maximum pressure of the test to
1.0 kg/cm’ not to hydraulically fracture the soil.

Grout pressures suffer loss of applied head pressure
during grouting, at the manchette borehole seal and at the
hydraulic fracturing planes. This head loss depends on the
physical characteristics of the rupture planes in the bore-
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hole seal as well as in the hydraulic fracture planes, not
allowing an effective control of the grouting process.

During the works, the control of the grout flow, by re-
cording the manometric pressure resulting from the pro-
cess, was pursued. It was postulated that the resulting
manometric pressure, as read at gauges immediately at the
surface, did not exceed in more than 50% the pressure re-
corded immediately after hole seal rupture.

Such control parameter derived from the relation be-
tween initial and final manometric pressure recorded dur-
ing the execution of the experimental stretch. It was also
observed that the occurrence of cracks at the surface fol-
lowed by surge of grout, generally happened when this rela-
tion was greater than 1.5.

2.5. Evaluation of the subsoil treatment

The evaluation of the improvement of the saprolitic
soil of the foundation of Balbina Dam with respect to its
permeability was done through water loss tests carefully
performed after the treatment, having as target the value of
permeability of 10" cm/s.

In Fig. 15 some test results are presented in relation to
the information collected before grouting. The benefit of
the treatment is obvious. In the mentioned figure, the inter-
pretation of the water loss tests following Babouchkine’s
(1965) formulation is presented. The control tests indicated
that after grouting there was considerable reduction in per-
meability coefficients, especially with the elimination of
coefficients above 5.10° cm/s.

An analysis of the data demonstrated the success of
the treatment applied considering the elimination of high
permeability zones and the consequent foundation homog-
enization with respect to its permeability.

Figures 16 to 19 were taken at the inspection trenches,
depicting the successful treatment of the canaliculi.
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Figure 15 - Comparison of water loss tests prior and posterior to treatment.
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Figure 17 - Inspection trench — clacage planes intersecting and
treating canaliculi.

Figure 16 - Inspection trench — clacage planes intersecting and
treating canaliculi.

Figure 19 - Inspection trench — treated canaliculi.

Figure 18 - Inspection trench — clacage planes intersecting and
treating canaliculi.
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2.6. Filling of the reservoir

Two different embankment cross sections were used
during construction in order to separate the activities of
foundation treatment from the earthmoving and compact-
ing of embankment raising, which had to be done in a very
defined time of the year due to the heavy rains that affect
the Amazon Region. For this reason, in a region the grout
buffer was positioned in the upstream of the dam and linked
to the impervious core of the dam by a compacted berm,

EL. 53.

Mello

while in other region the grout buffer was positioned just
underneath the core of the dam, where the applied stresses
are higher.

Monitored filling of the reservoir started in mid-1987,;
the first rainy season was not able to fill the reservoir, and
data during partial filling is available. It documents the ben-
efit of the treatment.

Figures 20 to 23 present cross sections of the dam in
the described situations with plots of the water level in the
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the right abutment.
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reservoir and measured pore pressures in hydraulic piezo-
meters.

The data collected as well as situ inspections demon-
strated the validity of the use of the discussed treatment to
homogenize and diminish the permeability of a saprolitic
soil with a net of open canaliculi. Prof. Victor F.B. de Mello
and Eng. Joaquim Franco were of crucial importance in
conceiving and implementing this solution for Balbina
HPP.

3. Teles Pires Hydroeletric Power Plant

The Teles Pires HPP is located in the Teles Pires
River, contributor of the Tapajos River in the Amazon Ba-
sin at the border of Mato Grosso and Par4 States. The main
features associated to this power plant are: installed capac-
ity 1,820 MW, generating since 2015; its structure includes
a section in roller compacted concrete (RCC) and an em-
bankment dam of rock fill with impervious earth fill core
with maximum height of 80 m, and total crest length of
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Figure 22 - Typical instrumentation on the left abutment.
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Figure 23 - Hydraulic head and pore pressure monitoring data for the left abutment.
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1,650 m, 330 m of which correspond to the concrete struc-
ture; volume of the compacted soil 5,000,000 m’, maxi-
mum height of the structures 34 m and 33 m for the earth fill
dam.

3.1. Local geology

The site is located in the north portion of the Teles
Pires granitic batholite, not far away from its contact with
the Colider volcanites. The most recent rocks found in this
igneous body are basic dikes sheared by posterior events.

Two large sinistral wrench faults striking N4OW gen-
erated an important tectonic binary responsible for a system
of subvertical joints that affected the Teles Pires granite
(Fig. 24). Other important vertical EW faults present a
component of sinistral slip and cut the region together with
extensive NE linears of an assumed gravitational distensive
character.

As the mentioned faults are superimposed to the Te-
les Pires intrusion, the initial geologic model of the project
was based on the presence on brittle tectonic features.
These features are represented by subvertical and inclined
shear fractures with slickensides, which could be identified
in drill cores and excavation cuts. Such features are com-
mon in the transcurrent regime (Fig. 25).

In Riedel’s model for conjugate fault systems
(Fig. 26) the NW and sub EW subvertical and inclined
striking fractures are of a typically dominant left lateral
strike slip dynamics, while the NE fractures should be es-
sentially of distensive character. In conclusion, the tectonic
environment should be essentially transcurrent compres-
sive represented by subvertical and inclined discontinu-
ities.

O]

02

o3 Normal [

Reverse

Direcional

Figure 25 - Illustration of the dominant transcurrent and reverse
type of faulting (adapted from Fossen, 2010).

Additionally, the whole region was subjected to an in-
tense hydrothermal activity along the different faults and
shear zones. Therefore, the presence of caolinized zones,
fillings of white and green clay minerals and even, locally,
sulphides, are expected to mingle together with evidences
of brittle tectonism such as gouges and slickensides.

During the initial design studies for this power plant,
the geologic model assumed also incorporated the presence
of relatively shallow sub-horizontal stress relief joints that
would gradually vanish with depth. This common pattern
of relief joints attenuating with depth is established in geo-
logical literature and also clearly exposed along several
Brazilian dam foundations (Santa Clara, Santo Ant6nio and
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Figure 24 - Detail of the official geological map of the Alta Floresta mineral province. The Teles Pires granite (PPytp) intruded the
Colider Group (in green). Both are cut by large strike slip component subvertical faults (thick black lines). Relative binary dynamics is
expressed through the red arrows as also the slip component of the NS fault along the Teles Pires River.
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Figure 26 - Stress relief sub-horizontal discontinuities and sub-horizontal shear zones dilated due to the vertical stress relief in granites.

Jirau dams, for example) as also internationally in some im-
portant engineering geological texts, such as the classic pa-
per of Terzaghi and several other authors (Dale, 1923;
Carlsson and Olsson, 1977; Holzhausen, 1989; Fookes et
al., 2000; Hencher et al., 2011).

3.2. Update of the geologic model and of design

For detailed design, local difficulties prevented that
detailed investigations were performed before beginning of
the excavations in some regions, principally at the dam
right abutment, where the intake and the powerhouse struc-
tures are located. As soon as access was permitted, 38 addi-
tional rotatory borings were initially done, 4 with optical
imaging, which allowed the visualization of the spatial po-
sition of the weathered zones. This allowed the separation
of the horizontal from the inclined or vertical discontinu-
ities, which is difficult and very debatable when the correct
control of the discontinuities strike is not known due to the

Soils and Rocks, Sao Paulo, 41(3): 267-307, September-December, 2018.

mechanical fragmentation of the rock cores during drilling
and core recovery. A high frequency of weathered sub-
horizontal discontinuities was observed but the difficulty of
correlating its continuity inhibited its extrapolation in the
design cross sections used for design decisions and calcula-
tions, as shown Fig. 27.

The gradual increase in data acquisition clearly
showed that the necessary revision of the geological model
previously conceived had a major impact in the project
structures stability. The incidence of weathered sub-hori-
zontal discontinuities (Fig. 28) combined with the joints
pattern had direct practical implications in the excavations
design, leading to the need to lower the foundation of the
water intake structure.

A comprehensive investigation program based on a
dense array of rotopercussive borings, described by quali-
fied geologists, was performed to better and quickly map
the substrata underneath this structure, leading to the prop-
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Figure 27 - Teles Pires intake structure foundation geological cross section after initial additional investigations for detailed design.

osition of a much more complex discontinuities pattern
than initially predicted (Figs. 29 and 30). It clearly indi-
cated the presence of thick discontinuities with soil filling
concentrated between elevations 155 m and 170 m.

Later, during excavations, geological mapping
confirmed that numerous of the sub-horizontal discon-
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tinuities presented decametric extension with weath-
ered soils filling frequently laminated and pre-
sheared, with presence of estriae and slickensides.
This characterized a sub-horizontal shear zone with in-
dication of displacements accompanied by its sub-
parallel secondary joints.

Soils and Rocks, Sdo Paulo, 41(3): 267-307, September-December, 2018.
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Figure 28 - Teles Pires intake structure foundation geological cross section after further investigations, showing denser pattern of weath-

ered subhorizontal joints.

This shear zone, identified as master joint, has its
trace clearly visible on all walls of the excavation, dipping
downstream with local components towards the river as
shown in Figs. 31 and 32.

Features of the tectonic of displacements between the
rock strata were gradually determined allowing to charac-
terize a particular situation, distinct from the usual stress re-
lief joints common in granites. A package of various sub-
horizontal shear zones with different indications of thrust in
the NS direction was identified, in a non-previously de-
scribed pattern for the region.

Figure 33 (a) to (e) and Fig. 34 (a) to (e) illustrate the
typical characteristics and the variability of these character-
istics in the master joint and its secondary structures.

The indications of thrust tectonism along extensive
sub-horizontal discontinuities confirm the presence of pre-
shearing, including in the rock / rock surfaces as observed
in different locations of the excavated face, as well as, later,

Soils and Rocks, Sao Paulo, 41(3): 267-307, September-December, 2018.

in the stabilizing structures excavated in the area (Fig. 34
(a) to (e)).

Based on this revised geological model the stability
of the intake structure with relation to its sliding became in-
trinsically conditioned by the master joint, requiring special
attention. Figure 35 presents the discontinuity pattern map-
ped at the water intake structure foundation as seen on the
penstock excavation face, and Fig. 36 displays a cross sec-
tion for the water intake structure, presenting the identified
discontinuity pattern as used in the geomechanical model
proposed.

3.3. Laboratory tests

In order to characterize the geomechanical properties
of the more intensively weathered material present in the
master joint, a series of laboratory tests were performed in
samples prepared from undisturbed blocks. Full character-
ization of the material and shear strength determination
were pursued, through direct shear and triaxial tests. In or-
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Intake structure

Figure 31 - Master joint 3 D surface model.

Figure 32 - Master joint trace emphasized in yellow, as visible at the excavation walls.

der to try to bypass the problem of sample heterogeneity,
step incremental stress tests on the same samples were per-
formed, with partial success.

The interpretation of the test results was done trying
to postulate the shear strength available at strains of 0.5% in
the triaxial tests and displacements of 0.5 mm in the shear
box, of 1.0%/1.0 mm, and 2.0%/2.0 mm, as well as at peak
values.

Figures 37 to 40 plot the laboratory shear strength test
results and proposed envelope. The results are presented
plotting the normal and shear stresses acting at the oriented
plane; a Mohr-Coulomb failure envelope with null cohe-
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sion tangent to the Mohr’s Circle is proposed for each
hypothesis of strain at failure.

Fixing a null cohesion intercept, the range of values
of friction angle, ¢’, obtained vary between: 10° and 27° for
strains / displacements of 0.5% / 0.5 mm; 16° and 40° for
strains / displacements of 1.0% / 1.0 mm; 18° and 40° for
strains / displacements of 2.0% / 2.0 mm; and 20° and 42°
for peak stress-strain values.

Additionally to the shear strength parameters of the
more intensively weathered material present in the master
joint, parameters for the secondary features associated to
the master joint were also necessary. Considering that these
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Figure 33 - Typical shear features in the master joint: (a) General view of excavation wall; (b) Isolated shear lens; (c) Clayey zone in a
lens; (d) Lenticular lamination; (e) rock-rock displacement estriae.

secondary features present less weathered to rocky charac-
teristics in some regions, associated to difficulties of ob-
taining undisturbed samples of these materials to fit in a
shear box, estimates of the shear strength available in these
locations was pursued from Barton’s classification parame-
ters Jr (joint roughness number) and Ja (joint alteration
number). For regions where these structures present them-
selves associating soil-like material with saprolites/slightly
weathered rock with lateral continuity, this procedure led to
postulating values of angle of friction, ¢’, varying between
7° and 11°; and finally, in locations where less weathered
rock dominates, a friction angle, ¢’, of 20° was postulated.

Difficulty remained in interpreting and postulating an
average shear strength value representative of the master
joint as a whole.
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3.4. Design of the stabilizing structure

Safety of the water intake structure was verified
against sliding, overturning, flotation and maximum stres-
ses at its base, for different loading hypotheses, as routinely
done in design procedures. Specifically, the sliding verifi-
cations were performed following the basic equation:

D> N, tan(9,) > .C,A,
+
CSD¢ CSDc

T

where FSD = Factor of safety against sliding; CSD¢ = Re-

duction factor on the friction angle ¢’; CSDc = Reduction
factor on the cohesion ¢’; N, = Resultant of normal forces to

the sliding surface being analysed; ¢, = Characteristic fric-

FSD = >1.0 2)

Soils and Rocks, Sdo Paulo, 41(3): 267-307, September-December, 2018.
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Figure 34 - Typical shear features in the master joint: (a) (b) Slickensides; (c) Bifurcation at master joint; (d) and (e) Estriae in
non-weathered rock / rock interface.

Figure 35 - Master joint and discontinuity pattern at water intake structure foundations.
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tion angle of the sliding surface being analysed; C= Char-
acteristic cohesion along the surface being analysed;
A, = Structure contact effective area in the plane being ana-

lysed; 7, = Resultant of the forces parallel to the sliding sur-
face.

The Brazilian codes require values of partial factors
of safety CSD¢ and CSDc of 1.3 and 1.5, respectively for

Soils and Rocks, Sao Paulo, 41(3): 267-307, September-December, 2018.

the angle of friction and the cohesion, for normal loading
conditions.

Initially, reverse calculations were performed to
check what values of shear strength parameters were neces-
sary to comply with the safety requirements. With zero co-
hesion intercept, as associated to surfaces with pre-existing
slickensides, a value of 34.9° was shown to be required to
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comply with stability safety factors. As this value of shear
strength could not be anticipated to prevail in the master
joint or any other discontinuity with slickensides, a drain-
age gallery was conceived and designed at elevation 140 m
linked to the water intake structure gallery by a series of
vertical drains. The reduction of water pressure in the base
of the intake structure led to a reduction of the required
shear strength of the conditioning discontinuities, which
under this hypothesis resulted in 29.5°.

Again, this value of shear strength could not be antici-
pated to prevail in the master joint or any other persistent
discontinuity with slickensides, leading to the decision to
design underground galleries filled with concrete to con-
tribute as shear keys, increasing the safety factors to sliding
to the required value. Having in consideration the distinct
stress-strain behaviour of the concrete in the shear keys
with relation to the soil filling of the discontinuities, it was
decided that the shear keys should sustain all the horizontal
stresses applied at the elevations where discontinuities pre-
vailed, with no load being transmitted through the rock
massif. Two longitudinal shear keys linked by five trans-
versal shear keys were designed. The geometry of these
galleries was not rigidly fixed in design, the specifications
being that the galleries should follow the master joint
(Fig. 41), excavating an additional 2.5 m of the rock massif
above its crown and 1 m below its invert.

An international Board of Consultants was invited to
contribute in the difficult decision of postulating a repre-
sentative value of average operating shear strength in the
master joint; the results of the shear strength tests per-
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formed were used to help in the postulation of the average
representative values to be used in stability analysis. The
estimative of an angle of friction for the master joint postu-
lated by the BoC was between 25° and 28°, with worst-case
scenarios to be verified with 22°.

Stabilizing shear keys were designed to guarantee
safety of the structure from sliding as conditioned by the
master joint (Figs. 42 to 45), associated to a drainage gallery
previously conceived, also at the foundation of the intake
structure, at elevation 140 m, and relieving the water pres-
sure as drained by a battery of vertical drains (Figs. 42 to 47).

Secondary parallel joints above the master joint were
also identified and mapped during excavation (Fig. 48);

Soils and Rocks, Sdo Paulo, 41(3): 267-307, September-December, 2018.
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Figure 43 - Shear keys and drainage galleries — Longitudinal profile — Access to shear keys.

their influence on the stability of the intake structure had to
be discussed and evaluated together with that of the master
joint itself, taking in consideration their spatial random
variation.

Further sliding stability verifications were perfor-
med, leading to the decision to install an upstream impervi-
ous blanket with two HDPE layers (Fig. 49) to reduce the
water pressures in the intake structure foundation, as well
as 55 passive subvertical anchors of 57 mm diameter, work-
ing in shear. These additional stabilizing details increased
the factor of safety by 12% to 18%, depending on the load-
ing case and depth of the discontinuity, also guaranteeing
the stability of all secondary sub-horizontal planes/features
existing between the foundation of the water intake struc-
ture and the master joint.

25 2 2014

3.5. Monitored behaviour of the dam during initial fill-
ing and subsequent period

Reservoir filling began in December 2014 and was
very fast, with 85% filling happening in only 8 days; after
all environmental issues were properly dealt with, the last
1. 8 m of the reservoir was filled after 1 month. Readings of
the extensive monitoring program after 8 months of maxi-
mum reservoir level are summarized below.

Among many instruments installed in the water in-
take structure, the behaviour of this structure can be repre-

sented by the behaviour of extensometers and piezometers
installed in the structure foundation underneath one of its
concrete blocks.

Soils and Rocks, Sao Paulo, 41(3): 267-307, September-December, 2018.

Figure 44 - Front view of the downstream shear key. Note the gal-
lery overbreak above the steel ribs (a), and the detail of the down-
stream dipping of the weathered master joint (b).

289



de Mello

Figure 45 - Detail of the weathering pattern in the master joint.
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Figure 46 - Cross section of the intake structure foundation shear
keys, drainage galleries and drainage curtain.
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Figure 47 - Detail of the cross section of the water intake structure
foundation showing the shear keys, drainage galleries and drain-
age curtain.
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The extensometer measurement results presented in
Fig. 50 are representative of the behaviour shown by all
such instruments.

Readings show that deformations of approximately
10 mm happened when the galleries were being excavated
in the region of influence of the instrument, especially as
tunnel excavation suffered important overbreak in follow-
ing the master joint within the design criteria, leading this
excavation to being only 4 m to 5 m from the foundation of
the intake structure. Additionally, the load imposed by the
concrete around the penstocks before filling the shear keys
with concrete is considered to have influenced the behav-
iour monitored. Soon after concrete filling of each gal-
lery/shear key, deformations stopped completely, and were
not affected or mobilized by the reservoir filling at all.

Standpipe and electric piezometers were installed
from the intake structure drainage and monitoring gallery,
inclined 10° upstream and 15° downstream in order to
check the real hydrostatic thrust acting on the structure
foundation and compare it to the design hypothesis. The
comparison of the hydraulic head measured with that used
in design verifications is an important parameter to judge
the efficiency of drainage on the thrust diagram acting on
the structure foundation. Two distinct water thrust dia-
grams were used in these verifications: one suggested by
the international BoC (Fig. 51 (a)), and another that does
not include the contributing efficiency of the HDPE imper-
vious upstream blanket (Fig. 51 (b)).

The measured piezometric values (Fig. 52) led to con-
clude that the diagram of water thrust suggested by the BoC
for the structure foundation was surpassed in some of the
intake blocks, while all readings were lower than the piezo-
metric levels associated to the hypothesis of a non-efficient
HDPE upstream impervious blanket in the foundation.

Having in consideration that no incremental deforma-
tions were measured by the extensometers when the water
thrust diagram started to be imposed by reservoir filling, the
fact that some readings were higher than those postulated
by the BoC did not raise any further concerns.

The piezometers also allow the verification of the ef-
ficiency of the grouting curtain. The measured values allow
to interpret that this efficiency is on average associated to a
reduction of 60% of the measured upstream water pressure.

All readings stabilized soon after reservoir filling and
are considered to be in compliance with design predictions
and criteria.

4. Chaglla Hydroeletric Power Plant

The Chaglla Hydroelectric Power Plant is located on
the Huallaga River in the Chaglla and Chinchao districts,
department of Hudnuco, Peru. The dam axis is located
downstream from the confluence of the Panao River and
the Huallaga River and the total catchment area is around
7,150 km’. It comprises a 202 m high concrete face rockfill
dam (CFRD) with a crest length of 274 m, three tunnel

Soils and Rocks, Sdo Paulo, 41(3): 267-307, September-December, 2018.
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Figure 48 - Water intake structure foundation cross section with master joint and secondary parallel joints.
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Figure 50 - Typical data for extensometer installed in the water intake structure foundation underneath one of its concrete blocks.

(a)

N.A.NOR.EL. 220.44

El. 187.00
%

EL 170.00
P

EL 140.00

(b)

230
220
210 |
200 |

- E.L.220.00 (Max. normal) J th 7p &

Cota (m)

Vertical

Figure 51 - Water thrust diagrams: (a) Diagram 1 - Proposed by the BoC; (b) Diagram 2 — Without HDPE.

spillways for a design flow of 3620 m’/s, a headrace tunnel
14.4 km long, excavated by drill and blast in an 8§ m span
horse-shoe shaped cross section, feeding two vertical axis
Francis turbines, each of 225 MW capacity. The discussion
below refers to the headrace tunnel.

292

4.1. Local geology

The rocks in the region of the project are of sedimen-
tary origin, ranging in age from Permian to Mesozoic peri-
ods, 350 to 65 Mya ago. The project area is located within
the calcareous rocks of the Pucard Group.
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Figure 52 - Piezometer and reservoir level data.

This geological group is of marine origin and forms a
fringe in an NNW-SSE direction, usually subdivided into
three formations, which, in a simplified description can be
described:

¢ its base consists of dolomitic, bituminous and limestones
with medium to thick stratification;

¢ in the middle lutite and limestone intercalations occur;
the lutites are stratified, forming medium-sized layers,
and dark gray to black in color; the limestones are dark
gray to black, well stratified in thin to medium-sized lay-
ers, somewhat bituminous and occasionally clayey silty,
with chert nodules;

¢ the top of the sequence consists of light-gray limestones
in thin to very thick layers.

The carbonate rocks present some karstic action, as
discussed below.

The headrace tunnel is located on the left bank of the
Huallaga River, on the east flank of a large anticlinal struc-
ture trending NW-SE with layers that always dip between
40° and 80° towards NE. The carbonate rocks are charac-
terized by ductile structures with broad folds oriented
mainly in a NE-SW direction, these being the features that
impact the project structures, particularly the headrace tun-
nel, as it runs at right angles to these geological structures
and, therefore, intersects them in some stretches, such as
the Lluto and Chimao creeks.
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The main discontinuities in these rock masses are the
bedding planes, which are very persistent with thin to me-
dium layers, 20 cm to 60 cm thick. Other discontinuities
correspond to two families of tension fractures caused by
folding, as well as systems resulting from the shear stresses
to which these rocks were subjected.

Thrust faults in a NW-SE direction were mapped on
the left bank of the Huallaga River. Various strike-slip
faults in a NE-SW direction with regional dimensions that
leave deep slopes on the creeks coming down from the
mountains were also observed.

In summary, the headrace tunnel is intercepted by
beddings and faults, of which only two are effectively ma-
jor pressure-relief zones (Lluto and Chimao creeks). Most
of these beddings have a general NE-SW orientation, cor-
roborating the regional structural characteristics.

4.1.1. Geological-geotechnical investigations

To assess the geological characteristics of the project
structures area, dipole-dipole array, vertical electrical soun-
ding, seismic refraction and MASW (Multichannel Analy-
sis of Surface Waves) geophysical methods were used. The
local topography of high and steep slopes impacted the per-
formance of the geophysical surveys, especially in match-
ing the most appropriate lines.

Due to the difficult access in virtue of the steep slopes
in the project region as well as the dense vegetation, in
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some cases field geological surveys were made in locations
near to or parallel to the project axis and structures. Along
the headrace tunnel axis, 22 surface geomechanical stations
conveniently located were defined and used to determine
the structural characteristics of the rock mass.

Boreholes were drilled at the tunnel portals, at the
adits entrance and at locations of lower massif cover, like
the creeks mentioned.

4.1.2. Hydrogeological model

The hydrogeological model developed during the de-
sign studies concluded that the supply to the aquifer was the
result of:

e infiltration of rainwater and water from tributary creeks
or water from remote areas seeping through the longitu-
dinal and transverse fault planes that affect the zone;

e the flow of underground water through the limestone
rock mass as a result of its secondary permeability, the fi-
nal direction of the water flow being the banks of the
Huallaga River, which acts as an important natural drain;

 eventual perched aquifers in the limestone rock mass.

Considering that the bedding planes are subvertical,
incursions into the caves in the region detected that the
main karst access points (sinkholes and dolines) could be
investigated to depths of 80 m to 100 m or even more, down
to locations where the presence of fallen blocks hindered
further access.

4.2. Description of the headrace tunnel

The headrace tunnel horizontal and vertical align-
ments were selected in order to ensure adequate rock cover
in the left-bank side valleys, while minimizing the maxi-
mum rock cover and the length of the intermediate con-
struction adits. It has a total length of 14.38 km and a 7.85 m

high, 8.5 m wide horse-shoe shaped cross section. It was
excavated by the drill and blast method with full face blast-
ing for each round, using five intermediate adits. Figure 53
illustrates the headrace tunnel alignment and the location of
the adits.

The maximum cover above the tunnel is around 880 m.
The average unconfined compressive strength (UCS) of the
rock is about 100 MPa for the massive gray limestone and
about 85 MPa for the bituminous limestone. Thus, consider-
ing an average specific weight of the rock of around
2.6 tf/m’, the maximum in situ geostatic stresses are in the
range of 23 MPa, or about 25% of the intact rock UCS.

The tunnel alignment crosses two main side valleys at
distances of about 2.3 km (Lluto creek) and 12.2 km (Chi-
mao creek) from the intake.

Considering that a maximum hydraulic head of 313 m
is imposed at the Chimao creek crossing, hydro-jacking
tests were performed from the surface, as well as from in-
side the tunnel itself, to check the minimum in situ stresses
and adjust the lining design. A reinforced concrete lining
was used in the low-cover section of the tunnel, about
200 m and 180 m long immediately upstream and down-
stream, respectively, of the steel lined siphon used to pass
underneath the side valley, with length of 323 m to guaran-
tee safe hydraulic gradients during operation in this specific
location.

4.3. Geological and geomechanical characteristics of the
rock mass along the tunnel

During construction of the headrace tunnel, a very de-
tailed geological mapping was obtained as the excavations
progressed. The data collected from this survey included:
geological formation, rock mass description, hydrogeo-
logical aspects, estimation of Barton’s Q index, including
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Figure 53 - Plan view, cross section and longitudinal section of the headrace tunnel.
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the rock mass class and quality. Photographs showing the
rock type, discontinuities, presence of water and other
items of interest on the tunnel face at each excavation round
were also produced. Figure 54 presents an example of one
such document.

Geological/geotechnical maps of 50 m sections along
the tunnel were prepared, presenting the different litho-
logical types, the orientation of the bedding planes and
other important geological structures. Stereograms show-
ing the orientation of the bedding planes were included as
this is the most persistent structure.

Barton’s rock mass classification was done methodi-
cally at each excavation advance, showing the value attrib-
uted to each of the parameters from which it is derived, the
GSI punctuation, alteration/consistency/jointing degrees
and the features of the main discontinuities. Definition and
adjustment of the tunnel support at each excavation round
was postulated based on this data.

During excavation of the tunnel, various lithological
types were crossed: gray and/or banded limestones, bitumi-
nous limestones, breccia and andesitic dykes. At some
chainages shearing developed along the bedding planes
was observed, which at these locations presented a clayey,
silty or crushed rock filling. These particular features were
named “stratigraphic fault”; Figs. 55 and 56 illustrate these
features in the excavation front.

No karstic cavities were found along the alignment of
the headrace tunnel during excavation. The only cavity of
karstic origin was intersected at chainage 0+234 of adit 3.
At this spot, a cavern filled with clay approximately 6 m
wide and 8 m high was found at the adit tunnel crown. It
was interpreted to be related to a karstic duct which started
at a doline placed about 100 m higher than the level of the
adit and ended in a cavity on the right bank of the Chimao
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Figure 54 - Tunnel face geological mapping.
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Figure 55 - View of the thinly stratified gray limestone at the ex-
cavation front.
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Figure 56 - View of the “stratigraphic faults” in the gray lime-
stones at the excavation front.

creek. The cavity was backfilled with concrete and the infil-
tration water flowing through the karstic duct was con-
veyed through pipes to the portal of the adit 3 to allow the
excavation to proceed.

The banded limestones described were continuously
and irregularly interbedded with the gray limestones and
could, therefore, be grouped with them as they have similar
geotechnical behaviour. The rock is dark gray with light
bands with moderate degree of jointing and alteration, me-
dium to low strength, thin to moderate bedding layers and
three joint systems (Fig. 57).

The bituminous limestones are part of the middle
member of the Pucard Group and were found overlying the
banded gray limestones. This lithological type is black and
dark gray with moderate to intense degree of jointing and
alteration, low to medium strength, thin to moderate bed-
ding layers and three joint systems, with clayey silt or
crushed rock fillings in some bedding planes, as well as thin
layers of carbonaceous lutites (Fig. 58).
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Figure 57 - View of the thinly stratified banded limestone at the
excavation front.

4.4. Tunnel lining design

4.4.1. Design assumptions and excavation support

The tunnel support was defined according to the Q-
System (Barton, Lien and Lunde, 1974; NGI, 2013). In the
crossings under the Lluto and Chimao creeks, where the
conventional empirical cover criteria were not met, steel
and reinforced concrete linings were used and auxiliary
measures taken to ensure safe operation of the tunnel in
terms of water losses and the stability of the adjacent
slopes.

The final lining for the operation phase in most of the
headrace tunnel consisted of shotcrete applied systemati-
cally as a permanent excavation support on the crown and
sidewalls with a thickness varying between 7 cm and 20 cm
according to the rock mass class, and a plain 25 cm thick
concrete slab on the tunnel floor poured over a layer of
compacted muck. The systematic installation of a second-
ary lining of cast-in-situ concrete was discarded because

Figure 58 - View of the bituminous limestone at the excavation
front.

the calcareous rocks encountered along the tunnel were
considered durable under the foreseen operating condi-
tions, and the 2.8 m/s flow velocity in the tunnel was com-
patible with a shotcrete lining.

Table 2 summarizes the tunnel support as a function
of Barton’s Q value:

4.4.2. Reinforced concrete and steel lining under the
Chimao creek

At the location where the tunnel passes under the
Chimao creek, at a tunnel chainage of around 124340, the
rock cover is approximately 20 m with an applied hydraulic
head reaching 313 m at elevation 883 m above sea level
(m.a.s.L.). Steel lining was designed for this section of the
tunnel, 322.8 m long and extending to both sides of the
Chimao valley. Confinement of the rock mass in the tunnel
sections adjacent to the steel lining was checked by means
of several hydro-jacking tests; the results showed a mini-
mum safety factor against jacking of the rock of around

Table 2 - Summary of tunnel lining design as a function of Barton’s Q value.

(0] Rock mass class Description of the tunnel support treatment

0>60 I (very good rock) 7 cm thick fiber reinforced shotcrete (crown and sidewalls)

7<0Q<60 II (good rock) 7 cm thick fiber reinforced shotcrete (crown and sidewalls); spot bolting
where required

0.64<Q<7 III (moderately good rock) 10 cm thick fiber reinforced shotcrete (crown and sidewalls); 3 m long pas-
sive bolt (¢ =25 mm) at 2 m spacing in the crown; spot bolting where re-
quired

0.08<Q0<0.64 IV (poorrock) 15 cm thick fiber or steel mesh reinforced shotcrete (crown and sidewalls);
4 m long passive bolt (¢ =25 mm) at 2 m centers in the crown and sidewalls

0<0.08 V-A (very poor weathered rock) 20 cm thick steel mesh reinforced shotcrete (crown and sidewalls); steel rib
or lattice girder spaced at 1 m centers; forepoles if necessary (crown)

V-B (very poor altered rock) 20 cm thick steel mesh reinforced shotcrete (crown and sidewalls); steel rib or
lattice girder spaced at 1 m centers; forepoles (crown); reinforced invert if nec-
essary
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1.10. To ensure a safety factor of 1.30 and to avoid potential
leakage from the tunnel, a hybrid impervious lining, ex-
tending to the points where the rock cover is sufficient
according to conventional empirical cover criteria, was im-
plemented on both sides of the valley. The hybrid lining is
composed of the following elements:

¢ an outer ring of reinforced shotcrete applied over the ex-
isting tunnel support with a minimum thickness of 20 cm
and a circular inner profile;

e asprayed 3 mm thick waterproof membrane applied on
the inner surface of the shotcrete ring (this membrane
was considered an additional measure whose effect was
disregarded in the dimensioning of the reinforced con-
crete);

e a 40 cm thick inner ring of reinforced concrete poured
over the waterproof membrane.

Additional grouting of the rock around the tunnel at
pressures of up to 30 bar (equivalent to the operating pres-
sure of the tunnel in this section) was performed to further
reduce the permeability of the rock mass and also to pre-
compress the concrete lining.

The hybrid lining was applied along a 181.0 m length
of the tunnel downstream of the steel lining and a 201.0 m
length upstream of the lining. Thus, the lined section of the
headrace tunnel in the region of the Chimao creek had a to-
tal length of about 704.8 m.

4.5. Procedures for filling the headrace tunnel

Special procedures for filling the headrace tunnel
were defined in design, considering flow from the gates at
the water intake and from the natural water table of the rock

mass into the tunnel, this infiltration being estimated to be
around 2 m’/s. The water intake structure is divided into
two bays, each equipped with a fixed-wheel gate. Each gate
is divided into three panels; the lower two are rigidly cou-
pled, while the middle and upper panels are linked with a
special tie, forming a 50 mm space between them. Opening
the middle and upper panels without raising the whole gate
is called a “cracking” operation.

Filling of the tunnel started on November 17", 2015,
using only the inflow in the tunnel provided by the natural
water table. Figure 59 shows that from the beginning the
water level inside the headrace tunnel rose at a rate of ap-
proximately 0.4 m/h with the infiltration flow alone, well
below the maximum recommended rate of 2 m/h (Benson,
1988).

On November 26" the level in the reservoir reached
the intake structure, allowing crack opening of the gates to
start, with the water level inside the tunnel at elevation
975 m.a.s.l.

Filling continued at approximately 0.4 m/h for the
next seven days, when the water level inside the tunnel was
observed to be stabilizing at approximately at elevation
1,050 m.a.s.l. As the water level inside the tunnel rose, at
this moment the exfiltration flow from the tunnel exceeded
the infiltration rate.

Throughout this period, the site was inspected to
check if water was daylighting and appearing anywhere or
if there were any related surface changes, particularly in-
side the construction adits and respective concrete plugs.
No significant changes were detected.
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Figure 59 - Tunnel filling.
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The maximum normal water level in the reservoir (el-
evation 1,196 m.a.s.l.) was reached on December 4", and
one of the spillway gates was opened to control the level.

As the filling rate fell to 0.1 m/h, it was decided to
lower the reservoir level so that one of the gates at the water
intake could be opened with a low head. In this way the in-
flow and water velocities could be controlled, avoiding
damage to the concrete floor of the tunnel. Lowering of the
water level in the reservoir to elevation 1,182.2 m.a.s.l.
(just 0.7 m above the gate sill) began on December 9", and
the reservoir level was kept at this elevation, corresponding
to an inflow of 4.0 m'/s.

With this procedure, the filling rate of the tunnel was
increased to 1 m/h for the next three days and dropped again
to 0.3 m/h, reaching elevation 1,160 m.a.s.l. around noon
on December 18". As the last stretch of the tunnel would be
less affected by the filling flow (the floor is less inclined), it
was decided to raise the reservoir level again to finish fill-
ing the tunnel. This was done on December 19" in the
morning. The filling rate during this last day was 1 m/h.

The following changes were observed during the first
half of December:

* low seepage at the concrete plug in adit 4; complemen-
tary grout injections were performed.

* no change at adit 3.

* increased seepage into a drainage gallery excavated un-
der Chimao creek to control uplift water pressure in the
siphon.

* significant seepage in the lower half of adit 2.

4.6. Headrace tunnel incident on February 17", 2016

4.6.1. Description of the incident

Filling of the headrace tunnel happened between No-
vember 17" and December 19", 2015. The tunnel remained
pressurized with its normal operating pressure from that
date till February 17", 2016, a period of 61 days, without
any record of abnormalities. During this period three crude
measurements of overall tunnel leakage were performed,
by closing the gates at the tunnel intake structure and mea-
suring the drop in the water level in the adjacent adit O after
a given time interval. The measurements indicated an exfil-
tration/leakage of around 2.5 m’/s.

On February 17", 2016, at 1:03 PM, a load rejection
test was performed on one of the generating units with 80%
of the maximum generating flow. At 6:57 PM, an earth-
quake of magnitude 4.2 on the Richter scale was recorded.
The epicenter was very close to the dam site, and the earth-
quake was perceived by the site personnel as an intense,
very short shake.

On February 18", 2016, a significant leakage of dirty
water on the left bank of Chimao creek was observed and
adit 3 flooded. On the same day, a load rejection in the sec-
ond generating unit with the same 80% of the maximum
generating flow was performed. The leakage increased fur-
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ther the next day, turning into a very intense surge of water.
On February 20", 2016, another general leakage measure-
ment was carried out in the headrace tunnel in the same way
as previously. The results indicated a leakage of approxi-
mately 11.4 m’/s, an increase of about 4.5 times over the
previous measurements in the tunnel.

This led to the decision to dewater the tunnel in order
to investigate the causes of the problem.

4.6.2. Seismic data recorded on the day

On February 17", 2016, at 6:57 PM an earthquake of
magnitude 4.2 on the Richter scale struck at a distance of
approximately 3 km from the Chaglla Hydroelectric Power
Plant Dam and 13 km from the powerhouse.

The location of the earthquake was initially deter-
mined by the Geophysical Institute of Peru (IGP). Figure 60
(a) shows the location of the earthquake on a Google map of
Peru (taken from an IGP web page) and Fig. 60 (b) presents
a larger scale image showing the locations of the earth-
quake (SISMO) and the Chaglla Dam (PRESA).

Three accelerographs had been installed on the site to
record movements generated by seismic activity. Two were
installed at the dam: at the dam’s the crest, and at its base.
The third was installed in the powerhouse structure. At the
time of the earthquake, the accelerograph at the base of the
dam was out of service because of vandalism, and readings
were only available for the crest of the dam and the power-
house.

4.6.2.1. Earthquake records

Figure 61 shows the recordings of the three earth-
quake acceleration components over time at the dam. The
estimated distances from the epicenter of the earthquake to
the dam and power house (other recordings) are 3 km and
13 km, respectively.

4.6.2.2. Seismic interpretation of the records

Table 3 shows a list of the main parameters for re-
cordings on the crest of the dam.

The most remarkable result is the high value of peak
acceleration (1.5 g) for the 01-02 (NS) component at the
crest of the dam, approximately 150 times greater than the
largest component (NS) for the powerhouse. The short dis-
tance between the epicenter and the dam would suggest that
the peaks are the product of some near-fault effects, such as
directivity or the hanging-wall effect.

All the values of the parameters recorded at the pow-
erhouse are very small and of no significance from an engi-
neering point of view, this fact being interpreted as being
associated to the installation of the accelerograph in this
structure.

As already mentioned, the location of the earthquake
was determined by the IGP as latitude 9°42°36” S and lon-
gitude 75°51°36” W (-9.71° N, -75.86° E) at a depth of
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Figure 60 - Earthquake location: (a) Location (determined by the IGP) of the 4.2 magnitude earthquake that occurred on February 17,
2016; (b) Close-up showing the location of the Chaglla Dam (PRESA), of the village of the same name and of the earthquake (SISMO).

0.4 { 3s (S
Peak =0.75 ¢
02 4 Componente E-O

00 — 1 : {

g)
@
[
5
o
m
&

20
02 -
0.4 -

0.6
tarts at 20160217(048)23 57:52 47

s Peak=1.49 ¢ &
1.2 A Componente N-S

/52 Starts at $0160217(048123:57:52.187

Peak = 0,58 g

04 | Componente vertical

0.2 4

(2)

-0.2

32 Starts at 0160217(048)23:57:52.187

Figure 61 - Crest of the dam: Recording of the three acceleration
components.
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26 km; different calculations estimated the depth as being
between 1.3 to 4 km.

While further investigation would be required to con-
firm this calculation, it is interesting to note the association
between a shallow earthquake and the characteristics of the
three components measured at the crest of the dam: very
high peak accelerations and very high frequencies (pre-
dominantly very small periods).

The possible peak acceleration and velocity at the
opening of the cavity detected in the hydraulic left sidewall
of the headrace tunnel, distant 10.8 km from the epicenter,
were also estimated. It can be observed that, at the position
where the opening in the left sidewall of the headrace was
estimated to be, the mean PGA could have reached 0.06 g
and around 0.12 g for the mean value plus one standard de-
viation.

4.6.3. Effects observed on the project structures

Localized damage was observed after the earthquake
on February 17" and was a result of the seismic event.

4.6.3.1. Dam area

A small shallow landslide was observed on the hill-
side on the right abutment near the dam, and a metric size
rock rolled from the slope, as shown in Fig. 62 (a) and (b).

4.6.3.2. Region near the adit 2

After the earthquake, a shallow landslide was ob-
served near the entrance portal to the adit 2, distant approxi-
mately 8 km from the epicenter (Fig. 63).
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Table 3 - Parameters measured by the accelerographs.

Component Recording rest of the dam
01-01 (vertical) 01-02 (NS) 01-03 (EW)

Peak acceleration (g) 0.588 1.491 0.766
Spectral intensity (cm) 0.0929 0.2122 0.1906
Predominant period (s) 0.1009 0.0714 0.0819
Mean period (s) 0.0967 0.1030 0.1277
Peak velocity (m/s) 0.0631 0.1553 0.1556
Peak displacement (mm) 3.584 6.862 5.482
Cumulative absolute velocity (m/s) 2.0725 54117 3.4846
Arias intensity (m/s) 0.4813 2.6155 0.9995
Arias duration (5-95) (s) 1.26 1.46 1.45

Figure 62 - Right bank — landslide downstream of the dam.

4.6.3.3. Chimao creek area

After the earthquake, the following events were ob-
served in the Chimao creek area:

e Small shallow landslide on the left bank of the creek
(Fig. 64 (a) and (b));
* An area with a high volume flow of dirty water from the

headrace tunnel outcropping on the left bank of the creek
(Fig. 65 (a) and (b)).

4.6.4. General considerations on the earthquake

The earthquake recorded on February 17", 2016 was
felt as a short duration impulse by personnel in the offices
on the site, which is approximately 2 km from Chimao
creek. This would indicate that the earthquake had a Mod-
ified Mercalli (MM) intensity of between III and IV in the
area where the offices are located.

The seismic records from the accelerographs show
that the earthquake was of very short duration, of the order
of 1.5 s at the dam site. The high peak accelerations of the
three components recorded at the crest of the dam are sub-
stantially higher than expected, even when an amplification

300

Figure 63 - Adit 2 — landslide near the entrance portal.

factor of 2 to 2.5 due to the structural behavior is taken into
account. The velocities recorded are within the normal
ranges.

In particular, the recordings show very high frequen-
cy components. Calculations to determine the location of
the earthquake using the three components of the accele-
rogram recorded at the dam appear to indicate that the
earthquake was very close to the surface, at a depth of less
than 4 km.
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Figure 64 - Chimao creek — left bank — landslide around 100 m
upstream of the access bridge for adit 3.

In a number of localized areas near the dam and the
adit 2, small landslides and some minor damage were ob-
served after the earthquake. Using the NGA attenuation
formulae (Power et al., 2006), the possible values of peak
acceleration and peak velocity at the dam (at the rock base)
and powerhouse were estimated. The possible peak accel-
eration and peak velocity at the opening of the cavity de-
tected in the hydraulic left sidewall of the headrace tunnel
were estimated; it is estimated that the horizontal accelera-
tion could have reached between 0.06 g and 0.12 g.

Because of the high volume flow of water outcrop-
ping in the region of Chimao creek and the considerable in-
crease in the amount of water pumped out of adit 3, together
with the almost 4.5-fold increase in the amount of water
exfiltration from the headrace tunnel, it was decided to
dewater the headrace tunnel.

4.7. Headrace tunnel dewatering procedure

The dewatering procedure of the headrace tunnel was
carefully thought and implemented, as not to further dam-
age the tunnel.

The gates at the water intake structure were closed on
February 20" in the morning. The water level inside the tun-
nel was carefully monitored with three manometers in-
stalled in adit 3, in adit 4 and in the lower end of the
headrace tunnel.

Due to the water leakage in the tunnel, and the lack of
infiltration from the rock mass in the upstream section of
the tunnel, the initial dewatering rate was very high - 65 m
in the first hour. To reduce the dewatering rate, one of the
gates at the water intake was cracked and the dewatering
rate dropped to 11 m in the second hour, and 8 m in the
third.

A special device was installed to crack open the sec-
ond gate in an attempt to further reduce the dewatering rate.
Additionally, to gain better control of the dewatering rate,
five pumps were installed close to the water intake. These
pumps operated from the night of February 20" to the morn-
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Figure 65 - Chimao creek — left bank — high-volume flow of dirty
water was observed (later known as coming from the headrace
tunnel) about 100 m upstream of the access bridge for adit 3 the
day after the earthquake. Water can be seen with important
amount of solids in suspension.

ing of February 23", and the average dewatering rate during
these three days was around 1.2 m/h, corresponding to a
drop in the water level from about elevation 1,090 m.a.s.l.
to 1,005 m.a.s.l. if the first two hours of dewatering are
ignored. This corresponded roughly to the prescribed
dewatering rate of 1.0 m/h.

On February 23" in the afternoon, a few hours after
the pumps had been shut down, one of the gates was com-
pletely closed. As a result, the water level in the tunnel
dropped quite fast, and the gate had to be crack opened
again. In five hours, the level inside the tunnel dropped
43 m, reaching elevation 967 m.a.s.1. During the following
three days, the gates were successfully operated until they
were finally closed and dewatering could be started from
the drainage valve at the bifurcation downstream of the
headrace tunnel in the spherical valve room. The average
dewatering rate during these three days was approximately
0.3 m/h, and the water level in the tunnel was at elevation
946 m.a.s.1.

On February 25" in the afternoon, a site inspection
showed that the surge of water at the left bank of the
Chimao creek had ceased as the water level inside the tun-
nel reached elevation 950 m.a.s.l., approximately. On the
same day, the tunnel was accessed through adit O and a par-
tial inspection was carried out down to adit 2. The water
level inside the tunnel had stabilized at elevation
948 m.a.s.l., which meant that the drainage valve capacity
was approximately equal to the infiltration flow. On March
1" the drainage valves in the powerhouse used to drain the
spiral casing could be operated, and dewatering was re-
sumed slowly at around 0.15 m/h until the dewatering
valves at adit 3 were operated on March 6".

Dewatering through adit 3 required that several drain-
age pumps were operated. These were operated for 3 days
until the water level reached 920 m.a.s.l., which corres-
ponds to the tunnel floor under the surge chamber at chain-
age 14+000 approximately, being the highest point in the
tunnel downstream of the siphon at Chimao creek. Dewa-
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tering through the bypass valves in the powerhouse is not
possible from this elevation downwards.

Further lowering of the water level in the tunnel be-
low elevation 920 m.a.s.l. was not possible because of the
high infiltration flows, particularly from the upstream
stretch of the tunnel. Two boreholes were, therefore, drilled
in adits 1 and 2 to install the ventilation system and con-
struct small cofferdams so that the infiltration flows could
be diverted to these holes and drained out of the adits.

On March 15" the water level inside the tunnel
reached elevation 898 m.a.s.l. At this point, as foreseen in
the dewatering procedure, a floating movable pumping sys-
tem was installed inside the tunnel, allowing to dry the si-
phon at Chimao creek.

Figure 66 shows the dewatering curve and the main
events registered during the dewatering procedure.

4.8. Cavity detected at chainage 12+740

4.8.1. Initial site investigations by speleologists

On March 17", 2016, after most of the tunnel had
been dewatered, a local failure of the shotcrete lining could
be observed in the lower part of the hydraulic left sidewall
of the tunnel at chainage 124740, measuring roughly
1.5 x 1.5 m and triangular in shape.

This cavity was inspected by a team of geo-speleo-
logists and called El Hoyo de la Beba; its internal topogra-

phy was mapped to collect all possible data that could help
establishing its possible origin. Additionally, the geo-spe-
leologists inspected and mapped the cavity at the left bank
of Chimao creek where the outcrop of water was detected,
this cavity being called El Suspiro de la Frescia.

El Hoyo de la Beba cavity is 1.50 m wide and 1.50 m
high at the entrance (Fig. 67), subparallel to the rock mass
bedding layers, with an average dip/dip direction of 310/76
and extends more than 5 m (the real depth could not be mea-
sured due to safety requirements) below the floor of the tun-
nel in the location where it intersects the tunnel. The roof
and walls consist of jointed, stable, gray to black rough
limestone rock with layers up to 1.50 m thick, with some in-
dications of slickensides in the rock walls, and without any
signs of dissolution.

El Hoyo de la Beba continues approximately 80 m
upstream of the point where it starts at chainage 12+740,
reaching a maximum width in one of the sections of 8.6 m
and a height of 3 m. It runs diagonally to the headrace tun-
nel and after 80 m turns upward along an axis like a chim-
ney rising more than 30 m above the crown of the tunnel.
The end of this chimney was not reachable due to the pres-
ence of many unstable blocks, which would put at risk the
safety of the personnel involved in the activity.

No stalactites or stalagmites or other characteristic
morphological features were found in the area inspected.
Vertical rock bolts were observed on the floor of the cavity
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Figure 66 - Dewatering curve of the headrace tunnel and main events.
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Figure 67 - View of the entrance to the cavity on the hydraulic left
sidewall of the headrace tunnel at chainage 12+740.

(Fig. 68), suggesting that the area being inspected was im-
mediately above the crown of the tunnel.

Based on the site inspection, the geo-speleologists
concluded that the El Hoyo de la Beba cavity did not exist
previously and that it established itself in a “stratigraphic
fault” filled with friable intensively fractured material that
became erodible when disarticulated and submitted to high
flows and water pressures after the earthquake.

The cavity El Suspiro de la Frescia is located in the
hydraulic right side of the headrace tunnel approximately

Figure 68 - View of a headrace tunnel rock bolt. The fact that the
bolt is vertical suggests that the area being inspected is above the
roof of the tunnel.
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subparallel to the axis and to the rock mass bedding layers.
The inspection carried out by the geo-speleologists ex-
tended around 120 m into the cavity, which is 1.5 m to
10.7 m wide and, on average, 3 m high. Although in the in-
spection period the cavity was dry, a karstic process was as-
sociated to its origin, as well-developed stalactites and
stalagmites were documented by the geo-speleologists
(Fig. 69).

4.8.2. Internal survey of the cavity

A topographical survey of the El Hoyo de la Beba
cavity was carried out with a portable laser scanner. Figu-
res 70 and 71 show isometric side and front views produced
as part of this survey, and Fig. 72 shows cross-sections indi-
cating the position of the cavity in relation to the headrace
tunnel.

Analysis of Fig. 70 indicates that the cavity extends
along a “stratigraphic fault”, that is, a fault developed along
the orientation of the limestone bedding, slightly diagonal
to the axis of the headrace tunnel between chainages
12+740, where it enters the tunnel, and approximately

Figure 69 - View of El Suspiro de Frescia cavity with stalactites
and stalagmites.
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Figure 70 - Isometric side view of the E1 Hoyo de 1a Beba cavity.
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Figure 71 - Isometric view towards upstream of the El Hoyo de la
Beba cavity.

12+680. From this point on, because of joints and / or
sinistral faults, the cavity joined a karst conduit, approxi-
mately 110 m upstream of chainage 12+740.

It is speculated that approximately around elevation
950 m.a.s.l. this cavity meets the karstic cavity El Suspiro
de Frescia, which would have caused the surge of water in
the left bank of Chimao creek. This probable connection
between the two karstic conduits around the mentioned ele-
vation is interpreted due to the fact that, during the dewa-
tering process, at this water level in the headrace tunnel, the
surge of water in the Chimao creek stopped completely.

4.9. Mechanisms involved in the formation of the cavity

The inspections and investigations performed at the
site of the incident revealed a large cavity in the rock mass
adjacent to the headrace tunnel that could be accessed from
the opening in the lining resulting from the failure. Accord-
ing to the geological survey described, the cavity extended
about 80 m upstream from the opening in the lining with an

alignment almost parallel to the tunnel axis and then turned
upwards into a chimney-like shaft rising more than 30 m
above the tunnel crown (see Figs. 70 and 71). At this point
access to the cavity was blocked by accumulated debris
(mostly rounded boulders) that could not be safely removed
to allow further exploration. The initial 140 m of the cavern
had rough walls, indicating that no karstic phenomena ever
acted in this location; on the contrary the transition to
smooth walls was generated by dissolution which was
clearly seen and mapped.

The interpretation for the formation of this cavity is
that it originated from the erosion of material that filled a
stratigraphic fault. This fault was aligned with the bedding
of the calcareous rock and was the result of differential
movement along the bedding of the rock that occurred dur-
ing the tectonic history of the area. Its filling material was
composed of sheared and crushed rock, originally in a very
compact state, but which constituted a preferential seepage
path. This fault zone had been intersected during excava-
tion of the tunnel and had been defined as a Class V zone
(according to Barton’s Q index) for about 12 m long. How-
ever, at the chainage where the failed lining was found, the
rock mass had been classified as Class III during tunnel ex-
cavation and no weak or erodible materials were observed
on the tunnel face, walls or crown. The support measures
applied in this tunnel section were, therefore, those corre-
sponding to Class IIT rock mass, and consisted of 10 cm
thick fiber reinforced shotcrete on the crown and sidewalls
and 3 m long, 25 mm diameter, passive bolts at 2 m inter-
vals in the crown. The tunnel floor was lined with a 25 cm
thick plain concrete slab poured over the compacted muck.
No abnormalities were recorded when this section of the
tunnel was excavated and the support measures were ap-
plied.

After filling and pressurization of the tunnel, which at
this point had an internal pressure of 31 bar, the water satu-
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Figure 72 - Cross-sections of the headrace tunnel showing the position of the El Hoyo de la Beba cavity.
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rated the infilling material in the fault zone. It is interpreted
that the earthquake acted as a trigger in the disarticulation
of the infilling material, which when subjected to the high
pressure of approximately 31 bar, suffered a retrogressive
erosion process starting from its interface with the karstic
feature in the rock mass. This erosion retrogressed until it
reached the location where it caused a loss of the passive
support of the tunnel wall, leading to the localized failure of
the lining. This karstic cavity was connected with an exist-
ing cavity that daylighted on the left bank of Chimao creek
and constituted the duct through which the observed large
flow of dirty water outcropped.

It is important to mention that the installation records
of all rock anchors in the region, as well as their quality
control load test, were analyzed, and showed no indication
of the rock mass in the area being of weaker competence.

4.10. Design solution to the problem

Prior to the implementation of the necessary remedial
works, an intense investigation of the tunnel, along all its
alignment, was performed using different geophysics pro-
cesses and direct borings, in order to guarantee that no simi-
lar feature existed and could fail in the future pressurizing
of the tunnel. Some regions where there were indications of
possible presence of cavities were grouted.

The solution for the collapsed region was traditional,
simple and quick to implement. The erosion cavity Hoyo de
la Beba was filled with concrete until it became distant
transversely to the tunnel — a transversal distance of 30 m
was postulated as the criterion for concrete filling. The con-
crete lining previously installed at the Chimao creek was
prolonged to a tunnel chainage where the design hydraulic
gradient criteria was met in rock mass with reliable geo-
mechanical characteristics.

4.11. Conclusions

The Chaglla HPP has been in successful operation
since mid 2016; the concerns related to the behavior of the
headrace tunnel during and after its pressurization for
power generation have been surpassed.

5. Concluding Remarks

Some case histories are presented and discussed, try-
ing to frame the physical behaviour(s) that lead to impor-
tant gains in knowledge of geotechnical behaviour in im-
portant infrastructure projects, during detailed design and
construction. Creativeness is an important aspect that
guided decisions in these projects, and Prof. Victor de
Mello’s perspective on how to use creativeness is seen as
present in all of them.

Many experienced engineers have studied and solved
equivalent problems. To them these case histories may add
little additional knowledge. To the younger colleagues,
these examples may enlighten their decision taking pro-
cess.
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In all these case histories, the importance of a sound
geological model to support the design studies is present;
the need to have this geological model alive throughout the
site investigation for the project, and also throughout the
actual construction of the works, updating or even fully re-
vising the existing geological model due to information be-
ing gathered as the works progress, is crucial for the success
aimed at. In some occasions, nature as materialised in the
geo-environment, excited by meteorological factors, mani-
fests itself through a different model than that accepted and
studied previously.

Difficulties in budget and time constraints sometimes
add an important factor in some contract models prevailing
these days in many important infrastructure projects.

Broadly speaking, why so many projects undergo sig-
nificant changes after start of construction or event failures
continue to happen, and so much resources and time is lost
due to these situations?

It is our understanding that geo-engineering, soil and
rock mechanics and geology for engineering, has devel-
oped to a point in which sound physical concepts are recog-
nized and understood. Mathematical tools have been
developed to very sophisticated levels, in which the re-
quired input parameters many times are not practically ob-
tainable, other than in research related activities and
projects.

Anticipation of a geological model is very important
in order to plan and properly interpret data from a site in-
vestigation program; Fookes (1997, 2000) provides a very
important contribution discussing and proposing basic geo-
logical models for different geological environments.
Fookes (1998) also gives an important contribution when
he clearly states “if you do not know what you are looking
for in a site investigation you are not likely to find much of
value”. Keeping the model “open” to be re-discussed at the
light of new information coming from the site, during con-
struction work, is of fundamental importance — early stages
of excavation in a major construction site provide infinitely
more information than localized boreholes.

The relevance of construction methodology and its
inter-relation with design hypotheses also plays an impor-
tant role, especially in soil-structure interaction behaviour,
and should complement aspects of the geological model
during design and construction.

The constant updating of the state of knowledge or of
practice is crucial when pursuing the required optimiza-
tions in the major infrastructure projects so needed by our
societies. I hope that the discussion of these important
geotechnical works adds to the state of practice and knowl-
edge.

As alast tribute to Victor de Mello in this occasion, I
think it is valid to share one of his most used sayings, an
Arab proverb:

He who knows not, and knows not that he knows not -
He is a fool, shun him.
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He who knows not, and knows that he knows not - He
is simple, teach him.

He who knows, and knows not that he knows - He is
asleep, wake him.

He who knows, and knows that he knows - He is wise,
follow him.

which was discussed, in many interactions with Prof.
John Burland before his death, as meriting revision and
both proposing that the last line should be re-written and a
further line should be added as follows:

He who knows, and knows that he knows — He is in-
sufferable, use him.

He who knows, and knows when he knows not — He is
wise, follow him.
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A Method for Designing Finger Drains
and Assessing Phreatic Lines for Dams

M.C.N. Aratjo, T.F. de Souza Jinior, M.N.B.Trevizolli, C.A. Teixeira, S.H.C.Teixeira, V.P. Faro

Abstract. Finger drains are linear drains used to collect and conduct percolated water in embankment dams. They are
arranged crosswise into earth dams, either permanently or as a technique to treat clogged filters. Given their easy operation,
they are often applied in engineering practice, without the aid of specific dimensioning techniques in many cases. The aim
of this paper is to propose a method for designing finger drains for earth dams, considering geometric and hydraulic
characteristics (length, width, spacing, height and reservoir level). Moreover, the method allows estimating the phreatic
line inside the dam. The method was based on data from small scale physical models and on numerical models, calibrated
using the physical model results. Twenty-seven numerical models were developed by simulating seepage for different
spacing between drains and lengths of drains, besides three reference numerical models with different lengths of drainage
mat. The numerical modeling was validated using the results of four small-scale models processed with software Seep/W.

Keywords: dams, drainage, finger drains, model, small-scale.

1. Introduction

Internal drainage systems contribute to the stability of
earth dams. An effective drainage significantly reduces the
risk of accidents. Massad (2003) states that most of the ac-
cidents involving earth dams are caused by the absence of
an efficient flow control system.

Typically, soils with very low permeability are cho-
sen to build earth dams, in order to minimize water flow
through the soil mass. Due to the characteristics of the used
materials, seepage inevitably occurs through the dam
earthfill. According to Cruz (1996), drainage systems are
the main defense against concentrated and preferential
flows; that is, drainage systems regulate seepage in the dam
itself and in its foundation, reducing the pore-pressure and
disciplining flow leakage downstream of the dam.

Finger drains are linear elements arranged side by
side in the main flow direction, perpendicular to the dam
axis, at specific distances from one another. These drainage
devices are recommended as an alternative to drainage
blankets when the cost of drainage materials is very high or
when the volume of granular material required for building
a drainage blanket is not available. They are also used in
corrective interventions on clogged filters, for maintenance

purposes. The drains can be designed with sloped sides to
allow an even distribution of ground stress.

The cross-section of finger drains must be large
and/or enough permeable to support the flow that perco-
lates without raising the pore-pressures in the earth fill dam.
Therefore, it is important to assess the spacing between
drains to ensure that the hydraulic heads are dissipated and
pore-pressures do not interfere with the structure function-
ing. Drainage systems should be designed to maintain the
stability of these structures and prevent phreatic levels from
rising.

The shape of the three-dimensional phreatic surface
inside a dam provided with linear drains, as well as the for-
mat of the flow network and the way in which pore-pres-
sures are distributed in the earth fill are, strictly speaking,
unknown. Nowadays, there are no practical methods to es-
timate the position of the phreatic line when using finger
drains, even though it influences the variation of safety fac-
tors of the dam downstream shoulder.

Thus, this paper proposes a method for designing fin-
ger drains for earth dams, considering its geometry, such as
length, width, spacing, and height, and for obtaining an out-
line of the phreatic line inside the dam. The method is based
on small-scale physical models and numerical models cali-
brated by small-scale responses. Twenty-seven numerical
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models with finger drains were developed, which simulated
percolation for different combinations of drain spacing and
length, besides three reference models, with different
lengths of drainage blanket. The results were processed and
design abacuses were developed based on the studied pa-
rameters so that, once applied, the estimated behaviors
were similar to those provided by the numerical and physi-
cal models results.

In general, drainage systems are made with very per-
meable materials, such as sand, gravel, and crushed stone.
As the availability of granular materials is limited in some
regions, some designers have chosen to use linear drains,
also known as finger drains or stringer drains. There are two
requirements regarding the efficiency of finger drains. The
first requirement is that filters and drains should avoid in-
ternal erosion of soil. This is called filtration criterion. The
second, and equally important requirement, refers to the
discharge capacity. The drainage system should prevent
pore-pressure from increasing in the dam earth fill, this is
called drainage criterion.

The water that permeates through the dam earth fill
must comply with the overall flow equation, based on
Darcy’s law. Methods based on the overall flow equation
can identify the flow that percolates through the earth fill.
The flow received by each finger drain depends on the
spacing between drains.

Finger drains can collect percolation water and trans-
fer it to the downstream slope toe. Figure 1a shows finger
drains in a dam. The drains are usually made with surround-
ing transition elements with a thicker grade, forming a
“sandwich” structure, as shown in Fig. 1b. The transition
elements also contribute to soil drainage, although this is
not frequently considered in drain capacity.

The study carried out to develop a procedure for fin-
ger drain design, based on small-scale physical models and
numerical models, is described below.

2. Small-Scale Model

The small-scale physical models were built using me-
dium washed clayey sand as earth fill material. The finger
drains were built using gravel with a much higher perme-

ability than the sand. Laboratory tests were made to
characterize the materials used in small-scale models.

The sand was submitted to particle size analysis ac-
cording to NBR 7181/1984. Constant head permeability
tests were subsequently done, as described in NBR
13292/1995. Furthermore, the sand was tested to obtain
minimum and maximum void ratios for non-cohesive soils,
as recommended in NBR 12051/1991 and NBR
12004/1990, respectively. For the actual density of the
grains, the samples were tested according to the DNER -
ME 093/1994 standard. The shear strength of the sand was
assessed according to BS 1377-7/9 procedures. Finally, the
samples were submitted to drainage column test to deter-
mine the soil water retention curve (SWRC), as described
by Furlan & Dell’avanzi (2007).

The clayey sand particle-size distribution was:
79.20% of sand, 15.40% of clay, and 5.40% of silt particles.

The sand hydraulic conductivity obtained was equal
to 1 x 10” cm/s. To account the drainage criteria, gravel
with a particle size between 4.8 mm and 9.5 mm was used,
having material had a hydraulic conductivity equal to 1.9 x
10' cr/s.

The tests to evaluate the sand void ratios resulted in
0.73 and 0.61 for maximum and minimum void ratios, re-
spectively. The minimum sand void ratio was used to cali-
brate the pluviation height and thus obtain specific gravity
of sand in order to construct the small-scale models of the
dam. Three samples were modeled with three different fall
heights, in terms of dry specific gravity, the behavior of the
material resulted in the curve shown in Fig. 2.

The adopted fall height for constructing the models
was 12 cm, which is related to a specific gravity equal to
1.60 g/cm’, as shown in Fig. 2. The particle density values
for sand and gravel were 2.50 g/cm’ and 2.43 g/cm’, respec-
tively.

The clayey sand samples were submitted to direct
shear tests. Three samples, modeled by the sand pluviation
method, with a fall height of 12 cm, were tested with normal
stresses of 54 kPa, 74 kPa, and 114 kPa, under saturation.
Given the permeability of the material, the shear test was
performed at a displacement rate equal to 0.30 mm/min, to

Figure 1 - Finger drains: Use in dams (a); view of dam area (b) detail of transitions (Adapted from PUC Goids, 2016).
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ensure drained conditions during shearing. The shear test
resulted in a friction angle equal to 34° based on the equa-
tion: T =0.68c + 5.

1.68
1.66 -
1.64 A
1.62 4
1.60 A
1.58 4
1.56 4
1.54 A
1.52 4
1.50 A
1.48 T T T T T T

0 4 8 12 16 20 24 28

Fall height (cm)

v (g/ cm?)

Figure 2 - Specific dry weight as a function of material fall height.

Figure 3 shows the moisture retention curve for the
clayey sand soil, obtained by column test. The residual
moisture content was about 16%, corresponding to
31.50 cm of capillary height.

The small-scale physical dam model was built inside
a2.50 m long, 44 cm wide, and 60 cm high metal box, with
a frontal acrylic wall. The dam model was 1.90 m long,
50 cm high with a 10 cm wide crest, as shown in Fig. 4.
More details about the physical models can be found in
Aragjo (2013).

Three longitudinal sections were used to evaluate the
piezometric lines, as shown in Fig. 5. Thus, the models were
split into front section (S1), middle section (S2) and rear sec-
tion (S3), to obtain the pore-pressures inside the dam.

Regarding the instrumentation, some open pipe pie-
zometers were installed to measure the pore-pressures
inside the dam model. The piezometers consisted of poly-
ethylene hoses with a 3 mm internal diameter, fixed to the

45
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Figure 3 - Soil moisture retention curve.
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Figure 4 - Schematic of the reduced model with the piezometers location.
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steel plate of the base of the box and crossing it. The inlet
end of each piezometer was covered with filter paper and
non-woven geotextile.

Nine pairs of piezometers were positioned on the
front, middle and rear sections of the dam, in the upstream
and downstream slopes and also under the crest, as shown
in Figs. 4 and 5. The small-scale model allowed simulating
the flow behavior in an earth fill dam where finger drains
are installed.

Four small-scale models of dams were built and
tested, each one simulating a specific internal drainage sys-
tem. The dimensions of finger drains were: 6 cm at the base,
3 cm at the top, 3 cm high and 50 cm long. Table 1 shows
the different drain types and spacing between drains for
each of the 4 tested models.

The piezometers were kept saturated until the dam
reservoir was filled, to facilitate construction and ensure the
good performance of piezometers.

After the reservoir filling, the water tap, located
downstream of the model was opened to initiate the water
percolation through the earth fill. After the flow was estab-
lished, the drainage of the dam was then measured during a
time “t” by using a graduated cylinder, the piezometers
were read and the flow rate was calculated.

In Model 1 (dam with drainage blanket), the reservoir
reached the elevation 47 cm and then the water percolation
started, advancing downstream through the sand. No signs
of rupture or internal erosion were detected, and the flow
discharged through the middle of the slope toe. The use of
the drainage blanket, in this case, proved to be efficient for
drainage, and the water percolated preferentially through
the center of the device rather than through the side walls of
the acrylic box.

Table 1 - Tested physical model setup.

Model Drainage device Spacing (§)  Drainage area

(cm) (cm’)
1 Drainage blanket - 132
2 1 finger drain 88 13.5
3 2 finger drains 44 27
4 3 finger drains 22 54

Upstream

Crest

In Model 2 (one finger drain, at 88 cm spacing), de-
spite the absence of signs of rupture, a slight deformation
was observed in the downstream slope. Regarding the de-
vice functionality, the simulation showed that the finger
drain is efficient since the flow was mostly discharged
through it. In this case, due the smaller drainage section,
compared to the Model 1, some erosion (particles move-
ment) was observed in the drain outlet.

In Model 3 (2 finger drains, at 44 cm spacing), the
draining material was arranged along both sides of the dam
to enable a linear flow. The functionality of devices proved
highly efficient since the outflow occurred preferentially
through the finger drains. Minimal erosion was observed in
the outlet of both drains, as observed in Model 2.

In Model 4 (3 finger drains, at 22 cm spacing), the
draining material was arranged along both sides and the
middle of the downstream slope of the dam to enable a lin-
ear flow. The functionality of devices proved highly effi-
cient, the outflow occurring initially through the middle
drain, followed by the left drain and, lastly, the right drain.

The average flow rate in the four models was 3.53 x
10° m3/s. The highest value was recorded in Model 1 (with
the drainage blanket) and the lowest in Model 2 (with 1 fin-
ger drain), indicating that the greater the space between the
drains, the smaller the drainage area and, consequently, the
lower the outflow.

Physical modeling of dams with drainage blankets
and finger drains clearly demonstrated the differences in
flow behavior. Analysis of cross section of each model
showed that piezometric heights were fairly consistent with
the situations observed in the modeling.

Section S1, in Fig. 6a, shows very similar readings in
the piezometers located at the upstream side of the dam and
at the crest. As the energy dissipates along the soil, the dif-
ference between the readings of piezometers increases. The
head value found by the downstream piezometers is related
to the total drainage area. Thus, the dam with one finger
drain, which has the smaller drainage area, has shown the
greater hydraulic heads. It is important to notice that the fin-
ger drains were installed along Section S1 in all four mod-
els.

Downstream

Figure 5 - Positioning scheme of longitudinal sections.
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Results from the models with finger drains at differ-
ent distances indicated that the smaller the distance be-
tween the drains, the greater the energy dissipation and the
lower the hydraulic heads inside the dam. Figure 6b illus-
trates Section S2 that was the section where the highest
piezometric levels were observed in all models.

Finally, the piezometric readings in Section S3
(Fig. 6¢) were similar to those in Section S1, as both are in
sections with drains - except for Model 2 (with 1 finger
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drain along Section 1). In the models where drains were at
22 cm and 44 cm spacing, the water percolated from the
earth fill center to the model lateral walls, resulting in very
similar piezometers readings in Sections S1 and S3.

3. Numerical Modeling

Parametric analyses regarding the seepage behavior
were conducted using numerical models with the software
Seep/W. Numerical modeling is a simulation of a real phys-
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ical process based on theoretical equations, allowing com-
parisons between different not-physically-tested scenarios.
When calibrated, models reproduce the real physical pro-
cess with good accuracy.

Although the employed software is not based on
three-dimensional equations, it allows to model seepage in
a plan. It means that gravity is considered perpendicular to
modelled plan and flow can be evaluated from one side to
the other side of the model by imposing convenient bound-
ary conditions. The authors considered that using a 2D
model, is the best way for modelling dams with finger
drains, despite the fact that water flows in a three-dimen-
sional way.

In 2D numerical models, the pressure head of reser-
voir is imposed at the upstream side of the model and zero
pressure head is applied at the end of the finger drains, at
the downstream side of the model, as boundary conditions.
The phreatic surface elevation is, then, assumed as the val-
ues of hydraulic head obtained by computation.

The results of small-scale tests were used to calibrate
seepage numerical models, which were based on the finite
element method. Calibrated numerical models enabled ad-
ditional analyses considering physically untested scenar-
i0s.

The parameters of materials used on numerical mod-
elling are based in characterization tests with those materi-
als used on small-scale models and calibration of aniso-
tropy ratio, Kz/Kx, prior to doing parametric analyses.

For stage 1 (Numerical modelling of physical model)
the procedures followed the imposition of piezometric
heads found in the small-scale model as boundary condi-
tion and Kz/Kx = 1; stage 2 (Calibration of Kz/Kx ratio for
numerical modelling) was based on the assessment of pie-
zometric heads and comparison with those obtained in
small-scale models up to results are similar and stage 3
(Parametric analyses by numerical model) solved the simu-
lation of drains with different lengths and spacing, using the
Kz/Kx ratio obtained in stage 2.

Considering the geometric parameters of the model, a
matrix (Table 2) of the simulation scenarios was built, by
variating the drain length and spacing between drains and
keeping unchanged the total head at the reservoir and the
model width.

The mesh of finite elements of the numerical model is
shown in Fig. 7. The model represents the horizontal sec-
tion of the dam at its base. It was adopted K = 1.10 x 10° cm/s
for earth fill material and K = 2.0 x 10° cm/s for drain mate-
rial. As a boundary condition, the hydraulic head equal to
47 cm was adopted at the upstream side, and a null hydrau-
lic head was adopted at the downstream side. Moreover, the
application of elevation heads was considered in the entry
of the piezometers.

For calibrating the Kz/Kx anisotropy ratio, two-di-
mensional numerical analyses were performed considering
a dam with blanket drain. The Kz/Kx ratio was changed un-
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Table 2 - Matrix of modelled scenarios.

Dams C1

50 70 100
Blanket drain

2 88 88 88
144 144 144
200 200 200

3 44 44 44
72 72 72
100 100 100

4 22 22 22
36 36 36
50 50 50

C1 - Drain length; S2 - Spacing between drains.

til the found results for pore-pressure were similar to those
obtained in piezometers in the small-scale test.

Figure 8 shows the phreatic line position obtained in
numerical models where the piezometric readings from the
small-scale model were applied as a boundary condition
and the phreatic line obtained from the calibrated numerical
model, considering Kz/Kx = 0.3, respectively. One can note
that phreatic lines are very similar, validating the parameter
calibration in the numerical method. The same comparison
was made for all sections of the models and the same simi-
larity between the physical and numerical results for piezo-
metric lines was observed.

To carry out the parametric analysis, it was sought the
Kz/Kx ratio value (0.3) that best suits the behavior of the
flow in the analyzed models for the initial configuration ap-
plied in physical modeling.

4. Method for Designing Finger Drains for
Dams

The abacuses for designing finger drains for earth
dams are shown in Fig. 9. They allow to find the relation-
ship between the maximum total head at the upstream
and downstream ends of the finger drains and the total
head at the dam reservoir (H, ,/Hand H ,_, /H), consid-
ering the datum at the dam base. The input data are the ra-
tio S/H, where S is the spacing between the drains and H
is the total head at the dam reservoir. Each abacus is asso-
ciated to a C/H ratio, where C is the drain length. Aba-
cuses were developed for the ratios C/H = 1, C/H = 1.4,
and C/H =2.0.

Based on Fig. 10, the necessary parameters for de-
signing the finger drains can be identified. The transverse
sections of the finger drains have a width equal to 25 and
height equal to H,, as shown.

In case of using drainage blanket, water flow in the
finger drains can also be assessed according to two condi-
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Hmax U,

q unit=
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Figure 10 - Parameters adopted in the design of the finger drain.

tions: a) phreatic line above the drain (Fig. 10b) and b)
phreatic line inside the drain (Fig. 10c). Eq. 1 to Eq.3 are
applied when the confined flow condition, inside the drain,
is assumed (Fig. 10b). Eq. 4 is used when the unconfined
flow is assumed (Fig. 10c). The designer of the drains must
choose one of these two conditions in order to obtain the
finger-drain height.

2

0 FS=—"K, (1)
c
Since:
0=q,,(S+2b) 2
then:
(S+2b)-C-FS
Hf — qllﬂlf( + ) (3)
K. b
and:
2qg (S+2b)-C-FS
Hf — qllﬂlf( + ) (4)
K, -b

where H, - Height of finger drain (m); Q - Total flow rate for
the area of influence of the drain (m3/s); g, - Unitary flow
rate for the area of influence of the drain (m’/s/m); S -
Spacing between finger drains (m); 2b — Width of the finger
drain (m); C — Length of finger drain (m); K, - Permeability
of draining material (m/s); FS — Safety factor, normally
adopted equal to 10.

As mentioned, each abacus presented in Fig. 9 shows
two curves featuring the relationship between the ratio
H, /H (maximum height of the phreatic surface between
finger drains / total height of the reservoir) and the ratio S/H
(spacing between finger drains/total height of the reser-
voir). Those abacuses are used for estimating the position

of the phreatic line in dams between two finger drains.

The following step-by-step procedure can be used to
estimate the piezometric heads:
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1) Define the input data concerning drain geometry; that is,
length of the drain (C), the spacing between drains (),
and total head of the dam (H);

2) Identify the abacus which best suits the condition C/H
and, with the input data, calculate the ratio S/H. Pro-
ject vertically up to the upstream pressure curve (curve

v /H) and downstream pressure curve (curve
H,,,/H);

3) With the entry point of the phreatic line in the earth fill,
the head H, , at the upstream end of the drain and the
head H,_ , at downstream the end of the drain, outline
the phreatic line inside the dam.

5. Final Comments

Data obtained from the small-scale physical models
and numerical models were analyzed to assess the behavior
of finger drains in dams and better understand the three-
dimensional flow in these works. Based on presented work,
the following comments can be stated.

Finger drains efficiently improve internal drainage in
dams, mainly because they can be built using materials with
greater permeability than those used in blanket drains.
However, the position of the phreatic surface when finger
drains are used is higher than when blanket drains are em-
ployed.

Longer drains help to better dissipate hydraulic
heads. Thus, there is an inverse relationship between the
length of drains and the elevation of the phreatic line.

To improve the efficiency of finger drains, it is impor-
tant to limit the space between drains or to increase its
drainage area.

It is recommended that the total area of finger drains
should be between 20% and 40% of the corresponding area
for the solution with conventional drainage blanket and that
the drainage capacity should be, at least, equal to the capac-
ity of the drainage blanket. The increase in drainage capac-
ity can be obtained using more permeable materials.

The recommended spacing between finger drains, in
order to ensure water table inside the drains, is about 40%
to 70% of the dam height.

Soils and Rocks, Sdo Paulo, 41(3): 309-317, September-December, 2018.
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As the length of finger drain increases, hydraulic head
at the inner side of the drain increases. However, the differ-
ence in head between inner and outer ends of drain also in-
creases.
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Assessment of Rate Effects in Piezocone Tests
from Poroelastic Cavity Expansion Analysis

G. Dienstmann, S. Maghous, F. Schnaid

Abstract. Cavity expansion solutions are often used in geomechanics modelling to investigate problems such as the
bearing capacity of piles or interpretation of cone and pressuremeter tests. Conceived as a simplified approach to capturing
the transient flow effects in the soil around an expanding cylinder, a non-linear poroelastic model is formulated in this
paper based on the concept of proportional poroplasticity. The latter is used to assess rate effects and associated drainage
conditions during piezocone penetration. In this context, cone tests performed in gold tailings at penetration rates ranging
from 0.1 mm/s to 57 mm/s are used to validate the proposed approach. The model predictions are directly compared with in
situ testing results in the space of normalized velocity V, to cone resistance Q and to degree of drainage U, demonstrating

the model capability of capturing the transitions from drained to partially drained and undrained soil regimes.

Keywords: cylinder expansion, finite element analysis, in situ tests, non-linear poroelasticity, transient flow.

1. Introduction

With the growth of the mining industry, large-scale
mining operations have increased the challenge to the de-
sign of safe and economical Tailings Storage Facilities
(TSF). The exploitation of minerals, such as gold, zinc,
bauxite, produces large amounts of mine tailings which are
often in slurry form with high water content and compress-
ibility. Recent failures (Tonglvshan Mine, China 2017;
Mariana’s Dam, Brazil 2015; Mount Polley mine, Canada
2014, to cite a few) reinforce that although there has been
significant improvement in the state of practice (e.g. Vick,
1990; Martin & McRoberts, 1999; Davies & Martin, 2000;
Fahey et al., 2002), available engineering technology for
the design, construction, operation and closure of tailing
deposits still causes important environmental impacts.

Central in the design of TSF, the geo-characterization
of tailings faces difficulties coming from the heterogeneous
nature of waste products, the hydraulic depositional pro-
cesses and the change in the constitutive parameters during
the lifetime of deposits. The experience gathered in the last
20 years (e.g. Schnaid et al., 2013; Jamiolkowski et al.,
2003) shows that the deposition process often produces
tailings in the so-called intermediate permeability range of
10° to 10® m/s (silty materials). In intermediate soils, in-
cluding natural clayey and sandy-silts, tailings and other
geomaterials, partially drained behavior can occur when in
situ tests as cone penetration are performed at the standard-
ized velocity (20 mm/s), introducing errors in interpreta-
tion.

For in situ tests, partially drained effects in silty soils
(transient materials) can be and are usually evaluated con-
sidering a non-dimensional velocity V, [e.g. Randolph &
Hope, 2004]:

v, == )

where d is the probe diameter, v the loading rate and c, the
coefficient of horizontal consolidation.

The use of expression (1) is essentially based on ex-
perimental observation, in which normalized testing data
are interpreted in a space that correlates the degree of drain-
age U to a non-dimensional velocity parameter V, (House et
al., 2001; Schnaid et al., 2004; Randolph & Hope, 2004;
Chung et al., 2006; DeJong et al., 2013). At the same time,
attempts have been made to develop a structured theoretical
framework to anticipate the drained conditions in interme-
diate permeability soils. Most of the current developments
are based on cavity expansion solutions which are recog-
nized as useful in interpreting the response of piles (e.g.
Soderberg, 1962; Vesic, 1972; Randolph & Wroth, 1979;
Carter et al., 1979; Osman & Randolph, 2012; Yu, 2000)
and in in situ tests (e.g. Gibson & Anderson, 1961; Baligh,
1985; Teh & Houlsby, 1991; Burns & Mayne, 2002; Yu &
Mitchell, 1998) with a variety of soil stress-strain models.

Following a literature review, analytical solutions for
both spherical and cylindrical cavity expansion assuming a
Mohr-Coulomb criterion and considering the volume chan-
ge in a plastic region can be found in the work of Vesic
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(1972). In Randolph & Wroth (1979) a cavity expansion
approach is used to study the pore pressure dissipation after
pile installation. Semi-analytical solutions based on critical
state models are reported by Yu & Houlsby (1991), Collins
etal. (1992), Collins & Stimpson (1994), Cao et al. (2001),
Chang et al. (2001) for the drained and undrained cylindri-
cal expansion.

Finite element solutions can be used to analyse the
consolidation fields in a saturated porous medium under
cylindrical and spherical symmetries. One may see the
studies of Jang et al. (2003), Silva et al. (2006), Zhao et al.
(2007), LeBlanc & Randolph (2008), Xu & Lehane (2008),
Wang (2000), Jaeger et al. (2010), Jaeger (2012), Surya-
sentana & Lehane (2014), modelling the soil as Tresca,
Mohr Coulomb or Modified Cam-Clay under different ex-
pansion rates, capturing undrained (very fast rate) and fully
drained behaviour (very slow rate).

Aiming to analyze the consolidation and rate effects
induced by the expansion of a rigid cylinder embedded
within an isotropic elastic medium of infinite extent, a con-
stitutive model has been formulated in Dienstmann et al.
(2017). The model is based on the local equivalence be-
tween the response of a perfectly plastic behavior to mono-
tonic loading and an appropriate fictitious non-linear poro-
elastic behavior. Closed-form expressions for pore pressure
distribution were derived according to a simplified frame-
work, while stresses and displacements are computed nu-
merically. The theoretical features of the model are briefly
described and applied herein to the interpretation of drain-
age conditions during piezocone tests executed in Fazenda
Brasileiro gold TSF.

2. Problem Idealization

The analytical cylindrical cavity expansion solution
proposed and described in Dienstmann et al. (2017) is
structured as a consolidation analysis of a rigid cylinder
deeply embedded within an isotropic fully saturated poro-
elastic medium of infinite extent. The problem, idealized in
Fig. 1, defines that from an initial stress and pore pressure
state (c,, p,), a prescribed radial displacement of magnitude

r=a

Figure 1 - Idealized geometry and loading conditions for consoli-
dation around an infinite expanding cylinder.
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oR is applied at the cylinder wall » = R. The influence zone
of the applied displacement is defined from R < r < a to
characterize the extent of the region whose poromechanical
state is no longer affected by cylinder installation and sub-
sequent expansion (e.g. Blight, 1968; Randolph and Wroth,
1979; Osman and Randolph, 2012). This means in particu-
lar that displacement and excess pore pressure vanish at
r=a.

The soil surrounding the cylinder is modeled as a
fully saturated, isothermal poroelastic material undergoing
infinitesimal strains. In all that follows, the sign convention
of positive stress values for tension and negative stress val-
ues for compression will be adopted.

2.1. Constitutive formulation

The theoretical features of the model are based on the
local equivalence between a perfectly plastic behavior re-
sponse to monotonic loading and an appropriate fictitious
non-linear poroelastic behavior. The non-linear behavior
was considered through a secant shear modulus G which
evolves with the level of strains. The model is briefly de-
scribed in the sequel considering a null initial stress and
pore pressure (i.e., 6, = p, = 0). The extension to non-zero
initial state and details of the model can be found in the
original work, Dienstmann et al. (2017).

To capture some of the non-linear features of the soil
behavior, the shear modulus G was defined by a depend-
ence law of the form G = G(g, ¢, p), where
g, = \/(g —1tre):(e—1 tre) and g, = trerefer respectively to

equivalent deviatoric strain and volumetric strain, and p is
the pore pressure.

Assuming a Drucker-Prager yield condition, the plas-
ticity of the soil is described by

F(g)=c,+T(c, —h)<0 2)

where o'=c+pl is the Terzaghi effective stress,

G, :\/(g—lg tro):(c—4 tro) is the equivalent deviatoric
stress and 6, =1 tro’ =G, + pis the mean Terzaghi effec-
tive stress. The previous relations are defined considering a
sign convention of positive stress values for tension and
negative stress values for compression. Additionally, ac-
cording to the classical poromechanics formulation, the
pore pressure (or the fluid pressure) is defined as: p = u, + u,
where u, refers to the hydrostatic pore pressure and u to the
excess pore pressure. Parameters /# and T respectively char-
acterize the tensile strength and the friction coefficient of
the Drucker-Prager yield condition, and can be derived
from Mohr Coulomb parameters, ¢ - cohesion and ¢ - fric-
tion angle.

Considering that the stress associated with the secant
behavior

c=0, +(K—%G)tr§£+2G§—bAp1 3)
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meets asymptotically the above yield condition (2), that is

hm F(G =0+ pl) 0 4
where s << 1 is a reference strain that physically repre-
sents the order of magnitude of the shear strain mobilized at
yielding.

In Eq. 3 b is the Biot coefficient, Ap defines the pore
pressure variation, G is the shear modulus and K is the bulk
modulus.

Adopting a constant value for the bulk modulus K,
and considering an approach similar to that developed in
Lemarchand et al. (2002) and Maghous et al. (2009), a sim-
ple way to meet the above condition consists in considering
the following law [Maghous et al. (2009)].

1

1 & pof
G(e,.e,.p)=—[T(h-Ke, -(1-b)p)lx —"— (5)
2 1+ d

Eref

Figure 2 provides a non-linear poroelastic representa-
tion of the Drucker-Prager behavior as defined by Eq. 5.

Coming back to the expansion problem, the strains
and pore pressures mobilized must satisfy the momentum
balance equation (div Ac =0), which should be comple-
mented by the mechanical boundary conditions related to
the displacement &:

{QZOLR@, at r=R

£=0 V>0 ©)

at r=a >R

The first condition in Eq. 6 implies that a radial dis-
placement aR is imposed at the cylinder wall, while the
second condition indicates that the displacement induced
by the expansion of the rigid cylinder is null at a distance
a>R.

Due to problem symmetry, the displacement distribu-
tion can be sought in the form

E=f(re, (7)
The corresponding strain tensor reads

e=g,e, Qe +eye,Qe,

®)
with €, =f'(r); and ¢, = (]
,
Oda
T(h-o',)

>
€d

Figure 2 - Representation of the non-linear elastic behavior asso-
ciated with a Drucker-Prager yield condition.
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and the stress increment associated with poroelastic law is:

A =%(f’(r)+ﬂr)jl
g ©)

+2G(f'(r)e, ®e, +&ee ®eej—bApl
. =

The displacement function f{r) is obtained by the inte-
gration of the local equilibrium equation in projection fol-
lowing the radial direction, observing that

Ao, 1{f()+f(r)j+ G(Zf()+f(r)j bAp
g (10)

Aoy, = K[f<>+f(”j [ 2 ) f()j bAp

Equation 9 can be conveniently written as

Hf(ﬂf( )]+ G(Zf() Sr )] bAp}
(1)

+2 G[f() f(’)j 0

with G = G(g,, €, p) = G(f, p) since

(Jf(“f()

— F(+ f(r)

f(r)

=f'(n—
12)

Equation 11 is a differential equation that couples the
skeleton displacements (function f{(r)) and pore pressure
(p). The second equation for consolidation around the ex-
panding cylinder is deduced from the solution to the fluid
flow problem.

2.2. Pore fluid problem
To obtain the pore flow component of the problem, it
is used the second poroelastic state equation

1
AD =btre+— A 13
et AP (13)

which relates the Lagrangian porosity change AD = ® - @,
to the skeleton volumetric strain and pore pressure change
Eq. 13 presents the Biot parameter b and the Biot Modulus
M, and must be combined with the fluid mass balance and a
flow law (Darcy law).

Neglecting the variations of fluid density, the fluid
mass balance in infinitesimal skeleton strains is written as:

(Z—(D+divg=0 (14)

t

where ¢ is the filtration vector. The latter is connected to the
excess pore pressure u through Darcy’s law
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q=—k-Vu (15)

where k denotes the permeability tensor. Considering an
isotropic medium, k = k1 where k is the permeability and 1 is
the identity matrix. )

Reporting both the second poroelastic state Eq. 13
and Darcy’s law (Eq. 15) into the fluid mass balance
(Eq. 14) yields:

otre A
E 1 oM

— =kV’u
o0 M ot

(16)

where V” stands for the Laplacian operator.

From the classical reasoning for a non-linear poro-
elastic medium, the following generalized Navier equation
can be derived (assuming irrotational displacement field)

[K+:G}Vtrs+2VG-(s—;traj:bV(Ap) (17)

Equation 17, emphasizes the strong coupling between
skeleton strains and pore pressure. In classical formula-
tions, the pore pressure is only affected by the volumetric
part g, of skeleton strains, considerably simplifying the pore
fluid flow solution. However, in the adopted solution the
pore pressure is also explicitly related to the deviatoric part
g, of skeleton strains through the shear modulus G(g,, €, p).
In this case, determination of pore pressure distribution and
displacement field (function r — f{(r)) requires solving the
coupled system defined by the set of partial differential
Egs. 11, 16 and 17.

A time incremental procedure has been implemented
in Dienstmann et al. (2017) to provide semi-analytical solu-
tions to this problem. The basic idea consists in approxi-
mating, during the time interval ¢, < ¢ < ¢, the shear
modulus G of the medium by an equivalent mean value
G = G,, that is constant in time and space. Accordingly,
Eq. 17 reduces to

[K+§Geq ]Vtri,:bV(Ap) (18)

which can be integrated to relate tre to Ap.

Observing that when the hydrostatic pore pressure u,
turns to be constant % =2 and following (Eq. 2)the uncou-

pled pressure diffusion equation can be obtained:

4
K+3G,

Mb +K+§Gm

19)

3 =c,Vu with ¢,
t

where ¢, is the fluid diffusivity coefficient. An average
shear modulus is therefore introduced for each time interval
[z,t,]as:

n+l
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Geq :aile;i:G(gd(t" )’ 81: (tn )’ p(tn ))dr (20)

The approximation G ~ G, is introduced for the diffu-
sion equation only, while the non-linear form of the shear
modulus is kept within the equilibrium equation.

The diffusion Eq. 19 together with the boundary and
initial conditions (Eqs. 21-23) defines the solution of the
hydraulic problem, which is characterized as a distribution
of excess pore pressure over the time interval [z, ¢, ].

n

M _o at r=RVtelt,.t,,, ] (21)
or

u=0 at r=avrelt,,t,, ] (22)
u=u(r,t,) at t=t, VrelRal (23)

Equations 21 to 23 refer to the impermeability condi-
tion of the expanding cylinder, the negligible influence of
pore pressure condition at the radius of influence, and the
initial pore pressure state at time ¢ , respectively. An initial
pore pressure u, = u,(r) at t =0 is intended to account for the
excess pore pressure produced by the rigid cylinder inser-
tion. This point will be discussed in the next section.

The general solution to the boundary value problem
mentioned above is:

u=>» CloY,(oa,n-J,(a,nle """ (24)

i=l1

where
X ru(r,tn)[miYO(ar)—Jo(ocr)]rdr
C; =t (25)
[ Tw.Y, (0r) =T, (@] rdr

Functions J, and Y, are zero-order Bessel functions of
the first and second kind respectively. Scalar a. is the i-th
root of the following algebraic equation with respect to
variable x

Y, (xR)J , (xa) —J, (xR)Y, (xa) =0 (26)

where J, and Y, are first-order Bessel functions referring re-
spectively to the first and second kind. Scalar ®, is com-
puted from o, as

Y, (o, R

o= 27
o J,(a,R) @7

From Eqgs. 24 to 27 the excess pore pressure u is com-
puted, letting the pore pressure increment be determined as
Ap = u - u,. The final expression of pore pressure distribu-
tion Ap is substituted into Eq. 11, which simplifies to be an
ordinary differential equation governing the displacement
function f(r) along time interval [¢, ¢ ,]. The latter function

n+l

and the corresponding strain and stress distribution are de-
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termined using an iterative numerical procedure, which can
be found in the original work, Dienstmann et al. (2017).

2.3. Initial excess pore pressure distribution

The solution developed in Dienstmann ef al. (2017) is
generalized to consider initial states of stress and pore pres-
sure different from zero, as would be expected for problems
such as pile installation and in situ tests. Expressions for
initial excess of pore pressure u, (or equivalently p ) gener-
ated by insertion of a rigid cylinder within the medium can
be found in the literature (e.g. Morris & Williams, 2000;
Randolph & Wroth, 1979; Poulos & Davis, 1980) and have
been based on laboratory or field data. Most of collected
data have shown that the pore pressure gradients are essen-
tially radial, and that the maximum excess pore pressure
u, ... generated by the installation process is observed close
to the cylinder (i.e., at r = R). The magnitude of the excess
pore pressure appears to decrease with the radius r mea-
sured from the cylinder axis, and becomes negligibly small
at a certain distance r = a, referred to as the initial radius of
influence. Combining hyperbolic and logarithmic distribu-
tions, a new expression has been proposed in Dienstmann ez
al. (2017). It extends classical expressions to account for
the flow restriction at the cylinder wall:

F(r) a

. a a
= —= with F(r)=1-—+—=In—
u,(r) U e FR) wi (r) SR (28)

for R<r<a

where u,, refers to the maximum value of pore pressure
generated by cylinder insertion.

Regarding u,,,, correlating a pile insertion into the
soil with a cavity expansion problem, typical solutions de-
rived in this context (e.g. Vesic, 1972; Randolph & Wroth,
1979) suggest that u,,  can be evaluated from the stress
paths developed in undrained triaxial tests carried out until
the ultimate state (undrained strength) is attained. The ex-
cess pore pressure is thus deduced from the variation in
mean and shear stresses, leading to the following estimate
for normally consolidated soils (Vesic, 1972):

=P qim )

2

Up max 29)
where p , denotes a reference initial consolidation pressure,
and M __ is the slope of the critical state line. It should be em-
phasized that expression (29) implicitly assumes that cylin-
der installation is fast, the elapsed time between installation
and expansion is sufficiently short for pore pressures to not
dissipate, thus justifying the assumption of undrained
hydromechanical evolution of soil.

2.4. Cylindrical cavity expansion to cone resistance esti-
mation

The cylindrical cavity expansion solution provides
expressions for stress (o), strain (g) and pore pressure (p)
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fields. Seeking a direct comparison to in situ test as cone
penetration some considerations must be drawn. In this
context, the calculated cavity expansion limit pressures (o,
at the cylinder wall) have been converted to cone resistance
(g,) using an approach similar to that proposed by Rohani &
Baladi (1981), and used by Silva (2005) and LeBlanc &
Randolph (2008). In the approach the cone tip resistance is
estimated from the vertical projections of all forces acting
on the cone. The expression of the vertical resistive force F,
can be calculated from the integration of stresses over the
cone tip length L (see Fig. 3):

L
F, =J[(G; +u) sinB+ 1 cos B]2nrdl

0

(30)

Expression 30 can directly be used to determine the
cone tip resistance

== 31
qu 31

c

where S, = nLl’tan’B denotes the piezocone cross-section
area. In the context of cylindrical cavity expansion, it is
more convenient to express ¢, in terms of the radial stresses
using T = ¢, ’tand together with the equations expressing lo-
cally the horizontal and vertical force equilibrium at any
point along the cone tip:

, 1+ s
g, =0, =t s (32)
tan B

where {3 is half of the angle of the cone tip (usual value
60°/2 = 30°), & is the interface friction taken as the soil fric-
tion angle ¢’, ¢,” and u are respectively the radial stress and
pore pressure at the expanding cylinder radius.

Figure 3 describes the idealization of stresses acting
on a small portion (dl) of the cone tip length (L).

3. Gold Tailings

The present paper describes the use of a cylindrical
cavity solution to assist the drainage behavior interpreta-

(a) (b)

Figure 3 - Schematic illustration of stresses acting on the cone (a)
general view (b) stresses definition.
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tion of experimental data from a gold TSF located in north-
east Brazil (Fig. 4). The Fazenda Brasileiro Mine includes a
producing gold mine and approximately 197,000 hectares
of adjacent exploration properties. The site is being a sub-
ject of study for the past two decades (Bedin et al., 2012,
Schnaid er al., 2013, Schnaid et al., 2016, Dienstmann et
al., 2018), with a research project including site evaluation,
field and laboratory tests.

A general view of Fazenda Brasileiro Mine is pre-
sented in Fig. 4, in which locations for the site investiga-
tions conducted in 2006, 2013, and 2016 are displayed. A
total of eleven (11) different islands of investigation were
defined, with sample collecting, and in situ tests as piezo-
cone (conventional CPTu, and with seismic measurements
SCPTu), seismic dilatometer (SDMT) and vane tests. Pre-
vious studies have shown that the material disposed is pre-
dominantly silty sand (Fig. 5) with an average in situ solids
content (ratio of weights obtained before and after a drying
process) of about 30%, in situ water content of 35% (ratio
between water and solid weights), low to non-plastic and
with high specific gravity (2.89 < G, < 3.2 g/cm’). In that re-
spect, data referring to the gold tailings are reported in Ta-
ble 1. Triaxial tests described in Bedin et al. (2012) and
Schnaid er al. (2013) allowed the critical state line CSL to
be established for tests carried out in compression and ex-
tension and sheared under monotonic loading. A highly-
nonlinear shape of the CSL under undrained loading was
observed indicating that the tailings exhibit severe strain-
softening with high compressibility that at low stresses may
lead to flow liquefaction.

A typical piezocone profile for tests carried out at the
standard 20 mm/s penetration rate is presented in Fig. 6 and
includes cone tip resistance ¢, penetration pore pressure u,,
pore pressure ratio B, = (u, - u,)/(q,- ©,,) - where u, is the hy-
drostatic pore pressure, g, is the total cone tip resistance and
G, is the total vertical stress - and soil behavior index /_,,,
according to Robertson and Wride (1998). The soil profile
identified by SCPTu and CPTu data, reveals a drained layer
near the surface underlain by silty soils (from 3 m to 10 m)
with 7, (soil behavior type) values typically in the 2.0 to
3.5 range, indicating clay and silt layers where excess pore
pressures are relatively high, yielding B, (pore pressure ra-
tio) in the 0.3 to 0.6 range. Some thin drained layers were
detected at different penetration depths. SCPTu data indi-
cate thin drained layers at 5 m, 6 m and 7 m.

To evaluate the effect of drainage conditions on the
piezocone (CPTu) measurements, a series of soundings
were performed at the Fazenda Brasileiro site with the pen-
etration rates from 0.1 mm/s to 57 mm/s. Results of adja-
cent (2 m spacing) soundings performed at different pene-
tration rates are presented in Fig. 7, in which values of ¢, u,
and B, are plotted against depth. Steady penetration veloc-
ity profiles of 20 mm/s and 57 mm/s are compared to one
profile carried out at variable penetration rates (labeled

“variable”). Considerable excess pore pressure Au was gen-
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Table 1 - Gold tailings characterization.

Friction angle
o
33
31
30.5

"
0.045
0.05
0.04

Critical state

r
2.34
2.64

2.4

Consolidation
N
2.39
2.66
2.44

A
0.048
0.058
0.045

19-193

v (kN/m’)
18.6
20.5

18.94 - 19.63

e
1.23

1.1
1.25-1.3

Physical characterization
3-33

G (g/lem’)
3
3.15

w (%)
30
38.7 - 40

40.1
32.3-37.8 285-2.86 0.92-1.08

PZCO01 to PZCO5
PZCO06 to PZC08

Region
Klahold (2013) Cluster 01 and Cluster 02

Bedin (2010)

Study
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erated over the entire depth interval in all tests (even for the
slowest penetration rate of 0.1 mm/s). The pore pressure is
shown to increase with increasing penetration rates, induc-
ing maximum B, values in the 0.6 to 0.7 range. There is no
appreciable difference in measured values of ¢_ and u, for
tests carried out at 20 mm/s and 57 mm/s, which appears to
indicate that tests are essentially undrained for these pene-
tration rates.

For a better comparison with modeling, results of the
tailings database were reinterpreted in terms of a normal-
ized resistance Q = g, /o’ , and normalized pore pressure
U= Aulc’ ,plotted against a normalized velocity V, (Eq. 1).
In this analysis g, = (g, - 6,,) and Au = (u, - u,). Results are
displayed in Fig. 8, from which itis possible to identify a re-
gion characterized by normalized velocities V, in the range
of about 0.01 to 10 where partial drainage appears to occur
during cone penetration. The lowest (undrained) penetra-
tion resistance (Q,, = Q) is of the order of 2.0, while the
drained penetration resistance (Q, = Q, ) is 42.0, yielding a
drained to undrained ratio Q,/Q,,, of about 21, which is con-
sistent with previously reported data from Jaeger et al
(2010) and Lehane et al. (2009). When comparing results in
terms of Q vs. V, and U vs. V, a slightly larger scatter is
observed from data on the U vs. V, space, although it is pos-
sible to identify that at fully undrained conditions the nor-
malized pore pressure Au/c’ , ratio is of the order of 2.2,
and reduces to zero for drained penetration.

Adjusting curves in Fig. 8 are represented by empiri-
cal upper and lower limits, obtained considering a hyper-
bolic cosine function as suggested by Schnaid (2005):

(33)

Q:Qmin+(a+(1_a) JX(Qmax_Qmin)

1
cosh(bV*)

clu§f¢r 01 Cluster 02

PZCO1

»

/SCPTu

PZC 04
4 -

y .
’

L WE

Legend: ] Sosnoski (2016) € Klahold (2613)

_;‘,Lch_ 03
e T i

(oY - ". a it ’ y
T PZIEeSL T VU

© Bedin (2006)

100
90
80
70
60
50 Overall grading
40 of gold tailings
30
20
10

0
0.001 0.01 0.1 1 10

Diameter (mm)
G s

Sand
Figure 5 - Fazenda Brasileiro Mine overall grading.

Passing %

Sand

Gravel

Au _ Au,,
!

far oyt | x| A Bl | (34
cosh(bV*) Gl [

where a, b and are fitting parameters, and are shown in
Fig. 8. From a practical point of view, parameter a embod-
ies the difference between the undrained and the drained ef-
fective penetration, whereas b and c¢ control the rate of
change from drained to undrained. These parameters are
representative of measured data in the Q vs. V space and, as
an overall trend, they also cover results plotted in the Au vs.
V space.

'
Gv 0 Gv 0

3.1. Modelling the gold tailings

To help understand rate effects on cone measure-
ments, properties of gold tailings were analytically mod-

‘PZC 07

o

a2
-

Figure 4 - Fazenda Brasileiro Mine aerial view and site investigation.
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Figure 7 - Values of ¢, u,, and B, measured at different penetration rates.
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Figure 8 - Rate effects in the (a) Q vs. V, space and (b) U vs. V, space.

eled using the approach developed by Dienstmann et al.
(2017). Finite Element (FE) results from a cavity expansion
analysis in ABAQUS are additionally added to reinforce
the applicability of the analytical model. The cavity expan-
sion simulated in Abaqus was defined according to an
axisymmetric model, with unit height and infinite extent
(classical approach, see Fig. 9). The same initial and bound-
ary conditions used in the analytical model were adopted in
the finite element approach. For the constitutive model in
the FE analysis, the Drucker Prager combined with linear
elasticity was considered. Elements used are 8-node axi-
symmetric quadrilateral, biquadratic displacement, bilinear
pore pressure and reduced integration (Abaqus finite ele-
ment type: CAX8RP).

Parameters used in the analysis are summarized in
Table 2, and were defined by the average values obtained
from in situ and laboratory tests. The friction angle ¢’ is 32°

& \

=% & Displacement node

<Fluid pressure node

Figure 9 - Finite-element mesh detail (not in to scale).
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and the & and T parameters from the Drucker Prager crite-
rion are defined according to Mohr Coulomb yield surface
condition. The initial field of excess pore pressure u,(r) ap-
plied in both models is calculated from Eq. 28. The initial
stress distribution is an isotropic and uniform (in the plane
of analysis) stress field; o, =0, lis considered along with
the subsequent simulation.

To evaluate the influence of the extension zone de-
fined by a, the radius that defines the extension of the re-
gion affected by cylinder installation, two approaches were
considered for analysis:

e q as a function of the soil Rigidity Index (/): a :\/Z R

with I, = 874 (defined from triaxial results, Bedin et al.,
2012), corresponding to a radius of influence of about 30
times the cylinder radius (a = 30R).

 and a defined arbitrarily as a = 10R to comply with previ-
ous studies (Vesic, 1972; Randolph & Wroth, 1979;
Osman 2010, Osman & Randolph, 2012).

Applied displacements are limited to produce maxi-
mum local strains of 10% to comply with the model small
strain assumptions Although, from a practical engineering
perspective, strain levels as high as 10% are often admitted
for geotechnical testing interpretation. It is therefore im-
plicitly assumed that results characterized from both the
simplified model and the numerical approach are reason-
able approximations for cylinder expansion, which would
be more appropriately formulated by large strains.

Results in sequence are directly displayed in the nor-
malized velocity space combined to normalized cone tip
resistance Q/Q, . and normalized pore pressure Au/ Au,,
where O, is the maximum value of Q (Q,,.= Q, ) corres-

max:
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mum value of mobilized pore pressure (Au, .= Au, ) corre-
sponding to undrained penetration. Field measurements are
directly compared to analytical and numerical predictions
in Figs. 10 and 11. It is important to highlight that the goal
of comparisons is not to data-fit the experimental results or
to find the parameter values that most closely match the
data. The analysis is performed by predicting results using
the set of parameters defined from independent tests, with
the aim of developing a proper understanding of the param-
eters controlling rate effects.

From Fig. 10 it is possible to observe that the predic-
tions are generally able to capture the experimental trends
in the Q vs. V, and U vs. V, spaces, with some discrepan-
cies. Both models, analytical and numerical, capture the
transition from drained to partially drained to undrained
regimes, but underestimate the Q,/Q,, measured ratio of
21. Numerical and analytical prediction in the space U vs.
V, are shifted to the left with respect to pore pressure mea-
surements, producing lower V, for the onset of drained
conditions. Typical values for the transition from un-
drained to partially drained behavior are in the range of 1
to 10, while predictions are underestimated by at least one
log-cycle.

ponding to the drained penetration, and Au, is the maxi-

1.2
& Bedin (2006)
1 L +  Klahold (2013)
- ®  Sosnoski (2016)
0.8 ~— Analytical a=30R
- ’ g - =~ Numerical a=30R
06 ;
=4 F I
] - A~ -A a
0.2 RET Ao
- .
0 .mg *a
0.00001 0.0001 0.001 0.01 0.1 1 10 100 1000
Vh =v.d/ Ch

To assess the influence of the size of the deformable
zone, in Fig. 11 results from predictions using a = 10R are
displayed. It can be observed that a reduction of the influ-
ence zone has a significant effect on the variation of pore
pressure with time, producing acceptable comparisons of
measured and predicted rate effects.

4. Conclusions

Accurate prediction and assessment of drainage con-
ditions during geotechnical testing is a challenging issue
for relevant interpretation of experimental data. For this
purpose, theoretical poromechanical formulations may re-
veal useful in the understanding of different geoengine-
ering problems. Cavity-expansion solutions have notably
proven successful in providing valuable support for the
evaluation of bearing capacity of piles or the interpretation
of cone and pressuremeter tests. In this context, analytical
solutions have been derived for the problem of cylinder ex-
pansion within a non-linear poroelastic medium. The fully
coupled approach has been then applied to the investigation
of rate effects that arise during piezocone tests performed in
a gold tailing deposit. Field data are directly compared to
analytical predictions as well as to finite element solutions
in terms of normalized velocity vs. normalized cone tip re-

1.2

0.2 /
I il -

Figure 10 - Comparisons between analytical and numerical predictions to field data in tailings for a/R = 30.
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Figure 11 - Comparisons between analytical and numerical predictions to field data in tailings for a/R = 10.
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Table 2 - Gold Tailings constitutive parameters.

Constitutive parameters

P 100 kPa
o, -50 kPa

oM T 32°;0.98; 0.98
Uy o= Po(1 + M )12 100 kPa
G, =0, -P -150 kPa
Y., 10 kKN/m’

k 1.00E-08 m/s
K 5814 kPa
€, 0.01

b 0.999

M 2.3 GPa

R 2.5cm

a 10R 30R cm

*Reference consolidation pressure used to define the maximum
value of excess pore pressure 4.

**M_ is the slope of the critical state line obtained directly from ¢.
*#*T is the frictional coefficient of the Drucker Prager model ob-
tained directly from ¢.

sistance Q/Q, . and normalized pore pressure Au/Au,, . Al-
though the ratio of the drained to undrained resistance
0,/Q,, 1s underestimated in both models, the predictions
capture the experimental trends in the Q vs. V, and U vs. V,
spaces, providing relevant estimates for the transition ve-
locity from drained to partially drained to undrained re-
gimes. It was observed that partially drained behavior
occurs generally at normalized velocities V, within the
range of 0.01 to 10, which is in close agreement with values

reported from experimental testing data.

Acknowledgments

The authors gratefully appreciated the financial sup-
port provided by the Brazilian Research Council CNPq. We
are particularly grateful to YAMANA for the permission to
assess their operational facilities and to GEOFORMA for
the collaboration during the field tests.

References

Abaqus, Version 6.9 [Computer software]. Simulia Corp.,
Providence, RI.

Baligh, M.M. (1985). Strain path method. Journal of Soil
Mechanics and Foundation engineering Division,
ASCE, 111(GT9):1108-1136.

Bedin, J. (2006). Interpretation of Piezocone Test in Baux-
ite Residues. Dissertation, Universidade Federal do Rio
Grande do Sul, Porto Alegre, Brazil, 150 p. (in Portu-
guese).

Soils and Rocks, Sao Paulo, 41(3): 319-332, September-December, 2018.

Bedin, J. (2010). Study of the Geomechanical Behavior of
Tailings. PhD Thesis, Universidade Federal do Rio
Grande do Sul, Porto Alegre, Brazil, 205 p. (in Portu-
guese).

Bedin, J.; Schnaid, F.; Fonseca, A.J.P.V. & Costa Filho,
L.M. (2012). Gold tailings liquefaction under critical
state soil mechanics. Geotechnique, 62:263-267.

Blight, G.E. (1968). A note on field vane testing of silty
soils. Canadian Geotechnical Journal, 5(3):142-149.

Burns, S.E. & Mayne, P.W. (2002). Analytical cavity ex-
pansion - Critical state model for dissipation in fine-
grained soils. Soils and Foundations, 42(2):131-137.

Cao, L.F.; Teh, C.I. & Chang, M.F. (2001). Undrained cav-
ity expansion in modified Cam clay. I: Theoretical anal-
ysis. Geotechnique, 51(4):323-334.

Carter, J.P.; Randolph, M.F. & Wroth, C.P. (1979). Stress
and pore pressure changes in clay during and after the
expansion of a cylindrical cavity. International Journal
for Analytical and Numerical Methods in Geomecha-
nics, 3(4):305-22.

Chang, M.F.; Cao, L.F. & Teh, C.I. (2001). Undrained cav-
ity expansion in modified Cam clay II: Application to
the interpretation of cone penetration tests. Geotechni-
que, 51(4):331-346.

Chung, S.F.; Randolph, M.F. & Schneider, J.A. (2006). Ef-
fect of penetration rate on penetrometer resistance in
clay. Journal of Geotechnical and Geoenvironmental
Engineering, 132(9):1188-1196.

Collins, LF.; Pender, M.J. &AMP; WANG, Y. (1992).
Cavity expansion in sands under drained loading condi-
tions. International Journal for Numerical and Analyti-
cal Methods in Geomechnics, 1992(16):3-23.

Collins, .LF. &AMP; Stimpson, J.R. (1994). Similarity so-
lutions for drained and undrained cavity expansions in
soils. Geotechnique, 44(1):21-34.

Davies, M.P. & Martin, T.E. (2000). Tailings and Mine
Waste ‘00. Proc. 7th International Conference on Tail-
ings and Mine Waste ‘00, Fort Collins, Brookfield, Rot-
terdam, pp. 3-15.

DelJong, J.T.; Jaeger, R.A.; Boulanger, R.W.; Randolph, M.
& Wahl, D.AJ. (2013). Variable penetration rate cone
testing for characterization of intermediate soils. Proc.
4th International Conference on Site Characterization.
CRC Press, London, v. 1, pp. 25-42.

Dienstmann, G.; Maghous, S. & Schnaid, F. (2017). Theo-
retical analysis and finite element simulation for non-
linear poroelastic behavior of cylinder expansion in in-
finite media under transient pore-fluid flow conditions.
International Journal of Geomechanics, 17(7):04017001.

Dienstmann, G.; Schnaid, F.; Maghous, S. & DeJong, J.
(2018). Piezocone penetration rate effects in transient
gold tailings. Journal of Geotechnical and Geoenvin-
ronmental Engineering, 144(2):04017116.

Fahey, M.; Newson, T.A. & Fujiyasu, Y. (2002). Engi-
neering with tailings. Proc. 4th International Congress

329



Dienstmann et al.

on Environmental Geotechnics, Rio de Janeiro, Brazil.
Balkema, Netherlands, v. 2, p. 947-973.

Gibson, R.E.; & Anderson, W.F. (1961). In situ measure-
ment of soil properties with the pressuremeter. Civil
Engineering and Public Works Review, 56(658):615-
618.

House, A.R.; Oliveira, J.R.M.S. & Randolph, M.F. (2001).
Evaluating the coefficient of consolidation using pene-
tration tests. International Journal of Physical Model-
ling in Geotechnics, 1(3):17-25.

Jaeger, R.A.; DeJong, J.T.; Boulanger, R W.; Low, HE. &
Randolph, M.F. (2010). Variable penetration rate CPT
in an intermediate soil. Proc. International Symposium
of Cone Penetration Testing, Huntington Beach. Omni-
press, Madison, v. 2, p. 527-534.

Jaeger, R.A. (2012). Numerical and Experimental Study on
Cone Penetration in Sands and Intermediate Soils.
Ph.D. Thesis, Univ. of California, Davis.

Jamiolkowski, M.; Lo Presti., D.C.F. & Manassero, M.
(2003). Evaluation of relative density in shear strength
of sands from cone penetration tests (CPT) and flat
dilatometer (DMT). Soil Behaviour and Soft Ground
Construction, ASCE, 119:201-238.

Jang, I.S.; Chung, C.K.; Kim, M.M. & Cho, S.M. (2003).
Numerical assessment on the consolidation characteris-
tics of clays from strain holding, self-boring pressure-
meter test. Computers and Geotechnics, 30(2):121-140.

Klahold, P.A. (2013). Interpretation of Field Tests on Soils
with Intermediate Permeability. M.Sc. Thesis, Univer-
sidade Federal do Rio Grande do Sul, Porto Alegre,
Brazil, 105 p. (in Portuguese).

LeBlanc, C. & Randolph, M.F. (2008). Interpretation of
piezoconesin silt, using cavity expansion and critical
state methods, Proc. 12th International Conference of
International Association for Computer Methods and
Advances in Geomechanics, Goa, India, (IACMAG),
Balkema, Lisse, v. 2, p. 822-829.

Lehane, B.M.; O’Loughlin, C.D.; Gaudin, C. & Randolph,
M.F. (2009). Rate effects on penetrometer resistance in
kaolin. Geotechnique, 59(1):41-52.

Lemarchand, E.; Ulm, F.J. & Dormieux, L. (2002). The ef-
fect of inclusions on the friction coefficient of highly-
filled composite materials. Journal of Engineering Me-
chanics, 128(8):876-884.

Maghous, S.; Dormieux, L. & Barthelemy, J. (2009). Mi-
cromechanical approach to the strength properties of
frictional geomaterials. European Journal of Mechanics
A/Solids, 28(1):179-188.

Martin, T.E. & McRoberts, E.C. (1999). Tailings and mine
waste. Proc. 6th International Conference on Tailings
and Mine Waste ‘99, Fort Collins, Colorado, Balkema,
Netherlands, p. 287-302.

Morris, P.H. & Williams, D.J. (2000). A revision of
Blight’s model of field vane testing. Canadian Geotech-
nical Journal, 37(5):1089-1098.

330

Osman, A. (2010). Comparison between coupled and un-
coupled consolidation analysis of a rigid sphere in a po-
rous elastic infinite space. Journal of Engineering
Mechanics, 136(8):1059-1064.

Osman, A.S. & Randolph (2012). Analytical solution for
the consolidation around a laterally loaded pile. Interna-
tional Journal of Geomechanics, 12(3):199-208.

Poulos, H.G. & Davis, E. H. (1980). Pile Foundations Anal-
ysis and Design. John Wiley and Sons, Inc., New York.

Randolph, M.F. & Hope, S.N. (2004). Effect of cone veloc-
ity on cone resistance and excess pore pressure. Proc. of
the International Symposium on Engineering Practice
and Performance of Soft Deposits, Yodogawa Kogisha
Co. Ltd, Osaka, p. 147-152.

Randolph, M.F. & Wroth, C.P. (1979). An analytical solu-
tion for the consolidation around a driven pile. Interna-
tional Journal for Numerical and Analytical Methods in
Geomechanics, 3(2):217-229.

Robertson, P.K. & Wride, C.E. (1998) Evaluation cyclic
liquefaction potential using the cone penetration test.
Canadian Geotechnical Journal, 35(3):442-459.

Rohani, B. & Baladi, G.Y. (1981). Correlation of mobility
cone index with fundamental engineering properties of
soil. International Society for Terrain - Vehicle Sys-
tems, 3:959-990.

Schnaid, F. (2005). Geo-characterization and properties of
natural soils by in situ tests. Proc. International Confer-
ence on Soil Mechanics and Geotechnical Engineering,
Osaka, Milpress, Rotterdam, v. 1, p. 3-46.

Schnaid, F.; Lehane, B.M. & Fahey, M. (2004). In situ test
characterization of unusual geomaterials. Proc. 2nd In-
ternational Conference on Site Characterization, Mill-
press, Rotterdam, Netherlands, v. 1, p. 49-74.

Schnaid, F.; Bedin, J.; Viana da Fonseca, A.J.P. & de
Moura Costa Filho, L. (2013). Stiffness and strength
governing the static liquefaction of tailings. Journal of
Geotechnical and Geoenvironmental Engineering,
139(12):2136-2144.

Schnaid, F.; Odebrecht, E.; Sosnoski, J. & Robertson, P.K.
(2016). Effects of test procedure on flat dilatometer test
(DMT) results in intermediate soils. Canadian Geotech-
nical Journal, 53(8):1270-1280.

Silva, ML.F. (2005). Numerical and Physical Models of Rate
Effects in Soil Penetration. Ph.D. Thesis, Cambridge
University, Cambridge.

Silva, M.F.; White, D.J. & Bolton, M.D. (2006). An analyt-
ical study of the effect of penetration rate on piezocone
tests in clays. International Journal for Analytical and
Numerical Methods in Geoemechanics, 30(6):501-527.

Soderberg, L.O. (1962). Consolidation theory applied to
foundation pile time effects. Geotechnique, 12(3):217-
225.

Sosnoski, J. (2016). Interpretation of CPTU and DMT
Tests in Intermediate Permeabilty Soils. MSc Thesis,

Soils and Rocks, Sdo Paulo, 41(3): 319-332, September-December, 2018.



Assessment of Rate Effects in Piezocone Tests from Poroelastic Cavity Expansion Analysis

Universidade Federal do Rio Grande do Sul, Porto
Alegre, Brazil, 137 p. (in Portuguese).

Suryasentana, S.K. &AMP; Lehane, B.M. (2014). Numeri-
cal derivation of CPT-based p-y curves for piles in sand.
Geotechnique, 64(3):186-94.

Teh, C.I. & Houlsby, G.T. (1991). An analytical study of
the cone penetration test in clay. Geotechnique,
41(1):17-34.

Vesic, A.S. (1972). Expansion of cavities in infinite soil
mass. Proc. of the American Society of Civil Engineers
(ASCE), 98(3):265-290.

Vick, S.G. (1990). Planning, Design, and Analysis of Tail-
ings Dams, 2nd Ed., BiTech, Vancouver, 369 p.

Wang, H. (2000). Theory of Linear Poroelasticity with Ap-
plications to Geomechanics. Princeton University
Press, Princeton, New Jersey.

Xu, X. &AMP; Lehane, B.M. (2008). Pile and penetrom-
eter end bearing resistance in two-layered soil profiles.
Geotechnique, 58(3):187-97.

Yu, H.S. (2000). Cavity Expansion Methods in Geome-
chanics. Kluwer Academic Publishers, Dordrecht, Ne-
therlands.

Yu, H.S. & Houlsby, G.T. (1991). Finite cavity expansion
in dilatant soils: Loading analysis. Geotechnique,
41(2):173-183.

Yu, H.S. & Mitchell, J.K. (1998). Analysis of cone resis-
tance: review of methods. Journal of Geotechnical and
Geoenvironmental Engineering, 124(2):140-149.

Zhao, J.; Sheng, D. & Sloan, S. (2007). Cavity expansion of
a gradient-dependent solid cylinder. International Jour-
nal of Solids Structures 44(13):4342-4368.

List of Symbols

a: radius of the zone of influence

a: fitting parameter for the hyperbolic cosine function
b: Biot coefficient

b: fitting parameter for the hyperbolic cosine function
B : pore pressure ratio

c: fitting parameter for the hyperbolic cosine function
¢, horizontal coefficient of consolidation

c,: fluid diffusivity coefficient

CPTU: piezocone test

d: probe diameter size

dl: small portion of the cone tip length

e,: initial void ratio

F: vertical resistive force

G.: specific gravity

G: shear modulus

G, equivalent shear modulus

h: Drucker Prager tensile strength

I, soil behaviour index according Robertson & Wride
(1998)

I: Rigidity Index

J,: zero-order Bessel functions of the first kind

J,: first-order Bessel functions of the first kind

Soils and Rocks, Sao Paulo, 41(3): 319-332, September-December, 2018.

K: Bulk Modulus

k: permeability

k: permeability tensor

L: cone tip length

M: Biot modulus

M _: slope of the critical state line

p: pore pressure - hydrostatic plus excess pore pressure
p,: initial pore pressure - hydrostatic plus excess pore pres-
sure

p.,: reference initial consolidation pressure
Q: normalized resistance

Q,: drained normalized resistance

0, reference normalized resistance

Q... maximum normalized resistance
0,... minimum normalized resistance

Q,,,: undrained normalized resistance

q: filtration vector

q.: cone tip resistance

q.... cone tip net resistance

q,: total cone tip resistance

r: radial distance

R: cylinder radius

SCPTu - seismic piezocone test

s.: piezocone cross-section area

TSF: Tailings Storage Facilities

T: Drucker Prager friction coefficient

t: time of analysis

t: time of analysis

t .. time of analysis

U: degree of drainage

u: eXcess pore pressure

u,: initial excess pore pressure

u, ... maximum initial excess pore pressure
u,: penetration pore pressure (position 2)
. reference penetration pore pressure

.. Maximum penetration pore pressure

w: water content

V, : horizontal normalized penetration velocity

v: loading rate

Y,: zero-order Bessel functions of the second kind
Y,: first-order Bessel functions of the second kind
o: radial displacement ratio

a,: " root of an algebraic function

f: half of the angle of the cone tip

I': specific volume of CSL (Critical State Line) at p’ = 1 kPa
y: specific weight

Au: pore pressure decay

Ay, : maximum pore pressure decay

Au_, : minimum pore pressure decay

d: interface friction

& displacement vector

&,: radial displacement

331



g, equivalent deviatoric strain
g,: volumetric strain

g, reference strain

€ strain matrix

m ol

.+ radial strain

.+ orthogonal strain

. © unit vector in the radial direction

o: unit vector in the orthogonal direction
: total stress matrix

": effective stress matrix

I I @

alg

- equivalent deviatoric stress
. mean total stress

' : mean effective stress

'« effective normal pressure

Q. a.a A

332

Dienstmann et al.

o, radial pressure

o' : effective radial pressure

G, total vertical pressure

o’ effective vertical pressure

G,: initial pressure

N: specific volume of NCL (Normal Consolidation Line) at
p’ =1kPa

A: slope of the NCL (Normal Consolidation Line)
@: Lagrangian porosity

¢: friction angle

X: variable

®@,: scalar computed from o,

: state parameter

1: identity matrix

Soils and Rocks, Sdo Paulo, 41(3): 319-332, September-December, 2018.



Behavior of Geosynthetic-Encased Stone Columns in Soft
Clay: Numerical and Analytical Evaluations

N.R. Alkhorshid, G.L.S. Aradjo, E.M. Palmeira

Abstract. The type of improvement technique that will be applied to a soil beneath an embankment depends on the nature
of the problematic soil existing at the site. Soft soils beneath embankments typically present high compressibilities and low
shear strengths. In some cases, geosynthetic-encased stone columns (GECs) have shown advantages over other solutions to
improve embankment behavior. The aim of this study is to investigate the performance of GECs by means of numerical and
analytical methods. Finite Element Analyses were conducted to evaluate the behavior of ordinary and geosynthetic-
encased stone columns underneath an embankment. Parametric studies were then conducted to investigate the influence of
geosynthetic stiffness, column spacing, friction angle of column material and Stress Concentration Ratio (SCR) on the per-
formance of the columns. The results obtained have shown that there are several parameters that are of paramount impor-
tance in improving the performance of GECs, such as geosynthetics stiffness, column spacing and thickness of soft soil

layer.

Keywords: embankment, geosynthetics, settlement, soft soil, stone column, radius variation.

1. Introduction

In some cases, soil properties are not appropriate for
supporting structures such as buildings, embankments,
dams and bridges. This leads to the need for a proper
method that can be effective to improve the performance of
the geotechnical structure. The use of stone columns is a
popular solution that has been considered when dealing
with soft soils. Stone columns not only reduce settlements
but also behave like vertical drains and accelerate the con-
solidation process (Han & Ye, 2001).

Since the performance of ordinary stone columns is
highly dependent on the lateral confinement provided by
surrounding soil, when it comes to very soft soils (S, < 15
kPa) the application of this solution may not be feasible.
This problem can be solved by increasing lateral confine-
ment to the column material by using geosynthetic encase-
ment. In this context, Geosynthetic Encased Columns
(GECs) have been applied successfully in several engineer-
ing works (Raithel & Kempfert, 2002; Alexiew et al., 2005;
Araujo et al., 2009; De Mello et al., 2008; Alexiew &
Raithel, 2015; Schnaid et al., 2017).

Considering previous studies that have provided
valuable information on the performance of GECs, further
studies are still needed for a better understanding of the key
parameters in designing GECs. Besides experimental and
analytical solutions, numerical analysis can be used as a
powerful tool to investigate the performance of GECs (e.g.
Khabbazian et al., 2010; Kaliakin et al., 2012; Keykhos-

ropur et al., 2012; Alkhorshid er al., 2014; Yoo, 2015;
Mohapatra et al., 2017).

Since most of the analytical solutions have consid-
ered unit cell idealization in their procedure, this concept
and axisymmetric analyses have been adopted to assess
the influence of geosynthetic encasement on the behav-
ior of stone columns (EBGEO, 2011; Elsawy, 2013;
Almeida et al., 2013; Hosseinpour et al., 2014; Alkhor-
shid, 2017).

The analytical solution presented by Barron (1948)
was focused on the behavior of the foundation system rein-
forced by vertical drains, discussing the dissipation of
excess pore water pressure and the rate of consolidation set-
tlement. This solution was a basis for later studies on the
foundation reinforced by conventional and encased stone
columns (Wang, 2009; Castro & Sagaseta, 2011; Santos,
2011) considering the time-settlement behavior under con-
solidation process. On the other hand, some other studies
(Raithel & Kempfert, 2000; Pulko et al., 2011; Zhang &
Zhao, 2014) were also developed to evaluate the behavior
of encased stone columns and the surrounding soil which
did not consider time-dependent settlement of the founda-
tion.

In this study, the Finite Element Method (FEM) was
used to investigate the effect of encasement on the column
beneath an embankment. The FEM predictions were then
compared with those from three analytical methods.
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2. Methods of Investigation
2.1. Analytical methods

2.1.1. Raithel & Kempfert (2000) method

Raithel & Kempfert (2000) proposed an analytical
method (hereafter referred to by the code R&K) for the de-
sign of encased stone column foundations which is adopted
by the German Standard EBGEO (2011). This method was
firstly proposed by Raithel (1999) and assumes identical
settlements for both stone column and surrounding soil and
aims to predict the behavior of a single column and the sur-
rounding soil as a whole (unit cell, Fig. 1) under long-term
drained condition when maximum value of radius variation
and settlements are obtained. As illustrated in Fig. 1b, the
load on the unit cell is shared by the column (Ac, ) and sur-
rounding soil (Ac, ). In this method, the ring (geotextile)
tensile force can be calculated by:

geo (1)

where J is the geotextile tensile stiffness, Ar, and r, are
geotextile casing radius variation and initial casing radius,

r=1

o)
o
=
=
D’

s

Embankment

] Hemb

Undisturbed zone
Smear zone
Stone column
\Geosynthetic

T

Smear zone

Undisturbed zone

(@

respectively. The settlement at the top of column can be de-
termined by:

S, :[1—“};1 )
(r. +Ar,)

where r, Ar,_ and h are column radius, column radius varia-
tion and column length, respectively.

This method uses the load redistribution factor (E)
which represents the stress concentration on the top of the
column. As shown in Eq. 2, the settlement of the column is
a function of the column radius variation (Ar ) which is de-
pendent on the applied stress shared by the surrounding soil
(o,,) that can be calculated by the following equation:

c,—E-o,

GV,B :? (3)

where, 6, E and a, are vertical stress on the unit cell, load
redistribution factor and area replacement ratio, respec-
tively. The area replacement ratio can be determined by:

a,6 =— “)

Gv) S
i b 51
Oh, tot = |« Oh, tot=
ﬂ) Oh,s T Ohdiff «/ChsT Gh,diﬁ‘(&
-]
|t
Geotextile Soft soil
rir}g tension 2.1, csozlllns(ti %&Tﬂ%
oree Fy 2T (vertical drain)
- Igeo
¥ J
2.1
(b)

Figure 1 - Unit cell idealization: (a) unit cell under the embankment and (b) unit cell calculation model (Raithel & Kempfert, 2000).
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On the other hand, the settlement of the surrounding
soil is also a function of , , and consequently dependent on
E. Thus, by equalizing the settlement of the column and the
surrounding soil (S, = S,), E can be found by some iteration
process. When E is determined, the column radius variation
can be calculated.

2.1.2. Pulko et al. (2011) method

The method proposed by Pulko et al. (2011), (hereaf-
ter referred to by the code PEA) is an extension of the elas-
tic analysis proposed by Balaam & Booker (1985) and
Raithel & Kempfert (2000) and considers elastoplastic be-
havior of the column material considering confined column
yielding based on the dilatancy theory presented by Rowe
(1962). In this method the vertical deformations at the top
of the column and the surrounding soil are also assumed to
be equal. The shear stress along the column/soil interface is
neglected. Furthermore, the soil is considered to remain
elastic and the column is supposed to behave as a perfectly
elastoplastic material satisfying the Mohr-Coulomb failure
criterion. Additional information on the method is pre-
sented by Pulko et al. (2011).

2.1.3. Zhang & Zhao (2014) method

Zhang & Zhao (2014) developed an analytical
method (code Z&Z) for the design of conventional and
geotextile encased stone columns. The method adopts the
unit cell idealization and considers the column as an elastic
material. The column is divided from top to bottom into i
(i=1, 2,..., n) sections. For each section there is a unique
settlement and radius variation. The total settlement is the
sum of the settlements obtained in each section. Comparing
to Raithel & Kempfert (2000), this method takes into ac-
count the shear stress between the soil and the column con-
sidering settlement inequality at the top of the column and
of the surrounding soil. More details on the method are pre-
sented by Zhang & Zhao (2014).

2.2. Numerical modelling (PLAXIS 2D)

2.2.1. Hardening Soil (HS) model

The Hardening Soil (HS) model (available in PLA-
XIS 2D) is a development on Mohr-Coulomb model, cre-
ated by linking non-linear elastic and elastoplastic models,
also known as hyperbolic elastoplastic model. HS is able to
model the double stiffening performance of soil, which is
not influenced by the compressive yield or shear failure.
This model can simulate the stress dependency of soil stiff-
ness but does not take into account soil secondary compres-
sion and stress relaxation. Additional information about
this model is presented by Schanz et al. (1999).

2.2.2. Axisymmetric model

The behavior of GECs and soft clay unit cell under
axisymmetric conditions (Fig. 2) was modeled using PLA-

Soils and Rocks, Sao Paulo, 41(3): 333-343, September-December, 2018.

XIS 2D (Brinkgreve & Vermeer, 2014). The column was
entirely buried in the surrounding soil with its tip resting on
a rigid layer at the bottom. The soft clay was modelled by
the HS model (Gdb & Schweiger, 2008) and the embank-
ment and the column were modelled using Mohr-Coulomb
model assuming typical values of properties of these mate-
rials. The properties of the soft clay, stone column and em-
bankment are shown in Table 1.

The geosynthetic material was modelled as a linear
elastic material (the same assumption was adopted in all
three analytical methods). The boundary conditions of the
unit cell (Fig. 2) allow deformations along the vertical di-
rection only. The vertical and horizontal displacements at
the base of the unit cell were restrained.

Hgmb= 10 m

Stone column
Smear zone
Soft soil

80
oi8)
=10m

&
HS

Y.

IX
o
\ 4
5
\4

Figure 2 - Axisymmetric unit cell model and boundary condition.

Table 1 - Material parameters in FE model.

Material Soft clay Stone column ~ Embankment
properties Hardening  Mohr-Coulomb Mohr-Coulomb
Soil (HS) (MC) (MC)
V. (KN/MY) 16 19 22
E’ (kPa) - 45000 42000
@ (°) 23 39 35
v () 0 5 0
¢’ (kPa) 7 0 6
v 0.2 0.3 0.33
E." (kPa) 2313 - -
E " (kPa) 1850 - -
E,“ (kPa) 6938 - -
K, 0.6 0.37 043
m (power) 1 - -
P (kPa) 100 - -
OCR 1 - -
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3. Comparisons Between Predictions by Fem
and Analytical Methods

Comparisons between results from the four cited
methods (Finite element, R&K, PEA and Z&Z) were car-
ried out for the analysis of an embankment reinforced with
GECs distributed in a square pattern. In the validation
model, the radius of the columns within the unit cell, r, was
equal to 0.4 m (typical for GECs, Alexiew et al., 2005), ra-
dius of the influence area of the column », = 1.4 m, diameter
ratio (N = r/r) equal to 3.5, area replacement ratio (o = r.”/
r’) equal to 8.16%, column length (1) and unit cell height
(H) both equal to 10 m, height of embankment (H,,) equal
to 10 m, and geosynthetic tensile stiffness (J) equal to
2000 kN/m (EBGEO, 2011).

Zhang & Zhao (2014) pointed out that in case of large
deformations, the method Z&Z may not provide appropri-

ate results. In order to minimize this issue, in the present
study the calculation procedure was changed so that the
column was assumed to be as a whole, not in sections. For
i = 1, the maximum value of radius variation (Ar, ,=0)
and then the vertical strain of the column (¢_) were deter-
mined. Then, the € was multiplied by the entire length of
the column (/). For small level of deformation this proce-
dure may not provide appropriate results.

As shown in Fig. 3a and Table 2, the settlements esti-
mated by R&K and Z&Z are in good agreement with those
of FEM. The maximum values of radius variation under
different embankment heights estimated by R&K (Fig. 3b
and Table 3) show good agreement with those of FEM. On
the other hand, PEA and Z&Z led to underestimation and
overestimation of the radius, respectively. The maximum
values of radius variation from Z&Z, up to an embankment
height of 3 m, are closer to those of FEM. For PEA, the re-
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0 2 4 6 8 10 0 2 4 6 8 10
0.0 1 1 1 1 0 1 1 1 1
g o (a) 2
g !
=} 6
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P 8
= 0.3 1 =
E :
Q SN
2 04 A z
) =
Z 0 g o
2 05 A
= o
@ ~
E 06 { amommPEA 20 { =—0=—PEA O, “q
E cesOee 7&7 68{ 2 A FEM ‘o, o
A 07 { =O==R&K -4-R&K “a
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0.0 s .
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6 0.1 (©
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Figure 3 - Settlement behavior of GECs under embankment loading:

(a) vertical settlement of the column from FE and analytical meth-

ods; (b) variation of column radius; (c) vertical settlement of column for different values of N.
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sults present significant differences for any height of em-
bankment. Figure 3c presents settlement at the top of the
column for different values of diameter ratio, N, where it
can be seen that the results from R&K and Z&Z also com-
pare better with FEM predictions than PEA.

Table 2 - Settlement at the top of the column considering different
methods (m).

Method Embankment height (m)
2 m 6 m 8m 10 m
FEM 0.2 0.515 0.637 0.747
R&K 0.213 0.536 0.652 0.749
PEA 0.089 0.37 0.51 0.65
7&7 0.182 0.492 0.626 0.748
(a) 45
O 787,
40 1 —tr— FEM
B
£
g
g
s
0 1000 2000 3000 4000
Geosynthetic stiffness, J (kN/ m)
Embankment height (m)
0 2 4 6 8 10
(C) 0B T T T T
2
4
6
. 8
g
g
e
5
S

4. Parametric Study

The effects of geosynthetic encasement, column ra-
dius of influence, unit cell heights and friction angle of the
stone column material (¢,) on the behavior of the column
were investigated by a parametric study comparing FEM
with analytical methods. The parameters used in parametric
study are given in Table 4.

4.1. Settlement and radius variation of GECs

Geosynthetic encasement provides a confinement
around the column that reduces radius variation (Ar ). Fig-
ure 4a and Table 5 show the maximum value of radius vari-
ation versus geosynthetic tensile stiffness for the same
properties and characteristics adopted in the comparison
between FEM and predictions from analytical methods.
Comparing the results from analytical methods with those

(b) 45
40

=OmmN = 5

35

30

25

20

Arg pax (mm)

15

10

0 1 1 1
0 1000 2000 3000
Geosynthetic stiffness, J (kN/ m)

4000

Embankment height (m)
0 2 4 6 8 10

(d)

® N~ N O

Arg nax (mm)

Figure 4 - Radius variation: (a) Maximum value of radius variation versus geosynthetic stiffness by different methods (FEM, R&K,
PEA, and Z&Z); (b) maximum value of radius variation versus geosynthetic stiffness using FEM for different values of N; (¢) maximum
value of radius variation versus different embankment heights using FEM with different values of N and (d) maximum value of radius
variation versus different embankment heights using different values of friction angle of the column.
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Table 3 - Maximum value of radius variation of the column
(Ar._ ) considering different methods (mm).

c;max

Method Embankment height (m)

2m 6 m 8m 10 m
FEM 5.74 13 16.15 18.6
R&K 5.9 14.7 18.3 214
PEA 2.55 7.64 10.18 12.73
7&7 6.5 17.1 21.3 25.17

from FEM (just for encased column), the overall deviations
of R&K predictions are considerably less than those of
PEA and Z&Z. The minimum and maximum deviations of
R&K were equal to 1.5% (for J = 1000 kN/m) and 24% (for
J =4000 kN/m), respectively. On the other hand, PEA and
Z&7Z presented higher values of maximum deviations reach-
ing 38% (for J = 500 kN/m) and 36% (for J = 4000 kN/m),
respectively. The average deviation of Z&Z (23.8%) was
less than that of PEA (33.8%). Another parameter that af-
fects radius variation value is the diameter ratio ().

By increasing N for the same value of r, the area re-
placement ratio (o) decreases and the maximum value of
radius variation increases. As shown in Fig. 4b, the geo-
synthetic tensile stiffness significantly influences column
radius variation.

Figure 4c shows column radius variation versus em-
bankment height for different values of N and J = 2000 kN/m.
The results also show the significant influence of N on col-
umn radius variation. In Fig. 4d the maximum value of ra-
dius variation is plotted against different embankment
heights for different column soil friction angles. Radius

Tensile force (kN/m)
0 10 20 30 40 0

10

depth /1,

n=
—
u-

Tensile force (kN/m)
20 40

Table 4 - Parameters used in the parametric studies.

Parameters Values
Geosynthetic stiffness, J (kN/m) 0-4000
Diameter ratio, N (-) 2.5,3.5,5
Height of unit cell, H (m) 5,10, 15
Friction angle of column material, @, (°) 35,40, 45

Table 5 - Maximum value of column radius variation (Ar,, ) for
different methods (mm).
Method Tensile stiffness, J (kKN/m)

500 1000 2000 4000
FEM 28.22 24.32 18.6 13.24
R&K 26.5 24.7 214 16.4
PEA 17.42 15.52 12.73 9.37
7&7 31.19 28.65 24.2 18.1

variation increases as soil friction angles decreases. As
shown in Fig. 3 and also in Figs. 4c-d, predicted values of
settlement and maximum radius variation are significantly
influenced by the embankment height. By increasing the
vertical stress at the top of the unit cell, the settlements and
column radius variations increase markedly. However, us-
ing lower values of N improves the performance of the col-
umn. Alternatively, increasing the value of the friction
angle of the column, reduces deformations of the column.

Figure S5a-c show tensile force versus depth ratio
(n = depth/r,) for different values of geosynthetic tensile

Tensile force (kN/m)

60 80 100 120 0 40 80 120 160 200

Figure 5 - Tensile force versus depth ratio for different geosynthetic stiffness; (a) Tensile force for J = 500 kN/m, (b) Tensile force for

J =2000 kN/m, (c) Tensile force for J = 4000 kN/m.
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stiffness. Predicted values of tensile force indicate that, as
tensile stiffness of geosynthetic increases, radius variation
reduces at any depth along the column. In addition, incre-
ments of J values do not influence significantly the depth of
the maximum value of radius variation. Several studies
have shown this depth varies between 1.5 to 3 column di-
ameters (Ali et al., 2012; Hong et al., 2016; Alkhorshid,
2017). Comparing the results of both numerical and analyt-
ical studies indicate that R&K, from depth ratio of almost 5
and beyond underestimated the results while PEA pre-
sented better estimates. It is important to consider that R&K
provides more accurate predictions of the maximum tensile
force. Finally, it is possible to observe that the curves have
completely different trends and this is because of the better
accuracy of the Finite Element Method, whereas the analyt-
ical methods have to adopt some simplifying assumptions.
Similar variations in tensile forces along the column length
were also observed in other studies (Gniel & Bouazza,
2009; Pulko et al., 2011; Almeida et al., 2013).

The results, presented in Fig. 6a, clearly indicate the
importance of the unit cell height on the column behavior.
The geosynthetic tensile stiffness is also important in the
reduction of column settlements. In Fig. 6b, the vertical set-
tlement at the top of the column due to an embankment
height of 10 m is plotted versus different values of J. The
results indicate that at any value of J, the minimum settle-
ment is obtained for higher friction angle. The lowest val-
ues of settlement are obtained for ¢_ = 45°.

4.2. Influence of geosynthetic stiffness on Stress
Concentration Ratio (SCR)

The stress concentration ratio (SCR) is defined as the
ratio between the vertical stress supported by the column

Embankment height (m)

Settlement at the top of the column (m)

(q) and that supported by surrounding soil (q,),
(SCR = q/q,). SCR basically depends on the geosynthetic
tensile stiffness, physical properties of soil, column materi-
als and distance between adjacent columns, that may be ar-
ranged in triangular, square or hexagonal patterns. As
shown in Figs. 7 and 8, the greater the geosynthetic stiff-
ness, the higher additional confinement along the column
length which results in supporting larger shares of vertical
stress. This means that for higher values of J, geosynthetic
encasement produces greater values of SCR, depending on
tensile stiffness. Figure 7 shows the effective stress distri-
butions as cross marks. When it comes to the conventional
column, these cross marks in the surrounding soil are visi-
bly greater than those for the encased column, which means
that a higher share of vertical stress goes to surrounding
soil. The SCRs predicted by means of FEM and analytical
analyses show that R&K results take a different trend for
higher values of J, whereas PEA and Z&Z results are closer
to those of FEM (Fig. 9a). There is almost a unique agree-
ment between PEA and Z&Z on SCR.

The influence of N values is shown in Fig. 9b. As it
can be seen, higher N values lead to lower SCR values and
also the difference between SCRs for higher values of J is
greater. As shown in Fig. 9c, the friction angle of column
(p,) can affect SCR, because higher values of ¢_make the
column capable of sustaining higher vertical stresses.

4.3. Influence of geosynthetic stiffness on maximum
tensile force

As cited in this study, vertical stress on top of the unit
cell causes settlement and radius variation of the column.
The radius variation causes a ring tensile stress in the geo-
synthetic encasement. Tensile force is a function of geo-
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Figure 6 - Vertical settlement at the top of the column: (a) vertical settlement versus embankment heights (b) vertical settlement versus

geosynthetic stiffness.
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Figure 10 - Maximum tensile force (T
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synthetic stiffness (J), radius of column (r) and radius
variation (Ar). Figure 10a shows predicted maximum ten-
sile forces (T, ) by FEM and by the analytical methods.
The agreement between FEM and R&K is satisfactory for
values of J up to 2000 kN/m. PEA and Z&Z produce higher
rates of deviation from FEM results. The result of FEM
analyses for different N values (Fig. 10b), shows that for
lower values of N, the geosynthetic encasement presents
lower values of 7. As shown in Fig. 10c, friction angle of
column material (¢,) may cause slight differences in the
values of T .

5. Conclusions

In this study a series of finite element and analytical
analyses for evaluating the performance of GECs was car-
ried out. In addition, the results of FEM and analytical
methods were compared in order to investigate the capabil-
ity of the analytical methods to predict the behavior of
geosynthetic-encased column. The following conclusions
were developed:

Soils and Rocks, Sao Paulo, 41(3): 333-343, September-December, 2018.

): (a) predicted values of T by FE and analytical analyses; (b) effect of N values on T,

(c) ef-

max?

* Among the three methods analyzed, the results of R&K
generally show a better agreement with those of FEM,
comparing with PEA and Z&Z;

e The greater the values of geosynthetic tensile stiffness
(J), the smaller the value of radius variation along the
column length. However, greater values of J do not af-
fect the depth of the maximum value of radius variation;

e The settlements at the top of the column with higher val-
ues of J, are evidently less than those for lower values of
tensile stiffness;

e By decreasing diameter ratio (N), the settlement, radius
variation and tensile force of the column decrease and al-
ternatively SCR increases.

e Friction angle of column material (¢,) can play an impor-
tant role in the performance of GECs. At identical J,
higher values of ¢, increase SCR and, then again, higher
values of ¢, decrease settlement and tensile forces in the
column.

* Except at the depth of maximum tensile force, the pre-
dicted values of tensile force along the column indicate
that PEA is in closer agreement with those from FEM.
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However, R&K underestimated the results at some
depths.
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H,, = height of embankment

H_ = length of unit cell

J = tensile modulus of geotextile

SCR = stress concentration ratio

q = total applied stress

q, = applied stress shared by column

q, = applied stress shared by soil

r, = radius of column

r, = radius of zone of influence of column cylinder
o = area replacement ratio

Ar, = lateral bulging of column

€, = radial strain of column

Y., = saturated unit weight

E’ = drained elastic modulus

E, " = oedometric modulus of soft soil
E_" = secant modulus/triaxial modulus of soft soil
E, ™ = unload-reload modulus of soft soil

¢’ = effective cohesion

¢’ = drained frictional angle

m = power of stress dependency of stiffness
vy = dilatancy angle

v’ = effective Poisson’s ratio

K, = lateral earth pressure coefficient
OCR= overconsolidation ratio

P = reference mean stress
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On the Compatibility and Theoretical Equations for Mixtures
of Tropical Soils and Bentonite for Barrier Purposes

T.L.C. Morandini, A.L. Leite

Abstract. Vast regions of the globe are covered by tropical soils, increasing the perspective of using them for barrier
design at solid/liquid disposal facilities. They comprise diverse pedological taxonomies, but have common features,
specially the dominant mineral composition of quartz, kaolinite clay and Fe-Al-Mn oxides/hydroxides. Despite the vast
occurrence, sometimes tropical soil samples may not be suitable for barrier purposes, which can be overcome using
bentonite as additive, provide that technical evaluations are adopted. An important technical issue to be addressed is the
compatibility between the barrier materials and the liquids to be disposed. Compatibility studies usually involve laboratory
testing using direct and indirect methods, which were involved in this research. The indirect studies involved modified
Atterberg limits and the direct approach was developed using direct permeation. The tropical soil samples were selected to
be in different weathering stages, considering the laterization degree. The chosen bentonite content to compose the
mixtures was 3, 6,9 and 12% on a dry weight basis. The elected chemical solutions for these studies were: calcium chloride
(CaCl,), nitric acid (HNO,), sodium hydroxide (NaOH), ethanol (C,H,OH) and tap water. As a summary, the main research
objectives were: (1) comparison between direct and indirect methods for compatibility evaluation; (2) assessment of the
influence of the bentonite content on the compatibility of tropical soil samples; (3) investigation of the influence of the
laterization degree on compatibility and (4) evaluation of theoretical equations to predict the compatibility of these samples
through back analysis. The results indicate that: indirect and direct methods are similar from a qualitative point of view;
bentonite is more sensitive to chemicals than the natural soil components; the laterization degree is not so influent on the
compatibility and good compatibility predictions were obtained with the proposed theoretical equations.

Keywords: bentonite, clayey barriers, compatibility predictions, modified Atterberg limits, theoretical equations, tropical soils.

Tropical) Classification SystemP for pavement purposes,
which has been successfully applied in Brazil for decades.

1. Introduction

Tropical soils cover approximately 2.5 billion hect-

ares on the globe (IBGE, 2005), a number that alone dem- This system is based on the results of the laboratory

onstrates the great potential of these materials for civil
construction. They result from intensive weathering and
pedological processes, mainly laterization, driven by the
hot and humid climate of the tropics (Van Breemen &
Buurman, 2003). Laterization leads to peculiar mineralogy,
mainly composed of quartz, kaolinite and Fe-Al-Mn ox-
ides/hydroxides, standing on a very loose and porous struc-
ture.

The similarity in terms of mineralogical composition
of tropical soil samples is not reflected by their variety of
pedological classifications, as showed by the taxonomies
presented on Table 1. Since these terms are not familiar to
the geotechnical community, precious information is often
neglected in the engineering practice.

Nogami & Vilibor (1995) have drawn the attention of
the geotechnical community to the potentiality of the pedo-
logic taxomies for used in pavement works. Having the
laterization degree and grain size distribution as the main
attributes, they proposed the MCT (Miniature, Compacted,

compaction test Mini-MCV (Moisture Condition Value)
and the weight loss by immersion in water. The main soil
orders of the MCT system refers to sandy, clayey, lateritic
and non-lateritic soil specimens. Usually, the lateritic char-
acter is favorable for compaction. Later, Vertamatti (1998)
introduced a transitional order between the lateritic and
non-lateritic soils, calling the new system MCT-M, which
will be used later in this study.

Sometimes, however, the decrease in hydraulic con-
ductivity (k) induced by compaction may not be sufficient
for barriers, as pointed out by Lukiantchuki & Esquivel
(2010). In these cases, the use of bentonite as admixture is
interesting, considering the well-known ability of this clay
to reduce hydraulic conductivity and increase sorption (e.g.
Ebina et al., 2004; Akbulut & Saglamer, 2004; Osinubi &
Nwaiwu, 2006; Osinubi et al., 2009; Morandini & Leite,
2013; Akcanca & Aytekin, 2014; Morandini & Leite,
2015a).
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Table 1 - Pedologic orders of tropical soils according to different taxonomies (Source: Morandini & Leite, 2015a).

Brazilian Soil Classification System WRB/FAO U.S. Taxonomy
Latosols Ferralsols Oxisols
Claysols Lixisols Ultisols
Acrisols
Alisols Oxisols / Ultisols
Nitisols Nitisols Oxisols / Ultisols
Plintosols Plinthosols Oxisols

Another important issue for barrier design is the ca-
pacity of the compacted clay liner (CCL) to maintain its
properties after contacting with the different contaminant
fluids to be disposed. For instance, these contaminant solu-
tions may involve municipal solid waste leachate, urban
sewage, effluents from industrial and mining activities and
others. This capacity is called “liner compatibility”’, which
is very important for the long term performance of the bar-
rier.

It is clear that compatibility depends upon complex
soil-fluid interactions, which are not easy to identify and
understand. So, most of the methods for investigating com-
patibility aim to recognize the changes in the mechanical
properties of the soil specimens, instead of identifying spe-
cific “solid-fluid” reactions that take place mainly at the
microscopic scale.

Laboratory works on compatibility are often classi-
fied as “indirect” and “direct” methods (Shackelford,
1994). The indirect methods investigate the changes in soil
index properties, such as Atterberg Limits, for instance, af-
ter contact with the aggressive fluids that will be disposed.
It only gives a perspective of the soil compatibility, once
the “direct properties” of the soil that are involved in the
barrier performance are not directly evaluated, such as hy-
draulic conductivity, swelling potential, shear strength and
others.

Examples of the application of indirect methods for
clays (bentonite and kaolinite) and tropical soils, using dif-
ferent chemical solutions (organic, saline, acid and alka-
line), can be found on Bowders & Daniel (1987), Budhu et
al. (1990), Egloffstein (2001), Farnezi & Leite (2007),
Bouazza et al. (2007) and Katsumi ef al. (2008). These au-
thors have used modified Atterberg limits and/or free
swelling tests for evaluating compatibility, finding a reduc-
tion in the plasticity as well as in the swelling potential of
the clays, particularly when saline solutions and concen-
trated organic solutions with low dielectric constant were
percolated. They have also concluded that the liquid limit
was more sensitive than the plastic limit, and divalent ions
had preference over monovalent ions. Most of these con-
clusions were consistent with the expected effect of the re-
duction in the double-layer thickness of clay particules, as
pointed out by Mitchell (1993).
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Direct studies, in turn, evaluate the changes induced
by the contaminant liquids in properties that will be directly
involved in the barrier performance. They certainly provide
a more realistic scenario of what the barrier will face in the
field, as pointed out by Budhu ez al. (1990), Shackelford
(1994), Shackelford et al. (2000) & Kinsela ef al. (2010).
Nevertheless, percolating soil with chemical solutions is
not always feasible, since the laboratory testing apparatus
must resist corrosion and other possible damage caused by
the chemicals from the contaminant solutions. As most of
the ordinary equipment found in conventional geotechnical
laboratories may not support these solutions, direct perco-
lation sometimes is restricted.

Interesting reports on the direct percolation of chemi-
cal solutions on clayey soil samples can be found in Stewart
et al. (2003), Sunil er al. (2006 & 2009), Nayak et al.
(2007), Katsumi et al. (2008) and Kinsela et al. (2010).
Those papers have demonstrated that organic and salty so-
lutions, as well as actual and synthetic leachates have re-
duced the plasticity and increased the hydraulic conductiv-
ity of the studied soil samples.

Morandini & Leite (2015a,b) describe the modifica-
tions imposed to tropical soils, a result of the bentonite ad-
dition, in terms of hydraulic conductivity and shear
strength, respectively. The studied soil samples were late-
ritic, transitional and non-lateritic specimens of tropical
soils according to the MCT-M system (Vertamatti, 1998),
using bentonite proportions of 0, 3, 6, 9 and 12% (dry
weight basis) to compose mixtures. Laboratory works have
included: 1) mineralogical, geotechnical and chemical cha-
racterization; 2) estimation of hydraulic conductivity (flex-
ible-wall permeameter); 3) shear strength and 4) direct and
indirect compatibility. The findings of the items 1 through 3
have been described by Morandini & Leite (2015a,b),
while compatibility (item 4) is treated in the present paper.

So, direct and indirect compatibility studies were per-
formed using the following chemical solutions: calcium
chloride (CaCl,), nitric acid (HNO,), sodium hydroxide
(NaOH), ethanol (C,H,OH) and tap water. As a summary,
the research objectives of this specific study were: (1) com-
parison between direct and indirect methods for compati-
bility evaluation; (2) assessment of the influence of the
bentonite content on the compatibility of tropical soil sam-
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ples; (3) investigation of the influence of the laterization
degree on the compatibility and (4) evaluation of theoreti-
cal equations to predict the compatibility of these samples
through back analysis.

2. Theorectical Propositions

As mentioned before, in spite of the variety of the
pedological orders of the tropical soils showed on Table 1,
their mineralogical composition is dominated by quartz,
kaolinite and Fe-Al-Mn oxides/hydroxides. The concentra-
tion of oxides/hydroxides can be part of the parental rock
heritage, but it is also related to the stage of the weathering
process (mainly hydrolysis) and pedological evolution.

In terms of electrical charges, the clay fraction of
tropical soils is a mix of permanent charged minerals
mainly provided by the kaolinite clay, with variable
charged solids, such as Fe-Al-Mn oxide/hydroxide (Yong
et al., 1992 and Yu, 1997). Most of the permanent charges
of the kaolinite are negative and result from isomorphic
substitution and lattice breaking at the mineral genesis
(Yong et al., 1992). The variable charges, in turn, are re-
lated to the specific sorption of the radicals H" and OH
from the water molecule breaking, mainly controlled by
the pH conditions of the soil solution (Grim, 1968 and Yu,
1997).

The constant charge density (c,) at the midpoint dis-
tance between two clay particles on the clay-electrolyte
system can be modeled by Eq. 1 (Mitchell, 1993), where c,,
is the ionic concentration (ions/m’), z, the ionic valence, e
the electric charge (1.602 x 10” Coulomb), v the electric
potential, k the Boltzmann constant (1.38 x 10% JK™") and T
the absolute temperature (in Kelvins). Equation 1 is usually
referred as the Guy-Chapman model (Mitchell, 1993) and
can be used also on the estimation of variable charge den-
sity of variable charge soils (,), but in this case the electric
potential (y) is constant (Yu, 1997).

As pointed out by Mitchell (1993), two equations
were used to compose Eq. 1: (1) the potential function (y,),
expressed by Eq. 2, being x a dimensional quantity equiva-
lent to 1 A, e the electronic charge, and (2) (1/A) the dis-
tance function which is related to the electric permissivity
(e), as can be seen in Eq. 3.

o
G, =+[Bc,oekT sinh Zz;fT )

o
g, =4¢
kT

@)

1 2cyz/€’ 3)
N ekT
The quantity A expresses the physical space of the
gravity centroid between two charged particles and repre-
sents the ionic double layer thickness, which can be calcu-
lated using Eq. 4, where e, is the vacuum permissivity
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(8.85x 10 C’T'm") and D is the dielectric constant of the
pore solution.

e,DkT
M2 @
0%

Equations 1 through 4 show that the compatibility of
clay can be influenced by the differences in the chemical
composition of the pore solution, since the ionic double
layer thickness and the plasticity and hydraulic properties
of the soils are closely related.

The ionic double layer thickness is estimated using
the ionic strength (7 = 0.5%Zcz,’) and the dielectric constant
(D) of the pore solution for constant temperature conditions
(Bouazza et al., 2007 and Katsumi et al., 2008). Therefore,
a theoretical compatibility index (R_,) was formulated to
estimate the compatibility of pure bentonite samples by the
correlation of the water ionic strength (/) and dielectric
constant (D)) to the pore solution parameters (/, and D)), as
presented in Eq. 5. When the R, is one, full compatibility
exists of the pore solution relative to water, while R, values
smaller or greater than one indicate incompatibility.

1,D
Ry = |2 Q)
< quDw

As suggested by Bolt (1955), 1,=0.25 M for pure so-
dium bentonite clay; in turn, I, can be estimated by the geo-
metric mean between the ionic strength of the water (/) and
pore solution (/,), multiplied by the cation activity (o), as
presented in Eq. 6 (Langmuir, 1997).

1,, =+Jal,l, (©6)

As mentioned before, calcium chloride (CaCl,)) 1 M
and ethanol (C,H,OH) solutions were used in the indirect
and direct compatibility tests of this research, so the R, val-
ues for these solutions were estimated as follows.

Considering the CaCl, 1 M solution: I, = 2.0 M;
o, = 0.293; o, = 0.734, which leads to I, = 0.607 and
R, = 0.64. For the ethanol solution, the dielectric constant
(D) is 24.3, resulting in R, = 0.55. In these cases, the theo-
retical compatibility for both solutions is smaller than one,
which indicates loss of plasticity, being the ethanol solution
more “incompatible” to the bentonite sample than the CaCl,
1 M solution.

Since the premises adopted for calculating the R, by
Eq. 5 cannot be directly applied to the mixtures (bentonite +
tropical soil), an expedite model (R,,) was formulated us-
ing the proportion of bentonite clay (%B) of the mixture
and also its natural clay content, which is almost exclu-
sively composed of kaolinite. As this last clay presents an
interlayer expansion length in the order of 7 to 12 A, while
for the bentonite it is 80 A, it is reasonable to think that the
effect of any pore solution to the kaolinite clay is only 15%
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(12 A/80 A) compared to the bentonite, as presented by
Eq. 7.

3. Materials and Methods

3.1. Summary of the sample properties

The bentonite clay used in the tests is commercially
available in Brazil with the denomination Brasgel PA®. The
soil samples of lateritic, transitional and non-lateritic be-
havior, according to the abacus of Vertamatti (1998), were
collected in the vicinities of Ouro Preto, state of Minas
Gerais, Brazil.

Mixtures using these soils and the commercial ben-
tonite were manually composed. The sampling locations
and preparation, as well as the mixing and characterization
methods and results are fully reported by Morandini &
Leite (2015a). Table 2 presents only the sample designa-
tions, including the bentonite proportions of the mixtures
(dry weight basis), and Table 3 reprints a summary of the
geotechnical and physicochemical properties as presented
by Morandini & Leite (2015a).

3.2. Indirect compatibility tests

Modified plastic (®,) and liquid (o, ) limits were de-
termined in the laboratory using the solutions and concen-
trations described next, as they represent the classes of
organic and inorganic liquids miscible in water presented
by Shackelford (1994). The test procedures followed the
Brazilian standards NBR 6459 (ABNT, 2016) for the laterr
and NBR 7180 (ABNT, 2016) for the former. Special care
was taken for handling these solutions because of their ag-
gressive nature.

e Water: tap water

¢ Salt: CaCl, at the concentration of 1 M (ionic strength =2
M =40.1 mg/L),

* Organic: Ethanol (C,H,OH), PA (dielectric constant =
24.3)

* Acid: HNO, diluted to pH =3

* Base: NaOH diluted to pH =11

Besides measuring & in the laboratory with different
permeation fluids, this parameter was also estimated theo-
retically (k,,) through the proposition of Morandini & Leite
(2015a) shown in Eq. 10. Itis a variation of the well-known

Kozeny-Carman (KC) equation that includes the
mesoplastic point (MP), the C,. coefficient (a shape factor
related to the geometry of the soil pores); y/u, respectively
for the unit weight and dynamic viscosity of the percolating
fluid; e the soil void ratio and a and b, the linearization pa-
rameters for these soil samples as referred in Morandini &
Leite (2015a). The characteristic equations that resulted
from Eq. 10 are described by the equations 11, 12 and 13 for
the samples SL, ST and SN, respectively.

k, =C o ————aMP’ (10)
p, l+e
Y e’ 4 —4.48

ky, ZCKC;1+68.32><10 MP (11
Y e’ 2 -7.56

ky =C e ;1+82.95><10 MP (12)
Y e’ 1 -7.26

ky =C g ——468x10° MP (13)

pl+e

3.3. Direct compatibility tests

3.3.1. Sample preparation

Compacted soil specimens of the mixtures were pre-
pared under Normal Proctor energy at 2% wet of optimum
moisture content using the tested chemical solutions and
tap water. These compaction effort and moisture content
are ordinary for landfill liner construction in Brazil and
many other countries. The specimens were 5 cm in diame-
ter and 10 cm high. Their bentonite content (dry weight ba-
sis) was chosen according to the criterion that they must
show a minimum k-value of 5 x 10° cm/s under an effective
confining stress of 40 kPa. This k-value meets most of the
international standards for barrier design (Koch, 2002), and
the confining stress of 40 kPa is ordinary for municipal
solid waste landfills. So, according to Fig. 1, the propor-
tions that meet these criterion on a dry weight basis, called
here as “optimum bentonite content”, were: SL, = 9%;
ST, =4% and SN, =2%.

Table 2 - Sample designation and bentonite proportions (dry weight basis).

Lateritic samples

Transitional samples

Non-lateritic samples

Designation Bentonite (%) Designation Bentonite (%) Designation Bentonite (%)
SL 0.0 ST 0.0 SN 0.0
SLO03 3.0 STO3 3.0 SNO03 3.0
SLO06 6.0 STO6 6.0 SNO06 6.0
SL09 9.0 ST09 9.0 SN09 9.0
SL12 12.0 ST12 12.0 SN12 12.0

348

Soils and Rocks, Sdo Paulo, 41(3): 345-357, September-December, 2018.



On the Compatibility and Theoretical Equations for Mixtures of Tropical Soils and Bentonite for Barrier Purposes

‘PR ION - UN

6'SLL  9€6l L8SI Lvel  S06 €19 €I8T €L61 9SGkl €501  8€S ¢€ccl +00I  €9L v8F TST (8/,w) °§ - 20v}ISS S1J102dS

€1 SgT TOT  8L0  vYO0 800  L60 L8O 890 €0 SO0  ¥80  L90 SO 8T0 600 (wo/Sw) puod [

SI'T-  S81-  L¥I- STI- T90- +T0- €91- LST- 991- TSI~ 900 980~ 600 8TO- STO 180 Hdv

LL'S  6£9 009 €S €0S  09v  €€L  90L 89  v6'S 1TS  €6L  ¥SL 989  ¥r9  91'9  (IDM) DY uonnjos:qios ¢zi] e H

W66 VT8 LvL 899  S9S  p8v 968 €98  vT8  9LL  SI'S  6L8 €08  PIL 619  S€S (OH)A OH uonnos:qios ¢°z:] & H

66 8¥C  €0T 091 9Tl 6L 09 €Sz 981  S¢€l 69 LSI 671 86 79 9'¢  (Sypowd) Kyoededs s3uryoxa uone)

N« €96 ST6 €06 T68  I'L8  ¥I6 L68 888 868 ¥88 988  8€8  OLL SOL 019 (%) "M ye UOnEINES

AN« 1'ST v¥T 96T € Tl 8¥C O0¥c €€ STe  SIT I6l  SLI T SHl ST (%) "m

AN 8T 65T 09T 19T 29T 6ST 09T 29T 99T ¢9T  9LT 8T 6.1 IS8T T8I (wo/3) ™d

uonoedwods 103001d [eWION

0S9 10T €LT 66T OI'T 890 SO€ 6I'c €91 8T  #S0 61  SST  II'T  IL0  S€0 (uoydurays) Amanoy

HO HD HD HD HD HAN HD HOD HO HD HAN HD HOD HOD 1 10 uoneILISSEId SOSN

0 z € z € € I I I I I 0 I 0 I I [oA®ID

0 9 9 9 6 01 9 9 9 9 S L S v € € pues 3s120)

0 1 L1 61 61 81 T T 9z LT 8 Ll Sl S1 S 91 pues wnIpajy

0 0z 61 07 0T €T 61 81 L1 L1 9¢ 8T 67 e e s¢ pues duL]

6 a 11 11 11 01 8 6 6 01 6 L1 0z L1 81 91 s

16 9 44 w 8¢ 9¢ w It It 6€ It 1€ 0€ 0€ 67 6T Ke1d

(%) 9z1s ure1n

YT TLT  €LT  vLT  SLT 9LT  6LT 08T 8T €8T  ¥8T  ¥8T 98T 88T 68T 06T (;wo/3) 'd sprjos jo Aysuaq

L8€ 06 6L L9 S¢S 44 6 L 29 €S It LS 6 oy 43 L1 (%) d ytod onserdosajy

768 6 9L 6S w S 74| 06 L9 0S (44 09 Ly €€ K4 I (%) 1d xaput Kyonse|d

16 44 or LE e 1€ 8T LT 6C 8T 0€ LT 9z €z 1T al (%) “® yrup onserq

€89  9¢l  LII 96 9L 96 961 LII 96 8L zs L8 L LS w €z (%) " ] pmbry
INAd CINS 60NS O9ONS €ONS NS TILS 60LS 90LS €0LS LS TITS 601S 901S  €071S 18

Jrduieg Kadoig

"(BG10T 919 29 1uIpueIojy woij pajuridoy) sojdures oy jo sentedoid [eoruayooorsAyd pue [eo1uyd9)03 9y Jo Arewrwuns - € d[qe],

349

Soils and Rocks, Sao Paulo, 41(3): 345-357, September-December, 2018.



Morandini & Leite
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Figure 1 - Bentonite content necessary to achieve a hydraulic conductivity of 5 x 10° cm/s under a confining stress of 40 kPa, called “op-
timum bentonite content”: (a) SL, sample; (b) ST, sample and (c) SN, sample (Morandini & Leite, 2015a).

3.3.2. Inert permeability cells

Flexible wall permeability tests under constant head
conditions were applied to determine the k, and k. of the
samples. Usually these cells are an adaptation from the con-
ventional triaxial cells, that usually have many metallic
parts vulnerable to corrosion when chemical solutions are
percolated. To avoid corrosion, two “inert” triaxial cells
were designed using only plastic materials, one for perme-
ability determination and the other as a solution reservoir
(Fig. 2). The parts of this new equipment are described
next:

* Not welded walls made of acrylic (polymethyl-metha-
crylate);

» Base and top made of high density nylon;

* 0.5” low density polyethylene tubes;

* Stainless steel connections.

3.3.3. Test conditions

The schematic of the test apparatus used in soil perco-
lation is depicted in Fig. 3. Pressure application systems
were installed at the base (p,) and over the top (p,) of the soil
specimens, along with the confining pressure system (c,).
A transducer for pore pressure (1) monitoring and an elec-

(b)

Figure 2 - Inert triaxial chambers: (a) triaxial chamber and (b) so-
lution reservoir.
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tronic gage for flow measurement were also coupled to the
triaxial cell.

The test method followed the recommendations of
Head (1986) and Morandini & Leite (2013), including
backpressure saturation and pre-consolidation of the sam-
ples using the chemical solutions and tap water as perme-
ation fluid. The backpressure saturation was limited to
300 kPa and full saturation was considered when the
Skempton B parameter reached a minimum of 0.94. In turn,
pre-consolidation was induced by applying a total confin-
ing stress (o,) of 323 kPa, leading to a constant effective
confining stress (’,) of 40 kPa, used for pre-consolidation
was well as for percolation.

Once these procedures were terminated, percolation
was imposed to the soil specimens by the application of a p,
of 300 kPa, while p, was kept constant at 250 kPa. These
conditions have produced a porepressure (u) of 283 kPa, a
hydraulic head of 50 kPa and a hydraulic gradient (7) in the
order of 50. So, k values were determined using Darcy’s
Law under constant head conditions.

Some aspects of these tests must be highlighted, as
pointed out in Morandini & Leite (2013): (1) because of op-

V7777777777774

N g E
g || 2 ] 5}
|| g PN | 2
a2l o 7
oll 3 o =
Ell 2 5 ||z
7] 15} . =] n
7] = : N < 9]
8 (=3 - = =
—_— . 5 o on o
& ° o =2 v
= EURAESN = o
S @] §°‘3 S
2 27 s

(=}

>

C

B N

Pore pressure transducer

Figure 3 - Schematic of the apparatus used in the percolation tests
(Reprinted from Morandini & Leite, 2013).
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erational reasons, including difficulties in soil compaction,
moulding, saturation and consolidation, the hydraulic con-
ductivity of the pure bentonite samples was not measured;
(2) the rule o, > p, > p, has been complied with t avoid soil
liquefaction induced by excessive pore pressure increase;
(3) the reported k, and k, values are the arithmetic average
of 3 measures.

4. Results and Discussion

4.1. Indirect compatibility

Some of the bentonite properties are presented in Ta-
ble 4, including the conventional and modified Atterberg
limits, the mesoplastic point (MP), the indirect compatibil-
ity index (R,) and the bentonite theoretical compatibility in-
dex (R_,). As the pH variation induced by the acid and
alkaline solutions was not incorporated into the compatibil-
ity model of Eq. 7, the R, was not calculated for the HNO,
and NaOH solutions.

It is clear from Table 4 that the ethanol (C,H,OH) and
calcium chloride (CaCl,) solutions had the major influence
on the plasticity of the bentonite sample relative to the other
solutions, as demonstrated by the variation of the R.and R,
values. It must be also pointed out the similarity between
the theoretical compatibility index (R,) and the laboratory
mesoplastic-point-based compatibility index (R ) for these
last solutions.

As can be seen in Fig. 4, the influence of the solutions
on the bentonite properties was more accentuated for the

Table 4 - Bentonite properties.

—a—Plastic limit (®,%)  ——Mesoplastic point (MP%)

800 —a—Plastic Index (PI%) —e—Liquid limit (w;%)
700
600
500
X 400
300 \\'/’\"
200
100 ey — "=
Water CaCl, C,Hs;OH HNO; NaOH
Solutions

Figure 4 - Bentonite properties with different chemical solutions.

liquid limit compared to the plastic limit, which has re-
flected also in the shape of the PI and MP curves. This re-
sult was consistent with the literature, as mentioned in the
Introduction section.

Table 5 and Fig. 5 present the conventional and modi-
fied Atterberg limits as well as the R, values for the tropical
soilsamples and their mixtures.

Figure 5 illustrates that the use of water as the mold-
ing fluid for the natural soilsamples (SL, ST and SN)
resulted in a small variation between the modified and con-
ventional Atterberg limits, so it is concluded that the ben-
tonite clay content was the main responsible for the in-
crease in their incompatibility.

Figure 6 depicts the relation R, vs. bentonite content
of the soil samples and some excerpts of these diagrams are

Properties Chemical solutions
Water CaCl, C,H.OH HNO, NaOH

Liquid limit (®,)(%) 683 447 391 715 620
Plastic limit (w,) (%) 91 63 52 103 83
Plasticity Index (PI) (%) 592 384 340 612 537
Mesoplastic Point (MP) (%) 387 255 221 409 352
Indirect compatibility Index (R,) 1.00 0.66 0.57 1.06 0.91
Theoretical compatibility Index (R_,) 1.00 0.64 0.55 - -

Table 5 - Conventional and modified Atterberg limits for the tropical soils and their mixtures with bentonite.

Solution Soil samples
SL SLO3 SLO06 SL09 SL12 ST ST03 ST06 ST09 STI2 SN SNO3 SNO6 SNO9 SNI2
o, (%)

Water 23 42 57 72 87 52 78 96 117 156 56 76 96 117 136
Ca(Cl, 22 39 53 66 80 51 75 90 107 137 55 74 89 106 120
C,H,OH 21 38 52 65 77 50 74 89 105 134 54 73 88 104 118
HNO, 22 42 56 74 88 52 79 96 118 158 56 75 95 108 138
NaOH 22 41 55 69 83 51 76 94 113 150 55 75 93 114 130

Soils and Rocks, Sao Paulo, 41(3): 345-357, September-December, 2018.
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Table 5 - cont.

Solution Soil samples
SL  SL03 SLO06 SL09 SL12 ST ST03 ST06 ST09 STI12 SN SNO3 SNO6 SNO09 SNI2
o, (%)
Water 12 21 23 26 27 30 28 29 27 28 31 34 37 40 44
Ca(Cl, 11 21 22 24 25 29 27 27 25 24 30 33 35 36 39
C,H,OH 12 20 21 23 24 29 26 27 25 24 30 33 34 36 38
HNO, 12 21 23 26 28 29 28 29 28 29 32 34 37 41 45
NaOH 12 21 23 25 26 29 27 28 28 26 31 34 36 39 42
PI (%)
Water 11 21 33 47 60 22 50 67 90 128 25 42 59 76 92
Ca(Cl, 12 19 31 43 55 22 48 63 82 113 24 41 55 70 81
C,H,OH 9 18 31 42 53 21 47 62 80 110 24 40 54 68 80
HNO, 11 21 33 47 61 23 51 67 91 129 24 41 58 67 93
NaOH 11 20 32 44 57 22 49 66 86 124 24 41 57 75 88
Water 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
CaCl, 095 095 093 092 091 098 09 094 092 088 097 097 097 091 088
C,H,OH 093 092 091 09 08 097 095 093 09 086 097 097 09 0.89 0.87
HNO, 098 1.00 09 102 101 09 1.01 101 102 1.01 101 101 098 095 1.02
NaOH 097 099 097 096 095 099 098 098 097 09 099 099 098 097 0.96

worth mentioning: (1) the addition of bentonite has led to
an increase in the incompatibility of the soil samples de-
noted by the linear decrease of the R, values, which corrob-
orates the above analysis of Fig. 5; (2) a decrease in the R,
value indicates loss of plasticity relative to water, which
was the case presented by the ethanol, calcium chloride and
sodium hydroxide solutions; (3) the acidic solution resulted
in a slight increase in the plasticity for the SL and ST sam-
ples, while it was oscillatory for the SN mixtures; (4) of all
natural soil samples (without any bentonite addition), the
SL sample had the greatest incompatibility denoted by the
lowest R, values along the ordinate axis; (5) in spite of the
variability of the R_values of the natural soils (0% of ben-
tonite), as shown in Fig. 6(a), the similarity among all dia-
grams indicates that the laterization stage had little influ-
ence on the general compatibility.

Satisfactory correlations between laboratory R,
(Eq. 8) and theoretical R, (Eq. 7) for ethanol and calcium
chloride solutions can be observed in Fig. 7, since differ-
ences of no more than 4% between these two variables were
found. It is also observed that the best fit was reached for
the SL sample (Figs. 7a and 7b).

In general terms, the R, values for all soil samples and
chemical solutions are in the range from 0.93 to 1.01, mean-
ing more compatibility for these samples when compared
with the pure bentonite clay values, whose values varied
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from 0.57 (C,H,OH), 0.66 (CaCl,), 0.91 (NaOH) to 1.06
(HNO,).

The influence of the weathering stage of the natural
soil samples on the compatibility was analyzed by plotting
the weathering index K, vs. R_(Fig. 8). K, is defined as 1.7 x
Si0,/ALO, (IBGE, 2005), so a small K, value refers to ad-
vanced weathering and vice versa. The K, = 2.0 of the
kaolinite clays is taken as a reference.

The K, index values for the samples SL, ST and SN
are respectively 1.72, 2.36 and 3.08 (Morandini & Leite,
2015a), and no clear dependence of the R_on K, is observed
since the curves for ST and SN are very similar.

4.2. Direct compatibility

The laboratory hydraulic conductivity (k) and the rel-
ative hydraulic conductivity measured with chemical solu-
tions (k,) for the samples compacted at the “optimum ben-
tonite content” are presented on Table 6. Itis clear from this
table that the permeation with the other chemical solutions
increased k relative to water, as confirmed by their k, values
greater than one. An exception is made for the lateritic soil
(SL,,, sample), since its permeation with HNO, slightly re-
duced £ relative to water (k, < 1 = 0.87).

The k. values from Table 6 denote a significant in-
crease (from 2.3 to 6.1) in k when the ethanol solution was
permeated. Daniel & Liljestrand (1984), Fernandez & Qui-
gley (1985), Daniel et al. (1993) and Shackelford (1994)

Soils and Rocks, Sdo Paulo, 41(3): 345-357, September-December, 2018.
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Figure 5 - Liquid limit (®,) and plastic limit (®,) for the tropical soils and their mixtures using water and other chemical solutions.
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Figure 6 - R, vs. bentonite content: (a) SL sample and its mixtures; (b) ST sample and its mixtures (c) SN sample and its mixtures.

also reported on the increase of k for different clays due to
contact and percolation with organic solutions of low di-
electric constant, as is the case of the ethanol PA reagent
(24.3) used in this research.

A simple comparison between k, values from Table 6
(direct compatibility) and R, values from Table 5 and Fig. 5
(indirect compatibility) reveals the same order of incom-
patibility for all the samples and solutions, as follows:

Soils and Rocks, Sao Paulo, 41(3): 345-357, September-December, 2018.

C,H,OH > CaCl, > NaOH > HNO, This fact increases the
perspective of using the modified Atterberg limits as a pre-
liminary tool for evaluating the compatibility of soils for
barrier purposes.

Table 7 summarizes the soil parameters used estimate
k,, values according to Eq. 11. A value C,.=0.2 was applied
as suggested by Chapuis & Albertin (2003) when dealing
with clayey soils. Table 8 presents the mesoplastic point
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(MP) values, the fluid parameters (y/p) and the resultant k,,.
These MP values were calculated from Eqgs. 5 through 7 for
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Figure 7 - Correlation between the R_and R ,, values: (a) SL sample/CaCl,; (b) SL sample/C,H,OH ; (c) ST sample/CaCl,; (d) ST sam-

ple/C,H,OH; (e) SN sample/CaCl, and (f) SN sample/C,H,OH.
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Figure 8 - Weathering index K vs. R, for all the natural soil samples and chemical solutions.
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Table 6 - Hydraulic conductivity (k) and relative hydraulic conductivity (k,) for the “optimum bentonite content” samples with different

solutions.
Sample Chemical solutions

Water (k) CaCl, (k) C,H.OH (k) HNO, (k) NaOH (k)
SL,, 6.3x 10° cm/s (1.00)  1.1x 10" em/s (1.74) 3.8 x 107 cm/s (6.10)  5.5x 10° cm/s (0.87) 7.5 x 10® cm/s (1.19)
ST, 6.3 x 10°cm/s (1.00) 1.0 x 107 cm/s (1.61)  3.5x 107 cm/s (5.60) 6.4 x 10° cm/s (1.01) 8.2 x 10° cm/s (1.31)
SN, 59x 10%cm/s (1.00)  8.4x 10° cm/s (1.43)  1.4x 107 cm/s (2.34)  7.5x 10° em/s (1.27) 8.1 x 10° cmi/s (1.37)

The correlation between the k measured in the
laboratory and the theoretical k,, from Table 8 is de-
picted in Fig. 9(a) as function of the soil samples, and
9(b) as a function of the chemical solutions. Good fits

Table 7 - Soil parameters used to estimate k,,.

were observed for all samples and solutions, exception
made for the SN, sample (pointed in Fig. 9a) and the
C,H,OH solution (see Fig. 9b), whose measured &k is
smaller than k,, but remaining in the same order of
magnitude.

If the theoretical propositions presented here are di-
rectly connected to the double layer theory in which ben-

Soil sample e a b Cyc tonite clay is clearly inserted, it is reasonable to think that
SL, 0.608 0.00083 -4.48 0.2 the k,, values estimated for the mixtures with greater ben-
ST, 0735 29512092  -756 02 tonite content should give better fit to the models, as was

the case of the samples SL (9%) and ST (4%) compared
SN 0.665 46.77351 -7.26 0.2

oT

to the sample SN, (2%).

Table 8 - Solution parameters, mesoplastic point (MP) and the resultant k,, values.

Solutions
Water CaCl, C,H,OH HNO, NaOH
y/u (cm’'s™") 99300 99300 402165 99300 99300
Sample MP (%)
SL,, 49.0 45.1 439 50.0 46.8
ST, 55.8 53.4 52.7 56.4 54.9
SN,; 51.4 49.9 49.5 50.9 50.7
Sample k, (cms™)
SL,, 6.21E-08 9.01E-08 4.12E-07 5.65E-08 7.60E-08
ST, 8.34E-08 1.17E-07 5.24E-07 7.76E-08 9.51E-08
SN, 6.19E-08 7.76E-08 3.32E-07 6.67E-08 6.90E-08
kyy (cm/s) kyr (cm/s)
10°¢ 107 108 10°¢ 107 108
10 107
‘Water
SLor = CaCl,
= uSTop 4 4 C,H;0H
o A SNop —~ x HNO;
A A - NaOH
E 10_7 Q E 10-7 ® Na
= N =
(a) (®)
108 108

Figure 9 - (a) Laboratory k vs. theoretical k,, for the “optimum bentonite content” samples; (b) Laboratory k vs. k,, as a function of the
chemical solutions.
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5. Conclusions

Four research objectives were stated in the Introduc-
tion section, and the next conclusions will be presented in
the same order, as follows:

(1) “A comparison between laboratory direct and indirect
methods for compatibility evaluation”. The incompat-
ibility order was the same for both direct and indirect
methods, considering all solutions and soil samples:
C,H,OH > CaCl, > NaOH > HNO,. This fact corrobo-
rates the perspective of using indirect methods as a
preliminary tool for comparing different candidate
soils for barrier purposes from a qualitative point of
view. Small laboratory effort is needed for this last ap-
proach.

(2) “An assessment of the influence of the bentonite content
on the compatibility of tropical soil samples”. It was
demonstrated by Figs. 5 and 6 that the bentonite con-
tent had major influence on the decrease of the com-
patibility of the tropical soils for all solutions. How-
ever, exception made for the ethanol PA reagent, the
compatibility indeces R_and k, close to 1 demonstrate
that small proportions of bentonite, up to 12% (dry
weight basis) as in this research, do not affect the soil
so much.

(3) “Aninvestigation of the influence of the laterization de-
gree on the compatibility”. Figure 8 demonstrates that
the weathering stage (laterization degree) of the tropi-
cal soil samples had minor influence on the compati-
bility results.

(4) “An evaluation of theoretical equations to predict the
compatibility of these samples through back analy-
sis”. In general terms, good predictions were obtained
both for direct or indirect methods relative to the labo-
ratory tests results. For indirect compatibility, these
comparisons were presented in Table 4 for the benton-
ite sample and in Fig. 7 for the natural soil samples and
mixtures considering the ethanol and calcium chloride
solutions. In turn, direct compatibility comparisons
were presented on Fig. 9 for all soil samples and solu-
tions.

The issues to be addressed in future research must in-
volve the use of other tropical soil samples comprising the
many pedological taxonomies of Table 1, as well as the use
of real liquids from actual disposal sites. Additionally, as
the results of the present research were obtained by means
of an “instantaneous” contact of the soil with the contami-
nant solutions, a long term analysis is suggested to evaluate
possible changes on the composition and/or mechanical be-
havior of the compacted tropical soils.
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The Performance of a Sand Reinforced with Coconut Fibers
Through Plate Load Tests on a True Scale Physical Model

J.M.G. Sotomayor, M.D.T. Casagrande

Abstract. The use of recycled materials has experienced a growing global interest in the last decades. Products like natural
fibers are being studied to replace synthetic fibers in some applications because they are renewable resources that have a
lower cost. Fibers can be used as reinforcement for covers of landfill sites, landfilling over soft soils, and
evapotranspiration covers. The use of coconut fibers represent an opportunity to reduce the environmental issue waste of
this fruit in tropical countries. The main objective of this research is to evaluate the load-settlement behavior of
non-reinforced and reinforced sand with coconut fibers using either a random or a layered distribution. In that sense, plate
load tests with both non-reinforced and reinforced sand were performed fixing the moisture content and percentage of
fibers for all tests. The results show that the greatest settlement reduction is obtained with layered distribution. Conversely,
random distribution provides more ductility and, consequently, the mixture can resist a highest load than layered

distribution.

Keywords: coconut fiber, layered distribution, plate load test, random distribution.

1. Introduction

In the literature, one of the firsts investigations about
the influence of root reinforcement on soil strength has
been conducted by Endo & Tsuruta (1969) who showed
that the shear strength of soil with tree root system could be
expressed by the same forms as Coulomb law. The growing
interest led researchers to study the effect of discrete fibers
on soil shear strength. In that sense, researchers as Gray &
Ohashi (1983) began to develop models based on force
equilibrium to correctly predict the influence of various
soil-fiber parameters. The better characteristics of synthetic
fibers than natural fibers attracted the attention of research-
ers. Studies carried out on reinforced soil with synthetic fi-
bers have demonstrated that the principal parameters on the
shear strength are soil particle size and shape (Maher &
Gray, 1990; Al-Refeai, 1991; Sadek et al., 2010; Pino &
Baudet, 2015), sand relative density (Consoli et al., 2009a;
Sharma & Kumar, 2017), fiber orientation (Gray &
Al-Refeai, 1986; Michawloski & Cermak, 2002), fiber per-
centage and length (Maher & Ho, 1994; Yetimoglu &
Salbas, 2003; Consoli et al., 2007b; Li & Zornberg, 2012)
and fiber aspect ratio (Maher & Woods, 1990; Ranjan et al.,
1994; Chou et al., 2016). The understanding of the
soil-fiber mechanism has led researchers to study
ecofriendly materials as Tolédo Filho et al. (1997), Ahmad
et al. (2010) and Estabragh et al. (2013) developed studies
using natural fibers to reinforce silty sand, clays and mor-
tar, respectively. A review study about synthetic (PP, PE,
PET, Nylon, Glass, PVA; and steel) and natural (coir, sisal,

palm, jute, flax, straw, bamboo; and cane) fibers was
carried out by Hejazi et al. (2012) showing that, in all cases,
fibers help to reduce the brittleness of the composite soil.
The literature concludes that the use of natural-synthetic fi-
bers in geotechnical engineering is feasible in embank-
ments and road construction (Santoni et al., 2001; Tingle et
al.,2002; Chauhan et al., 2008), retaining walls (Arenicz &
Chowdhury, 1988; Park & Tan, 2005), earthquake engi-
neering (Leflaive, 1988; Amir-Faryar & Aggour, 2016),
slope protection (Zornberg, 2002; Bhardwaj & Mandal,
2008), and foundation engineering (Sharma & Kumar,
2017; Wasti & Biitiin, 1996).

The Brazilian Institute for Geography and Statistics
(IBGE) revealed that, in Brazil, the coconut production has
grown from 1,300,000 to 2,000,000 tons in ten years. Ac-
cording to the Brazilian Agricultural Research Corpora-
tion, the coconut shells represent between 80% and 85% of
weight of the fruit and about 70% of the waste generated in
Brazilian beaches, thus becoming a serious environmental
issue, particularly in tropical countries, however, the coco-
nut fiber applications are reduced to evapotranspiration
coverage. Researchers have shown interest in using coco-
nut fiber as concrete reinforcement (Majid et al., 2011;
Ramli er al., 2013), nevertheless few studies are carried out
for uses in soil reinforcement. The main objective of this re-
search is the applicability of coconut fibers as reinforce-
ment of soil embankments, soil foundation and other
engineering applications. A secondary objective is to com-
pare random with layered reinforcement distribution fixing
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the moisture content and percentage of fibers. Static and
dynamic plate load tests are often used for bearing capacity
evaluation of shallow foundations (Moraes et al., 2007). No
studies have used the plate load test to evaluate reinforced
soil with coconut fiber. This paper reports static plate load
test results under controlled conditions on non reinforced
and reinforced sand evaluating the load-settlement behav-
ior and compares a random with a layered reinforcement
distribution. The use of coconut fiber represents an oppor-
tunity to reduce the environmental issue of waste. One of
the study limitations is that there was no analysis of resis-
tance to fiber degradation, however, Hejazi et al. (2012)
showed that the high lignin content of coconut fibers makes
the degradation slower compared to other vegetable fibers.

2. Materials
2.1. Coconut fiber

Coconut fibers were collected by a partnership be-
tween the municipal company of urban cleaning and the de-
partment of public services conservation. The fibers were
received in sacks, subsequently going through shredding,
cleaning of all solid residues, manually cut, and stored into
bags (Fig. 1). The fiber average dimensions were 50 mm in
length and the content used was 0.5% by dry weight of soil.
Previous studies have demonstrated that a fiber content of
0.5% is an upper limit considering workability and homo-
geneity (Consoli et al., 2003a; Consoli et al., 2009b;
Consoli et al., 2007a; Anagnostopoulos et al., 2013).

2.2. Soil matrix

The Unified Soil Classification System (USCS) clas-
sifies the sand, obtained from the region of Santa Cruz in
southern Brazil, as non plastic poorly graded SP. The sand
has a mean diameter of 0.89 mm and non-uniformity and
curvature coefficients of 5.08 and 1.01, respectively. The
specific gravity of the solids was 2.642, the maximum and
minimum void ratios were 0.70 and 0.50, respectively. The
fines content was 2.2% with no organic matter. The layers

Figure 1 - Coconut fibers 50 mm in length.
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were compacted to a relative density of 50% because, in
practice, covers and landfill sites do not possess high com-
paction values. The moisture content was 10.0% and dry
unit weight 16.5 kN/m’.

3. Preparation of Layers

First was placed half of the sand into mixer of 20 L, a
bit of water was spread over the surface to avoid dust, fibers
were manually placed covering all surface, then the other
sand half was added. The mixer was turned on, while the
water was added to reach the moisture content calculated.
The fibers were added as a replacement of sand using Egs. 1
and 2.

W, =Vxy, (1)
W, =W, +W, =P, xW, +P, xW, )

where, W,, W, and are dry weight of reinforced layer, sand
and fibers, respectively; v, is dry unit weight of reinforced
layer; Vis the total volume of reinforced layer to be placed;
P, and P, are the percentages of sand and fibers in
reinforced layer, respectively.

In layered distribution did not mixture the sand with
the fiber, the fiber percentage was placed between each
layer of sand.

A wooden box, 1.4 m x 1.4 m in plan dimensions, and
1.5 m high was used as test box. The mixture thickness is
1.2 m which is equivalent to 4 times the plate diameter. The
test box was filled with 12 consecutive layers with a 0.1 m
thickness.

4. Equipment Setup

A load transmission/reaction system was developed
by the Materials and Structures Laboratory of Pontificia
Universidade Catdlica do Rio de Janeiro to conducted the
plate load test. It was built on a steel gantry with a 1000 kN
workload (Fig. 2). The load was applied by a hydraulic jack
with a 600 kN maximum load connected to a hand pump
and one load transducer with a 20 kN capacity was placed
below the jack. A circular steel plate with 0.3 m in diameter
and one inch in thickness was used. Displacement transduc-
ers TD1, TD2, and TD3 were radially placed over the plate
at every 120°. Transducers TD4 and TDS5 were placed off
the plate at 0.05-0.10 m distance in order to register the set-
tlements around the plate (Fig. 3). The displacement trans-
ducers were fixed to a reference beam and held by external
supports to ensure a stable reference. The main scale limita-
tion of the plate loading test is found in the dimensions of
the test box, which, although it was 4 times the diameter of
the plate in depth, did not support the greater range of
stresses permitted by the addition of fibers to the sand. This
large increase in deformation energy was not previously
considered in the determination of the dimensions of the
test box.

Soils and Rocks, Sdo Paulo, 41(3): 361-368, September-December, 2018.
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Figure 3 - Displacement transducers locations.

5. Results and Analyses

Non-reinforced sand was tested in order to determine
the material basic behavior. Sand was then reinforced with
randomly distributed fibers to observe the fiber influence
on the load-settlement behavior. Finally, reinforced sand
with layered distributed fibers was tested to compare the in-
fluence of fiber distribution layout, by maintaining the
same fiber content in each layer.

The tests ended when the plate presented rotations
over its axis. During test, sand becomes stiff beneath the
plate and does not allow larger settlements.

Soils and Rocks, Sao Paulo, 41(3): 361-368, September-December, 2018.

5.1. Load-settlement behavior

The non reinforced sand fails at the point where the
load-settlement relation changes its inclination; this point is
defined as bearing capacity of the foundation, g,. This
change occurs for random distribution in low settlements
while for the layered distribution in large settlements.

Most methods to estimate ¢, have been developed
based on the expression proposed by Terzaghi (1951). The
expression adapted for a plate load test on cohesionless
soils using a circular footing is defined as

4. =03yxBxN, 3)

where 7 is the sand unit weight; B is the plate diameter and
Ny is a bearing capacity factor which depends of the sand
friction angle, ¢. There are many methods to define Ny, the
lack of consensus in the methods being due to complexity
in obtaining g, by experimental tests. Sixty methods to
determine the bearing capacity factor Ny presented by
Diaz-Segura (2013), were used to calculate g, using the
Eq. 3. Triaxial tests with the non reinforced sand obtained
an angle of friction of 32.5°. Figures 4(a) and 4(b) show the
variation range of g, calculated, and the g, obtained in the
test, respectively. The physical model is validated by the
numerical methods because ¢, = 40 kPa is inside the values
range calculated (35-40 kPa).

Load-settlement curves in large deformations are pre-
sented in Fig. 5. Initially, non-reinforced sand shows a par-
abolic curve and then a linear tendency. This linearity is
typical of granular soils: the grains keep rearranging them-
selves, and therefore, the mass of soil does not have a
well-defined shear failure.

Normally, plate load tests on granular soils achieved a
proportionality between load and settlements, therefore, the
results in large deformations are compatible. The strain
hardening response shows the reinforced sand as more duc-
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Figure 4 - Bearing capacity of the non reinforced sand: (a) Numerical (b) Experimental.

tile. At the 400 kPa value there is an intersection between
the three curves: at this stress level the fibers have occupied
most of the void spaces increasing interaction with the sand
grains and activating the development of the fiber tensile
strength that produces the strain hardening behavior.

The reinforced (random distribution) and the non re-
inforced curves are almost parallel until 400 kPa: after the
reinforced curve shows a continuous stress increase, while
stress in non reinforced sand decreases. In this range, the
layered distributed reinforced curve presents a lower settle-
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Figure S - Load-settlement curves in large deformations.
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ment resistance than the non reinforced sand, however, af-
ter 400 kPa this distribution presents the best settlement re-
sistance.

Lateral movement of the grains is produced by the
stress transfer from plate to sand which affects the grains
stability. Fibers distributed in layers act as a restraint
against this movement (Fig. 6), however, generate a major
layer stiffness, consequently, the layered reinforcement test
endure a minor load than randomly reinforcement test.
Consoli ef al. (2003b) also observed a stiffer response due
to a combined effect between the continued increase in the
material strength at large deformations and the increase in
the horizontal stresses below the plate.

The transducers TD1 and TD2, in Figs. 7(a) and 7(b),
placed 0.05 and 0.10 m from the plate border showed that
non-reinforced sand has a vertical upward expansion while
in the reinforced case the sand is pulled down in the direc-
tion of the plate, this mechanism also having been observed

LOAD
FIBER DISTRIBUTED LATERAL SHEAR FLOW
IN LAYERS
SAND LAYER

= m==p ==b

SN o PSR EF PSS PSSP S S F PSP S L LSS
R PP P P P PP P P P PP P PP P P PP PP P PP P RS C P R

LATERAL RESTRAIN DUE TO FRICTION
AND GRAIN ARRANGEMENT

Figure 6 - Lateral restraining capability.
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by Consoli et al. (2009a). Fibers generate an additional
confinement effect around the sand grains, the restriction
for grains movement and the fiber capacity to work in ten-
sion reduces the sand dilative behavior. According to
Consoli et al. (2003b), fibers reduce the movement of sand
due to the transfer mechanism by the fiber-sand friction dis-
tributing the energy over a larger area.

The overall evaluation of the results shows that the fi-
ber addition initially restricts the natural rearrangement of
sand grains as the displacement increases to a certain limit.
Once this limit is reached, the grains have no direction to
move without strongly interacting with the randomly dis-
tributed fibers or the fibers distributed in layers, which start
to contribute to the displacement resistance as shown in the
Fig. 5.

5.2. Shear failure mechanism

Figure 8 shows the exhumation after the tests. The
change in the shear mechanism showed by the transducers
TD1 and TD2 was verified. Vesic (1975) explained that the
failure characterized by the vertical upward expansion pre-
sented by the non reinforced sand corresponds to local
shear failure. However, the reinforced cases presented a

(a)

punching shear failure. In Fig. 9 the maximum stress
reached in non reinforced sand was 770 kPa, while layered
and randomly reinforced sand reached 1200 and 1500 kPa,
respectively.

The size and shape of fissures indicate stress release,
if the sand does not have enough tenacity to keep absorbing
energy the affected area will be bigger. In non reinforced
sand, the Fig. 10(a) shows radial cracks appearing normal
to the circumference of the plate. The concentration of
stresses was dissipated from the layer base to the surface,
superficially cracks appeared perpendicular to the radial
crack trying to propagate in all directions. In the reinforced
cases, cracks were concentric with the plate and there were
no perpendicular cracks, therefore, fibers improve the sand
behavior avoiding the appearance of cracks.

6. Conclusions

The performance of a medium density compacted
sand reinforced with coconut fibers was studied through
plate load test in true scale with an equipment setup detailed
in this paper. The following conclusions were based in the
obtained results.

Figure 8 - Shear mechanism: (a) local shear (non-reinforced sand), (b) punching shear (randomly and layered reinforced sand).
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(a)

©

Figure 9 - Settlement: (a) non-reinforced (770 kPa), randomly reinforcement (1500 kPa), (c) layered reinforcement (1200 kPa).

(a)

In low stresses, fibers add voids around themselves
reducing the normal rearrangement of grains and the bear-
ing capacity. In large stresses, grains occupy the voids
around the fibers improving the fiber-sand interaction, co-
conut fibers activate the tensile resistance significantly im-
prove the load-settlement behavior and influence the
change of shear mechanism.

The non reinforced sand showed a vertical shear from
a bottom layer to surface, displaying a stress concentration
in the loading area, whereas the reinforced sand presented
shear failures that propagated off the loading area around
the plate, showing that the fibers distribute the stresses over
a larger area.

The membrane effect generated under the layered dis-
tribution got the higher settlement reduction due to restraint
of grains lateral movement, however, this stiffens the layer
and creates potential planes of weakness. This effect does
not happen with the random distribution.

It is recommended a combination to provide the ad-
vantages of each one. In superficial layers can be used the
random distribution to reduce the cracks while in the inter-
mediate layers can be used the layered distribution. The use
of recycled coconut fiber is an opportunity to reduce the en-
vironmental problem in tropical countries.

Acknowledgments

The authors manifest their acknowledgement to the
CNPq (Brazilian Council of Scientific Technological Re-
search) for the financial support, and to Municipal Govern-
ment of Rio de Janeiro for providing the fibers.

366

(©
Figure 10 - Cracks: (a) non-reinforced (770 kPa), (b) randomly reinforcement (1500 kPa), (c) layer reinforcement (1200 kPa).

References

Ahmad, F.; Bateni, F. & Azmi, M. (2010). Performance
evaluation of silty sand reinforced with fibres. Geo-
textiles and Geomembranes, 28(1):93-99.

Al-Refeai, T.O. (1991). Behavior of granular soils rein-
forced with discrete randomly oriented inclusions. Geo-
textiles and Geomembranes, 10(4):319-333.

Amir-Faryar, B. & Aggour, M.S. (2016). Effect of fibre in-
clusion on dynamic properties of clay. Geomechanics
and Geoengineering, 11(2):104-113.

Anagnostopoulos, C.A.; Papaliangas, T.T.; Konstantinidis,
D. & Patronis, C. (2013). Shear strength of sands rein-
forced with polypropylene fibers. Geotechnical and
Geological Engineering, 31(2):401-423.

Arenicz, R M. & Chowdhury, R.N. (1988). Laboratory in-
vestigation of earth walls simultaneously reinforced by
strips and random reinforcement. Geotechnical Testing
Journal, 11(4):241-247.

Bhardwaj, D.K. & Mandal, J.N. (2008). Study on poly-
propylene fiber reinforced fly ash slopes. Proc. 12th Int.
Conf. of Int. Assoc. for Comp. Meth. and Advan. in
Geomech. (IACMAG), Goa, India.

Chauhan, M.S.; Mittal, S. & Mohanty, B. (2008). Perfor-
mance evaluation of silty sand subgrade reinforced with
fly ash and fibre. Geotextiles and Geomembranes,
26(5):429-435.

Chou, J.S.; Yang, K.H. & Lin, J.Y. (2016). Peak shear
strength of discrete fiber-reinforced soils computed by
machine learning and metaensemble methods. Journal
of Computing in Civil Engineering, 30(6):04016036.

Soils and Rocks, Sdo Paulo, 41(3): 361-368, September-December, 2018.



The Performance of a Sand Reinforced with Coconut Fibers Through Plate Load Tests on a True Scale Physical Model

Consoli, N.C.; Vendruscolo, M.A. & Prietto, P.D.M.
(2003a). Behavior of plate load tests on soil layers im-
proved with cement and fiber. Journal of Geotechnical
and Goenvironmental Engineering, 129(1):96-101.

Consoli, N.C.; Casagrande, M.D.T.; Prietto, P.D. & Tho-
mé, A.N. (2003b). Plate load test on fiber-reinforced
soil. Journal of Geotechnical and Geoenvironmental
Engineering, 129(10):951-955.

Consoli, N.C.; Casagrande, M.D.T. & Coop, M.R. (2007a).
Performance of a fibre-reinforced sand at large shear
strains. Géotechnique, 57(9):751-756.

Consoli, N.C.; Heineck, K.S.; Casagrande, M.D.T. &
Coop, M.R. (2007b). Shear strength behavior of fiber-
reinforced sand considering triaxial tests under distinct
stress paths. Journal of Geotechnical and Geoenviron-
mental Engineering, 133(11):1466-1469.

Consoli, N.C.; Casagrande, M.D.T.; Thomé, A.; Dalla
Rosa, F. & Fahey, M. (2009a). Effect of relative density
on plate loading tests on fibre-reinforced sand. Géo-
technique, 59(5):471-476.

Consoli, N.C.; Vendruscolo, M.A.; Fonini, A. & Dalla
Rosa, F. (2009b). Fiber reinforcement effects on sand

considering a wide cementation range. Geotextiles and
Geomembranes, 27(3):196-203.

Diaz-Segura, E.G. (2013). Assessment of the range of vari-

ation of Ny from 60 estimation methods for footings on
sand. Canadian Geotechnical Journal, 50(7):793-800.

Endo, T. & Tsuruta, T. (1969). The effect of tree roots upon
the shearing strength of soil. Annual Report No. 18 of
the Hokkaido Branch, Tokyo Forest Experiment Sta-
tion, Tokyo, Japan, p. 168-179.

Estabragh, A.R.; Bordbar, A.T. & Javadi, A.A. (2013). A
study on the mechanical behavior of a fiber-clay com-
posite with natural fiber. Geotechnical and Geological
Engineering, 31(2):501-510.

Gray, D.H. & Al-Refeai, T. (1986). Behavior of fabric-vs.
fiber-reinforced sand. Journal of Geotechnical Engi-
neering, 112(8):804-820.

Gray, D.H. & Ohashi, H. (1983). Mechanics of fiber rein-
forcement in sand. Journal of Geotechnical Engi-
neering, 109(3):335-353.

Hejazi, S.M.; Sheikhzadeh, M.; Abtahi, S.M. & Zadhoush,
A. (2012). A simple review of soil reinforcement by us-

ing natural and synthetic fibers. Construction and Buil-
ding Materials, 30:100-116.

Leflaive, E. (1988). Texsol: Already more than 50 Success-
ful Applications. Proc. International Symposium on
Theory and Practice of Earth Reinforcement. Balkema,
Fukuoka, Japan, 5-7 October, 1988.

Li, C. & Zornberg, J.G. (2012). Mobilization of reinforce-
ment forces in fiber-reinforced soil. Journal of Geotech-

nical and Geoenvironmental Engineering, 139(1):107-
115.

Soils and Rocks, Sao Paulo, 41(3): 361-368, September-December, 2018.

Maher, M.H. & Gray, D.H. (1990). Static response of sands
reinforced with randomly distributed fibers. Journal of
Geotechnical Engineering, 116(11):1661-1677.

Maher, M.H. & Ho, Y.C. (1994). Mechanical properties of
kaolinite/fiber soil composite. Journal of Geotechnical
Engineering, 120(8):1381-1393.

Maher, M.H. & Woods, R.D. (1990). Dynamic response of
sand reinforced with randomly distributed fibers. Jour-
nal of Geotechnical Engineering, 116(7):1116-1131.

Majid A.; Liu A.; Hou, S. & Nawawi, C. (2011). Mechani-
cal and dynamic properties of coconut fibre reinforced
concrete. Construction and Building Materials,
30:814-825.

Michalowski, R.L. & Cermak, J. (2002). Strength aniso-
tropy of fiber-reinforced sand. Computers and Geo-
technics, 29(4):279-299.

Moraes L.S.; Cintra J.C. & Aoki N. (2007). Dynamic plate
load tests. Soils & Rocks, 30(2):113-122.

Park, T. & Tan, S.A. (2005). Enhanced performance of re-
inforced soil walls by the inclusion of short fiber. Geo-
textiles and Geomembranes, 23(4):348-361.

Pino, L.F.M. & Baudet, B.A. (2015). The effect of the parti-
cle size distribution on the mechanics of fibre-rein-
forced sands under one-dimensional compression.
Geotextiles and Geomembranes, 43(3):250-258.

Ramli, M.; Kwan, W.H. & Abas, N.F. (2013). Strength and
durability of coconut-fiber-reinforced concrete in ag-
gressive environments. Construction and Building Ma-
terials, 38:554-566.

Ranjan, G.; Vasan, R.M. & Charan, H.D. (1994). Behavior
of plastic fiber-reinforced sand. Geotextiles and Geo-
membranes, 13:555-565.

Sadek, S.; Najjar, S.S. & Freiha, F. (2010). Shear strength
of fiber-reinforced sands. Journal of Geotechnical and
Geoenvironmental Engineering, 136(3):490-499.

Santoni, R.L.; Tingle, J.S. & Webster, S.L. (2001). Engi-
neering properties of sand-fiber mixtures for road con-
struction. Journal of Geotechnical and Geoenvironmen-
tal Engineering, 127(3):258-268.

Sharma, V. & Kumar, A. (2017). Influence of relative den-
sity of soil on performance of fiber-reinforced soil foun-
dations. Geotextiles and Geomembranes, 45(5):499-
507.

Terzaghi, K. (1951). Theoretical Soil Mechanics. Chapman
and Hall, Limited., London.

Tingle, J.S.; Santoni, R.L. & Webster, S.L. (2002). Full-
scale field tests of discrete fiber-reinforced sand. Jour-
nal of Transportation Engineering, 128(1):9-16.

Tolédo Filho, R.D.; England, G.L. & Ghavami, K. (1997).
Comportamento em compressio de argamassas refor-
cadas com fibras naturais. Revista Brasileira de Enge-
nharia Agricola Ambiental, 1:79-88.

Vesic, A.S. (1975). Bearing capacity of shallow founda-
tions. Foundation Engineering Handbook, 3:121-147.

367



Sotomayor & Casagrande

Wasti, Y. & Biitiin, M.D. (1996). Behaviour of model foot-  kPa: kilopascal

ings on sand reinforced with discrete inclusions. Geo- ¢ friction angle

textiles and Geomembranes, 14(10):575-584. W, dry weight of reinforced layer
Yetimoglu, T. & Salbas, O. (2003). A study on shear W dry weight of sand,

strength of sands reinforced with randomly distributed ~ W,: dry weight of fibers

discrete fibers. Geotextiles and Geomembranes, v,: dry unit weight of reinforced layer

21(2):103-110. V: total volume of reinforced layer
Zornberg, J.G. (2002). Discrete framework for limit equi- P percentage of sand

librium analysis of fibre-reinforced soil. Géotechnique,  P: percentage of fiber

52(8):593-604. kN: kilonewton
. q,,: bearing capacity
List of Symbols B: plate diameter
mm : millimeters Ny: bearing capacity factor
m: meters TD: displacement transducers
°: degree

368 Soils and Rocks, Sdo Paulo, 41(3): 361-368, September-December, 2018.



Porosity Changes of Compacted Soil Percolated
with Acidic Leachate

E.P. Korf, P.D.M. Prietto, A.A. Silveira, C. Ulsen, L. Bragagnolo

Abstract. This paper evaluates porosity changes in compacted soil subjected to acidic leachate percolation through
different dry unit weights. The porosity of compacted soil is presented in different nominal porosities or dry unit weights
(41.9% and 15.5 kN/m’, 43.8% and 15.0 kN/m’, and 45.7% and 14.5 kN/m’) percolated with a sulfuric acid solution under a
constant vertical stress of 280 kPa. Porosity was evaluated via X-ray microtomography (u-CT) and mercury intrusion
porosimetry (MIP). The results demonstrated that percolation by a 2% sulfuric acid solution in compacted clay soil caused
changes in pore size distribution, increased the pore diameter in all specimens’ layers, and increased the porosity in
specimens’ upper layers due to acidic attack on the soil’s microstructure. The porosity assessed by mercury intrusion
showed a good correlation with the macroscopically measured porosity. The same behavior was not observed via u-CT due

to the limited resolution of the images and the inability to characterize the micropores.

Keywords:
microtomography (u-CT).

1. Introduction

Compacted clay soils percolated by aggressive chem-
ical agents, such as leachate from industrial waste, can be
affected in the soil structure, resulting in an increase of hy-
draulic conductivity and a consequent reduction of reactiv-
ity, harming the ability of the soil to retain and attenuate
contaminants (Broderick & Daniel, 1990; Favaretti et al.,
1994; Hueckel et al., 1997; Knop et al., 2008). According
to Francisca and Glatstein (2010), the hydraulic behavior of
fine or recently compacted soils is mainly influenced by in-
teractions between percolated liquid and mineral particles.
Thus, acid attack in clay soils can result in their chemical
alteration and release of ions; it can also influence several
physical, biological, and chemical processes (Agbenyeku
etal., 2016).

To understand the phenomena resulting from interac-
tion between acid leachate and compacted soil particles, it
is essential to evaluate the microstructure of the soil, since
acid leachate has a substantial influence on the mechanical
behavior of both natural and compacted soils (Burton et al.,
2015). Therefore, one of the essential parameters for micro-
structure alteration studies under different geotechnical
conditions is porosity. Two porosity scales should be con-
sidered: microporosity, which can be defined as the satu-
rated pores space; and macroporosity, considered as a two-
phase system, which may contain both liquid and steam
(Sedighi & Thomas, 2014).

compacted soil, containment barriers, mercury intrusion porosimetry (MIP),

soil percolation, X-ray

Many studies have evaluated porosity in clayey,
sandy, or cemented soils via image analysis from scanning
electron microscopy (Rozenbaum et al., 2007; Schoonder-
beek et al., 1983), 2D/3D X-ray tomography (Lima et al.,
2007; Luo et al., 2008; Pires et al., 2010; Trong et al., 2008)
or a combination of techniques, such as mercury intrusion
porosimetry (MIP) with image analysis (Amirtharaj et al.,
2010; Gribble et al., 2011; Labus, 2001; Marcelino et al.,
2007; Roels et al., 2001; Rouquerol et al., 2012; Tovey &
Houslow, 1995). However, only a few studies have ex-
plored the performance of compacted materials in contain-
ing acid solutions due to difficulties in obtaining data at the
micropore scale. In addition, the performance of compacted
materials is continuously monitored at a macrostructural
scale by settlement observation, which does not guarantee
efficiency in blocking the percolation of contaminants.
Therefore, determining the porosity and pore size distribu-
tion of compacted clayey soils is an essential complemen-
tary study.

The goal of this study is to evaluate variations in the
porosity of compacted soil submitted to sulfuric acid
(H,SO,) leachate percolation in different conditions (perco-
lated with water and with 2% H,SO,). Sulfuric acid was
chosen because it has high acidic characteristics similar to
those of the leachate generated by most industrial and min-
ing residues. Two different porosity quantification tech-
niques were used: X-ray microtomography (pu-CT) and
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MIP. Examining the porosity and pore size distribution of
the compacted clay soils was necessary to explain changes
at the microstructural scale. Additionally, the examination
may contribute to prediction studies and to the technologi-
cal development of new materials that could ensure the ef-
fectiveness of compacted clay soils as an impermeable
containment barrier.

2. Experimental Procedures

The studied soil samples were obtained from the Uni-
versity of Passo Fundo’s Geotechnical Experimental Site in
southern Brazil. The samples were characterized by their
chemical and mineralogical compositions, content of or-
ganic matter, pH, and particle size distribution.

The chemical composition of the soil samples was de-
termined for both pulverized and compacted samples (then
compared to reference materials from approximately 290
national and international analytical standards - NIST) us-
ing a PANalytical® Axios Advanced X-ray fluorescence
spectrometer (XRF) with a 4-kV rhodium X-ray tube, a de-
tection capacity above 0.1%, and a scan time of approxi-
mately 6 min. Loss on ignition (LOI) was carried out at
1000 °C for 2 h.

The mineralogical composition of the samples was
assessed by X-ray powder diffraction (XRD) with a
PANalytical® Empyrean X-ray diffractometer. The analyt-
ical conditions were as follows: 26 angle, ranging from 3°
to 70°, and 10-second time steps. The identification of the
crystalline phases was performed by comparing the sample
diffractogram with the PDF-2 reference database from the
International Centre for Diffraction Data (n.d.) and the
PAN-ICSD - PANalytical Inorganic Crystal Structure Da-
tabase (PANalytical, 2007).

Organic matter content was determined via the or-
ganic matter oxidation method using a sulfochromic solu-
tion, as presented by Tedesco et al. (1995). The pH was
measured in H,O (Tedesco et al., 1995). The particle size
distribution was determined by sedimentation according to
standard procedures (ABNT, 1984, 2005).

To define the variables for the percolation tests, dif-
ferent nominal porosities and dry unit-specific weights
were evaluated according to the normal and modified com-
paction energy values of the soil, which were 41.9%
(15.5 kN/m®) and 45.7% (14.5 kN/m’), respectively, with
26% moisture in both cases. Only one value was used for
moisture because it is the optimum value for both normal
energy and modified energy (plus 2%) typically used in en-
gineering projects. The tests were carried out in 2 blocks,
with each block comprising 2 repetitions for the adopted
nominal porosities. In addition, 4 repetitions were per-
formed in each block for a central point (43.8% - 15 kN/m’)
in order to evaluate the experimental error for mean com-
parison (identified by “CP” 1 to 8). In one of the experi-
mental blocks, percolation was conducted with distilled
water; in the other, 2% sulfuric acid (H,SO,) was used.
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The percolation tests were conducted over an ex-
tended period of time: 30 to 70 days. The tests included
specimens 7 cm in diameter and 6 cm in height, and perco-
lation was performed with a hydraulic gradient of 8.33 m/m
under the application of a constant vertical stress of 280 kPa
to simulate a 15-m height of waste mining over the barrier,
with a total specific weight of 18.6 kN/m® based on litera-
ture data (Bedin, 2010; Schnaid et al., 2006).

After acidic percolation, the specimens were cut into
three layers (top, middle, and bottom layers, considering
downward flow). Samples from each layer were cut into
prismatic shapes with approximate dimensions of 2.0 cm x
0.7 cm x 0.7 cm and were identified by layer (T = top,
M = middle, B = bottom). After the samples were leached,
they were dried. For each layer, the macroscopically mea-
sured porosity was determined by theoretical relation to dry
unit-specific weights. Porosity was also determined by
high-resolution p-CT with a Bruker® Skyscan 1172 and by
MIP with Micrometrics Autopore IV equipment according
to the procedure described in ISO 15901-1 (ISO, 2016).
With the p-CT and MIP techniques, the average cumulative
distribution curve of the pores and variations in the pore
size distributions in the specimens’ layers were determined.

The characterization by microtomography com-
prised three phases: (1) data acquisition via rotation of the
sample in 0.4° steps, resulting in a minimum pixel size of
5 um; (2) 3D image reconstruction; and (3) binarization of
the generated images (Fig. 1) and grayscale segmentation
corresponding to voids and solids to determine the void
volume (porosity). The segmentation was performed us-
ing a numerical algorithm (LI method) available in the Im-
age J® software. Comparatively speaking, this method
best represents the magnitude of values of porosity evalu-
ated.

Regarding image processing, the collection and mag-
nification conditions used in p-CT define the image resolu-
tion and, therefore, its constituents. In this study, the de-
tected pixel size was 5 um (each pixel). For segmentation,
to define a pore, at least 2 pixels were considered, so it was

possible to characterize only pores larger than 10 pum
(10 000 nm).

MIP was performed in the following operating condi-
tions: contact angle of 130°, mercury pressure from 0.5 psi
to 40 000 psi, equilibrium time of 10 s, and mercury surface
tension of 485 dynes/cm. The pore diameter (d,) accessible
to mercury depends on the applied pressure, mercury sur-
face tension, and contact angle with the studied material, as
described by the Washburn equation: d, = -4.y.cos0 / Pres-
sure (Washburn, 1921). In the adopted operating condi-
tions, considering an intrusion pressure up to 40 000 psi, it
is possible to characterize the pores down to 4.5 nm.

Soils and Rocks, Sdo Paulo, 41(3): 369-377, September-December, 2018.
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Figure 1 - Example of visualization of the analyzed samples: (a) in 2D; (b) after 2D segmentation; (c) a view of a circular cross-section
from a reconstructed solid in 3D, with solid material indicated in gray and voids represented in blue.

3. Results

The sampled soil possessed a low organic matter con-
tent (< 0.8%), a high clay-size particle content (68%), and
an acidic pH (pH = 5.5). According to X-ray diffraction
analysis (Fig. 2) and chemical composition (Table 1), the
soil was a kaolinite-based clay with a significant presence
of hematite (Fe,O, content of 11.7% - Table 1), quartz (SiO,
content of 47.9%) and aluminum oxide (AlO, content of

26.6%). These characteristics represent promising condi-
tions for use as a base material for containment barriers.

Table 2 shows the porosity results obtained from the
macroscopically measured value determination, via MIP
and p-CT, for specimens tested by percolation with a 0%
and 2% sulfuric acid solution. The specimens were pre-
sented according to their central and factorial points, both
of which were related to the nominal porosity values - P
(nominal). Moreover, the median pore diameter (D50) was
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Figure 2 - Mineralogical identification of the sampled soil (C - Kaolinite, Q - Quartz, H - Hematite, Ca - Calcite) by DRX.
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Table 1 - Chemical composition (XRF) and loss on ignition
(LOD).

Oxide Content (%) Element Content (%)
Sio, 47.9 Si 224
Fe,0, 11.7 Fe 8.2
ALO, 26.6 Al 14.1
CaO <0.1 Ca <0.1
TiO, 1.7 Ti 1.0
K,0 0.4 K 0.3
Zr0, 0.1 Zr <0.1
SO, <0.1 S <0.1
MgO 0.4 Mg 0.2
P,O; 0.1 P <0.1
MnO <0.1 Mn <0.1
Na,O <0.1 Na <0.1
V,0, <0.1 A% <0.1
Loss on ignition 10.9 (0] 50.6
C 3.0

presented. Comparative data are shown in Fig. 3. Figure 3
also illustrates the average porosity of 8 specimens from the
top, middle, and bottom layers, percolated with water
(Fig. 3a) and 2% sulfuric acid solution (Fig. 3b) and as-
sessed by MIP, nCT, and macroscopically measured.

Figure 4 shows the average porosity assessed by MIP
for the nominal initial porosity of each specimen’s layers
percolated with water (Fig. 4a) and 2% sulfuric acid solu-
tion (Fig. 4b).

In Fig. 5, the top row shows the average cumulative
distribution curve of the pores of the top, middle, and bot-
tom layers, assessed by MIP and p-CT, of specimens sub-
jected to percolation with 0% and 2% sulfuric acid solution.
The variations in the specimen layers’ pore size distribu-
tions, measured by MIP and puCT after leaching with water
(Fig. 5b) and 2% sulfuric acid (Fig. 5c), are also shown.

Figure 6 shows the correlation between the porosity
obtained from MIP (Fig. 6a) and p-CT (Fig. 6b) and the
macroscopically measured values for samples percolated
with water and 2% sulfuric acid in different layers.

4. Discussion

The average porosity of the samples percolated with
2% sulfuric acid solution (Table 2, Fig. 3b) was higher in
the upper layers than in the middle and lower layers, with
the exception of samples with a value of 41.9 for nominal
porosity, which had similar porosity values for all layers. In
this case, more efficient compaction may have promoted
more homogeneous percolation of the acid solution in the
samples, besides reducing the transport of particles to the
lower layers.

372

Table 2 - Porosity obtained by the different methods used on specimens percolated with water and 2% sulfuric acid solution.

CP8
45.7
40.7
37.0
28.4
41.9
20.3
44.2
25.6
38.6
41.7
223
404
26.2
375
452
24.3

CP4
40.6
37.3
28.4
413
21.7
40.1
34.6
27.5
37.9
19.1
352
314
28.3
36.4
15.4

CP7
38.2
36.4
27.0
39.5
19.3
37.8
32.6
30.6
39.2
20.6
352
31.1
30.7
384
24.5

2% H, S0,
CP5
43.8
40.4
32.8
312
39.7
17.9
382
333
287
38.4
17.2
42.4
35.4
27.4
307
16.9

CP3
40.9
31.6
34.1
40.6
18.9
36.4
34.5
29.1
36.4
16.2
41.6
28.1
35.1
38.3
23.0

CP2
42.0
39.4
29.3
42.0
20.6
36.9
34.2
29.2
37.6
16.6
37.3
27.8
34.3
355
16.8

CP6
39

41.9
34.1
339
38.0
253
36.0
20.4

41.1
42.2
25.7
384
19.3
39.7
28.2
32.0

CP1
38.1
33.0
29.0
37.6
15.9
33.1
27.7
31.1
36.1
154
41.3
34.6
26.5
39.9
18.3

CP8
45.7
39.2
30.5
21.3
383
19.9
36.6
384
22.3
38.6
18.0
42.6
31.8
21.9
40.9
30.8

CP4
394
29.4
22.7
40.8
20.8
41.1
32.2
214
40.4
18.1
39.4
27.7
25.9
359
nd

CP7
40.2
32.0
295
382
21.0
413
27.1
324
39.6
23.0
39.4
44.0
238
373
18.0

0% H, SO,
CP5
43.8
39.4
35.6
253
393
209
36.9
4.6
242
38.6
16.5
376
45.6
232
36.6
16.0

24.6
36.7
16.7

CP3
37.3
34.8
28.1
35.8
14.2
41.2
29.2
31.5
42.8
36.5
38.1
40.3

21.0

CP2
41.2
37.7
259
424
29.7
39.0
34.4
26.7
37.8
18.5
38.1
304
30.8
41.1

CP6
36.8
335
n.d.
38.5
174
36.6
33.6
17.1
36.6
16.1
37.4
32.6
17.1
38.2
17.0

41.9

CP1
35
374
21.7
34.1
14.5
36.7
36.7
18.0
35.6
15.2
38.9
31.8
17.4
8
18.1

P (Macroscopically measured)

P (Macroscopically measured)
P (u-CT)

P (Macroscopically measured)
P (u-CT)

P (u-CT)
D50 (u-CT)
P (MIP)
D50 (MIP)
D50 (u-CT)
P (MIP)
D50 (MIP)
D50 (u-CT)
P (MIP)
D50 (MIP)

P (nominal porosity)

Specimens
Middle
Bottom

Tests
Top
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Figure 3 - Average porosity of the top, middle, and bottom layers of the 8 (CP1 to CP8) specimens subjected to percolation with (a) wa-

ter and (b) 2% sulfuric acid.
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Figure 4 - Average porosity variation in different layers for each nominal initial porosity in specimens subjected to percolation by (a)

water and (b) 2% sulfuric acid as assessed by MIP.

This behavior, i.e., higher average porosity values for
samples percolated with 2% sulfuric acid solution in upper
layers, might represent evidence for acidic attack on soil
structure, since this result was not observed in samples per-
colated with aqueous solution, in which the porosity tended
to be similar across layers (0% acid, Fig. 3a). The lower po-
rosities observed in the lower layers after acid percolation
may possibly be due to both the filling of voids in these lay-
ers by products from the chemical attack and the closure of
micropores caused by the impact of the applied load of the
upper layers under compression.

Regarding nominal porosity, a total average porosity
reduction of 12% occurred for samples treated with water
and 2% acid when compared with nominal porosity values
(41.9,43.8, and 45.7). This effect may have been caused by
the vertical load application, not acid percolation.

The disparity in results between MIP and nCT oc-
curred due to the different resolutions of each technique,
i.e., i-CT does not detect micropores. Therefore, the total
porosity assessed by uCT was noticeably lower when com-
pared to MIP and macroscopically measured porosity (Ta-
ble 2, Fig. 3a,b) (10 to 20% lower). Additionally, the me-
dian pore diameter (D,)) (Table 2) demonstrated a large
difference between the applied techniques: The pore diam-

Soils and Rocks, Sao Paulo, 41(3): 369-377, September-December, 2018.

eter in MIP measurements was up to 50% larger than in
WCT; this difference is even more evident in samples perco-
lated with acid solution. Thus, MIP showed smaller D, val-
ues, reflecting a range of smaller-diameter pores and
enabling the identification of micropores (< 2 nm) and
mesopores (between 2 and 50 nm) according to the classifi-
cation proposed by IUPAC (Rouquerol et al., 1994); u-CT,
on the other hand, only allowed the identification of macro-
pores (> 50 nm).

The pores’ cumulative distribution curve (Fig. 5)
clearly demonstrates differences in terms of range between
the techniques (MIP and pCT). The minimum pore size
evaluated by pCT was 10 000 nm (10 pum), whereas MIP
detected pores as small as approximately 4 nm (0.004 pm).
Regarding pore size distribution, percolated samples of 2%
sulfuric acid (Fig. 5a) demonstrated clear changes in micro-
structure from the point of view of increasing pore diame-
ter. Moreover, it was observed that percolation with 2%
sulfuric acid equalized the pores’ size distribution, espe-
cially in the upper layers (Fig. 5c).

The modification of pore size distribution among the
layers can be explained by the acidic attack on the structure,
which caused an increase in both pore diameter and total
porosity, especially in the upper layers of the tested speci-
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Figure 5 - Pore size distribution of average specimen’s layers by MIP and uCT when leached with: a) water and 2% sulfuric acid; b) wa-

ter; ¢) 2% sulfuric acid.

mens. This evidence would not have been obtainable had
only a macrostructural analysis of compacted barriers been
performed, in which changes in hydraulic conductivity and
mechanical behavior would have been observed without
knowing their cause being known. Knowledge about the
impact of pores on soil microstructures can also provide a
better understanding of, for example, which contaminant
transport process is most relevant to the study of subsurface
contamination vulnerability and how to better predict per-
formance with greater certainty and reliability.

In regard to the analytical determination of porosity,
the best correlation was found between the MIP results and
the macroscopically measured porosity (Fig. 6a and Ta-
ble 2). On the other hand, the porosity determined by pu-CT
had a low correlation with the macroscopically measured
porosity (Fig. 6b) because the detection limit of the tech-
nique does not allow the quantification of micropores. Al-
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though the micropores contributed little to the total porosity
of the specimens when compared to the volume of
macropores, they did significantly influence the calculation
of the median diameter.

It should be noted that the maximum possible resolu-
tion from the p-CT technique is equivalent to 1 wm, which
is far weaker than the resolution obtainable by MIP (4.5 nm
for 40 000 psi of intrusion pressure). To reach a similar res-
olution in pu-CT, the sample size would have to be reduced
to about I mm, which would lead to the loss of the sample’s
representativeness.

Analyses by p-CT are often mentioned in the litera-
ture because the method is non-destructive and allows the
pore structure to be viewed. Several researchers have suc-
cessfully used p-CT to quantify porosity, but only for mate-
rials with larger particle diameters than clay fractions; besi-
des, these researchers were more interested in macroporous
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Figure 6 - Porosity obtained from (a) MIP and (b) u-CT regarding the macroscopically measured values for samples percolated with wa-

ter (0%) and 2% sulfuric acid in different layers.

characterization (Lima et al., 2007; Luo et al., 2008; Neto
et al., 2011; Pires et al., 2005). For the study of compacted
soils, u-CT is only partially effective due to the presence of
microporosity.

The use of mercury intrusion under high pressure can
erroneously quantify the porosity of a sample due to the ef-
fects of compression or structural changes (Giesche, 2006;
With & Glass, 1997) - this factor should be carefully con-
sidered. In addition, ordinary calculations consider pores as
cylinders, which may not represent their actual sizes and di-
mensions. Despite these disadvantages, this study noted
that mercury intrusion showed the best correlation with the
macroscopically measured porosity as well as the best sen-
sitivity for micropore characterization. The intrusion,
which curved up to 40 000 psi, did not indicate structural
changes in the samples.

In this sense, limitations can be overcome, and the
most satisfactory and conclusive results can be obtained by
using a combination of different techniques. Some studies
in the literature have used a combination of MIP with to-
mography and other techniques to assess the porosity of po-
rous materials (Abel et al., 1999; Gribble et al., 2011; Roels
et al.,2001); this approach was also considered in this study
and allowed for the characterization of porosity and pore
size distribution.

5. Conclusions

Samples percolated with a solution of 2% sulfuric
acid in compacted clay soil samples suffered changes in the
pore size distribution and an increase in pore diameter in
the specimens; a greater increase in porosity in the speci-
mens’ upper layers was observed due to acidic attack on the
soil microstructure. The porosity assessed by mercury in-
trusion porosimetry (MIP) showed the best correlation with
the macroscopically measured porosity. The same behavior
was not observed for pu-CT results due to limited image res-
olution, which precluded the identification of micropores.

Soils and Rocks, Sao Paulo, 41(3): 369-377, September-December, 2018.
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Effects of Spatial Variability on Slope Reliability: A
Hypothetical Case Study

E. Muiioz, M.P. Cordao Neto, A. Ochoa

Abstract. Due to the complexity and uncertainty involved in mass movements, it is not possible to predict their occurrence
with accuracy. This uncertainty is due to the space-time variability of physical soil parameters and processes, which
determine the boundary conditions of the problem. In this study, we analyzed the influence of spatial variability of the
parameters that determine soil resistance, the water retention curve and the unsaturated hydraulic conductivity function on
the Factor of Safety of a hypothetical slope. To determinate the parameters to which the slope is more sensitive, we carried
out a sensitivity analysis using the First-Order Second-Moment Method. We assumed that spatial variability follows
normal and lognormal distribution, by using a methodology based on Monte Carlo Simulations and a Kriging process. The
water flow equation is solved using numerical methods and the Factor of Safety was found with the Limit Equilibrium
Method. According to the sensitivity analysis, the parameters that most affect the stability of the slope analyzed are
cohesion, friction angle, air-entry value, and saturated hydraulic conductivity. When varying the air-entry value and
cohesion, the probability distributions have very low dispersion, and mode has values similar to the deterministic values of
Factor of Safety. The hydraulic conductivity variation results in that the values of mode move further away from the
deterministic Factor of Safety as time progresses, increasing at the same time the dispersion. When all parameters are

varied simultaneously, the behavior of the Factor of Safety is highly influenced by the hydraulic conductivity.
Keywords: factor of safety (FS), hydrology, landslides, uncertainty, unsaturated soil.

1. Introduction

Landslides are among the most frequent natural disas-
ters in the world, especially in tropical regions, which are
characterized by having deep and weathered soil profiles,
steep slopes, and high precipitation (Cho, 2014). Under-
standing the mechanical behavior of soil-water system be-
comes relevant since landslides cause significant human
and economic losses (Tarolli ef al., 2011; Legorreta Paulin
etal., 2016).

Due to the complexity and uncertainty surrounding
the landslide phenomenon, it is not possible to accurately
predict its occurrence (Metya & Bhattacharya, 2015). Un-
certainty could be the result of many factors, such as, the
natural spatial and temporal variability of geotechnical and
hydrological parameters (Cho, 2007; Casagli et al., 2009;
Imaizumi et al., 2009), limitations of in-situ research, and
imperfections in the applied model (Lacasse, 2013; Raia et
al., 2013; Athapaththu et al., 2015). However, estimations
of slope safety level are often based upon deterministic val-
ues that result in unrealistic hazard assessments, being nec-
essary to develop tools that allow the inclusion of the
effects of probability.

The most common probabilistic approaches used in
geotechnical engineering are namely: Point Estimate
Method, PEM, First-Order Second-Moment Method,
FOSM, and Monte-Carlo Simulation Method, MSM, (e.g.

Chowdhury 1986; Christian et al., 1992; Chowdhury 1992;
Duncan 2000; Griffiths & Fenton 2004; Chok 2008; Grif-
fiths et al., 2009).

The spatial variability of soil properties has been
stochastically studied since Alonso (1976), who showed
the uncertainty level of the parameters involved and the de-
gree of correlation of soil properties. Li & Lumb (1987),
Cho (2007), Wang et al. (2011), and Li et al. (2013) studied
spatial variability under the framework of the Limit Equi-
librium Method, LEM, and the Finite Element Method,
FEM. Li & Lumb (1987) discussed some improvements on
the FOSM probabilistic approach to slope design. Cho
(2007) and Wang et al. (2011) presented a numerical proce-
dure for a probabilistic slope stability analysis based on
MSM. Other methods used to study the spatial variability of
soil parameters are the Random Element Method, RFEM,
(e.g., Griffiths & Fenton 2004; Chok 2008; Griffiths ef al.,
2009; Hue Le et al., 2015), and the Stochastic Finite Ele-
ment Method, SFEM, (e.g., Farah et al., 2011; Jiang et al.,
2014).

Among parameters frequently studied are: hydraulic
conductivity (e.g., Griffiths & Fenton 1993; Gui et al.,
2000; Srivastava et al., 2010; Santoso et al., 2011; Otalvaro
& Cordao-Neto 2013), cohesion (e.g., Li & Lumb 1987,
Cho 2007; Li et al., 2013; Tietje et al., 2014), friction angle
(e.g., Cho 2007; Griffiths et al., 2009; Jiang et al., 2014;
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Metya & Bhattacharya 2015), Young’s modulus (e.g.,
Farah et al., 2011; Griffiths & Fenton, 2009), Poisson’s ra-
tio (e.g., Farah et al., 2011), unit weight (e.g., Griffiths ez
al.,2011; Wang et al., 2011), air-entry value (e.g., Otdlvaro
& Cordao-Neto 2013), void ratio (e.g., Hue Le et al., 2015),
and undrained shear strength (e.g., Griffiths & Fenton
2004; Wang et al., 2011; Li et al., 2013).

In this analysis, we propose a methodology to assess
the influence of spatial variability on unsaturated slope sta-
bility based on the MSM and a Kriging process. The
Kriging process is used to interpolate the values of each pa-
rameter in the nodes and calculate the value in the element,
while the MSM is employed to find the probability density
function of Factor of Safety, F'S.

We use the Finite Elements Method, FEM, and Finite
Difference Method, FDM, to solve the water flow equation
numerically, and the LEM to find the Factor of Safety, FS.
The varied parameters are determined through a sensitivity
analysis with the FOSM. This methodology allows the
varying of soil parameters using the same equations to
solve in space the flow equation numerically, i.e., the shape
functions.

2. Flow and Stability Analysis

When assessing slope stability, the processes occur-
ring within the soil mass due to changes in water content
must be simulated, which is possible by solving the unsatu-
rated soil flow equation. In this analysis, the spatial and
temporal solutions are determined using the FEM and
FDM, respectively.

As the flow equation solution is a function of the hy-
draulic head, £, it is necessary to define constitutive models
of hydraulic conductivity and water content volume involv-
ing h. As water content constitutive relation, we use the Soil
Water Retention Curve, SWRC, by Van Genuchten (1980),
expressed by

1 " 1
O=— |, m=1— 1
{1+(ah)”} " n M

where a is the inverse of air-entry value, m and n are shape
parameters, and ©® is the normalized volumetric moisture
content, defined as

ew _er
0,-6

s r

0= )

where 0, and 0, are the residual and saturation volumetric
contents, respectively. This constitutive relation allows to
obtain the term 3, = 00, /0h, which is a measure of the facil-
ity of water entering or leaving a soil element due to suction
variations.

As a constitutive relation for the hydraulic conductiv-
ity, k,, and the degree of saturation, S, it is used the power
law model by Campbell (1974), expressed as
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where d = 2b+3, b is a soil empirical exponent, and k, is the
coefficient of saturated hydraulic conductivity.

The pore water pressure, pwp, field obtained from the
flow analysis, and Bishop’s Method are used to calculate
FS. It is noted that we assume a fixed failure surface, corre-
sponding to the most probable surface for the stationary
case. This surface represents the condition with the lowest
FS, i.e., the most conservative condition.

3. Geometry, Initial Conditions and Soil
Properties

The geometry of the analyzed slope is the hypotheti-
cal case presented by Otdlvaro & Corddo-Neto (2013). The
slope is divided into a mesh of 900 rectangular elements
(approximately 1 m x 1 m). Slope inclination is 1.5 H:
1.0 V, width is 45 m, and height is 10 m. The water table
level is that resulting from the stationary analysis, by im-
posing pwp equal to zero at the slope foot, and a steady flow
of 7 x 107 m/s entering on the left side. Figure 1 shows the
water table position, and slope geometry.

Table 1 shows the values of the soil parameters used
in the modelling. Mean, p, coefficient of variation, CV, and
air-entry values are those estimated by Oliveira (2004) us-
ing the “Three-Sigma rule”.

The values of the soil water retention curve parame-
ters are those by Oliveira (2004) and Otdlvaro & Cordao-
Neto (2013), shown in Table 2. The CV of n is determined

K 15 m 1< 15m 3 15m ,
- 1.5
1.0 i
N Stationary boundary
= R, condition
NN o
= a RN Initial water table
EEEEEEEERISRSSS
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iy Ny N N
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Figure 1 - Geometry and initial conditions of the problem.

Table 1 - Soil parameters.

Parameter u CV [%]
Unit weight y [kN/m’] 18.1 42
Effective cohesion ¢’ [kPa] 2 20
Effective friction angle ¢ [°] 30 6

k, [m/s] 1x 107 90
#' [°] 30 15

*Angle indicating the shear strength change with matric suction
change.
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Table 2 - Parameters of the water retention curve according to
Van Genuchten model.

Parameter u CV %]
m [-] 0.06 0.6
n[-] 2 0.6
al-] 8 30
0, [-] 0.463 17
0, [-] 0.04 12

by Simota & Mayr (1996), and the CV of 0, and 0, are those
found by Gitirana Jr. & Fredlund (2005). Table 3 shows the
values of hydraulic conductivity curve parameters, where
the mean of b is obtained from Rueda (2008), and the CV
from the information published by Clapp & Hornberger
(1978). Figures 2a and 2b show the SWRC and the unsatu-
rated hydraulic curve, respectively.

4. Sensitivity Analysis

In order to understand the general influence of me-
chanical and hydraulic parameters on F'S, we perform a sen-
sitivity analysis using FOSM. This method is used because
it has a simple mathematical formulation and permits to
quantify the influence of each variable independently,
without requiring great computational efforts. Mechanical
soil parameters considered as independent variables are:
unit weight, y, cohesion, ¢, friction angle, ¢, and rate of in-
crease in shear strength with suction, ¢”. Hydraulic parame-
ters are those defining the water retention and unsaturated
hydraulic conductivity curves, i.e., n, b, a, k. and 0.

Table 3 - Parameters of unsaturated hydraulic conductivity curve.

Parameter u CV [%]
b[-] 4.6 33
dl[-] 12.2 33
a)  0.50F v v v q
£ o47b i
=
9)
[&]
5 044} .
s
z
2 041F 4
g
% 03k n=20 i
> m=0.06
a=8.0m
035 A M A .
0.1 1.0 10.0 100.0 1000.0
Pressure (kPa)

Figure 3 shows the percent variance of FS, V[FS], of
each parameter at 0, 8, 24 and 40 h, indicating that mechan-
ical parameters have stronger influence on the variance at
initial time, whereas hydraulic parameters become more
important as time increases. For times greater than 24 h, FS
is dominated by hydraulic conductivity. The shape parame-
ters of water retention and hydraulic conductivity curves
have irrelevant influence when compared to k, and ¢. It is
noted that hydraulic parameters have no influence at time
zero, because the mass matrix, representing the pore pres-
sure variation with changes to the amount of water, is zero
at that time.

5. Parameter Spatial Variation

According to the results obtained in the sensitivity
analysis, the most influential mechanical parameters in F'S
behavior are ¢ and ¢, and the hydraulic parameters are a and
k., hence we focus on variations within these parameters.
We assume that there is no correlation between any of the
parameters.

To perform the variation, we assign random values of
parameter to each node of the mesh. Then, the values of the
four nodes composing each element are interpolated to ob-
tain the variable value in each element. This interpolation is
carried out with the same shape functions used to solve the
flow equation at spatial dimension

i=4

Pplemm = Z piNj (090) (4)

i=1

where P,,,  is the parameter value in the element m, p, is
the paramet"er value designated in node i composing the ele-
ment m, and N, is the shape functions of node i evaluated in
the local coordinate (0,0). By using the shape function, a
correlation between the parameter values attributed to the
elements is maintained, avoiding abrupt changes among
adjacent elements. Shape functions interpolate values for
each one of the four nodes of the element, and each node
belongs to several elements simultaneously. In other
words, we performed a Kriging process. This process is

b) 1.107 f* = s T ™
@

E 5100k R
z
~

ke = 1x10 m/s
L d=122
1.107 - - " e
0.1 1.0 10.0 100.0 1000.
Pressure (kPa)

Figure 2 - Curves of (a) soil water retention, and (b) unsaturated hydraulic conductivity.
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Figure 3 - Percent variance of FS of each parameter.

based on the basic idea that the value of a function at a given
point can be calculated as a weighted average of the known
values of the same function in the vicinity of the point (Oli-
ver & Webster, 1999; Stein, 2012). In this case, the weights
are given by the shape functions.

The node values for each parameter are assigned fol-
lowing normal and lognormal distributions, with mean and
standard deviation shown in Table 2 and Table 3. In order
to avoid negative or very small values leading to unrealistic
values of F'S, we truncate the normal distribution at zero for
all the parameters except for k,, which is truncated at 1 x 10”
m/s. The probability of negative values is spread within all
the possible values.

Figure 4 shows the fields resulting from interpolation
of the values of the friction angle, indicating that there is a
correlation between the adjacent elements. Fig. 5 shows the
correlograms exhibiting that an important correlation be-
tween elements is preserved to a distance of approximately
2 m. These results are similar for both normal and lognor-
mal distributions, and using the Pearson and Spearman cor-
relations.

Figure 6 summarizes the methodology used to vary
spatially each parameter. After generating the parameter
random field and keeping all other parameters and bound-
ary conditions constant, we carried out a short-term flow
analysis (a 24-h rainfall event). F'S is found with pwp field
and Bishop’s Method. Following the Monte Carlo Method,
we perform the same procedure 7, times for each parameter
finding n, values of F'S. n, is the number of necessary itera-
tions required for Probability Density Functions, pdfs, of
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Figure 4 - The field of value for friction angle assuming (a) a nor-
mal distribution, and (b) a lognormal distribution.

Soils and Rocks, Sdo Paulo, 41(3): 381-390, September-December, 2018.



Effects of Spatial Variability on Slope Reliability: A Hypothetical Case Study
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Figure 5 - Correlogram of friction angle following (a) a normal distribution, and (b) a lognormal distribution.
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Figure 6 - Methodology to analyze the influence of spatial vari-
ability.

FS to reach a constant shape. Each parameter is individu-
ally varied and then all simultaneously so that F'S probabil-
ity functions are determined for different times. By varying
a single parameter, the minimum number of iterations is
1000, and by varying all parameters simultaneously, 7, is
5000.

Figures 7 tol1 show the pdfs of F'S by varying the pa-
rameters for different times. The horizontal axis is AFS, i.e.,

(a) Normal PDF
0.18F T T y &
——4h
5 0.15F ‘ ——38h -
s ——12h
= 0.12F ——16h 4
53 20h
& 0.09+F 24h
2
= 0.06f .
=
o2 0.03F -
0.00k . \ . . 4
-0.10 -0.05 0.0 005 010 0.15
AFS

the difference at each time between the generated FS (for
each relative frequency) and the deterministic FS value.
When AFS is zero, the FS of the pdf generated is equal to
the deterministic FS. When AF'S is negative, the F'S value
obtained is less than the deterministic FS; and when AFS is
positive, the F'S generated is greater than deterministic FS.

Figure 7 shows the pdfs of FS obtained by varying the
cohesion parameter. The pdfs following both distributions
have a mode similar to the deterministic F'S, and a very low
dispersion, indicating that variations of ¢’ are irrelevant for
all the times analyzed. Although the cohesion value varies
along the surface of rupture, when performing #, iterations,
the values tend towards the mean.

Figure 8 shows the pdfs of F'S when the friction angle
is varied. The pdfs have a similar mode to the deterministic
F'S value, but their dispersion is greater than that obtained
by varying ¢’. Similarly, the value of the friction angle
tends towards the mean after many iterations, but as ¢ is
multiplied by the effective stress from the stability model,
which varies with time, the dispersion is greater.

Figure 9 shows the pdfs of FS by varying the air-entry
value. When it is assumed a normal distribution, the pdfs of
FS are similar to the ones obtained by varying c’, indicating
a low relevance in the slope stability. However, when it is

(b) Lognormal PDF
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——4h
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20h
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0.06} 4
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Figure 7 - pdf of FS by spatially varying the cohesion following (a) normal distribution and (b) lognormal distribution.
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Figure 8 - pdf of F'S by spatially varying the friction angle following (a) normal distribution and (b) lognormal distribution.
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Figure 9 - pdf of F'S by spatially varying the air-entry value following (a) normal distribution and (b) lognormal distribution.

assumed a lognormal distribution, the mode decreases as
time increases.

The low dispersion of the pdfs of FS is due to the time
when suction begins is controlled by the air-entry value, re-
sulting in a null effect of a variation when the suction has
greater values. The same happens in the soil below the wa-
ter table level because it is saturated. Consequently, the in-
fluence of a is only important at points near the water table
in the unsaturated zone.

(a) Normal PDF

Relative frequency

0
0
03
00k
-0.10

0.00 0.05 0.10

AFS

-0.05 0.15

Figure 10 shows the influence of variations in satu-
rated hydraulic conductivity. When k_ follows a normal dis-
tribution the mode and dispersion of pdfs of FS increase
(AFS > 0) when time increases, decreasing the relative fre-
quency of the mode.

When k_ follows a lognormal distribution, the disper-
sion also increases as time increases, but the mode de-

creases (AFS < 0), and the relative frequency of the mode
increases. These differences are due to FS for the slope

(b) Lognormal PDF
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Figure 10 - pdf of FS by spatially varying the saturated hydraulic conductivity following (a) normal distribution and (b) lognormal distri-

bution.
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studied being greater when hydraulic conductivity coeffi-
cient values are high and normal distributions assign
higher probabilities to these values than lognormal distri-
butions. The pdfs obtained by varying k_ for both distribu-
tions show a strong influence on slope stability, since the
dispersion is high and modes do not match the determinis-
tic F'S values.

Figure 11 shows that by varying all parameters simul-
taneously, the pdfs of F'S have a similar behavior to the pdfs
resulting from k_ variation, confirming the strong influence
of this parameter on slope stability. By assuming normal
distributions for varying these parameters, dispersion is
greater.

Figures 12 and 13 show the relative and cumulative
frequencies and probabilities of failure, P, for each time as-
suming normal and lognormal distributions, respectively.
Although the variability of air-entry value has little influ-
ence on stability, the pdfs of FS generated by its variation
move rapidly to the left, reaching high probabilities of fail-
ure (100% at 16 h) in a short time.

At 12 h, varying all the parameters simultaneously
and following a normal distribution, the Pfis less than the P,
obtained by varying the air-entry value, cohesion coeffi-
cient, and friction angle, but it is greater than the P, obtained
by varying k. This suggests that the P, decreases when hy-
draulic conductivity increases.

(a) Normal PDF (b) Lognormal PDF
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Figure 11 - pdf of F'S by spatially varying simultaneously all parameters following (a) normal distribution and (b) lognormal distribu-
tion.
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Figure 12 - FS distributions and failure probabilities by spatially varying the parameters for 4, 12 and 24 h, following normal distribu-
tions.
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Figure 13 - FS distributions and failure probabilities by spatially varying the parameters for 4, 12 and 24 h, following lognormal distri-

butions.
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Table 4 - Time required to reach a P, equal to 100%.

Parameter T,,=100% [h]
Normal pdf Lognormal pdf
k, 20 16
a 16 16
c 16 16
¢ 16 16
k, a, c and @ 24 20

When varying simultaneously all the parameters fol-
lowing a lognormal distribution, the P, is less than P, ob-
tained by varying k, a and c, but it is greater than P,
obtained by varying ¢. It suggests that spatial variability in
the friction angle throughout the slope decreases failure
probability. Varying the hydraulic conductivity and follow-
ing a lognormal distribution, the pdf of F'S moves more rap-
idly to the left than when following normal distributions.
This can be explained by higher probabilities being as-
signed to low coefficients by lognormal distributions.

As the conditions of the slope analyzed are very unfa-
vorable, the failure probability, 7,, is equal to 100% for all
cases at a specific time during the rainfall event. Table 4
shows the times when P, is 100%, indicating that the slope
reaches this probability after 16 h when are varied a, ¢ and
¢, while when it is varied k, and all the parameters simulta-
neously, the time is greater and depends on the distribution
assumed.

6. Conclusions

We used different approaches to analyze the influ-
ence of spatial parameter variability on slope stability. Ac-
cording to the sensitivity analysis based on FOSM the FS of
the analyzed slope is most sensitive to friction angle and
saturated hydraulic conductivity. The influence of mechan-
ical parameters is greater for short times (< 8 h), and it de-
creases over time, increasing the influence of the hydraulic
parameters. For times close to 24 h, the FS value depends
almost entirely on the saturated hydraulic conductivity, be-
cause the location of the water table plays an important role
in the analyzed slope stability, and it varies considerably
with this parameter.

By assuming both normal and lognormal distribu-
tions to assign the values in each node, the influence of co-
hesion and air-entry values is irrelevant, while the influence
of saturated hydraulic conductivity and all parameters si-
multaneously is very significant. The pdf of F'S obtained by
varying all the parameters simultaneously is highly related
to the pdf obtained by varying k, showing the importance of
conductivity in FS.

For the slope analyzed here, the higher the hydraulic
conductivity coefficient, the greater the FS. This explains
the contradictory pdf behavior of FS by assuming normal
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and lognormal distributions. In the first case, the curves
move to the right over time (AFS > 0), indicating a lower
probability of failure, while in the case of lognormal distri-
butions, which are considered more realistic, curves move
to the left (AFS < 0) as time increases. This is because
lognormal distribution gives higher probabilities to lower
values of k,_ than normal distribution.

We note that these results are valid only for the hypo-
thetical case analyzed, but the methodology can be easily
implemented to evaluate the spatial variability of soil pa-
rameters when the finite elements method is used to solve
the flow equation.
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List of Symbols

a: inverse of air-entry value.

b: hydraulic conductivity soil empirical exponent.

c: soil effective cohesion.

CV: coefficient of variation.

FEM: Finite Element Method.
FOSM: First Order Second Moment.
FS: factor of safety.

h: hydraulic head.

k: coefficient of saturated hydraulic conductivity.

k,: coefficient of hydraulic conductivity.

LEM: Limit Equilibrium Method.

MSM: Monte-Carlo Simulation Method.

m: shape parameter of Van-Genuchten equation.
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n: shape parameter of Van-Genuchten equation.
n,: number of iterations.

n;: shape functions.

P, :parameter value evaluated in each element.
P: pl:firameter value in each node.

P : probability of failure.

pwp: pore water pressure.

SWRC: Soil Water Retention Curve.

S : degree of saturation.

t: time.

VAR].]: variance.

y: soil unit weight.

0 : residual volumetric moisture content.

0,: saturated volumetric moisture content.

®: normalized volumetric moisture content.

L mean.

¢: friction angle.

¢": rate of increase in shear strength with suction.
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