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Trial Embankment on Gold Mine Tailings

J.A.R. Ortigao, P. Paiva, A. Fahel, A. Landi, R. Souto

Abstract. This paper describes the behaviour of a 10 m high trial embankment built on silt gold mine tailings of Morro do
Ouro Dam, Brazil. The dam is the country’s largest tailings dam having 120 m in height and 4 km in length. This trial aimed
at investigating tailings strength behaviour, which field experience has already indicated to be better than predicted by in
situ and laboratory tests. The embankment foundation was instrumented with piezometers, settlement plates, profiler and
inclinometers. Just after placing the first 2 m embankment layer, one observed water surges, interpreted as static
liquefaction taking place at low stress level. Large porepressures and displacements were recorded during construction.
The embankment height was taken to 10 m, much higher than predictions based on in situ and laboratory tests. The

foundation strength was also analysed.
Keywords: tailings, trial embankment, liquefaction.

1. Introduction

How to obtain the shear strength of mine tailings for
the design of a hundred metres high tailings dam?

Engineers at RPM Rio Paracatu Mining (now
Kinross), Minas Gerais, Brazil, faced this challenge by
means of a comprehensive approach employing in situ, lab-
oratory testing and a full scale trial embankment, described
in this paper.

This mine produces about 6 tonnes/year of gold and
17 to 22 Mtpa (million tonnes per annum) of tailings. A
large expansion project took place between 2005 and 2008
to increase production to 30 Mtpa of tailings. Another tail-
ings dam is currently under construction.

Mine tailings are disposed at the Morro do Ouro Dam,
whose current dimensions are 120 m high and 4 km long,
the country’s largest tailings dam.

The dam project started some 30 years ago and the
same Brazilian designers have been involved since the start
and continue their work to date. This has been pointed out
by the international design reviewer’s board, as a safety
measure in a long time project, as the project history is well
known.

Dam safety is analysed every year by local and inter-
national consultants, with at least three hierarchy review-
ers’ levels above the designers. This has been very impor-
tant for the successful history of this project, as all safety
measures - including this trial embankment - deserve atten-
tion by the reviewers, designers and mine managers.

Morgenstern (2002) reviewed the dam design and site
investigation results and recommended a low value in the
order of 0.08 to 0.12 for the tailings undrained strength in-
dex (c /o’ ). This value is lower than the one given by un-

vo

drained triaxial tests and piezocone analyses, which are in
the order of 0.20 to 0.22.

Nevertheless, field experience from building dykes
and access roads on the tailings demonstrated that failure is
rare. Therefore, actual tailings shear strength looked well
above what is predicted by in situ and laboratory tests.

One way to shed light on this dilemma was to build a
trial embankment section on the tailings. This approach has
been is use on soft clays in Brazil (Ortigao ef al., 1983;
Ortigao, 1991) and overseas by many researchers (e.g.,
Leroueil, et al., 1985, 1990; Hunter & Fell, 2003). Never-
theless, there are only a few documented case histories of
trial embankments tailings, apart from the Canadian lique-
faction experiment programme CANLEX (Byrne et al.,
2000; Wride et al., 2000).

Such a full-scale trial would lead to a better under-
standing of tailings behaviour and savings in further stages
of the Morro do Ouro Dam.

This paper summarises tailings properties, describes
the experiment, presents factual instrumentation data and
stability analyses.

2. Trial Embankment Design

The trial embankment was located at the back of the
tailings lake, far from the dam, and about 500 m from the
tailings discharge point.

The test section dimensions (Figs. 2, and 3) were:
10 m in height with a front slope 1.5:1 and a gentle slope in
the back. At this height, the foundation would have failed,
according to predictions based on strength from laboratory
and in situ tests. The top of the embankment was 30 m long,
so that approximately plane strain conditions apply.
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Figure 1 - Morro do Ouro tailings dam.

The foundation instrumentation included: electrical
vibrating wire piezometers, settlement plates, a settlement
profiler and inclinometers.

The loading rate was as fast as possible, to match the
worst loading conditions and maximum porepressures
build-up. The final height was reached in just seven days.
Earthworks took place around the clock, 24 h a day.

Figures 4 to 6 show the embankment under construc-
tion and at the end of the project.

3. Tailings Properties

Previous studies and laboratory tests indicate that
Mina do Ouro tailings is a soft dark grey silty material hav-
ing 15% of clay size particles and about 60% silt.

Atterberg limits are: liquid limit LL is 28 %, plasticity
index PI = 4%, water content w = 50% and average unit
weight y = 17.4 kN/m’.

3.1. Laboratory triaxial tests

Stress-strain-strength assessment was carried out
through load controlled K,-consolidated undrained triaxial
compression tests (CK, U-C tests) on reconstituted samples

PR 1A

PR 2A

@ PE 1A=1B

PE 2A
PE 2B

Figure 2 - Cross section of the test embankment.

Settlement plates

WYV piezometers

Instrument hut
~
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° = =
1B \
Settlement plates
0 10 m
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Figure 3 - Plan view, test embankment.

Figure 4 - Embankment at 5 m height.

of varying densities. Only the loose state, corresponding to
a dry unit weight of 8 kN/m’, will be presented here.

Specimens were moist tamped in four soil layers in
the triaxial mould until the desired density and void ratio
was achieved. Saturation, then, took place by water seepage
over 12 hours, followed by back-pressuring in small 25 kPa
stages until reaching a minimum of porepressure parameter

VW piezometers

Soils and Rocks, Sao Paulo, 36(1): 3-19, January-April, 2013.



Trial Embankment on Gold Mine Tailings

Figure 5 - Access road.

B of 0.97. Shear was then applied by a static loading frame
by increasing deviator stress in controlled increments.

Figure 7 presents stress-strain and porepressure be-
haviour of loose specimens. The co-ordinates are
p'=(o, +0, +0%)/3, g =0, —c, and void ratio e. The
confining stress levels varied from 25 to 200 kPa.

Figure 8 shows the p’: g: e plot. The specimen under
200 kPa confining stress shows little deformation under 1%
strain, followed by large deformation and porepressure rise
tending to reach failure under constant stress.

The stress paths enable the definition of a CSL
(critical state line), which present a friction angle of
¢’ =32°.

The p’: e plot yields the following approximate equa-
tion for the CSL: (p’ in kPa).

e=23-05logp’

Figure 6 - Finished embankment.

All tests enable the definition of an intermediate line
between the K, and the CSL, whose deformation magnitude
and rate seem to increase by a large amount. This line has
been named either instability or collapse line.

The loose specimens at lower confining stresses show
a peak strength value followed by very high deformation,
which leads to failure. This is typical of static liquefaction
behaviour under low confining stress, which presents
strong strain-softening under low confining stress that can
be detected under strain-controlled tests (Yamamuro &
Lade, 1997 and Yamamuro & Covert, 2001).

As confining stress increases, the strain softening
tends to decrease and eventually the loose tailings show
strain-hardening, as in the loose specimen tested at 200 kPa
confining stress.

The undrained strength ratio at (¢ /G’ ) can be taken
at the point where the stress path crossed the instability line,
which leads to ¢ /o’ = 0.2.

200 —————1—————— oy (kPa) 200
Au—- @— 25kPa
-0- 50
-¥y-= 100
150 4 -A-= 200 150 1
9 —e— 25kPa
—e— 50
= —— 100
) —4— 200 s
£ 1001 £ 1004
N N
S S
< <
K8 K8
AN == ——="]
50 1 O o
AA’A’ =
O i S—
pppe
0 T T T 07 T T T T
0 5 10 15 20 0.0 0.2 0.4 0.6 0.8 1.0
g, (%) g, (%)

Figure 7 - Stress-strain and porepressure behaviour, loose specimens (left normal view, right zoomed view).
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Figure 8 - Stress paths, loose specimens.

3.2. In situ tests

The tailings site investigation programme included
some 15 seismic piezocone tests (CPTUS).

Figure 9 shows a typical result of a test carried out
close to the trial embankment site. It presents plots of tip
resistance g,; friction ratio, R, , porepressures u, and hydro-
static u,, I, the Soil Behaviour Type or SBT index (Robert-
son, 2012). Figure 10 shows the normalised CPT parame-
ters for the tip resistance, Q,, local friction, F, and pore-
pressure B, described elsewhere (e.g., Robertson, 2012).

The tip resistance through the upper uncompacted
embankment fill is greater than 1 MPa down to 12 m depth
and then decreases in the tailings below. The friction ratio
R, lies in the range 2 to 4% in the fill and then increases in
the tailings to values above 8%. This plot also shows a de-
crease in R, below 27 m depth, which is an indication of in-
crease in sand content.

The porepressure u, in nearly nil in the fill, but
reaches high values in the tailings, well above u, The
porepressure parameter B, increases dramatically in the
tailings just below the fill and reaches values of above 1.
Porepressure dissipation rate in the tailings is so high that
full dissipation is achieved during the short time spent at

adding steel rods. This is the cause of the zig-zag in the u,
plot of all boreholes.

Porepressure dissipation rates are very fast yielding a
coefficient of consolidation from 3000 to 4000 m’/ year,
i.e., about 800 times a typical soft sedimentary clay (taken
as s mz/year, e.g., Ortigao, 1995). This raises the argument
that a partial drained behaviour could be assumed for the
tailings, especially if loading rate is slow.

Figure 11 shows ¢, and shear wave velocity V, profiles
close to the dam crest closer to the trial embankment site.
Lower ¢, values at tests at the back of the pond, far away
from the dam, is because they are closer to the tailings dis-
charge point at the back of the tailings. The CPTUS closer
to the dam has a 18m thick fill at the top. On the other hand,
the one at the trial embankment site has just 5 m of fill. V,
values are in the range of 100 to 200 m/s in the tailings.

3.3. Flow liquefaction assessment from CPTU

This section looks at flow liquefaction using recent
work by Robertson (2009, 2010), who updated a previous
method (Robertson & Wride, 1998). Shuttle & Cunning
(2007) discussed Robertson and Wride’s method limita-
tions. The work presented here is based on an updated ver-
sion of the original Robertson and Wride’s method (1998),
details of which were given in Robertson (2008, 2010)

Soils and Rocks, Sao Paulo, 36(1): 3-19, January-April, 2013.



Trial Embankment on Gold Mine Tailings

This updated method takes into account cyclic softening Robertson’s (2010) method consists of obtaining the
and evaluates post liquefaction undrained strength ratio  normalised CPT parameters for tip resistance (Q) and fric-
based on case histories recorded by Olson & Stark (2002,  tion (F) and plotting the data as in the SBT chart as Fig. 12,
2003).

Cone resistance g, Friction ratio Pore pressure u SBT index Soil behaviour type

2-5_

6+ 6+

84 84
104 104
12- 12-
14+ 14-
16- 16- -
18- 18- ——
22 22
24 24
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28~ 28~
30~ 30-
321 324
341 347
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38 38
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Figure 9 - Typical CPTU results.
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Figure 10 - CPTU normalised results.
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Figure 11 - CPTUS seismic results as a function of the distance from the dam crest.

as done for these CPTU data. Zones A, and A, are the zones
where cyclic and flow liquefaction are possible.

The next step is to plot the data in Fig. 13, which
shows (a) the tip resistance, (b) K, a correction factor
which depends on the grain characteristics, (c) and Q, , the
normalised tip resistance equivalent to a clean sand value
(Robertson & Wride, 1998). Q, = parameter values above
70 indicates contractive soils and correlates well with state
parameter ¥ > 0 (Jefferies & Been, 2006). Figure 13 shows
0.... > 70 in the tailings, thus contractive behaviour takes
place. On the right of Fig. 13 there is: (d) a plot of the pre
and post liquefaction undrained ratio. The latter shows val-
ues as low as 0.1 in the tailings from 13 to 19 m depth.

3.4. Comparison between undrained strength predic-
tions

This section compares undrained strength predictions
from different methods, plotted in Figure 14, discussed as
follows.

3.4.1. Olson and Stark’s method

Figure 14 plots undrained strength ratio and values
for pre and post liquefaction from CPTU correlation pro-
posed by Olson & Stark (2002, 2003). It yields the ratio cor-
responding to pre (or triggering) and post liquefaction
conditions, yielding the following parameters:

¢,../0", = pre and post liquefaction undrained

strength ratio to the effective overburden stress;

Summary of liquefaction potential

Lo il
~

100

L Ll

Normalized CPT penetration resistance

0.1

1
Normalized friction ratio (%)

Zone Al: Cyclic liquefaction likely depending on size and duration of cyclic loading

Zone A2: Cyclic liquefaction and strength loss likely depending on loading and ground geom-
etry

Zone B: Liquefaction and post-carthquake strength loss unlikely, check cyclic softening

Zone C: Cyclic liquefation and strength loss possible depending on soil plasticity, brittleness/
sensitivity, strain to peak undrained strength and ground geometry

Figure 12 - CPT x SBT - Soil Behaviour Type chart for liquefac-
tion.

¢,.;, = pre and post liquefaction undrained strength at
the tailings (kPa).

Soils and Rocks, Sao Paulo, 36(1): 3-19, January-April, 2013.
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Figure 13 - Flow liquefaction assessment, according to Robertson (2008, 2010).
. , . . . .
3.4.2. Jefferies and Been’s CSSM ues (c,) also plotted in Fig. 14, which yields very low val-

ues.

Jefferies & Been (2006) book summarises their work

on the application of CSSM (critical state soil mechanics)

to understanding the behaviour of tailings and loose sands. Figure 14 presents empirical values for the undrained

They provide a useful spreadsheet to analyse CPTU data  strength based on N, and compares with strength obtained
and this yielded post liquefaction or residual undrained val- by means of the equation:

3.4.3. N, approach

q,(MPa) R (%) ¢! o ¢, g (kPa)
0 2 4 6 8 0246 810 00 01 02 03 04 05 0 0 20 40 60 80 100
0 T T T 0 T T 0 T T T T T T T T
/ -
101 10 101~
4 Raobertson
( (2009)
pre lig
1
— 4 204 204 N 2
E 20 g
= )
g \
a 3 L |
301 301 301 . éﬁ_' B
¢ ==
~ .
post _—
40 40+ 40liquefaction
Olson & Stark
1 1 1 1 1 1 1 L 1 1 1 1 1 1 1
m— Pre liquefaction Olson & Stark _—— N,=20
— e Ny=15 —— ——  Been & Jefferis (2006) remoulded c,,

Figure 14 - Comparison between undrained strength predictions: Olson & Stark (2003), Jefferies & Been (2006), N,, and Robertson
(2010) methods.
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q,

o N kt W
where N, is an empirical coefficient. This work assumes N,
equals to 15 and 20, which is the range for most clays.

As discussed previously in this paper the instability or
collapse line yields the undrained strength (¢ /c’, ) ratio of
0.2, which is just in between Olson and Stark’s results
(Fig. 14).

4. Embankment Construction

The borrow material was a residual silt from a nearby
area, ripped by dozers from the top soil to a depth of about
1.5 m. The embankment was about 100 m from the beach
on the top of a minimum of 20 m thick tailings. An access
road was built from the borrow pit to the embankment loca-
tion.

A 400 g/m’ non-woven geosynthetic was placed over
the entire area (Fig. 15), followed by a 80-90 cm thick em-
bankment layer. The geosynthetic aimed at improving and
reducing thickness of the first layer, which was the mini-
mum necessary to allow dozers and lorries to operate. How-
ever, this first layer led to high initial settlements on the soft
tailings. Boreholes carried out through this first layer indi-
cated that the total fill thickness was about 2 m, therefore,
the initial settlement was about 1.1 to 1.2 m.

Light dozers, D4 type, spread the fill material. After
this work platform was in place, construction stopped to al-
low instrumentation installation and initial or baseline
readings. This phase took about one month.

4.1. Loading rate

Figure 16 presents the time-history of embankment
loading. It was the fastest possible rate under given condi-
tions of the embankment dimensions, distance to the bor-
row pit and earthwork equipment.

Earthworks took place around the clock, 24 h a day,
with one hour breaks for changing shifts at 6:00 and

Figure 15 - Placing the geosynthetic on the tailings.
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Figure 16 - Embankment loading rate.

18:00 h. Other breaks occurred at 12:00 and 24:00 h for
meals.

The initial rising rate was slow, as the spreading area
was too large, and it took two days to reach 2 m in height,
and another two days to reach the level of the berm. From
this point, the rise was fast, and the embankment reached
10 m height in only six days.

4.2. Liquefaction

Just after placing the first embankment layer, evi-
dence of liquefaction took place. Figures 17 to 20 present
photographic records of the events. Firstly, a small water
spring or sand boil surged on the top of the embankment
and continued until forming a “volcano” of tailings, about
one metre in diameter. This phenomenon took place only
under the first embankment layer.

Indeed, static liquefaction seems to have occurred un-
der very low confining stress only. Laboratory evidence
supports this conclusion, as loose specimens at low confin-
ing stress showed very large deformation after instability or
collapse, with a considerable rise in porepressures.

4.3. Instrumentation

The instrumentation consisted of ten vibrating wire
(VW) piezometers in the foundation, two inclinometer ac-
cess tubes at the embankment toe, a hydraulic settlement
profiler along the base of the main cross-section and four

Figure 17 - Sand boils on the top of the first layer.

Soils and Rocks, Sao Paulo, 36(1): 3-19, January-April, 2013.
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Figure 18 - Sand boils on the top of the first embankment layer.

Figure 20 - Sand boils, zoomed view.

settlement plates. A benchmark was installed on firm
ground close to the borrow pit area and an observation well
close to the embankment.

Soils and Rocks, Sao Paulo, 36(1): 3-19, January-April, 2013.

The VW piezometers were installed in H size
(100 mm diameter) boreholes into a one-metre high sand
bulb and sealed with 0.5 m thick seal of bentonite balls fol-
lowed by filling with bentonite mud to the top of the bore-
hole.

Electrical cables were extended in shallow trenches to
the instrument hut located in front of the embankment. A
portable read-out unit read the piezometers both during in-
stallation and after construction. A data acquisition system
installed in the instrument hut read piezometer data during
construction at regular intervals of about half an hour.

Inclinometer access tubes 80 mm in diameter were in-
stalled in P size (150 mm) holes drilled a few metres into
firm ground, beyond the tailings bottom-line. A benton-
ite-cement grout filled the annular space between tubes and
borehole wall. They were surveyed with a digital inclinom-
eter probe.

A 50 mm diameter access steel tube was placed in a
shallow trench along the embankment cross section, and
backfilled. This tube was surveyed regularly with a hydrau-
lic settlement profiler which slides in the access tube,
providing settlement readings at 5 m intervals. This unit
consisted of an electrical VW low pressure transducer con-
nected to a constant level water reservoir outside the em-
bankment. The system enables atmospheric pressure and
temperature corrections. The overall accuracy is about
+ 5 mm.

Four settlement plates were installed. Their protrud-
ing rods spoil earthworks, however, they are very important
for post-construction monitoring. They were surveyed with
an engineer’s level relatively to the benchmark.

The field crew took inclinometer and settlement pro-
filer readings twice a day during changing shifts at 6:00 h
and 18:00 h. Settlement plates were read once a day at
noon. Piezometers were read nearly continuously.

The field crew carried out baseline readings, field cal-
ibration and redundant checking of all instruments before
and after installation for over a fortnight before embank-
ment construction started. Readings were also obtained by
RPM crew with a second VW readout box and inclinometer
probe. This ensured the high data quality needed for this ex-
periment.

Settlement and porepressure readings continue for
post-construction monitoring, although these data will be
analysed in another paper.

4.4. Observations during construction

The first fill layer led to a settlement of about 1.1 to
1.2 m, which was not taken into account in the calculations.

The observation well indicated that the water table
coincided with tailings surface. This instrument was lo-
cated too close to the embankment toe, and showed
porepressure rise during loading. This report assumed that
the ground water remained unchanged through the experi-
ment.

11
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When the embankment reached 5 m in height, the tail-
ings surface on the lakeside of the embankment showed
signs of bulging. Inclinometers and piezometers also re-
corded jumps at the same time, and will be discussed later.
This was, then, interpreted as a local failure at that stage.

At the end of loading, the embankment was thor-
oughly inspected and presented no visible signs of failure
or cracking.

5. Instrumentation Results

5.1. Porepressures

Figures 21 to 28 summarise porepressure measure-
ments in separate plots for vertical A and B, showing that
porepressures built up considerably during loading.

Figures 21 and 22 present excess porepressures Au vs.
time and embankment height.

Figures 23 and 24 plot excess porepressures Au dur-
ing loading as a function of total vertical stress increment
Ao, which is the increase in overburden stress A, =yH due
to the embankment loading. The rate of porepressure
build-up is higher in the initial phase until the embankment
reached 6 m in height, and then decreases slightly. This
could be the influence of dissipation rate.

One can observe a sharp drop in porepressures when
the embankment reached about 5 m in height, followed by a
recovery with loading. This was accompanied by a jump in
horizontal displacements measured by the inclinometers,
which will be discussed later. Ortigao et al. (1983) observed
a similar porepressure decrease during failure of a test em-
bankment on soft clay. This can be explained by local yield-
ing due to dilation taking place close to piezometer sensors.

The plots of Au vs. Ac, include a Au = Ac, line, which
corresponds to fully undrained case of porepressure in-
crease. Piezometers located close to the centre of the tail-
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Figure 21 - Porepressures during loading, vertical A.
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Figure 22 - Porepressures during loading, vertical B.

ings layer show higher porepressures and they plot closer to
this line, whereas those close to the top plot well below this
line, due to porepressure dissipation.

Figures 25 and 26 present porepressure isochrones.
Instruments in the centre of the tailings layer show larger
porepressures than those close to the top. This is a typical
phenomenon caused by faster dissipation closer to drainage
boundaries.
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Figure 23 - Excess porepressures during loading, vertical A.
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Porepressure isochrones are re-plotted in Figs. 27 and
28, presenting normalised porepressure parameter
B = Au/Ac, vs. normalised depth z/D, where D is the depth
of the tailings. These plots demonstrate that the measured
porepressures follow the typical behaviour observed in a
number of cases of loading on soft clay, where partial dissi-
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Figure 27 - Porepressure parameter B, vertical A.
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Figure 28 - Porepressure parameter B, vertical B.
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pation takes place. Leroueil et al. (1985) observed this phe-
nomenon in a number of cases in soft clays, when the clay is
still at the overconsolidation stress range. Indeed, measure-
ments at this test embankment fall within the limits pro-
posed by these authors, also observed for other Brazilian
soft clays (Ortigao et al., 1983).

5.2. Porepressure dissipation after construction

Figure 29 presents porepressures vs. time for piezo-
meters under vertical A, showing fast dissipation rates after
construction, which took 10 days to achieve complete dissi-
pation. This figure also plots results from a very simple
one-dimensional Terzaghi dissipation model. The coeffi-
cient of consolidation was varied until an agreement was
obtained, leading to the value of this coefficient in the verti-
cal direction of ¢, = 4000m’/year.

It is interesting to compare this value with the coeffi-
cient of consolidation in the horizontal direction (c,) from
many piezocone dissipation tests in the tailings. Figure 30
is a histogram of CPTU data and includes the back-figured
value from the trial embankment dissipation. The results
are in good agreement, showing that ¢, and ¢, values are
very close for the tailings. This also shows that the piezo-
cone dissipation radial model is a good approximation to
the test, as well as, the simple vertical 1D consolidation
model. Additionally, the tailings show homogeneous per-
meability behaviour.

5.3. Inclinometer measurements

Figures 31 to 35 present horizontal displacements
measure with inclinometers at the toe. The plots in Figs. 31,
32 and 33 present calculated displacements and change of
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Figure 29 - Porepressure dissipation after construction, verti-
cal A.
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Figure 30 - Coefficient of consolidation from piezocone and
piezometer dissipation.

readings with depth for various heights. Maximum hori-
zontal displacements are about 150 mm and 110 mm at 7 m
depth in inclinometer IA and IB, respectively.

When the embankment reached 5 m in height these
plots show a sharp jump in the deformation, consistent with
local yielding also detected at the piezometers.

The change of readings is proportional to soil distor-
tion. The largest value possibly indicates the location of a
slip surface and is related to shear strain of soil, as dis-
cussed by Ortigao et al. (1983b). The measurements show
large distortions at 15 m depth, with consistent results in
both tubes.

Measurements at the two access tubes show similar
results on axis A (main axis, across the embankment), but
quite different behaviour along the secondary axis B. Incli-
nometer IA presented negligible lateral displacements and
the results are not included. On the other hand, considerable
lateral spreading took place at inclinometer IB (Fig. 33).
Maximum displacements were about 60 mm.

Figures 34 and 35 present horizontal displacements
measured by the inclinometers and corresponding change
of readings as a function of the embankment height.

The amount of angular deflection 6 is obtained from
the change in inclinometer readings (change), according to
the following equation:

5.4. Settlements

Figure 36 presents recorded settlements vs. time and
vs. embankment height. Figure 37 gives settlement results
obtained by the settlement profiler. In both cases, the initial
settlement caused by the working mat has not been included.

The maximum settlement at the end of construction
was 800 mm in the settlement plates and about 700 mm in
the settlement profiler. Certainly, the settlement plates give
the correct result, while the profiler gives the shape. The
reason is that, for very large settlements, corrections should

Soils and Rocks, Sao Paulo, 36(1): 3-19, January-April, 2013.
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Figure 32 - Inclinometer IB results, main axis.

be made for the curvature of the profiler, as the access tube
deforms.

5.5. Horizontal displacements vs. settlements

Figure 38 presents a plot of maximum settlements vs.
maximum horizontal displacements measured at the same
embankment height. On the same figure there are dashed
lines proposed by Leroueil ez al. (1985) for drained and un-
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drained behaviour, based on similar measurements at sev-
eral embankments on soft clay. The trial embankment data
in Figure 38 plot close to the drained behaviour line.

5.6. Prediction of impending failure from instrumenta-
tion results

This embankment shows very clearly that inclinometer
results are very sensitive to impending failure. Plots of incli-
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Figure 33 - Inclinometer IB results, lateral axis.
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Figure 37 - Results from the settlement profiler.

nometer distortions are especially useful for this purpose, as
discussed long ago by Ortigao et al. (1983a, 1983b). Jumps
in readings indicate that failure is approaching.

In addition to inclinometers, the only useful instru-
ment to indicate impending failure, is a piezometer, but
never as clear as inclinometer data.

Hunter & Fell (2003) analysed 13 case histories of
embankment of soft soils and suggested that the following
observations can be a good indication of imminent failure
of embankment foundations: (a) lateral displacement at the
embankment toe; vertical deformation at or just beyond the
toe; (c) inclinometer observations at the toe; (d) embank-
ment cracking and (e) porepressure behaviour.

Past experience with a few embankments on soft clay
in Brazil (Ortigao et al., 1983a,1983b, Ortigao, 1991) has
led the authors to rely mainly on inclinometer data followed
by piezometers. Surface marks yield useless data for failure
prediction in most cases.

6. Stability Analyses

Limit equilibrium stability analyses were carried out
to evaluate the strength of the tailings at the end of con-
struction with Bishop’s simplified method and circular slip
surfaces. The Slide 5 computer program was used. The em-
bankment fill parameters were setasy =17 kN/m’, ¢ =0 and
¢ =30".

6.1. TSA total stress analyses

The tailings parameters varied according to the analy-
sis case. Firstly, total stress analyses (TSA) were carried
out with undrained strength assumptions for the tailings.
The tailings parameters were ¥ = 17 kN/m’ and the un-
drained cohesion and friction were taken as ¢, = 0.1 ¢’ ,
¢, =0, as suggested in Morgenstern (2002) report and used
in stability analyses of the dam. This resulted in FS =0.171
(Fig. 39), which is too low.

A search was then conducted to check which un-
drained strength value would yield a FS just above 1, for
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Figure 38 - Relationship of settlements and horizontal displace-
ments.

end of construction conditions. The ratio ¢ /o, was in-
creased until FS was just above one. Figure 40 presents the
results which yielded ¢ /o, = 1.4.

6.2. ESA effective stress analyses

The ESA consisted of a sensitivity analysis of FS as a
function of the porepressure parameter B. The effective
friction angle for the tailings was taken as ¢’ = 32°. The
ESA analyses were run varying B. Figure 41 presents the
results which shows that FS = 1 for B in the order of 0.9.
This value is higher than observed at the end of construc-
tion, which was in the order of 0.5 to 0.7, which, in turn,
would yield a FS value of about 1.2 to 1.3.

7. Discussion

The outcome of stability analyses is that TSA was un-
able to predict the embankment behaviour. The reason is
clear: drainage. Indeed, Fig. 29 shows that all excess porepres-
sures dissipated within 10 days after the end-of-construction.
Therefore, a considerable amount of drainage took place dur-
ing construction, despite a placement rate, which was as fast
as possible, but still not sufficient to impede drainage.

ESA with porepressure parameter B = 0.9 yields FS
close to one. Therefore, assuming that at the end-of-cons-
truction FS might have been close to 1.2-1.3, based on ac-
tual porepressure measurements, it is concluded that ESA is
the only possible way to analyse stability.

Conclusions

This field experiment has led to the following conclu-
sions:

* The gold mine tailings behave like a loose silt material.
Undrained triaxial tests on loose specimens show static
liquefaction taking place under low confining stresses.

e Just after placing the first embankment layer, water and
tailings surged through the fill. This phenomenon can be
interpreted as static liquefaction taking place at low con-
fining stress, as also observed in the triaxial tests.
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Figure 39 - TSA stability analyses with ¢, = 0.1 ¢’ yielding FS = 0.171.
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Figure 40 - TSA stability analyses with ¢, = ¢’ = 1.4, yielding FS = 1.066.
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e Local yielding and lateral bulging at the tailings took
place when the embankment reached 5 m height. This
was clearly observed at the inclinometer IB and affected
measured porepressures in all piezometers, which
showed a small, but sharp porepressure drop, followed
by recovery.

» At the end of construction the embankment was stable
without any visible cracks or large visible deforma-
tion;

e The performance of the instrumentation was very good,
yielding a large amount of accurate and reliable data;
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Figure 41 - ESA sensitivity analyses, FS vs. B.
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1.2 1.4 . . .
e The construction rate was fast enough to yield high

porepressure built-up in the tailings, followed by fast dis-
sipation rates after the end of construction;
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* Porepressure dissipation analyses showed that the coeffi-
cient of consolidation agrees well with piezocone dissi-
pation test results;

» Back-figured TSA analyses at the end of construction
yielded a very high undrained strength ratio of about 1.4,
much higher than any other method based on CPTU and
laboratory values. None of the undrained strength meth-
ods were able to predict the embankment behaviour.

» Effective stability analyses with estimated porepressure
parameter B values indicated that failure would take
place with B close to 0.9. This is by far larger than mea-
sured values at the end of the construction, which, in
turn, shows a FS value in the order of 1.2-1.3. Therefore,
the authors conclude that effective stress analyses is the
only way to analyse stability on these tailings.
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Influence of Pile-Soil-Raft Parameters on the Behavior
of Piled Raft and Conventional Piled Group Foundations

R.P. Cunha, M. Pando

Abstract. In the Central Area of Brazil, particularly in the city of Goidnia (and in limited cases of the Brazilian capital
Brasilia), it is becoming common to observe in few foundation projects the design of a single, thick and large raft,
supported by several piles, particularly for the central highly loaded and slender part of very tall buildings. In fact, many of
these piles are designed as “settlement reducer” ones, behaving as “floating piles” with distinct geometries or relative pile
stiffness (pile-soil) ratios. They are defined with basis on some rationalized procedure adopted to minimize the differential
and total settlements of the raft, also based on its relative raft stiffness (raft-soil) together with aforementioned aspects. In
such conditions, the calculation is usually done using a capacity and settlement based design approach that is normal in the
case of “piled raft” foundation systems. Therefore, this paper aims to investigate this particular topic, scrutinizing
numerical results of piled raft cases (and its comparison with “conventional” pile groups) under both cases of horizontal
and vertical load conditions. It focuses on the influence of some key parameters of piled raft systems (related to overall pile,
soil and raft geometric & mechanical characteristics) on their hypothetical design behavior. It further explores the possible
advantages of designing under the concept of piled rafts under few particular conditions, yielding generalized conclusions

from a “practical” point of view for those interested in such design methodology.
Keywords: piled raft, deep foundation, numerical analysis, parametric assessment, relative stiffness, displacement.

1. Introduction

In the heavily centered loaded portion of tall build-
ings under construction in the Central Area of Brazil, it may
be now common to find a foundation designed with basis
on a single raft supported by piles. This foundation raft gen-
erally encompasses several columns of the central projec-
tion of the building, and is structurally calculated to
withstand shear, moment and concentrated loads under a
combined set of conditions (“dead”, “live”, wind and “oc-
casional” loads at distinct directions) set by Brazilian spe-
cific norms.

Itis calculated also in geotechnical terms to withstand
the same combination of loads, under two basic general
guidelines recently set out by the Brazilian ABNT (2010)
foundation Standard. This same standard allows the foun-
dation to be designed as a conventional or standard “group
of piles”, as commonly done (so far) in the majority of
foundation projects where no superstructure load is sup-
ported by the soil underneath the raft, or by the raft itself.
Nevertheless, this standard also recognizes and allows the
foundation to be designed as “piled raft”, in which the con-
tact of the base of the raft with the superficial soil can be
taken on consideration - as long as the overall safety factor
does not drop below advocated values.

One should however realize that the term “piled raft”,
as originally presented by Ottaviani (1975), Hain & Lee
(1978), Mandolini & Viggiani (1997) and Poulos (1998), to

name few key publications, is expressed in the present pa-
per with the same definition as previously put forward by
Janda et al. (2009). That means, as a “foundation system in
which both structural components (piles and top raft) inter-
act with each other and with the surrounding soil to sustain
vertical, horizontal or moment loads coming from sup-
ported superstructures”.

It is emphasized that this is valid independently if the
piles of such system are designed as “settlement reducers”
(as initially advocated by some authors) or not. Actually,
according to Mandolini (2003), “piled rafts” refer to foun-
dations that can be designed in any manner (under “capac-
ity and settlement based design”, “capacity based design”
or as “differential settlement based design™) as long as there
is load sharing between the elements. That means that the
understanding of the entire foundation system requires
knowledge not only about the single pile interaction with
the soil environment, but also the mutual influence of indi-
vidual piles within the group plus the raft and the soil (the
“foundation-structure” general interaction allowed in cur-
rent designs by the new ABNT (2010) standard).

The paper therefore explores a parametric analysis of
a nine floating pile group under a combined (non simulta-
neous) set of vertical and horizontal distributed loading, in
contact and without contact with an idealized superficial
soil layer. The analyses are carried out under distinct over-
all conditions, to be described.
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That means, under particular conditions of vertical
and horizontal loading, it seizes the influence of the Pois-
son’s Coefficient, the slenderness ratio'l of the piles, the
relative pile-soil and raft-soil stifnesses, and the soil contact
type, in relation to typical design variables as the normal-
ized displacement, the load sharing between raft and piles,
and the distribution among (and along) piles at different po-
sitions.

The paper re-evaluates and further extends the out-
come from an already published data within a past M.Sc.
Dissertation Thesis from the University of Brasilia (Bezer-
ra, 2003), taking on account (and summarizing) some of the
recent developments put forward by other publications in
this same line of knowledge, as those from Sales et al.
(1999, 2005), Cunha & Sales (1998), Cunha et al. (2000a, b
& ¢, 2001, 2002, 2004, 2006), Bezerra et al. (2005), Cunha
& Zhang (2006), Janda et al. (2009) and Ayala (2013),
among others.

For instance, Janda et al. (2009) demonstrated that it
is possible, although not straight forward, to simulate and
generalize some key aspects of the behavior of piled raft
and conventional foundation systems founded in rather
complex soils (in their case, the Brasilia “porous” clay),
solely on the basis of numerical analyses of “typical” sys-
tems. They proved that the feasibility of the analyses for a
future “real” design could be reached by using readily
available parameters from pile load tests or site and labora-
tory investigations, allied to a good dose of common sense.

Thus, the objectives of this paper are rather the same
as those from aforementioned authors, i.e. guidelines for
the geotechnical behavior and for the design approach of
such systems will be cautiously envisaged with basis on
generalizations of parametric studies that encompass analy-
ses of typical foundation setups. The systems, relative to
piled raft and conventional groups, will be simulated under
distinct conditions of overall geometry and soil/structural
pile-raft mechanical values.

2. Numerical Model and Software

This paper adopts a numerical program developed ex-
clusively for groups of deep foundations and piled rafts
under general loading, named APRAFR, which was devel-
oped in the doctoral thesis of Zhang (2000) at University of
Sydney. This program extends the “finite layer” method to
accommodate a simultaneous general loading on top of
piled raft foundations, allowing the establishment of cou-
pled relationships between displacements (in all three di-
rections), rotations (in two directions), and external loads.
The origin of this method, and the adopted software, are
briefly explained next.

2.1. Historical developments

Hain & Lee (1978) developed a method which con-
sidered the interactions of the piles, raft and soil, but the ro-
tations and horizontal movements of a pile head induced by
a vertical load applied to an adjacent pile or the soil surface
were ignored. Soon later, Small & Booker (1984, 1986) and
Booker & Small (1988) developed the finite layer method
to analyze the behavior of stratified media of horizontal
layers of finite thickness, when submitted to vertical load-
ing. Hence, Lee & Small (1991) applied this theoretical
method to the simulation of axially loaded piles founded in
isotropic or cross-anisotropic elastic medium, where the
nodes of the piles (intersection between horizontal soil lay-
ers and pile vertical surfaces) were stressed by annular uni-
form loads.

Ta & Small (1996, 1997) extended aforementioned
models to developed a new numerical tool for the analysis
of piled rafts (with the raft on or off the ground) and, as for
Hain and Lee’s method, the solutions were only for vertical
loads. This method used finite elements to model the raft
and the finite layer to model the soil, taking on account het-
erogeneity problems and system interactions.

Zhang & Small (2000a), subsequently surpassed the
limitations from previous methods and developed a new
numerical approach for the analysis of piled raft founda-
tions, now subjected to both vertical and horizontal load-
ings. In this method, the interactions between raft and piles,
raft and soil, piles and piles, piles and soil, and soil and soil
were fully considered. However, the method could only
deal with piled foundations clear of the ground, i.e., “con-
ventional” pile groups.

2.2. Establishment of the software APRAF

Zhang (2000) in his doctoral Thesis, and Zhang &
Small (2000b) have introduced an extension of the method
presented by Zhang & Small (2000a), where the raft could
be in contact with the ground surface. Similarly as before,
this approach uses a combination of the finite layer method
for modeling the soil and the finite element method for sim-
ulating the raft and piles. The piled raft foundation can be
subjected to horizontal and vertical loads as well as mo-
ments, and the movements of the piled raft in three direc-
tions (x, y, z) and rotations in two directions (x, y) may be
computed by a program named APRAFR (analysis of piled
raft foundations). In this program the raft could have any
structural flexibility, and the stratified soil could have vari-
able modulus along depth. Nevertheless the analysis still
continued to be a linear elastic one. However, these authors
have successfully made comparisons of the new solutions
with those of the finite element method, and the effects of

1 Although the Merriam Webster on line dictionary defines “slenderness ratio” as the ratio of the length of a structural member (as a column) to its least
radius of gyration, this ratio was defined herein as the relation between pile’s length to diameter (L/D). One shall also notice that according to the New
Webster’s Dictionary “slender” means a thin, narrow or “week” element — which do contrast with the definition of this paper. A higher slenderness
ratio (increase in L for a constant adopted d) does not necessarily mean a weaker pile.
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parameters (adopted for soil and raft) on the behavior of
piled rafts have been examined.

As shown in Fig. 1, reproduced from Zhang & Small
(2000b), the problem of the piled raft foundation can be
solved by assuming that the forces between the piles and
layered soil can be treated as a series of ring loads applied to
‘nodes’ along the pile’s shaft. These loads are both horizon-
tal and vertical. The contact stresses that act between the
raft and the soil can be considered to be made up of uniform
rectangular blocks of pressure approximating to the actual
stress distribution. These can be considered uniform verti-
cal blocks of pressure or uniform horizontal shear stresses.
The displacement of the layered soil can then be computed,
as the solution for a layered soil subjected to ring loads at
the layer interfaces is found from finite layer theory.

Firstly, the response of the piles and soil (with no raft)
is computed by applying unit surface loads to the rectangu-
lar regions on the ground surface, or unit ring loads to the
soil along the pile’s shaft, or a unit uniform circular load at
the base of the pile. The deflections so computed can be
used to form the influence matrix for the soil. For the piles,
a stiffness relationship may be written based on shaft loads
and on applied load at the pile heads. Three noded linear
bending elements are used to model the piles.

“  External forces

Interface forces Interface forces
between the

raft and the soil

between the raft

and piles

Interface forces transferred from raft
to pile heads and soil surface

Ring loads
acting on
soil nodes

Circular loads
acting on pile
base

Figure 1 - Modeling of piled raft (modified after Zhang & Small
(2000b).
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Deflections of the soil or of the piles can be obtained
for loads applied to the pile heads from the final stiffness re-
lationship for the pile-soil continuum. This method is not as
efficient computationally as computing the interaction be-
tween two piles only (i.e. by using the interaction factor
method as advocated by Poulos, 1998 in his well known
GARP software). However, it is much more accurate, espe-
cially for piles at close spacing because all the piles are con-
sidered at once.

Since the deflection of the piles can be computed
when one is loaded at the head, or when the ground surface
is loaded, this can be used to determine the behavior of the
raft. Thus, by applying unit loads to the raft, its influence
matrix may be obtained. By applying unit pressures to the
ground, or unit pressures and moments to the pile heads, an
influence matrix for the soil-piles may be obtained.

Finally, by considering equilibrium of applied forces
and moments acting on the piles and raft, and compatibility
of displacements of the soil and raft (and of displacement
and rotation of the pile head and raft) enough equations
may be assembled to obtain the solution under general
loading. One should realize that there is full displacement
compatibility between raft and soil, hence, no “soil-slip” at
interface can be assumed.

3. Analyses and Results

The previously cited solutions were incorporated
within the APRAFR software, used in this paper to perform
a series of parametric analyses to be described and dis-
cussed now. Generalized conclusions, although limited
somehow for the studied cases, are also provided.

3.1. Set up of the problem

The study of piled raft foundations involve a great
range of interdependent variables that form a complex
problem that, most of the time, is necessary to be solved
with the adoption of some simplified hypotheses and/or
configurations. A certain set of parameters is also needed to
set up a model to study the system’s behavior. So, using
simple elements it is possible to depict in Fig. 2 the overall
aspects of the systems which were simulated herein.

In this figure it is noticed the square layout of the raft
and the position of the piles, in plan view, and a particular
cross section in mid-position of the raft with the respective
pile and soil profiles. A closer view of a small insert shows
in detail the denomination used for distinct pile positions
within the raft, from corner to center type locations.

The main difference in Fig. 2 from piled rafts and
conventional group systems is the raft/soil contact, which is
inexistent in the latter case and present (physically bonded
via nodal points) in the former one.

Table 1 complements the information from afore-
mentioned figure, stating the main physical parameters
adopted in the analyses, and their ranges and magnitudes.
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Figure 2 - Layout of the studied foundation system (modified from Bezerra, 2003).

They were originally established from standard geo-
metric configurations and soil-raft values backanalyzed in
Cunha & Sales (1998) field load tests at the Research Site
from the University of Brasilia, and later on from Sales
(2000) and Cunha et al. (2004), as they may relate to stan-
dard values of interest to be regionally adopted for the de-
sign of such structures.

Besides, the range of variation for the parameters was
selected to fit within magnitudes from a previous (and clas-
sical) similar exercise presented by Clancy & Randolph
(1993), where squared piled rafts up to 36 piles were thor-
oughly simulated.

It shall be noted in Table 1 that the following equa-
tions do apply:

AE 1V

S —— 1)
3nE, B [1-v}]

RS

in accordance to Brown (1975) for square (B x B) rafts,
where all the parameters are specified in this same table.

_Egdu,
q,B

1

o

@

anon-dimensional variable, where o refers to vertical (v) or
horizontal (h) directions. I, is the normalized displacement,
u, is the displacement at the center of the raft, and g, the dis-
tributed stress on the raft.
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a non-dimensional differential settlement ratio based on
vertical displacements in distinct pile positions, in accor-
dance to the detail in Fig. 2. In other words, the higher is the
value of A the more homogeneous or uniform are the settle-
ments around the raft, and vice versa.

Therefore, for the appreciation of the key design as-
pects of the problem, as it was set up in this paper, the main
(output) variables of interest, as settlement or shared load of
the piles, were obtained and plotted. The results are pre-
sented and discussed along the next figures. Similarly as
Fig. 2, all the subsequent ones have also been thoroughly
modified after the original data published in Bezerra
(2003).

3.2. Cases of load in the vertical direction

This item and respective sub items deal exclusively
with comparisons between piled raft and standard group
systems under vertical distributed load, for distinct values
of the pile slenderness ratio (L/d). The influence of the key
parameters L/d, v, K, K, and foundation system are evalu-
ated and discussed.

3.2.1. Effect of L/D, v and foundation type

The effect of some initial parameters of design re-
spectively on the normalized central settlement and on the
percentage of load absorbed by the pile group (the remain-
der goes to the raft alone), can be visualized through Figs. 3

Soils and Rocks, Sao Paulo, 36(1): 21-35, January-April, 2013.
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Table 1 - Adopted parameters in analyses.

Parameter Value

Soil Young Modulus E; 6 MPa

Structural Young Modulus of 18000 Mpa and variable
Pile (E,) (600-6000000)*
Structural Young Modulus of 20000 MPa

Raft (E,)

Number of piles (n) 9

Soil Poisson’s Coeff. (v) 0.35 and variable (0.1-0.5)**
Structural Poisson’s coeff. of 0.2

Pile (v,) and Raft (v,)
Pile length (L)

Pile diameter (d)

Pile spacing (S)

Position of rigid base (H)
Raft breadth or length (B)
Raft thickness (7)

Pile spacing ratio (S/d)
Depth along pile’s Shaft (z)
Pile slenderness ratio (L/d)

Pile-soil stiffness ratio
(Kys = EJEy)
Raft-soil stiffness ratio (K,)

Distributed vertical stress on
raft (¢,)

Distributed horizontal stress
on raft (¢,)

Normalized central settlement

in vert. direction (/)

Normlzd. central displacement

in horizontal direction (/,)

Differential settlement ratio in

vertical direction (A)

Variable 12.5-50 m
0.5m
2.5m
10 times L
6m

0.5 m and variable
(0.25-1.25)%%**

5
Variable 0 to L
Variable 25 to 100
Variable 100-1000000

Variable 0.1-12
0.1 Mpa

0.1 MPa

Result in accordance to Eq. 2

Result in accordance to Eq. 2

Result in accordance to Eq. 3

Observations:

(1) V Load = load in vertical direction;

(2) H Load = Load in horizontal direction;

*Variable in plots with the K, parameter;

**Variable in plots with the v parameter;

***Variable in plots with the K, parameter and Eq. 1.

and 4. It is noticed that such comparisons were carried out
in terms of a constant £, of 18000 MPa (K, =3000) and raft
thickness of 0.5 m, besides of distinct L/d, as previously
mentioned, with a range from 25 to 100 that covers most
practical cases. The Poisson’s Coeff. varied from 0.1 to 0.5,
and all other parameters are in accordance to Table 1.

From this set of figures, the following main observa-
tions can be drawn:

Soils and Rocks, Sao Paulo, 36(1): 21-35, January-April, 2013.
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Figure 4 - Effect of the variation of some initial parameters on the
load distribution.

» The sensitivity of the vertical normalized central settle-
ment to variations in v is negligible for both cases of sys-
tem,;

* Piled raft systems do not appear to have a noticeable ad-
vantage in comparison to standard groups in terms of the
reduction of the vertical total settlement of the raft;

25



Cunha & Pando

* The pile slenderness ratio has more influence on the de-
rived normalized settlement than the Poisson’s Coeff.,
again for both cases. Also, the higher is L/d the lower will
be the settlement;

* In the case of piled rafts only, the influence of the Pois-
son’s Coeff. on the percentage of load absorbed by the
piles is low. For practical (medium) values of v, this in-
fluence tends to be rather small;

* However, differently as before, the higher is L/d the
higher will be the load absorbed by the pile group within
a piled raft system.

Given such observations, one can yield the following
partial conclusions strictly valid to vertical loading:

* In design projects with either piled rafts or standard pile
groups under vertical distributed load the estimation of
the Poisson’s Coefficient is not of concern, particularly
when the interest is in the total central settlement of the
system, or the load share within its elements;

* In order to decrease (to a low degree) the vertical settle-
ment for both systems, the slenderness ratio of the pile
shall be increased. This procedure will also lead, in piled
raft systems, to a slight increase in the load absorbed by
the piles, in detriment (i.e. with corresponding decrease)
of the raft’s load;

* If the major design interest is in the total vertical central
settlement of the raft, there is no advantage in designing
the foundation as a piled raft system.

3.2.2. Effect of the pile-soil stiffness ratio

The effect of the relative Pile-Soil stiffness ratio (K,,),
i.e. the relation between the Young modulus of the pile (E,)
and of the soil (E,) was also evaluated in regard to the nor-
malized central settlement and to the percentage of load ab-
sorbed by the pile group, among other variables. Similarly
as before, this was carried out for both piled raft and stan-
dard group systems with. Such comparisons were carried
out in terms of a constant v of 0.35, raft thickness of 0.5 m,
besides of distinct L/d, as previously commented. The E, of
the pile varied from 600 to 6000000 MPa in order to respec-
tively yield K,;‘s from 100 to 1000000. All other parame-
ters in accordance to Table 1.

Figures 5 and 6 show aforementioned results, again in
terms of distinct slenderness ratios ranging from 25 to 100.
From the analyses, it is possible to observe that:

» The sensitivity of the vertical normalized central settle-
ment to variations in K, is more pronounced, in both sys-
tems, for relatively “deformable” or ordinary pile cases,
i.e., piles with relative stiffness ratios around and lower
than 1000. In this regard, the higher is the compressibil-
ity of the pile (the lower is K,,) the higher is the normal-
ized vertical settlement. On the other hand, for less
deformable or “incompressible” piles (very high K,,), the
influence of K, is negligible;

* The pile slenderness L/d ratio does not appear to have
pronounced influence on the derived normalized settle-
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ment for more compressible piles (ratios < 1000). For
less compressible or incompressible piles, the influence
of this ratio is of note, and similar for both systems, that
means, the higher is L/d the lower will be the settlement;

¢ In the case of piled rafts only, the influence of K, on the
percentage of load absorbed by the piles is low for in-
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compressible piles. For more compressible ones, the
higher is the compressibility of the pile (the lower is K,
the lower will be the load absorbed by the pile elements
(more load to the raft). Besides, L/d slenderness ratio has
only influence on incompressible piles, increasing their
absorbed loads with the increase of L/d;

It is finally noticeable the inverse correspondence of re-
sults from absorbed load and settlement in the range of
incompressible piles, for piled raft systems.

The effect of the relative Pile-Soil stiffness ratio (K,,)
concerning the differential settlement ratio (A) is pre-
sented in Fig. 7 for both systems. In this figure it is possi-
ble to notice that:

Similarly as the vertical normalized total settlement, A is
also very sensitive to variations in K, in both systems,
for relatively “deformable” pile cases. Again, the higher
is the compressibility of the pile (lower is K,,;) the lower
is the differential settlement ratio (less uniform settle-
ments). For incompressible piles there is no influence of
K., ie., and the settlement of the raft becomes much
more homogeneous (higher values of A);

The pile slenderness L/D ratio does not appear to have a
pronounced influence on A in all spectrum of K, varia-
tion, although some slight tendency of the decrease of A
with the increase of L/D may be observed for piles that
are more compressible;

Both foundation systems have similar values of A vary-
ing with K., although slight higher (A) numbers were ob-
tained for the standard groups, i.e., this latter system
allowed slightly more uniform settlements along raft;
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Figure 7 - Effect of the variation of the Relative Pile-Soil stiffness
on differential settlement.
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e All aforementioned aspects and trends have been simi-
larly obtained by Zhang (2000), and by Clancy &
Randolph (1993) (regarding normalized central settle-
ment), in their numerical analyses.

Taking on account the detailed group configuration
from the insert of Fig. 2, it is now possible to evaluate the
load distribution within the piles of each system (in per-
centage to the total) in relation to variations on the relative
Pile-Soil stiffness ratio. Figure 8 (a) and (b) respectively
presents the results for a piled raft and a conventional group
system, in regard to corner, center or laterally positioned
piles.

From this one, it is noted the following points:

e The percentage of vertical load absorbed by the piles in
each particular position is similar irrespective of the sys-
tem. The piled raft, however, allows slightly less load to
be transmitted to the piles, as part of the total applied
load is absorbed by the raft;

e The load distribution concerning the pile’s position is
also a function of the relative Pile-Soil stiffness. For in-
stance, for more compressible piles, where (as noticed
before) total settlements are higher and differential ones
more pronounced, the load at each position tends to be
more uniform and similar. For less compressible, or in-
compressible piles, where differential settlements tends
to be homogeneous along the raft, it is clear that center
piles take lesser loads than lateral ones, and this one
lesser loads than corner piles - the latter absorbing the
highest load. Besides by decreasing the compressibility
of the piles (hence increasing K,,) the center piles will
tend to slightly decrease their share of load in detriment
to corner piles;

e In regard to the pile’s slenderness ratio, it is also clear
that, in the case of an incompressible pile, an increase of
this ratio will tend to turn more “uniform” the loads
within the pile elements (for both cases). That means, by
increasing the pile’s L/D center and lateral piles (those
with lower loads) will tend to increase their share of load
in detriment to corner piles (originally with higher
loads), which on the other hand will tend to decrease
their share of load.

Given such observations, one can yield the following
partial conclusions, strictly valid for vertical loading:

* The adoption of a particular relative pile-soil stiffness ra-
tio has the same effect for both piled raft and standard
group systems when the main variable of interest is ei-
ther the differential vertical settlement of the raft or the
percentage of load absorbed by the piles. Although the
piled raft system allows less load to be transmitted to the
piles, as the raft shares part of the load, it does not seem
to be so advantageous in design in comparison to stan-
dard groups, as both systems yielded similar values of
normalized central and differential raft settlements;

* Nevertheless, if a piled raft is adopted one should try,
whenever possible, to increase the relative stiffness of
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group.

the pile in regard to the surrounding soil (if possible with
K,;> 1000, i.e. turning the pile less deformable). As the
results show, an increase of K, beyond a given value
does not significantly influence both results of settle-
ment and absorbed loads;

* By designing piled rafts with incompressible piles, one
should also try to increase their slenderness ratios, since
there will be a positive tendency of reduction of the total
central settlement of the system with the increase of L/D,
although the influence on the differential settlement will
be negligible. Nevertheless, this will also lead to a corre-
sponding increase of the absorbed load from the piles
(with simultaneous decrease of raft’s load);

* In terms of load share within the elements of the system,
by adopting incompressible piles and by allowing them
to have high slenderness ratios (if practical, much above
30), it is possible to obtain foundation systems with more
uniform loads. Perhaps, by having center and lateral
piles with higher L/D than corner piles, such effect could
be maximized (although it was not tested herein). Any-
way, this “rationalized” design concept (some define it
as an “optimization”) has already been advocated before
by Cunha et al. (2001), Reul & Randolph (2004) or
Bezerra et al. (2005) among others, and is the next step in
designing piled rafts.

3.2.3. Effect of the Raft-Soil Stiffness ratio

The effect of the relative Raft-Soil stiffness ratio (K)
was also done with the same variables studied before. Such
comparisons were carried out in terms of a constant v of
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0.35 and E, of 18000MPa (K,, = 3000), besides of distinct
L/D, as previously commented. All other parameters in ac-
cordance to Table 1.

The value of K, for each situation was calculated via
Eq. 1 with the same parameters of Table 1, and a variable
raft thickness (f) which varied from 0.25 to 1.25m in order
to respectively obtain a range of K, from 0.1 to 12. That
means, from very flexible rafts (< 0.1) to rigid or “incom-
pressible” ones (= 10).

Figures 9 to 11 respectively present the results in
terms of the normalized central settlement, the percentage
of vertical absorbed load by the group, and the differential
settlement ratio.

From these figures, the following comments apply:

» The sensitivity of the vertical normalized central settle-
ment to variations in K, is negligible throughout the
spectrum of stiffness variation. However, it is affected in
the same manner by the pile slenderness ratio L/D for
both systems, that means, the higher is L/D the lower will
be the settlement at any stiffness ratio. In fact, according
to Zhang (2000) in analyses for standard group systems,
“the E/E; stiffness ratio has only a minor effect on the
vertical deflection” and “increase in pile length will
greatly reduce the vertical displacements”. Curiously ac-
cording to this author this stiffness ratio seems to be
more influential in reducing horizontal deflections rather
than vertical ones, nevertheless this topic will not be cov-
ered later herein;
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ness on differential settlement.

100% lower. For rigid rafts there is no influence of K, in both
systems, i.e., an increase of K, beyond a given value

A does not significantly influence the results;
——%®  Differently to what has been noted in the case of the
pile-soil stiffness, for K, it also seems that there is a
i more clear influence of the slenderness L/D ratio on A,
for both system cases, when the raft is flexible. In this
60% case, the higher is the pile slenderness ratio L/D the
greater will be the differences between the settlement at
1 the corner and at the center of the raft (i.e. the lower are
the A values). For rigid rafts such effect is of negligible
40% —e—L/d =25 Piled Raft magnitude;

¢ In the case of piled rafts only, the influence of K, on the

percentage of load absorbed by the piles is low or inexist-
ent for any flexibility of the raft. Nevertheless, by in-
creasing the L/D slenderness ratio there will be an
] increase of the absorbed load by the piles, with conse-
quent fewer load being transferred to the raft.
0% Similarly as the previous sub item, the evaluation of
1.0E-02 1.0E-01 1LOE+00  1.0E+01 1.OE+02 the load distribution within the piles of each system is pre-

Relative raft-soil stiffness (Kgs) sented at this stage, now in relation to variations on the rela-
tive Raft-Soil stiffness ratio.

Hence, Fig. 12 (a) and (b) respectively show the re-
sults for a piled raft and a conventional group system, in re-
gard to corner, center or laterally positioned piles.

From this figure some main observations can be
given, as follows:

* Load distribution in regard to the position of the pile is
influenced by the relative Raft-Soil stiffness. For in-

80%

i —i—L/d = 30 Piled Raft
—aA—L/d = 100 Piled Raft

20%

Percentage of V load absorbed by pile group

Figure 10 - Effect of the variation of the Relative Raft-Soil stiff-
ness on the load distribution.

e On the other hand, the differential settlement ratio (A) is
very sensitive to variations in K, in both systems and for
flexible rafts, i.e., the higher is the flexibility (lower is
the K,,) the greater are the differences between the settle-

ment at the corner and at the center of the raft (lower val-
ues of A), with the corner’s settlement being always
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stance, for flexible rafts, where differential settlements
are more pronounced, the load at each position tends to
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group.

be more uniform and similar (especially for K,, = 0.1)
than the equivalent one at respective positions in rigid
rafts. For rigid rafts it is clear that center piles takes lesser
loads than lateral ones, and this one lesser loads than cor-
ner piles - the latter absorbing the highest load (same ob-
servation as given for K,);

 In relation to the pile’s slenderness ratio, it is also clear
that, in the case of a rigid raft (with more uniform settle-
ments), an increase of this ratio will tend to homogenize
the loads within the system elements (for both cases). In
a similar way as depicted for K,,;, by increasing the pile’s
L/D ratio, center and lateral piles (with lower loads) will
tend to increase their share of load in detriment to corner
piles.

Partial conclusions can also be given with aforemen-
tioned observations, as it will be detailed next. Again, they
are strictly valid for vertical loading:

» The adoption of a particular relative raft-soil stiffness ra-
tio has the same effect for both piled raft and standard
group systems when the main variable of interest is ei-
ther the total or the differential vertical settlement of the
raft;

* In any case one should always try, whenever possible, to
increase the relative stiffness of the raft in regard to the
supporting soil, turning the raft rigid. For engineering
purposes, a value of K, equal or higher than 10 is enough
to ensure practically uniform settlements within the raft;

* Nevertheless, by designing with flexible rafts one should
be aware that by increasing the pile’s slenderness ratio to
values as high as 100 there will be a simultaneous de-
crease of the central settlement of the raft with a slight in-

30

crease of its differential ratio (difference between corner
and center displacements);

¢ In the case of rigid rafts it is advantageous to increase the
pile’s slenderness ratio, as it will decrease total settle-
ments without collateral effects on the raft’s differential
values. In the case of piled rafts, this will also lead to a
corresponding increase of the absorbed load from the
piles (with simultaneous decrease of raft’s load);

* In terms of the load share within the elements of the sys-
tem, for both standard groups and piled rafts, it is possi-
ble to obtain a more uniform load distribution among the
piles by allowing the raft to be rigid (K, > 10), and by de-
signing with piles with high slenderness ratios. Such ho-
mogenization can also be achieved with very flexible
rafts (at any pile’s L/D ratio), but with the disadvantage
of larger differential settlements within the raft.

3.3. Cases of load in the horizontal direction

This item is similar to the previous one, with the dif-
ference that it will now deal exclusively with load in the
horizontal direction. The same magnitude of distributed
stress (0.1 MPa) used in the (preceding) vertical cases was
adopted here, as one notices in Table 1. However, in order
to simplify the comparisons, and to cross compare the re-
sults to the vertical case, a unique slenderness ratio of 30
was adopted.

3.3.1. Effect of Poisson’s coefficient

In a similar fashion as the previous data, the analyses
carried out herein have also demonstrated that the influence
of this parameter is negligible, and therefore can for all pur-
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poses be fixed in a foundation design. Similar results as
those from former Figs. 3 and 4 have been obtained, and are
not included in order to save paper’s space.

3.3.2. Effect of the Pile-Soil Stiffness ratio

The effect of the relative Pile-Soil stiffness ratio K,
was also evaluated concerning the horizontal load direc-
tion.

Their influence was assessed on the normalized cen-
tral displacement (Eq. 2) and on the percentage of load ab-
sorbed by the pile group, as can be respectively visualized
through Figs. 13 and 14.

From these figures one notices that:

* The sensitivity of the horizontal normalized central dis-
placement to variations in K, is noticeable along all
spectrum of relative pile stiffness, being more pro-
nounced for standard pile groups than for piled rafts.
Similarly as the vertical case, the higher is the compress-
ibility of the pile (lower K, the higher is the normalized
horizontal displacement;

* On the other hand, in the horizontal direction piled raft
systems do have a noticeable advantage in comparison to
standard groups in terms of the reduction of the horizon-
tal total displacement of the raft, as one observes in
Fig. 13. This fact relates to the high percentage of load
that is absorbed in the contact raft/soil, that, according to
Fig. 14, ranges from around 80 to 35% (respectively
from K,, = 100 to 1000000). See for instance in Fig. 6
that in the vertical case the percentage of load absorbed
by the raft was much lesser than in the horizontal one for
all spectrum of K,;
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It also seems in the case of piled rafts, comparing both
situations of vertical and horizontal load at an equivalent
K, (respectively at Figs. 5 and 13), that the lower is the
load in the raft alone the lower will be the magnitude of
displacement (in any direction);

e All aforementioned aspects and trends have been simi-
larly obtained by Zhang (2000) in his analyses.

Taking on account the detailed group configuration
from the insert of Fig. 2, it is also possible to evaluate the
horizontal load distribution within the piles of each system
(in percentage to the total) in relation to variations on the
relative Pile-Soil stiffness ratio. Figure 15 (a) and (b) re-
spectively presents the results for a piled raft and a conven-
tional group system, in the same fashion as done for the
vertical load.

From Fig. 15, one notices that:

* The trend of horizontal load distribution by the piles in
each particular position is similar irrespective of the sys-
tem. It is clear that center piles take lesser loads than lat-
eral ones, and this one lesser loads than corner piles - the
latter absorbing the highest load, in a similar fashion as
observed for the vertical loading. Likewise, the piled raft
allows slightly less load to be transmitted to the piles, as
part of the total applied load is absorbed by the raft;

* The load distribution concerning the pile’s position is a
function of the relative Pile-Soil stiffness for both sys-
tems. For more compressible piles, where normalized
horizontal displacements are higher, the load at each po-
sition tends to be more uniform and similar. For incom-
pressible piles, the differences between the loads at each
pile position are more pronounced and less uniform;
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group.

* When comparing the situations of vertical and horizontal
load shares at distinct pile positions with equivalent situ-
ations for both piled rafts and standard groups (respec-
tively at Figs. 8 and 15), one notices that by decreasing
the compressibility of the piles (hence increasing K,,),
center piles (those with lower loads) tend to decrease
their share of load in detriment to corner piles (originally
with higher loads). This will turn the load distribution
more non-uniform within the system - as previously
stated.

Given such observations, one can yield the follow-
ing partial conclusions, strictly valid for horizontal load-
ing:

* If the main variable of interest is the normalized central
displacement of the raft it is of upmost importance to de-
sign the foundation as piled raft, with piles of high rela-
tive pile-soil stiffness K, i.e. incompressible piles. This
procedure will tend to decrease the horizontal displace-
ments with a simultaneous decrease of the load being
transferred to the raft. Nevertheless it will also induce a
more non-uniform distribution of the (remaining) load
within the piles of the system, with corner piles taking
more load than center ones;

* On the other hand, if the system is designed as a standard
pile group, it is also important to adopt incompressible
piles in the project, besides of the aforementioned non
uniformity of load distribution;

* In design projects with either piled rafts or standard pile
groups under horizontal distributed load the estimation
of the Poisson’s Coefficient is not of concern.
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3.4. Load distribution along pile

Figures 16 and 17 depict the load distribution along
the shaft at distinct relative depths (z/L) for the (center) pile,
with an L/D of 30 and at discrete values of K, for both foun-
dation systems. They respectively relate to loading at verti-
cal and horizontal directions.

The observed trend in aforementioned figures be-
tween the percentage of absorbed vertical and horizontal
load at the top of the center pile, with K, variation (from
1000 to 10000), do agree with comments expressed on pre-
vious items respectively done for Figs. 8 and 15.

Nevertheless, one also notices from Figs. 16 and 17
that:

* For the horizontal direction, in any case, the distribution
of load along the pile’s length tends to be more “concen-
trated” (less homogeneous) on top positions of the shaft.
This is especially noticeable for the top 50% of the pile
(that means z/L up to around 0.5). Tension loads have
also appeared on the remaining lower sections, denoting
that a “neutral” point existed, where the top compressive
loads turned into tension ones at the bottom;

» For the vertical direction, and also in any case, the distri-
bution of the load is much more homogeneous along the
depth;

* For the vertical direction, the magnitude of the load (in
percentage to total) along the whole pile’s length de-
creased with the increase of the pile-soil stiffness K,
whereas the opposite happens for the horizontal direc-
tion (in the aforementioned top region). In the latter case
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the magnitude of the load along the pile’s length in-
creased with the increase of K.

Such dissimilarities undoubtedly denote differences
in the foundation behavior when loaded at distinct direc-
tions. Perhaps it could explain part of the differences ob-
served on equivalent data when comparing it at each load
direction. Nevertheless, more research is still needed to fos-
ter grounded conclusions in such behavioral aspect.
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4. Conclusions

This paper investigated the individual behavior of
piled rafts and standard pile groups with differing charac-
teristics of relative stiffness (pile-soil, raft-soil), slender-
ness ratio (pile) and Poisson’s Coeff. (soil), at both non
simultaneous vertical and horizontal load conditions.

Although the range of the numerical parametric anal-
yses was limited, generalized conclusions have been
drawn. This knowledge can off course be referenced as an
initial guideline in the design of similar foundation sys-
tems.

Therefore, based on aforementioned results and dis-
cussion, and bearing in mind the partial conclusions drawn
in each sub item, it is possible to suggest that:

* Foundation systems can be designed (as usually done) as
conventional groups if the main variable of interest is the
vertical settlement (either total or differential). Never-
theless, the group should be preferably designed with a
high slenderness ratio for the pile (longer piles as practi-
cally possible for a constant diameter), and high relative
pile-soil (= 1000) and raft-soil (= 10) stiffnesses;

* Foundation systems must be designed (as it is not usual
yet) as piled rafts if the main variable of interest is the
horizontal displacement of the raft (total). It shall be
preferably designed, again, with a high relative pile-soil
(> 1000) and raft-soil (> 10) stiffness;

 If the system can not be designed as a piled raft, in the
case of horizontal loading, it should at least have the
same characteristics suggested at previous Item(1);

e Care should be taken in the structural reinforcement of
the piles when adopting aforementioned suggestions, as
by decreasing the pile compressibility there will be also a
tendency of more non-uniform loads distributed within
the system;

* In any case, the Poisson’s Coefficient of the soil can be
fixed without problems, as it seems to be not a parameter
of strong influence on the final results;

* When designing the system as a piled raft, some sort of
“rationalization” procedure, as advocated by some of the
cited references of this paper, could be employed in order
to enhance in design some of the (beneficial) features ob-
served herein with the numerical analyses. Perhaps, for
instance, by allowing center and lateral piles to have
higher lengths than corner piles (although this possibility
needs yet to be numerically better assessed). This feature
is, nevertheless, already being implemented in the few
piled raft projects of the city of Goiania/Brazil (Sales
2013, personal communication).

Acknowledgments

This study was made possible through an existing
joint technical co-operation research program from the
Universities of Sydney in Australia and Brasilia in Brazil,
where students from both institutions were able to corre-

33



Cunha & Pando

spond and interact. In this regard, the authors are grateful to
the kind support and comradeship provided by both (re-
tired) Profs. H.G. Poulos and J.C. Small, and Dr. H. Zhang
(SMEC Australia Pty Ltd.). The authors also thank the Bra-
zilian sponsorship organizations CNPq and CAPES for all
related support in this and in all other studies carried out by
the GPFees Group, either in terms of personal research
grants, or via sabbatical & student scholarships.

One of such scholarships allowed the MSc Student
J.E. Bezerra to generate the raw data and illustrative plots
used as basis of this paper. Although the paper considerably
differs from the original knowledge generated by this par-
ticular Dissertation, as it expands and explores further its
interpretation and conclusions, the authors are nevertheless
indebted for the work done by Mr. Bezerra.

References

ABNT (2010) NBR6122. Projeto e Execucdo de
Fundagdes. Brazilian Association of Technical Norms -
ABNT, Rio de Janeiro, 91 pp.

Ayala, D.J.C. (2013) Uso da Técnica de Radier Estaqueado
para Pequenos Edificios Assentes sobre Solo Colap-
sivel. M.Sc. Thesis, Dept. of Civil and Env. Engin-
nering, Univ. of Brasilia, 147 pp.

Bezerra, J.E. (2003) Estudo do Comportamento de Fun-
dagoes em Radier Estaqueado: Conceitos e Aplicagdes.
M.Sc. Thesis, Dept. of Civil and Env. Enginnering,
Univ. of Brasilia, 193 pp.

Bezerra, J.E.; Cunha, R.P. & Sales, M.M. (2005) Optimiza-
tion concepts for the design of piled raft foundation sys-
tems. Proc. 16th. Int. Conf. on Soil Mechanics and
Geot. Engineering, Osaka, p. 1947-1950.

Booker, J.R. & Small, J.C. (1988) Finite layer analysis of
layered pavements subjected to horizontal loading.
Proc. 6th. Int. Conf. Num. Meth. Geomechanics, Ins-
bruck, v. 3, p. 2109-2113.

Brown, P.T. (1975) Strip footing with concentrated loads
on deep elastic goundations. Geotechnical Engineering,
v. 6, p. 1-13.

Clancy, P. & Randolph, M.F. (1993) An approximate anal-
ysis procedure for piled raft foundations. Int. Journal
Num. Anal. Methods in Geomechanics, v. 17, p. 849-
869.

Clancy, P. & Randolpth, M.F. (1996) Simple design tools
for piled raft foundation. Geotechnique, v. 46:2,
p. 313-328.

Cunha, R.P. & Sales, M.M. (1998) Field load tests of piled
footings founded on a tropical porous clay. Proc. of the
3rd Intern. Geotechnical Seminar on Deep Foundation
on Bored and Auger Piles, Ghent, v. 1, p. 433-438.

Cunha, R.P.; Soares, J.M. & Mota, N.M.B. (2000a) Otimi-
zacdo de um projeto de fundagdes, através do uso de
radier estaqueado. Simp. Int. Estrutura-Solo em Edi-
ficios, Sdo Carlos, CD ROM, 10 pp.

34

Cunha, R.P.; Small, J.C. & Poulos, H.G. (2000b) Class C
analysis of a piled raft case history in Gothenburg, Swe-
den. Year 2000 Geotechnics - Geotechnical Engi-
neering Conference, Bangkok, Asian Institute of
Technology, v. 1, p. 271-280.

Cunha, R.P.; Small, J.C. & Poulos, H.G. (2000c) Paramet-
ric analysis of a piled raft case history in Uppsala, Swe-
den. IV Seminar of Special Foundations and
Geotechnics, Sao Paulo, Brazilian Soil Mechanics So-
ciety, v. 2, p. 381-390.

Cunha, R.P.; Poulos, H.G. & Small, J.C. (2001) Investiga-
tion of design alternatives for a piled raft case history.
ASCE Journal of Geotechnical and Geoenvironmental
Engineering, v. 127:8, p. 635-641.

Cunha, R.P.; Bezerra, J.E.; Small, J.C. & Zhang, H.H.
(2002) Parametric analysis of piled rafts founded on a
tropical clay of Brazil. Proc. IX Int. Conf. of Piling and
Deep Foundation, Nice, p. 249-256.

Cunha, R.P.; Bezerra, J.E.; Zhang, HH. & Small, J.C.
(2004) Back analyzed parameters from piled founda-
tions founded on tropical porous clay. Int. Conf. on Co-
operation and Innovation in the Geo-Industry. ASCE
Geot. Special Pub. no. 124, p. 1003-1014.

Cunha, R.P.; Bezerra, J.E. & Zhang, H.H. (2006) Influéncia
da rigidez relativa estaca/solo (Kps) em grupo de esta-
cas convencionais e tipo “radier estaqueado” carre-
gados vertical ou horizontalmente. Proc. XIII Braz.
Cong. of Soil Mechanics and Geot. Engineering - Co-
bramseg, Curitiba, v. 2, p. 793-798.

Cunha, R.P. & Zhang, H.H. (2006) Behavior of piled raft
foundation systems under a combined set of loadings.
10th. Int. Conf. on Piling and Deep Foundations -
DFI_2006. Amsterdam, p. 242-251.

Hain, S.J. & Lee, LK. (1978) The analysis of flexible
raft-pile systems. Géotechnique, v. 28:1, p. 65-83.

Janda, T.; Cunha, R.P.; Kuklik, P. & Anjos, G.M. (2009)
Three dimensional finite element analysis and back-
analysis of CFA standard pile groups and piled rafts
founded on tropical soil. Soil and Rocks, v. 32:1, p. 3-
18.

Lee, C.Y. & Small, J.C. (1991) Finite layer analysis of axi-
ally loaded piles. Journal Geot. Eng. Div., ASCE,
v. 117:11, p. 1706-1722.

Mandolini, A. (2003) Design of piled raft foundations:
practice and development. Conference on Bored and
Auger Piles, BAP III, Ghent, p. 59-80.

Mandolini, A. & Viggiani, C. (1997) Settlement of piled
foundations. Géotechnique, v. 47:4, p. 791-816.

Ottaviani, M. (1975) Three-dimensional finite element
analysis of vertically loaded pile groups. Géotechnique,
v. 25, p. 159-174.

Poulos, H.G. (1998) The pile-enhanced raft - an economi-
cal foundation system. Keynote Lecture, Proc. XI Bra-
zilian Congress on Soil Mechanics and Geotechnical
Engineering, Brasilia, v.4, p. 27-43.

Soils and Rocks, Sao Paulo, 36(1): 21-35, January-April, 2013.



Influence of Pile-Soil-Raft Parameters on the Behavior of Piled Raft and Conventional Piled Group Foundations

Reul, O. & Randolph, M.F. (2004) Design strategies for
piled rafts subjected to nonuniform vertical loading.
ASCE Journal of Geot. and Geoenv. Eng., v.130:1,
p. 1-13

Sales, M.M. (2000) Anélise do Comportamento de Sapatas
Estaqueadas. Ph.D. Thesis, University of Brasilia, De-
partment of Civil and Environmental Engineering, Pub-
lication G.TD - 002A/00, 229 pp.

Sales, M.M.; Cunha, R.P. & Jardim, N.A. (1999) Analysis
of piled footing tests on a tropical porous clay. Proceed-
ings of the XI Panamerican Conference on Soil Me-
chanics and Geotechnical Engineering, Foz do Iguacu,
v. 3, p. 1395-1402.

Sales, M.M.; Cunha, R.P.; Poulos, H.G. & Small, J.C.
(2005) Simplified approach for load-settlement curve
estimation of piled rafts. Solos e Rochas, v. 28:1, p. 73-
83.

Small, J.C. & Booker, J.R. (1984) Finite layer analysis of
layered elastic materials using a flexibility approach.

Soils and Rocks, Sao Paulo, 36(1): 21-35, January-April, 2013.

Part 1 - Strip loadings. Int. Journal Num. Meth. in Engi-
neering, v. 20, p. 1025-1037.

Small, J.C. & Booker, J.R. (1986) Finite layer analysis of
layered elastic materials using a flexibility approach.
Part 2 - Circular and rectangular loadings. Int. Journal
Num. Meth. in Engineering, v. 23, p. 959-978.

Ta,L.D. & Small, J.C. (1996) Analysis of piled raft systems
in layered soils. Int. Journal for Num. & Anal. Meth. in
Geomechanics, v. 20, p. 57-72.

Ta, L.D. & Small, J.C. (1997) An approximation for analy-
sis of raft and piled raft foundations. Computers and
Geotechnics, v. 20:2, p. 105-123.

Zhang, H.H. (2000) Finite Layer Method for Analysis of
Piled Raft Foundations, PhD Thesis, University of Syd-
ney. 362pp.

Zhang, H.H. & Small, J.C. (2000a) Analysis of capped pile
groups subjected to horizontal and vertical loads. Com-
puters and Geotechnics, v. 26:1, p.1-21.

Zhang, H.H. & Small, J.C. (2000b) Piled Raft Foundations
Subjected to General Loadings. John Booker Memorial
Symposium, A.A.Balkema, p. 431-444.

35






Tailings Liquefaction Analysis Using Strength Ratios
and SPT/CPT Results

W. Pirete, R.C. Gomes

Abstract. Tailings dams constructed using the upstream method generally have relatively low- density materials with a
high degree of saturation. Such conditions can generate the phenomena of liquefaction, which is potentially critical in
slurry tailings disposal systems. Slope stability analyses involving liquefied soil require that the shear resistance of the
softened soil be estimated and then, a good practical alternative is back-analyzed with field case studies involving slope
failures, using commonly SPT and CPT results. The Olson (2001) and Olson & Stark (2003b) liquefaction analysis
methodology based on strength ratios, included in this approach, is comprised of three stages: (i) liquefaction susceptibility
analysis; (ii) triggering analysis; and (iii) post-triggering - flow failure stability analysis. In this paper, this approach was
applied for stability assessments to verify liquefaction potential in an upstream tailings dam built by the hydraulic fill
technique and located in the Quadrildtero Ferrifero (Iron Quadrangle) region, southeastern of Brazil. The results ratified
the safety condition of the impoundment although they have demonstrated that the tailings tend to exhibit contractile
behavior during shear, indicating liquefaction susceptibility.

Keywords: tailings, liquefaction, strength ratio, SPT tests, CPT tests.

1. Introduction

In general, liquefaction can be understood as the phe-
nomenon of the strain-softening of contractive, saturated
and cohesionless soils during undrained shear and can be
triggered by static or seismic undrained loading or un-
drained deformation under constant load. This behavior re-
sults in a liquefaction flow failure in the field if the static
shear stress is greater than the liquefied (or steady state)
shear strength. The liquefied shear strength is defined as the
shear strength mobilized by large deformation after lique-
faction is triggered in saturated, contractive and cohesion-
less soils. In addition, this condition has also been referred
to as undrained residual shear strength (Seed, 1987), un-
drained steady state shear strength (Poulos et al., 1985), and
undrained critical shear strength (Stark & Mesri, 1992).

Although ‘liquefaction’ is commonly used to de-
scribe all failure mechanisms resulting from the build-up of
pore pressures during the undrained cyclic shear of satu-
rated cohesionless soils, some ground failures attributed to
‘soil liquefaction’ are more correctly ascribed to ‘cyclic
mobility’, since it results in limited soil deformations (Go-
mes, 2010). Liquefaction can occur even in unsaturated
soils, with a sufficient saturation degree to induce contrac-
tion associated to water dissipation instead of air (Yoshimi
et al., 1989; Aubertin et al., 2003). Laboratory tests have
confirmed the possibility of liquefaction even in materials
with a saturation degree of 80% (Martin, 1999).

Except for the fine fraction of ore bodies with sub-
stantial mineral clay content, tailings are usually cohesion-
less materials, conventionally deposited in the form of

slurry by hydraulic fill techniques in raised embankments.
Raised embankments can be constructed using upstream,
downstream, or centerline methods (Vick, 1990). Each one
of the structures is constructed in stages, with constructing
material and fill capacity increasing incrementally with
each successive raising.

Upstream construction, the most economical method,
begins with a starter dam constructed at the downstream
toe. The tailings are discharged peripherally from the crest
of the starter dam using spigots or cyclones. This deposition
develops a dike and wide beach area composed of coarse
material that becomes the foundation of the next dike.
These dikes can be built with borrow fill, or tailings can be
excavated from the beach and placed by dragline or bull-
dozer. The single most important criteria for the application
of the upstream construction method is that the tailings
beach must form a competent foundation for the support of
the next dike.

The phreatic surface exerts a large degree of control
over the stability of the structure, under both static and seis-
mic loading conditions. The primary method of maintain-
ing a low phreatic surface near the embankment face is to
guarantee an elevated hydraulic conductivity of the deposit
in the direction of flow. There are four factors influencing
the phreatic surface location: the permeability of the foun-
dation relative to the tailings; the degree of grain-size seg-
regation; the lateral permeability variation within the
deposit; and the location of the reservoir relative to the em-
bankment crest. Only the reservoir limit can be controlled
through operational practices, by maintaining a large tail-
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ings beach extension. Water control and management are

the most critical elements of tailings dam design and opera-

tion.

Tailings dams constructed using the upstream method
generally have relatively low- density materials with a high
degree of saturation. On the other hand, the wide ranges in
the initial void ratio, together with the structure of tailings
deposits, imply that predictions of the in situ undrained
strength for these materials are highly uncertain. Such con-
ditions generate the phenomena of liquefaction, which is
potentially critical in these slurry tailings disposal systems
(Troncoso & Verdugo, 1985; Vick, 1990; ICOLD &
UNEP, 2001; Bray et al., 2004).

Although such systems are very susceptible to lique-
faction mechanisms under dynamic loading (Kramer,
1996; Seid-Karbasi & Byrne, 2004), mine tailings im-
poundments have demonstrated that more static liquefac-
tion events than seismic induced events occur in function of
the loading rates (Ishihara et al., 1990; Davies et al., 2002;
Olson, 2006; Byrne, 2008). In fact, if the loading rate is
quick enough or if the tailings present sufficiently low rela-
tive hydraulic conductivity, shear-induced pore pressures
are generated and, as a result, effective stresses are reduced
and both stiffness and shear strength degrade. In tailings
impoundments, particularly upstream tailings dams, poten-
tial static liquefaction triggers include (Davies et al., 2002):
* Increased pore pressures induced by an increase in the

piezometric surface, and/or change of pore pressure con-
ditions from below hydrostatic to hydrostatic, or to
higher than hydrostatic.

» Excessive rate of loading due to the rapid rise of the im-
poundment;

* Removal of toe support from an overtopping event;

* Foundation movements, rapid enough to generate un-
drained loading in tailings susceptible to spontaneous
collapse.

Several procedures have been proposed for estimat-
ing the liquefaction potential or susceptibility of soils or
tailings. These techniques include commonly experimental
procedures based on lab tests results (Poulos et al., 1985;
Sladen et al., 1985; Ishihara, 1993; Yamamuro & Lade,
1997, Gomes et al., 2002; Olson & Stark, 2003a; Pereira,
2005).

To determine liquefied shear strength, methodologies
based on laboratory tests require high-quality samples and
the adoption of correction factors to compensate for poten-
tial volume variations that occur during sampling and
testing (Poulos er al., 1985; Ishihara, 1993; Idriss and
Boulanger, 2007). This is due to the fact that any errors in
determining the levels of voids in situ may result in large
differences in the results, since the position of the steady
state line is influenced by the sample preparation technique,
by the shear mode and by the effective confining stresses.

Thus, greater emphasis has been given to empirical
methods that correlate corrected values of resistance from

38

SPT and CPT tests with liquefaction failure results from
case histories that were back-analyzed (Seed et al., 1985;
Stark and Mesri, 1992; Ishihara, 1993; Olson 2001, Olson
and Stark, 2003b; Idriss and Boulanger, 2007a). These
studies are based on classical concepts of soil mechanics,
such as critical void ratio, steady state line, peak strength
and liquefied shear strength (Casagrande, 1975; Castro,
1975; Poulos et al., 1985; Kramer, 1996; Olson, 2001).

In this context, the estimated values of shear strength
in these analyses constitute parameters that are more repre-
sentative than those obtained in laboratory testing, because
they embody the complex reality of actual deposits, the
physical interaction of different materials and even the fail-
ure kinetics processes. However, there remain some uncer-
tainties that affect the estimated values of resistance,
mainly due to difficulties in establishing the rigid bound-
aries of the liquefaction zone, the location of the sliding sur-
faces and the drainage and pore pressures conditions mobi-
lized during the flow.

The liquefaction methodology proposed by Olson
(2001) consists of a triggering analysis based on field tests
and does not require a suite of laboratory tests or correction
procedures. The author collected thirty-three case histories
of liquefaction flow failures that were back-analyzed to
evaluate the yield and liquefied shear strength. Relation-
ships between yield strength ratio and corrected SPT and
CPT resistance were developed for use in liquefaction trig-
gering analyses and also, those between liquefied strength
ratio and corrected SPT and CPT resistance were devel-
oped for use in post-triggering stability analyses.

The general principles and technical basis of this
methodology are set out below, covering three primary
analyses: (i) liquefaction susceptibility analysis; (ii) trig-
gering analysis; and (iii) post-triggering - flow failure sta-
bility analysis (Olson, 2001; Olson & Stark, 2003b).

2. Liquefaction Resistance Based
on SPT and CPT Tests

2.1. Liquefaction susceptibility

The first step of a tailings liquefaction analysis is to
determine whether a tailings deposit is in a contractive
state, i.e., susceptible to undrained strain-softening behav-
ior and flow failure. These states are established based on
correlations between overburden-stress normalized pene-
tration resistance (either CPT tip resistance or SPT blow
count - a measure of soil density) and vertical effective
stress (pre-failure condition). The corrected blowcount,
(N,)» 1s defined as the SPT blowcount at a vertical effec-
tive stress of 100 kPa and an energy level equal to 60% of
the theoretical free-fall hammer energy. The correct cone
tip resistance, q,,, is expressed as g, = q,. C,, where C, is the
CPT based overburden correction factor.

Figures 1 and 2 respectively present SPT and CPT
values based on flow failure susceptibility relationships
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Figure 1 - Relationships separating contractive from dilative con-
ditions using flow failure case histories and corrected SPT
blowcount values (Olson, 2001).

from literature with case history data. Based on the agree-
ment with theory, laboratory results, and field case histo-
ries, the Fear & Robertson (1995) boundary was recom-
mended by the author (Olson, 2001) to delineate field
conditions susceptible and not to flow failure in both cases.
In a specific design, records of g, and/or (N,),, should
be plotted against vertical effective stress, including the
recommended relationship.The liquefaction susceptibility
analysis involves two hypotheses:
» Tailings exhibit dilative behavior: tailings liquefaction
susceptibility is unlikely and the analysis is completed;
» Tailings exhibit contractive behavior: tailings liquefac-
tion susceptibility is likely and this analysis should be
complemented by the triggering analysis and post-trig-
gering - flow failure stability analysis.

2.2. Triggering analysis

For tailings that show to be contractive under shear
from the previous analysis, a liquefaction triggering analy-
sis is performed to determine whether the imposed loading
conditions (in these analyses, static loading) are sufficient
to cause the soil to exceed its yield strength ratio and trigger
liquefaction. This additional analysis is an extension of a
traditional slope stability analysis typically performed with
commercial software, and can be readily facilitated with the
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Figure 2 - Relationships separating contractive from dilative con-
ditions using flow failure case histories and corrected CPT tip re-
sistance values (Olson, 2001).

use of a spreadsheet and data obtained from the slope stabil-
ity software.

The liquefaction triggering analysis is based on a limit
equilibrium stability back-analysis (considering non-circular
and circular surfaces), from the pre-failure geometry of the
slope to estimate the average static shear stress (t,) in soils
susceptible to liquefaction. A single value of shear strength is
assumed, then, for soils susceptible to liquefaction and this
resistance is continually changed to obtain FS = 1.0 and the
corresponding critical surface rupture.

The critical failure surface is subdivided into a num-
ber of segments (10 to 15 segments are recommended) and
is determined the weighted effective vertical stress, ¢’
(average value) along the critical failure surface (within the
zone of soil susceptible to liquefaction), and calculate the
average static shear stress ratio t,/c’ . If applicable, aver-
age seismic shear stresses (and other shear stresses applied
to each segment of the yield failure surface) are evaluated
using complementary analyses (Olson & Stark, 2003b).

In addition, yield strength ratios (s, /0" ,), appro-
priate for each slice of the critical failure surface, are esti-
mated based on corrected SPT and/or CPT penetration
resistance values. In this analysis step, a desired level of
conservatism can be incorporated by using a penetration re-
sistance smaller than the mean value, or by selecting a yield
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strength ratio higher or lower than the mean value. In this

manner, it is possible determine the liquefaction potential

in each segment using a safety factor against liquefaction
triggering that comprise two hypotheses:

* Segments with (FS),,..... > 1.0 are unlikely to liquefy
(post-triggering stability analysis is unnecessary if all
segments have (FS),,..... > 1.0);

* Segments with (FS),,,.... < 1.0 are likely to liquefy and
these segments should be assigned the liquefied shear
strength for a post-triggering stability analysis (segments
with (FS),....., > 1.0 should be assigned their yield shear
strength for a post-triggering stability analysis).

The authors recommend that both the critical circular
and noncircular failure surfaces be analyzed, varying in
depth and location within the zones of contractive tailings.
If the circular and noncircular failure surfaces cross the
zones of contractive soil at about the same location and
depth, it is recommended that one or two additional poten-
tial failure surfaces that cross these zones at different loca-
tions be analyzed.

2.3. Post-triggering - Flow failure stability analysis

After the characterization phase of the liquefaction
triggering, a post-triggering stability analysis of the struc-
ture, using the pre-failure geometry, must be conducted to
determine whether the static shear forces are greater than
the available shear resistance, including the liquefied shear
strength. In this case, the liquefied shear strength ratio
(8.4q/0"o)> appropriate for each slice of the critical failure
surface, is determined based on corrected SPT and/or CPT
penetration resistance values. Appropriate values of lique-
fied shear strength are estimated (using the value of ¢’ for
the segment) and assigned to the segments of the critical
failure surface predicted to liquefy from the triggering anal-
ysis. Fully mobilized drained or undrained shear strengths
are assigned to the non liquefied soils.

This analysis should be conducted for all of the poten-
tial failure surfaces that were examined in the triggering
analysis. Another level of conservatism can be incorpo-
rated by using a penetration resistance smaller than the
mean value, or by selecting a yield strength ratio higher or
lower than the mean value. The post-triggering analysis re-
sults comprise two hypotheses:

 Safety factor against flow failure (FS), , < 1.0: flow fail-
ure is predicted to occur; control procedures should be
adopted to increase impoundment safety;

e Safety factor against flow failure (FS), . such that
1.0 < (FS),,, < 1.1: flow failure has little possibility to oc-
cur, but some deformation is likely (the segments of the
failure surface with 1.0 < (FS),,, < 1.1 should be reas-
signed their liquefied shear strength).

The post-triggering stability analysis should be re-

peated with the new segment shear strengths to determine a

new (FS), .. This accounts for the potential for deforma-
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tion-induced liquefaction and progressive failure of the
structure. The minimum (FS),,, will be determined when
liquefaction is triggered in all zones of contractive soil and
assigned their liquefied shear strengths for the flow failure
stability analysis.

Post-liquefaction behavior is characterized by a very
complex process involving dissipation of excess pore water
pressure, sedimentation, solidification and re-consolidation
of the liquefied tailings resulting in large settlements of the
deposit. If the results of the post-triggering stability analysis
indicate (FS),,, below unity, then mitigation strategies are
required. In tailings dams constructed using the upstream
method, this approach consists basically in the maintenance
of a large tailings beach extension, with adoption of rigid op-
erational procedures of water control. For segments with
(FS) igeerne > 1.0, the post-triggering analysis can be con-
ducted in a similar way using yield shear strength.

Nevertheless, the reliability of any liquefaction eval-
uation depends directly on the quality of the site character-
ization, including mainly the quality of the in situ and/or
laboratory test data.

Furthermore, it is often the synthesis of findings from
several different procedures that provides the most insight
and confidence in making final decisions. For this reason,
the practice of using different testing methodologies consti-
tutes the best approach for liquefaction analyses in tailings
impoundments, so that semi-empirical methodologies
based on back-analysis of field case studies involving slope
failures are strongly recommended.

3. Case History:
Corrego do Feijao Mine - Dam I

The liquefaction analysis methodology using the
strength ratio approach proposed by Olson (2001) and
Olson & Stark (2003b) was applied to a tailings impound-
ment located in the so-called Quadrildtero Ferrifero (Iron
Quadrangle) region, located in the State of Minas Gerais,
southeastern Brazil, corresponding to an area of about
7,000 km”. This region is known worldwide for its immense
deposits of iron ore, gold, manganese, and several other
valuable minerals, which are mined by several industries,
from large conglomerates up to countless small-to-me-
dium-sized mining companies.

Dam I constitutes the tailings disposal system from
the ore concentration plant of ‘Cérrego do Feijao’, cur-
rently owned by Vale S.A. The dam was built using the up-
stream construction method with a starter dam comprised
of fine ore and laterite. The impoundment has been in oper-
ation since 1976. Dam I had a maximum height of 81 m
with nine raising dykes, built using tailings or compacted
soil as construction materials (Fig. 3).

A large-scale investigation was conducted along the
main cross-section of the dam (so-called ‘reference sec-
tion’- RS) involving conventional field testing (exploratory
borings with standard penetration tests - SPT and cone pen-
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Figure 3 - General view of Dam I - ‘Cérrego do Feijao” Mine.
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etration tests - CPT). A total of 12 in situ tests were per-
formed, with four couple SPT - CPT tests in adjacent
points, and three SPT tests and one CPT test distributed in
different points along the downstream slope of the dam
(Fig. 4). In each of them, tailings samples were collected for
laboratory tests.

In addition, an extensive laboratory test campaign
was also developed in order to complete geotechnical char-
acterization of the tailings, foundation materials and tail-
ings impoundment, that are described and presented
elsewhere (Pirete, 2010). The ore tailings from ‘Cérrego de
Feijao’ mine (CF tailings) generally consist of uniform fine
silty sand (Fig. 5) containing about of 4% clay, 28% of silt,

Tailing dykes

Compacted soil dykes

0 20 40 60 80 100 120

140 160 180 200 220 240 260 280

Figure 4 - Typical cross-section of the dam (RS section) and SPT and CPT locations.
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Figure 5 - Particle size distribution curves of CF tailings (ABNT, 1984).
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56% of fine sand, 8% of medium sand, 3% of coarse sand
and also 1% of gravel (ABNT, 1984). On the other hand,
some strata tend to exhibit low plasticity (w, < 35%) with
potential susceptibility to liquefaction mechanisms. The
measured maximum void ratio was 1.47 and the minimum
void ratio was 0.74. In tailings deposit, values of relative
density index varied between 49% and 72%.

4. Liquefaction Analysis of CF Tailings Using
Strength Ratios

4.1. CF tailings liquefaction susceptibility

As exposed previously, the first step in evaluating the
potential for CF tailings liquefaction is to verify whether
these residues are susceptible to undrained strain-softening
behavior and flow failure (contractive or dilative behavior)
by means of a susceptibility analysis using corrected SPT
blowcount values or corrected CPT resistance tip values.

The measured SPT blowcount (N) is normalized for
an energy level equal to 60% of the theoretical free-fall
hammer energy applied to the drill system (V,, where ER is
a called ‘energy ratio’) and for the overburden stress at the
depth of the test (multiplying N, by the overburden correc-
tion factor C, < 2.0). The measured SPT blowcount is then
corrected to a standardized value of (N,),, as (Olson, 2001):

ERY p. 70
N) =N 2] L) N[ 2 e 1
(N o (601030] (60] N (1)

where ¢’ is the vertical effective stress at the depth of N
and p_  is one atmosphere of pressure (approximately
100 kPa) in the same units as ¢’ ,. The maximum value of
2.0 limits C, at depths typically less than 1.5 m. The energy
ratio ER should be measured for the particular SPT equip-
ment used (70% in this study). Table 1 presents the cor-
rected values for (V,),, along the reference section of Dam I
(CF - RS) for SPT-18, SPT-04, SPT-05, SPT-06 tests. Ta-
ble 2 presents these factors for SPT-07, SPT-27 e SPT-28
tests.

The pairs of values (V,), and o’ , calculated in Ta-
bles 3 and 4, were then correlated with the results of
back-analysis of historical cases and with the Fear & Rob-
ertson (1995) boundary (Fig. 6), delineating field condi-
tions susceptible and not susceptible to flow failure.

In the present analysis, CPT test results are also avail-
able, a fact that allows the review of susceptibility to lique-
faction of CF - RS tailings based on corrected values of tip
resistances, reevaluating the previous approach. However,
unlike SPT tests, CPT tests include continuous records of
the tailings deposit profile and then tip resistances values
(g.) only need to be corrected for vertical effective stress
(q.)-

The measured CPT tip resistance is then corrected to
a standardized value of (g,,) and is obtained as follows:
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where ¢’ is the vertical effective stress at the depth of (g,)
and p, is one atmosphere of pressure (approximately
100 kPa) in the same units as ¢’ . The factor C, should be
less or equal to 2.0 (Olson, 2001).

4.4 =C,-q, = (2)

Table 3 presents the corrected values for (g,,) along
the reference section of Dam I from ‘Cérrego do Feijao’
mine (CF - RS) for CPT-05, CPT-04 and CPT-01 tests and
Table 4 presents these factors for CPT-027 and CPT-03
tests.

Similarly, the pairs of values (¢,,) and 6’ , calculated
in Tables 3 and 4, were correlated with the results of
back-analysis of historical cases and with the Fear - Robert-
son (1995) boundary (Fig. 7), delineating tailings suscepti-
ble and not susceptible to flow failure.

The results, in both the analysis of SPT and CPT anal-
yses, demonstrate that the most points scored is located to
the left of the Fear & Robertson boundary, corresponding to
materials that tend to exhibit contractile behavior during
shear, i.e., CF tailings liquefaction susceptibility is likely
and this analysis should be complemented by the triggering
analysis and post-triggering - flow failure stability analysis.
For a better characterization of the tailings sub-layers sus-
ceptible to liquefaction, based on the SPT and CPT profiles,
the authors of this paper developed a technique for further
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Table 2 - Standardized values of (N)),, for SPT-07, SPT-27 e SPT-28 tests.

depth. SPT - 07 SPT-27 SPT - 28
(m) N N, o. WI 720m N . o, WI 1006m N N, o. WIT
(KPa) CN N),, (KPa) CN N),, (KPa) CN
1 171983 2330 207 4109 21 2450 2330 207 5076 5 583 2330 207
2 583 4660 146 855 13 1517 4660 146 2222 9 1050 4660 146
3 2 233 6990 120 279 19 2217 6990 120 2651 17 1983 6990 120
4 10 1167 9320 104 1208 11 1283 9320 104 1329 17 1983 9320 1.04
5 15 1750 11650 093 1621 20 2333 11650 093 2162 23 2683 11650 093
6 13 1517 13980 085 128 24 2800 139.80 085 2368 28 3267 139.80 085
7 4 467 16310 078 365 7 817 16310 078 639 45 5250 163.10 078
8 10 1167 17856 075 873 583 18640 073 427 31 3617 18640 073
9 4 467 19206 072 337 12 1400 20970 069 967 13 1517 20970 0.69
10 111283 20556 070 895 25 2917 23300 066 191 9 1050 233.00 0.66
1 6 700 21906 068 473 12 1400 24699 064 891 583 25630 0.62
12 933 23256 066 612 11 1283 26049 062 795 6  7.00 27176 0.6l
13 14 1633 24606 064 104 6 700 27399 060 423 7 817 28526 059
14 17 1983 25956 062 123 933 28749 059 550 23 2683 29876 0.58
15 17 1983 27306 061 1200 7 817 30099 058 471 14 1633 31226 0.57
16 14 1633 28656 059 965 11 1283 31449 056 724 20 2333 32576 055
17 131517 30006 058 876 327.99 339.26
18 11 1283 31356 056 7.25 341.49 352.76
19 583 32706 055 323 354.99 366.26
20 700 340.56 054 3.79 368.49 379.76
21 467 35406 053 248 381.99 393.26

refinement of the data, according to the procedures de-
scribed below.

4.2. CF-SR profile divided in tailings sub-layers suscep-
tible to liquefaction

Initially, the values of the parameters (¥,),, were cor-
related with their respective elevations, in order to charac-
terize the critical zones of potential liquefaction-induced
flow along the tailings deposit, considering the domain lim-
ited by values of (V) < 12 (Eq. 5). The regions with aver-
age values of (V) < 6 were classified as zones of low
resistance whereas the regions with average values of
6 < (N, < 12 were classified as zones of medium resis-
tance (Fig. 8).

This subdivision was extrapolated then for the CF -
RS profile of the downstream slope of Dam I, resulting in
nine layers susceptible to liquefaction (Fig. 9), with resis-
tances given by the mean values obtained from the corre-
spondent SPT profile zones.

Additionally, the values of the respective parameters
(g,,) were correlated with their elevations, in order to char-
acterize the critical zones of potential liquefaction-induced

44

flow along the tailings deposit, considering the domain lim-
ited by values of (g,,) < 6.5 MPa (Eq. 6). The regions with
average values of (V,),, < 3.25 MPa were classified as zones
of low resistance whereas the regions with average values
of 3.25 MPa < (N)), < 6.5 MPa were classified as zones of

medium resistance (Fig. 10).

This subdivision was extrapolated similarly to the CF
- RS profile of the downstream slope of Dam I, resulting
also in nine layers susceptible to liquefaction (Fig. 11), in-
cluding SPT - 05 results for better characterization, with
resistances given by the mean values obtained from the cor-
respondent CPT profile zones.

The comparison between Figs. 9 and 11 indicates a
good correlation of both geometries of the tailings deposit,
with the characterization of nine layers that have a greater
potential or susceptibility to liquefaction. The largest dif-
ferences occurred for layers located near the edge of the in-
termediate dykes (layers 06, 07 and 08), both in terms of
thickness and mean values of resistance. Based on this re-
fined set of layers to the CF - RS profile of the downstream
slope, the triggering analysis was then applied to the ore
tailings deposited in Dam I from ‘Cérrego do Feijao’ mine.
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Table 4 - Standardized values of (q,,) for CPT-027 and CPT-03 tests.

depth. (m) CPT - 02 CPT - 03
q. o, o, WT 5.40m q. o, G, WT 7.20m
(MPa) (MPa) (kPa) Cq q. (MPa) (MPa) (MPa) (kPa) Cq q., (MPa)
1 21.039 0.023 23.30 1.74 36.66 12.533 0.023 23.30 1.74 21.84
2 16.475 0.047 46.60 1.42 23.42 4.598 0.047 46.60 1.42 6.54
3 24.461 0.070 69.90 1.20 29.37 1.003 0.070 69.90 1.20 1.20
4 35.824 0.093 93.20 1.04 37.23 5.757 0.093 93.20 1.04 5.98
5 31.5 0.117 116.50 0.92 28.85 11.15 0.117 116.50 0.92 10.21
6 6.178 0.134 133.92 0.84 5.20 6.364 0.140 139.80 0.82 5.21
7 3414 0.147 147.42 0.79 2.70 4.842 0.163 163.10 0.74 3.59
8 31.26 0.161 160.92 0.75 23.36 6.292 0.179 178.56 0.70 4.38
9 9.606 0.174 174.42 0.71 6.80 1.883 0.192 192.06 0.66 1.25
10 7.252 0.188 187.92 0.67 4.87 13.189 0.206 205.56 0.63 8.31
11 7.4 0.201 201.42 0.64 4.73 8.51 0.219 219.06 0.60 5.12
12 8.177 0.215 214.92 0.61 4.99 4.365 0.233 232.56 0.58 2.51
13 6.8 0.228 228.42 0.58 3.97 11.379 0.246 246.06 0.55 6.28
14 3.9 0.242 241.92 0.56 2.18 15.821 0.260 259.56 0.53 8.39
15 4.6 0.255 255.42 0.54 247 4.513 0.273 273.06 0.51 2.30
16 2.832 0.269 268.92 0.52 1.46 16.437 0.287 286.56 0.49 8.07
17 9.733 0.282 282.42 0.50 4.83 10.536 0.300 300.06 0.47 4.99
18 11.627 0.296 295.92 0.48 5.57 7.759 0.314 313.56 0.46 3.55
19 11.56 0.309 309.42 0.46 5.34 5.411 0.327 327.06 0.44 2.39
20 8.869 0.323 322.92 0.45 3.96 1.648 0.341 340.56 0.43 0.71
21 1.204 0.354 354.06 0.41 0.50
der (MP9) 4.3. CF Tailings liquefaction triggering analysis
o 15 20 25 30
. The methodology adopted for the triggering analysis
included the following procedures (Olson and Stark,
50 * 2003b):
Dilative ; i From the liquefaction geometry of the reference sec-
100 tion of the dam obtained from SPT test results (Fig. 9),
= & ¢ limit equilibrium stability analyses were implemented
34_; 150 A using the method of Spencer (1967) and considering
" b—? : A . non-circular and .circular surfz}ces (sowaaIe Slide
5.043 from Rocscience International). Different val-
200 * ues of shear strength were assumed for the soil layers
+ CPT-05 susceptible to liquefaction, varying this resistance
o CPT.04 continually until obtaining FS = 1.0 and the corre-
250 * sponding critical surface rupture, defined for a critical
& Crrl value T, = 45 kPa (indicated in Fig. 9). The critical fail-
¢ CPT-02 ure surface obtained in the analysis tends to extend
300 . CPLO3 from the seventh rising to the horizontal platform lo-
cated between the third and fourth dykes (a 60 m dis-
150  Fear & Robertson placement of the fourth dyke axle towards upstream

Figure 7 - Relationship (q,,) versus ¢’ , for CF-RS tailings.
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was performed to improve general stability of the
dam), crossing the layers 5 and 6 of the tailings sus-
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Figure 8 - RS - SPT profile divided in layers susceptible to liquefaction for (V)

Tailings Liquefaction Analysis Using Strength Ratios and SPT/CPT Results
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ii

iii

v

ceptible to liquefaction and that should therefore be

subject to corresponding triggering analysis.

Division of the yield failure surface into 16 segments

(Fig. 12)

From the determination of the weighted effective ver-
tical stress, 6° , (Eq. 3), along the critical failure sur-
face (within the domain of tailings susceptible to liq-
uefaction), the average static shear stress ratio t,/ ¢’
(average value) was equal to 45 kPa / 217 kPa —
0.207.

Average seismic shear stress is not applicable in this
case and then (7 ), = 0.

Table 5 presents the yield strength ratio values

(Su4ie0/C ) for layers 5 and 6 based on corrected SPT
results.

Soils and Rocks, Sao Paulo, 36(1): 37-53, January-April, 2013.

The ratio values were used to obtain S, ,, and t, for
each segment based on respective ¢’ values. For static
loadings (Eq. 7), in this critical zone, the (FS),,,..., s gener-
ally greater than 1.1 (typically varying between 1.14 and
1.21 as indicated in Table 6), indicating that CF - SR tail-
ings are unlikely to liquefy.

Adopting the same methodology for the CPT results,
the location of the critical surface rupture (for t, = 45 kPa)

Table S - Yield strength ratio values (s,,,/0’,,) for layers 5 and 6

u(yield)

(SPT analysis).

Layers W, ])60 su(vield)/ G’VO
05 4.5 0.239
06 6.0 0.250
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Table 6 - Liquefaction triggering results for CF - RS tailings (SPT analysis).

Segment N°  Liquefiable? G, (t)lc’, o s (yield)/o’ S, Tinine FSTﬁwrin . Liquefaction
(kPa) (yield) (t,) triggered?

1 No - - - - - - -

2 No - - - - - - -

3 Yes 140.48 0.21 0.241 33.86 29.50 1.15 No

4 No - - - - - -

5 No - - - - - -

6 Yes 187.38 0.21 0.239 44.78 39.35 1.14 No

7 No - - - - - - -

8 No - - - - - - -

9 No - - - - - - -

10 Yes 232.12 0.21 0.250 58.03 48.75 1.19 No

11 Yes 232.03 0.21 0.250 58.01 48.73 1.19 No

12 Yes 235.92 0.21 0.250 58.98 49.54 1.19 No

13 Yes 218.95 0.21 0.250 54.74 45.98 1.19 No

14 Yes 155.14 0.21 0.250 38.79 32.58 1.19 No

15 Yes 80.71 0.21 0.250 20.18 16.95 1.19 No

16 No - - - - - - -

along the downstream slope of the tailings dam is indicated
in Fig. 11 (crossing the layers 5 and 6 of the tailings suscep-
tible to liquefaction), essentially similar to the previous
critical surface (based on SPT results).

obtained the yield strength ratio values (s
ers 5 and 6 indicated in Table 7.

Zones susceptible to liquefaction - CPT

u(yield)

Considering its division into 16 segments and apply-
ing the steps (iii), (iv) and (v) from the methodology, were

/o’ ) for lay-
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Figure 10 - RS - CPT profile divided in layers susceptible to liquefaction for (¢,,) < 6.5 Mpa.
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Figure 11 - CF - RS subdivided in nine layers susceptible to liquefaction (CPT analysis).

Table 7 - Yield strength ratio values (s, /0’ ,,) for layers 5 and 6

u(yield)

(CPT analysis).

Layers (g.) Sysieia/ O w0
05 4 5% 0.239
06 5.4 MPa 0.282

* (N,)q, parameter.

Critical failure
surface

120 140 160 180 200 220 240 260

Figure 12 - Yield failure surface divided into 16 segments.

Once more, in the hypothesis of only static loading,
the (FS),,,., 18 generally greater than 1.1 (typically vary-
ing between 1.15 and 1.36 as indicated in Table 8), indicat-
ing that CF - SR tailings are unlikely to liquefy.

4.4. CF Tailings liquefaction post-triggering analysis

In both triggering liquefaction analyses, using the re-
sults of SPT and CPT tests performed in the reference sec-
tion of the Dam I, all segments from tailings critical zones
have (FS), ... > 1.0 and then post-triggering stability anal-
ysis is unnecessary to verify whether the static shear forces
exceed the available shear resistance (including liquefied
shear strength). Nevertheless, a post-triggering slope stabil-
ity analysis was appropriate since it was conducted using
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appropriate yield shear strength values instead of liquefied
shear strength values.

Table 9 presents the geotechnical parameters used in
stability analyses of the downstream slope. These parame-
ters were obtained from a series of undrained triaxial com-
pression tests performed under monotonic loading
conditions on reconstituted samples of the tailings. All the
specimens were isotropically consolidated at a mean effec-
tive pressure of 100 kPa, 200 kPa, 300 kPa and 400 kPa and
then, subjected to undrained monotonic loading at a con-
stant strain rate of 0.09 mm per minute, which was slow
enough to allow the pore pressure change to equalize
throughout the sample with pore pres-sure measured at the
base of sample. All tests were con-tinued up to a 20% axial
strain. The yield strength ratio values were taken from SPT
results.

Phreatic surface location is one of the most important
factors to influence tailings dam safety, under both static
and seismic loading conditions (Vick, 1990). The major de-
sign premise is that the phreatic surface should not emerge
from the embankment and should be as low as possible near
the embankment face. Thus, any factors that might affect
the phreatic surface affect directly the dam stability and can
be caused by any changes in environmental or operating
conditions (heavy rainfall, blockage of seepage outlets, rise
in water levels of the pond, etc.)

For the post-triggering analysis, a rapid rise of the
phreatic line was admitted through the tailings deposit
emerging from the embankment and reaching the toes of
the intermediate rising dykes, with complete saturation of
tailings layers susceptible to liquefaction. The initial posi-
tion of the phreatic line was given from readings given by
dam piezometers and by a 100 m extension of the tailings
beach. Figures 13 and 14 present the results of the stability
analyses for a strong rise of the phreatic line in Dam I based
on SPT and CPT configurations, respectively.

The results are closely similar in terms of the critical
failure surface location and of the safety factor values
against flow failure (FS),, for SPT and CPT configurations
(1.28 and 1.32, respectively). These values imply that the
flow failure susceptibility of Dam I is low even under such
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Table 8 - Liquefaction triggering results for CF - RS tailings (CPT analysis).

Segment N°  Liquefiable? G, (TG, ey S(YiCIDN O™ S, Tinine | S Liquefaction
(kPa) (yield) (t) triggered?

1 No - - - - - -

2 No - - - - - -

3 Yes 135 46 021 0259 3508 28 45 123 No

4 No - - - - - -

5 No - - - - - -

6 Yes 187 09 021 0239 4471 3929 114 No

7 No - - - - - -

8 No - - - - - -

9 No - - - - - -

10 Yes 233 96 021 0282 65 98 4913 134 No

11 Yes 230 39 021 0282 6497 48 38 134 No

12 Yes 236 07 021 0282 66 57 49 57 134 No

13 Yes 216 30 021 0282 6100 4542 134 No

14 Yes 160 22 021 0282 4518 3365 134 No

15 Yes 79 24 021 0282 2235 16 64 134 No

16 No - - - - - -

Table 9 - Geotechnical parameters for the post-triggering downstream slope stability analyses.

Material y (kKN/m”) C (kPa) 8 (°) s, (yield)/o”
Residual soil (foundation) 20 20 30 -
Starter dam (compacted soil) 20 5 36 -
Compacted soil 20 10 30 -
Compacted tailings 25 5 40 -
Dilative tailings 22 20 38 -
Layer 1 22 - - 0.238
Layer 2 22 - - 0.267
Layer 3 and 5 22 - - 0.239
Layer 4 22 - - 0.255
Layer 6 8 and 9 22 - - 0.250
Layer 7 22 - - 0.260

a critical loading event, based on the following proposed
range to evaluate flow failure potential in these analyses:

* (FS),., 3 1.5: — Unlike;

e 1.3 <(FS),,, <1.5: = Low;

e 1.1 <(FS),,, <1.3: > Moderate;
e (FS),,., <1.1: —> High.

An extensive laboratory experimental program has
been performed, including strain-controlled, undrained-
triaxial tests to measure: (i) the peak undrained strength, (ii)
the shear strain to peak undrained strength, and (iii) the
drop-off in shearing resistance with continued strain after
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peak. Test specimens were con-solidated isotropically and
anisotropically to stresses aiming to model in situ condi-
tions. Based on these laboratory parameters, new stability
analyses were performed and showed in good agreement
with the results from the strength ratio analyses presented
in this paper.

In addition, the management of the Dam I from
‘Cérrego do Feijao’ has included a rigid water level control
using both proper decanting and spigotting procedures to
maintain a 100 m minimum distance between the pond’s
edge and the embankment crest, beyond a continuous pro-
gram of inspection and maintenance of tailings deposition

Soils and Rocks, Sao Paulo, 36(1): 37-53, January-April, 2013.
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Figure 13 - CF - RS downstream slope: post-triggering stability (SPT analysis).
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Figure 14 - CF - RS downstream slope: post-triggering stability (CPT analysis).

throughout the life of the dam by means of a very expert
field technical crew.

5. Conclusions

Slope stability analyses involving liquefied soil
require that the shear resistance of the softened soil be esti-
mated. In light of the complex nature of excess pore pres-
sure generation, large-strain development, and post-lique-
faction strength gain accompanying drainage and large
strain, most methods used in practice for estimating the re-
sidual strength of liquefied soil rely on back-analysis of
field case studies involving slope failures. The most widely
used methods based on SPT and CPT results. CPT’s tests
have the advantage that they are faster to perform and pro-
vide a con-tinuous, more reliable profile of penetration re-
sistance.

In this context, Olson (2001) and Olson & Stark
(2003b) liquefaction analysis, based on strength ratios ap-
proach, is too general, comprising three different approa-
ches: (i) liquefaction susceptibility analysis; (ii) triggering
analysis; and (iii) post-triggering - flow failure stability
analysis. The method can be used to evaluate whether a spe-
cific loading (static or seismic) will produce shear stresses
in a zone of a soil that is high enough to cause strength loss
in that zone. The basic concept of the method is that
strength loss will be triggered by a specific loading event if

Soils and Rocks, Sao Paulo, 36(1): 37-53, January-April, 2013.

the sum of the static (gravity) shear stresses along a poten-
tial failure surface plus the eventual seismic (or other
stresses) shear stresses exceed the yield (peak) undrained
strength S, (yield).

This liquefaction analysis procedure was applied to a
Dam I from “Cérrego do Feijao” mine, an 81 m high ore
tailings disposal system (CF tailings), located in the Qua-
drildtero Ferrifero (Iron Quadrangle) region / Brazil, re-
sulting in the following conclusions:

* CF tailings tend to exhibit contractile behavior during
shear and then these materials are susceptible to lique-
faction;

e The referenced subdivided section of the downstream
slope of Dam I resulted in nine layers being susceptible
to liquefaction with resistances given by the mean values
obtained from both SPT or CPT profile zones;

* From the specific critical failure surfaces along the
downstream slope of Dam I (obtained from SPT or CPT
corrected values and subdivided into 16 segments), was
obtained an average static shear stress ratio value
(t/c’,,) equal to 0,207 through the critical domain of
tailings susceptible to liquefaction;

* In the hypothesis of only static loading, the (FS),,,....
values varied between 1.14 and 1.36, indicating that CF -
SR tailings are unlikely to liquefy;
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* Considering a rapid rise of the phreatic line through the
tailings deposit reaching the toes of the intermediate ris-
ing dykes, with complete saturation of tailings layers
susceptible to liquefied, a post-triggering analysis indi-
cated that the flow failure susceptibility of the Dam I is
low even under a such critical loading event;

* The conclusions of these analyses, in addition to labora-
tory testing program results and based on rigid manage-
ment procedures adopted in field, demonstrate that Dam
I constitutes a safety structure against mechanisms from
liquefaction-induced failures;

* Although the Olson (2001) and Olson & Stark (2003b)
liquefaction analysis has been proposed mainly for
cohesionless soils, the methodology is consistent and
suitable for preliminary analyses of liquefaction poten-
tial in tailings deposits (generally relatively low- density
materials with a high degree of saturation), particularly
upstream tailings dams.
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A Method for Predicting Pile Bearing Capacity From
Dynamic Penetration Tests

F. Schnaid, M.J. Langone

Abstract. This paper presents a new method for predicting the axial capacity of piles from dynamic penetration tests which
is based on the concepts of soil dynamics and principles of energy conservation. The energy delivered to the hammer-
rod-sampler system and transferred to the soil is computed from the numbers of blow counts N, and is analytically con-
verted in a penetration dynamic force. The dynamic force allows the unit resistance mobilized in the SPT sampler (model)
to be determined, which is then used to predict the unit resistance mobilized in a prototype pile. The strong direct relation-
ship between the ultimate resistance of driven steel piles and the SPT dynamic force, without any bias of soil type, validates
the method. Extension of the method to other pile types requires empirical parameters to account for installation effects.
Predictions of 89 instrumented static pile load test database demonstrate that the proposed methodology can be efficiently
used in the assessment of axial pile capacity, providing a practical way of increasing reliability in pile design by accounting

for effects controlling dynamic penetration.

Keywords: pile analysis, bearing capacity, penetration tests, energy conservation.

1. Introduction

The prediction of pile bearing capacity can be
achieved using different methods of analysis such as inter-
pretation of data from full-scale pile load tests, dynamic
analysis and testing based on wave equations, static analy-
sis based on soil properties and static analysis using the re-
sults of in situ tests. Given to the fact that penetration tests
are used worldwide as the primary index test for site char-
acterization, traditional methods of pile analysis and design
often rely on empirical approaches based on SPT and CPT
data (e.g. Bustamante & Giasenelli, 1982; Ruiter & Berin-
gen, 1979; Aoki Velloso, 1975 ). These methods may pro-
duce inaccurate responses and unreliable predictions,
because pile design depends on soil stratigraphy, pile char-
acteristics, driving and installation methods, drainage and
loading conditions. Applicability is therefore restricted to
the database upon which the method has been developed
and tested, and local experience and engineering judgment
still plays an important role in pile analysis and design.

Among existing approaches, those established on the
bases of SPT results receive severe criticism for their em-
pirical nature, simplified assumptions, scattered predic-
tions and discrepancies between predicted and measured
loads. Although considerable literature is available on this
matter, there is no single method of pile design based on dy-
namic penetration that has some theoretical background
other than statistical.

Previous efforts have been made to estimate an aver-

age static resistance mobilized during sampler penetration
(Schmertmann; 1979; Aoki et al., 2004). An alternative

method for the interpretation of dynamic penetration tests
was proposed by Odebrecht et al. (2005) and Schnaid et al.
(2008) from which the energy delivered to the rod string is
used to calculate a dynamic force that represents the soil re-
action to the penetration of the SPT sampler (F,). Lobo
(2007) used this dynamic force to develop an approach for
predicting the axial bearing capacity of piles and Lobo et al.
(2009) demonstrated the applicability of the approach by
comparing measured and predicted ultimate loads from a
database of 272 full scale load tests. Langone (2012) pre-
sented an independent assessment based on the interpreta-
tion of results from fully instrumented pile load tests. These
results are presented in this paper and are used to validate a
method for estimating the axial capacity of vertically
loaded isolated piles.

2. Theoretical Developments

The proposed approach is based on the concepts of
soil dynamics and principles of energy conservation. By
computing the total energy delivered to the soil, Odebrecht
et al. (2005) demonstrated that the potential energy (PE,,))
has to be expressed as a function of the nominal potential
energy (E*), permanent sampler penetration (Ap) and
weight of both hammer and rods, as well as three efficiency
coefficients designed to account for energy losses during
the energy transference process:

PE,., =n[n, 075+ Ap)M g +n,4pM 8] (D)

where M, is the hammer weight; M the rod weight; g the
gravity acceleration; and 1,, 1, and n, the efficiency coeffi-
cients. The nominal potential energy E* represents a part of
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the hammer potential energy to be transmitted to the soil.
An additional hammer potential energy is given by M, g Ap
and the other part is transmitted by the rod potential energy
M, g Ap which cannot be disregarded for tests carried out at
great depths in soft soils, i.e. conditions in which Ap and M,
are significant. Equation 1 requires a previous calibration
of efficiency coefficients, which as a preliminary estimate
for Brazilian SPT configurations can be assumed as
N, =0.76; n, = 1 e n, = (1-0.0042/), where [ is the total rod
length, (Odebrecht ef al., 2005). Note that n, is adimen-
sional, so the number before [ has a m" dimension.

Since Eq. 1 gives the energy effectively delivered to
the soil, with all losses accounted for by means of the effi-
ciency coefficients, it is in principle possible to use this po-
tential energy to calculate the mean dynamic reaction force
(F) applied to the soil during sampler penetration (Schnaid
et al., 2007; Schnaid et al., 2004; Schnaid, 2005):

_ nsni(0.75M,,¢) + nyn, (ApM, g) + MM, (ApM, g) )

F
d Ap

The sampler-soil interaction model is therefore repre-
sented by a dynamic mean reaction force that is calculated
from the work produced by the non-conservative forces de-
rived from the potential energy produced by the ham-
mer-rod-sampler system.

The dynamic force F, can now be used as an input
value to compute the pile axial load by combining bearing
capacity theory to the principles of cavity expansion. The
ultimate axial load capacity of the pile (Qu) is the sum of
two components: the end-bearing capacity (Q,) and the
shaft friction capacity (Q,), which can be expressed as:

0,=0,+0, =A,q,+U| fdL=
J 3)

A,q,+UY. f, AL

where g, is the unit end bearing resistance, f/local shaft fric-
tion, U the perimeter of the pile, A, the area of the pile base
and AL a pile length segment. Unlikely the cone, where the
tip resistance g, shows strong correlation with g, and f, the
dynamic force F, has to be interpreted in order to estimate
these two variables. Interpretation does not include specific
considerations regarding the drainage paths around the pen-
etrating sampler.

2.1. End-bearing

Estimating end bearing requires specific consider-
ations regarding the mode of penetration of the sampler.
Ideally a simple inspection of the soil plug inside the sam-
pler is sufficient to identify whereas plugged or unplugged
penetration has taken place at the depth of the pile tip. How-
ever this is not done in current investigation practice and,
for the sake of simplicity, the proposed method was devel-
oped for piles embedded in stiff soils where sampler pene-
tration is generally plugged (implying that floating piles
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would require different treatment). Plugged penetration is
an assumption of the proposed methodology; other as-
sumptions can be made within the same framework of
energy propagation and energy conservation principles
leading to slightly different results.

In a plugged penetration mode, the dynamic force is
the sum of two terms: shaft friction and end-bearing resis-
tance. By combing bearing capacity to cavity expansion
(Vésic, 1972) it is possible to calculate the relative contri-
bution of these two terms for a set of typical parameters.
Use of Vésic’s formulation follows recommendations from
Eurocode 7 (1997) and API RP2A (2000). A parametric
analysis demonstrates that end-bearing corresponds to 60%
to 80% of the measured penetration force (Lobo ef al.,
2009) which justifies considering the SPT bearing resis-

tance g, , as 70% of the total measured penetration force:
F,, OTF
q —_dr _ T Ta 4)
P a,

being a, the area of the sampler base (n5.1°/4 = 20.4 cm’).

Extrapolating measurements from penetration tests to
real scale pile load test data is therefore a direct process that
is not biased by soil conditions, pile length (L), pile diame-
ter (D) and pile aspect ratio (L/D). In doing so, a recom-
mendation is made to calculated F, from the average N
value taken in the zone of 2.0 pile diameters (D) above and
below the pile tip, which is consistent to previously re-
ported studies in both SPT and CPT interpretation data (e. g.
Bazaraa & Kurkur, 1986; Briaud & Tucker, 1988; Xu &
Lehane, 2005).

2.2. Shaft friction

The shaft friction calculated by the SPT (f; ) is sim-
ply the dynamic force divided by the inner and outer areas
of the sampler, expressed as:

F
Jran =% o)
a

1

being q, the area of the sampler shaft. In this case, friction
components mobilized inside and outside the sampler are
considered to be the same. This assumption has been nu-
merically evaluated by Lobo (2010) and it is believed to
reproduce the basic mechanism that takes place during pen-
etration in soft and loose materials.

The measured values of f, = can then be integrated
along depth to estimate the actual pile shaft, and by doing
so a number of simplified considerations are necessary:

i the sampler shaft friction has been shown to be much
greater than the actual pile shaft friction due to what
has been generally recognized as scale effects. These
effects need to be considered when extrapolating mea-
surements from penetration tests to real scale pile load
test data, as already established by previous interpreta-
tion methods using SPT and CPT results (e.g. De
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Ruiter & Beringem, 1979; Bustamante & Gianeselli,

1982). Lobo et al. (2009) proposed reducing f, , by a

factor of 0.2 based on a comprehensive analysis com-
prising 271 real scale pile load tests. Della Rosa

(2009) observed scale effects of the same other of

magnitude when performing tests using SPT with di-

ameters ranging from 3.6 to 7.2 cm. Langone (2012)

confirmed these observations when interpreting in-

strumented pile load tests;

ii  the shaft friction developed on a pile in tension is
smaller than that mobilized by a pile loaded in com-
pression (e.g. Lehane et al.,1993; de Nicola & Ran-
dolph (1993); Jardine et al., 2005; Lehane et al.,
2007). This effect is not considered in the current anal-
ysis which implies that the predicted friction resis-
tance corresponds to a pile loaded in compressions and
should be reduced for a pile under tension;

iii  in driven piles, the shaft capacity is known to habitu-
ally increase with time (e.g. Axelsson, 1998; Jardine et
al., 2005a; Lehane er al., 2005a. Data considered in
the present analysis generally represents long term
conditions where installation effects have been par-
tially settled,;

iv  strains in the pile that have been mobilized before the
start of the test due to residual load must be consid-
ered, and in cases where these values are reported the
residual loads were adjusted before establishing the
true load distribution (i.e. the true load is, mainly, the
sum of the installation load distribution - locked in
stresses - with the load measured during the load
test);

The reasoning for these simplifying assumptions is to
keep the method simple and straightforward for application
in design, but it does not restrain future modifications
within the same framework (that could be easily imple-
mented).

In summary, the contributions of both end-bearing
and shaft friction can be computed directly from the pene-
tration force and the general formula for calculating the ul-
timate axial load capacity of the pile (Eq. 3) becomes:

A
92U paLvorE, 20 (6)
a a

! P

Oy =0, +0,

The 0.2 value in Eq. 6 accounts for scale effects. In
this general formula, a dynamic force is used to compute
the static long term capacity of a pile which implies on dis-
regarding visco-effects and pore-water pressures generated
during the dynamic penetration of the sampler. As in all
SPT-based methods ignoring these effects may induce er-
rors in low permeable soils such as clays and silts. Since de-
sign procedures mainly involve considering the long term
pile capacity, SPT data can be generally applied to sands,
non-cohesive granular soils and most residual soil forma-
tions.
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3. Database

An extensive search in the literature was conducted
by Langone (2012) to identify instrumented pile load test
publications with SPT penetration soundings adjacent to
tested piles. A database of 89 instrumented incremental
static load tests in different soil formations has been care-
fully reviewed in order to evaluate their suitability for the
current research, considering availability of proper docu-
mentation on the pile data (installation and testing), subsur-
face exploration and general geotechnical laboratory and in
situ testing data. Although all piles were subjected to static
load tests, the loading procedure changed considerably re-
flecting local practice and standards, introducing errors and
uncertainties to the overall analysis.

The ultimate axial load capacity for each pile was de-
termined using the criterion recommended by the Brazilian
Standard NBR 6122:2010, as illustrated in Fig. 1. Tests
were chosen for their high degree of mobilization of pile ca-
pacity and the availability of reliable load-settlement rela-
tionships. However in several cases the Vander der Veen
method (1953) had to be used to extrapolate the measured
load-settlement curve of pile load tests that have not rea-
ched the required displacement of D/30 plus the elastic de-
formation of the pile.

Besides the proposed method, other semi-empirical
and theoretical methodologies were employed for compari-
son purposes. The semi-empirical methods reflect the Bra-
zilian engineering practice of foundation design: Aoki &
Velloso (1975) and Décourt & Quaresma (1978). Since
these methods were developed in Brazil, the energy effi-
ciency is assumed to be of the order of 75%.

The theoretical approach uses bearing capacity theory
associated with cavity expansion (Vésic, 1972). Vesic’s ap-
proach to cavity expansion applied to cohesive-friction
soils introduces some minor errors to the analysis because it
does not consider the effect of cohesion in inhibiting dila-
tion, as demonstrated by Mantaras & Schnaid (2002) and
Schnaid & Mantaras (2003).

Load (P)

P><L+2
AxE—30

Settlement (w)

Figure 1 - Ultimate load based on the Brazilian Standard NBR
6122:2010.
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When laboratory tests or soil parameters were not re-
ported, SPT correlations were employed to estimate the
friction angle (¢) and the Clam-Clay model (S, = 0.25 c'v)
used to estimate the undrained shear strength.

4. Prediction and Performance

The ultimate axial load capacity of the pile predicted
by dynamic penetration methods (Q,) is compared to the
measured pile capacity as obtained from the instrumented
pile load tests using the Brazilian NBR 6122 failure crite-
rion. By doing so, the predictive performance is presented
and discussed. A summary of essential information related
to the pile tests is shown in Table 1, including the pile size,
type, length, location of the load test, the measured and pre-
dicted ultimate axial load capacity.

Initially the analysis concentrates on driven piles.
End-bearing capacity (Q,) and shaft friction capacity (Q,)
are computed from the measured data, as illustrated in
Fig. 2 for a load test carried out in Brazil and reported by
Falconi & Perez, (2008). This figure presents the load-
settlement curve measured at the pile head and the actual
load distribution along the pile at the final loading stage,
as well as the SPT profile representative of ground condi-
tions. The subsoil consists of a superficial 10 m thick fine
silty sand layer, medium to dense, overlain a thick soft to
very soft marine silty clay. Residual soil is encountered
below 51 m depth. The tested H-pile was instrumented by
strain gages placed at selected levels to determine the load
distribution for each load applied to the pile head. Com-
parisons of measured and predicted loads cover the 4
methods used as reference in the present study. In this par-

ticular case, the the proposed method and the theoretical

approach slightly underestimate the skin friction distribu-

tion whereas the semi- empirical methods overestimate
the measured data.

Once the interpretation of each load test was com-
pleted, the measured and predicted values of Q,, Q, and Q,,
were directly compared, as shown in Figs. 3, 4 and 5, re-
spectively. In steel driven pile predictions, a limiting value
of N, < 100 was arbitrarily adopted.

Important observations derived from analysis can be
summarized as follows:

e The proposed method predicts measured capacity val-
ues that are in general agreement with Brazilian prac-
tice;

* As previously stated, the method relies entirely on wave
propagation and energy conservation, requiring a single
empirical factor to account for scale effects;

e The arithmetic average and standard deviation of mea-
sured Q, and predicted Q,, Q, and Q,, are indicators of
the accuracy and precision of the prediction method.
The proposed approach with average (QL/Qm) = 0.64
and deviation = 0.30 shows conservative estimated skin
friction values with the lowest deviation when com-
pared to other methods. Although Q, is highly scat-
tered, with average (QP/Qm) = 1.85 and deviation =
1.52, ultimate loads with average (QU/Qm) = 0.96 and
deviation = 0.47 gives the best estimates. More impor-
tantly, in the proposed approach scatter could be re-
duced in the future by calibrating the SPT to derive
local n efficiency factors (since average values have
been used in the present analysis);

Load (kN) Nspt (blows) Load (kN)
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Figure 2 - Instrumented pile load test (a) predicted and measured load distribution (b) SPT profiles (c) load-settlement curve (adapted

from Falconi & Perez, 2008).
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Figure 5 - Comparison of measured and predicted ultimate load
for steel piles.

* The predictions of shaft resistance are much less scat-
tered than predictions of end-bearing resistance. Errors
in interpreting the measured values of end-bearing may
be attributed to misleading evaluation of closed and
open-ended piles, as well as the insufficient displace-
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ments at the pile tip during load tests to mobilize full
end-bearing resistance;

e The proposed method shows no apparent bias of mea-
sured and predicted data with pile length (L), pile diame-
ter (D), pile aspect ratio (L/D) and (more importantly)
soil type. The principle of energy conservation combined
to wave propagation analysis captures the influence of
soil type.

5. Other Pile Types

The shaft friction and end-bearing resistance that can
be developed on a pile are essentially related to the method
of installation that dictates the magnitude of soil displace-
ments and mobilized effective radial stresses. Embed on
predicting the response of driven steel piles there is the as-
sumption that g, and f; strongly correlates with F, (or N, )
since the mechanism of penetration, the large mobilized
displacements imparted during installation and the inter-
face friction angle shown some degree of similarity. There-
fore variations in pile capacity developed by concrete
driven piles, bored piles and continuous flight auger piles
cannot be assessed from the same penetration measurement
(being a SPT, LPT or CPT).

Extension of the approach to pile types other than
driven steel piles requires two empirical factors, one for a
proper evaluation of mobilized shaft friction and another
for mobilized end bearing resistance:

0, =a0, +p0, —ocO'ZU

A
=a—— Y F,AL+07BF, — (7)
a, a

p

where o and f are the pile type coefficients listed in Table 2

established from linear regression analysis (Lobo, 2005;

Langone, 2012). Driven steel piles adopted as reference

due to their similarity to SPT sampler penetration are repre-

sented by unitary values of o and 3. Considering penetra-
tion restrain in hard layers and SPT reliability in case of
discrete anomalies (localized high penetration values), the

N, was arbitrarily limited according to values listed in Ta-

ble 3.

Measured and predicted Q,, Q, and Q, values are
compared in Figs. 6 to 14 for precast concrete driven piles,
bored piles and continuous flight auger piles. The following
general conclusions can be drawn:

e Precast concrete driven piles have higher a coefficient
than steel piles, reflecting the different nature of pile-soil
friction interface. On average, predicted values of skin
friction are of the same order of magnitude of measured
loads, but slightly on the conservative side, i.e. predicted
loads fall below the 1:1 best fit line for the pre-
dicted/measured pile capacities;

 Pedicted values of tip resistance show considerable scat-
ter and a tendency to overestimate the measured resis-
tance. Although this comparison may induce 3 values
slightly lower than 1.1, the proposed value is justified by
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back-analysis of non-instrumented load tests (Lobo,
2007) and by the fact that the measured value may not

A Method for Predicting Pile Bearing Capacity From Dynamic Penetration Tests

Table 2 - Coefficients o and f3 for pile bearing capacity analysis.

truly represent the ultimate resistance given the large dis-
placements required for full mobilization;
* Bored piles mobilize the lowest o and B coefficients
when compared to other pile types, due to stress relieving
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Figure 8 - Comparison of measured and predicted ultimate load
for precast concrete piles.
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Figure 12 - Comparison of measured and predicted skin friction
for CFA piles.

induced by the excavation process. In average predicted
skin friction underestimates measured values and tip re-
sistance is scattered. Measured and predicted ultimate
loads show good agreement;

* Continuous flight auger piles, CFAP, produce an inter-
mediate condition between driven and bored piles. Al-
though the o value of steel and CFA piles is the same, it
does not necessarily represent similar pile-soil friction,
because the oversupply of concrete or grout, and the con-
sequent increase in diameter of CFAP, is disregarded in
the analysis. In general predicted skin friction underesti-
mates measured values and tip resistance is scattered.
The proposed method is slightly conservative yielding
predicted ultimate loads lower than measured.

In all predictions, the proposed method yields skin
and tip resistance values within the range predicted by em-
pirical methods classically adopted in Brazilian engineer-
ing practice. Predicted values generally lay around the best
fit line for the predicted/measured pile capacities but,
more importantly, for the database of instrumented load
tests the method show the highest statistical probability of
predicting values within 0.5Qult to 2Qult range. In addi-
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tion, it is stressed that there is room for reducing scatter of
predicted axial bearing capacity in a rational approach by
calibrating energy efficiency coefficients to local SPT
configurations.

6. Conclusions

This paper describes a new method developed for pre-
dicting the axial bearing capacity of individual piles, show-
ing the strong relationship between the applied energy to
SPT penetration test, its dynamic force and the ultimate re-
sistance of steel driven piles. The method relies on energy
conservation principles, wave propagation analysis and a
number of hypotheses regarding the penetration mecha-
nism. The main conclusions that can be drawn from the cur-
rent analysis are:

e The method provides a valuable means of estimating the
response of driven steel piles without having to rely on
empirical statistical type of analysis;

* The proposed method can be extended to precast con-
crete driven piles, bored piles and continuous flight au-

Soils and Rocks, Sao Paulo, 36(1): 55-65, January-April, 2013.
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ger piles, but empirical coefficients are necessary to
account for the method of installation;

» Tthere appears to be room for reducing scatter of pre-
dicted axial bearing capacity by a proper calibration of
energy efficiency coefficients representing the different
configurations used in dynamic penetration tests;

* The proposed method shows no apparent bias of mea-
sured and predicted data with soil type, pile length
(L), pile diameter (D), pile aspect ratio (L/D). Clearly
the principle of energy conservation combined to
wave propagation analysis captures the influence of
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Figure 15 - Predictions of skin friction (after statistical cuts).

soil type on the predicted values of axial bearing ca-
pacity;

These evidences and recommendations are supported
by a final, overall picture given in Figs. 15 to 17, in which
predicted/measured Q,, Q, and Q,, pile capacity values for
driven, bored and continuous flight auger piles are simulta-
neously compared. The comparison to other established
methods demonstrate the capability of the proposed SPT
method in predicting the bearing capacity of piles: the
method has been fully tested and is ready to be used in daily
foundation design.
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Figure 16 - Predictions of end bearing capacity (after statistical
cuts).

Table 4 - Average and standard deviation of predictions (no statistical cuts).

Predicted/measured

Proposed method

Aoki-Velloso

Décourt-Quaresma Theoretical approach

Pile type Analysed aone  Average SD Average SD Average SD Average SD
Skin friction 0.5 0.2 0.6 0.2 0.7 0.3 0.8 0.5
Steel Toe resistance 2.7 3.1 2.5 34 2.2 24 9.0 10.4
Failure 0.8 0.3 0.8 04 0.8 0.3 2.0 1.0
Skin friction 1.2 0.7 1.9 1.2 1.7 0.9 0.7 0.4
Bored Toe resistance 23 32 24 2.8 2.0 22 32 5.8
Failure 1.2 0.5 1.7 0.5 1.5 0.5 1.0 0.5
Skin friction 0.5 0.2 0.5 0.3 0.7 0.3 0.5 0.1
ACIP Toe resistance 4.0 4.1 2.0 2.2 1.0 0.9 10.4 10.6
Failure 0.7 0.4 0.6 0.4 0.7 0.3 1.2 0.5
Skin friction 0.8 0.5 0.7 0.4 0.8 0.4 0.6 0.4
PC Toe resistance 32 3.1 29 33 24 2.8 4.5 3.5
Failure 1.2 0.6 1.0 0.6 1.0 0.4 1.3 0.5

SD: Standard deviation.
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Figure 17 - Predictions of ultimate axial load capacity (after sta-
tistical cuts).
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A Preliminary Assessment of the Distribution
and Consequences of Natural and Some Anthropogenic
Hazards in Brazil

L.V. Zuquette, O.J. Pejon, R.E. Lima, M. Dantas-Ferreira, V. Guimaraes

Abstract. This paper presents the results from a preliminary inventory of natural and man-made hazards and/or disasters in
Brazil. The data were collected from previous studies, aerial photographs, satellite images and field studies. The data were
obtained to evaluate the spatial distribution of natural and man-made hazards and disasters in different cities and states and
to delimit the areas that have been the most affected during the last 50 years. A total of 28 different types of
hazards/disasters were identified in Brazil; flooding, gravitational mass movements, continental and coastal erosion,
silting and sinkholes are the more frequent, expensive, socially devastating and fatal types of hazards/disasters. Santa
Catarina, S@o Paulo, Rio de Janeiro, Parand, Pernambuco, Minas Gerais, Bahia, Rio Grande do Sul and Espirito Santo are
the states most often affected by these hazards and disasters and thus experience the largest economic and social costs and
the most casualties. Eight zones in which natural and anthropogenic hazards and associated disasters have occurred most
frequently are described in this study. Among these, the coastal zone (zone 2) and mountainous regions in Eastern Brazil
(zone 8) were found to have been intensely affected by hazards/disasters, with frequencies ranging from annual (e.g.,
flooding) to once every five years (e.g., high-magnitude gravitational mass movements). The greatest economic and social
losses and the highest reported fatalities in Brazil have occurred in these two zones.

Keywords: natural and anthropogenic hazards, disasters, economic losses, Brazil.

between land use and the environment (anthropogenic
hazards). Damaging events that are related to hazards that
generate human, social, environmental and economic
losses are described as disasters (UNDRO 1984, 1991;
Varnes, 1984). Glade & Crozier (2005) presented an inter-
esting study that reports inventories of features of gravita-
tional mass movements that occurred in several countries in
Europe, Asia, South America, the South Pacific, North
America and Africa. The Organization of American States
(OAS, 1990) and the United Nations (UN) created organi-
zations to advise countries on the problems resulting from
hazardous events and to encourage the development of
methodologies to forecast and mitigate these disasters.

1. Introduction

In recent decades, studies have focused on assessing
natural and anthropogenic (e.g., technologic, social, cul-
tural and land use related) hazards and/or disasters and
other types of environmental problems throughout the
world to better understand the mechanism, predisposition
and triggering factors to prevent social and economic losses
(Zaruba & Mencl, 1969; Varnes, 1984; White & Haas,
1975; Bolt et al., 1975; OAS, 1990; Alexander, 1993;
Guzzetti, Cardinali & Reichenbach, 1994; Guzzetti, Stark
& Salvati, 2005; Kovach, 1995; Brabb & Harrod, 1989;
Alcéantara-Ayala, 2002; Alcantara-Ayala, 2004; Korup,
2005; Guzzetti, Salvati & Stark, 2005; Dilley et al., 2005;

Yang et al., 2005; Remondo et al., 2005; Claessens et al.,
2007; Zhou, Wang, Wan & Jia, 2010; Balteanu et al., 2010;
Kirschbaum, 2010; Novelo-Casanova & Sudrez, 2010;
CNR/IRPI, 2010; Bonachea et al, 2010; Van Den
Eeckhaut & Hervés, 2011). In general, hazards are a conse-
quence of natural processes (e.g., geological, climatologi-
cal and hydrological processes) and the interactions

Brazil does not experience volcanic events or high-
magnitude earthquakes (> 7 on a Modified Mercalli Inten-
sity scale), but other types of hazards and disasters have re-
sulted in significant casualties and costly damages. In the
last 50 years, several regions of Brazil have experienced
natural processes, such as floods, gravitational mass move-
ments, erosion, soil and water contamination and waste
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spillage due to the ruptures of tailing dams, sanitary land-
fills and pipelines. However, the general population of
Brazil has no clear understanding of the nature of these haz-
ards and their direct and indirect economic consequences.
In addition, hazardous events are often not distinguished
from common events in the technical and scientific litera-
ture. Furthermore, no technical guidelines have been devel-
oped to forecast and respond to the different hazards and to
avoid and mitigate disasters that are very common in Brazil.

Since the 1990s, studies have been conducted in Bra-
zil by universities and independent research institutes (for
example, Zuquette et al., 1992; Gramani, 2001; IPT, 1995;
CPRM, 2010; Cruz, 1974; Zuquette et al., 1994a,c; IPT,
1995; Carvalho, 1996; Amaral & Palmeiro, 1997; Dorsi et
al., 1997; Bonuccelli, 1999; Herrmann, 2001; Bacellar,
Lacerda & Coelho Neto, 2004; Herrmann et al., 2004;
CPRM, 2006), but public institutions have paid little atten-
tion to these hazards because in Brazil, there are no govern-
mental centers to forecast these events. Most efforts of the
governmental centers are concentrated on responding to the
problems that follow the disasters.

Often, such governmental efforts are focused on the
control of social problems rather than on the importance of
forecasting and preventing the hazards (for example, Car-
valho & Galvio, 2006; CENACID, 2010; DRM-RJ, 2011;
GEORIO, 2011; BRASIL, 2011). These works have been
developed based on predominantly in social and economi-
cal aspects of the affected places on the other side the geo-
logical and geotechnical data are secondarily considered.
However, damages that occur as a consequence of natural
and anthropogenic hazards can result in social losses,
deaths and long-term economic losses. The effective man-
agement of these hazards requires a significant investment in
rehabilitation, hazard control and problem-solving methods.

According to the data that have been collected by
governmental institutions since 2007, approximately 800
disasters were recorded in several different regions
(CENACID, 2010; CPRM 2010; Brazil, 2011; Brazil,
2012). The damages from these disasters ranged from
5,000 USD to more than 1,000,000 USD. Since 2008, sev-
eral different types of natural disasters have occurred re-
peatedly in Brazil. These disasters have strongly affected
the states in the southern and southeastern regions of the
country. EM-DAT (2012) considered Brazil to be one of
the most affected countries. Recently, Brazil was named by
the UNITED NATIONS (2012) as the 3" most affected
country in terms of natural hazards and/or disasters in the
world.

According to the data from the UN/ISRD (2010), the
frequency of natural disasters has been steadily increasing
in the world as well as in Brazil. The number of major re-
corded occurrences in the world has ranged from 70 to
more than 400 annually between 1975 and 2010 (Fig. 1).
The data allow us to distinguish five distinct periods di-
rectly associated with the growth and concentration of the

68

population worldwide and in Brazil. Following this trend
since 1965, Brazil has experienced a continuously increas-
ing number of recorded disasters, which has coincided with
the growth and concentration of the population in urban ar-
eas. According to the International Red Cross, Brazil is the
country that is most affected by disasters related to natural
hazards in the Americas. Between 1994 and 2011, there
were more than 10,000 deaths, but according to govern-
mental information, in 2010 alone, approximately 8 million
people were affected, and 1,500 died, mainly because of
gravitational mass movements, floods, droughts and other
smaller disasters. This increase in damages is due to both an
increase in the number of hazards and the fact that a greater
proportion of hazards have affected a significant number of
people (more than 20,000,000), mainly because disasters
have occurred in the most populated regions. Since 2007,
more than 300 significant disasters (each characterized by
economic and social costs greater than 500,000 USD and
casualties) have occurred in Brazil. In the last five years,
more than 5 billion USD have been spent to aid areas af-
fected by disasters that had resulted from natural processes
and/or environmental problems. However, a limited
amount of money has been invested in the forecasting of
such events, and in some cases, a portion of this small
amount of money is lost in the public system.

Given the large numbers of hazards and disasters re-
sulting from natural processes and human activities, we de-
veloped a basic inventory of hazards and disasters for

450
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Figure 1 - The number of natural disasters worldwide between
1975 and 2010. From UN/ISRD (2010).
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Brazil. The goal was to assess the distribution of hazards
and disasters in each state and in the cities with the largest
populations, which could be the most affected by such di-
sasters. The records obtained would allow us to specify and
define the most affected areas in Brazil and elaborate on the
specific hazards and/or disasters threatening each state.

2. Challenges to Developing an Inventory of
Natural and Man-Made Hazards and
Disasters in Brazil

Studies of natural and man-made hazards are gener-
ally conducted after these hazards have led to consequent
disasters. However, few studies aim to forecast the hazards
and their associated risks. In general, the relevant studies
can be classified into three groups. The first group includes
studies that consider specific events; the goals of these
studies are primarily related to the geological, geomor-
phologic and geotechnical characterization, design and in-
stallation of structural measures to prevent the problem
from recurring in the future (for example, Pichler, 1957;
Barata, 1969; Jones, 1973; Ploey & Cruz, 1979; Wolle,
1988; Elbacha, 1992; Cerri, 1993; Lacerda, 1997;
Guimaraes et al., 2003; D’Orsi, Feij6 & Paes, 2004, Déstro
et al., 2009). Approximately 75% of the studies conducted
in Brazil are of this type. The second group is related to the
discontinuous inventory of natural events. These studies
emphasize susceptibility zoning, which uses engineering
geological mapping at scales of less than 1:25,000. These
maps are mainly based on qualitative data, but some studies
have used quantitative geomorphological and rock sub-
strate data and heuristic methods involving overlapping
maps, with or without weighting (for example, Zuquette et
al., 1991; Zuquette et al., 1994b; Augusto Filho, 1994;
Amaral, 1996; Hach-Hach, 1998; Alheiros, 1998; Macedo,
Costa & Salles, 1999; Herrmann, 2001; MINEROPAR,
2005; Amaral Junior, 2007; Dantas-Ferreira, 2008; Lollo,
2008). The third group is composed of hazard and risk map-
ping developed predominantly by universities at scales of
less than 1:25,000 (rarely larger) and based primarily on
semi-quantitative data (for example, Wolle & Carvalho,
1989; Ahrendt & Zuquette, 2003; Dias & Zuquette, 2004;
Augusto Filho, 2004; Nunes Bandeira & Coutinho, 2008;
Silva & Zuquette, 2010).

Several factors influence hazard studies in Brazil,
such as the following:

» The large territorial extent of Brazil.

* The absence of governmental programs to develop con-
tinuous inventories. There are some data banks in vari-
ous stages of development in the CPRM and in other or-
ganizations at the state level (for example, the
MINEROPAR in Parana and the DRM in Rio de Ja-
neiro), but these data banks exhibit serious problems in-
volving data sources and registering predominantly land-
slides. A large part of the data contained in the different
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databases is the same as those obtained from surveys af-
ter the disasters.

* The lack of topographic maps at adequate scales for dif-
ferent parts of Brazil; the scales are generally less than
1:50,000, with a curve equidistance of greater than 20 m.
In some regions, there are orthophotos at different scales
and for different periods, but these photos are not linked
to adequate topographic maps, which provide the funda-
mental basis for putting together information about natu-
ral and anthropogenic events.

e The lack of regular studies by governmental centers to
map environmental factors at adequate scales (unconsol-
idated materials maps, rock substrate maps, drainage
maps and continuous inventory maps, among others).

* The lack of regular surveys to obtain aerial photographs.
High-resolution satellite images are expensive and have
only been obtained for some specific areas where the
economic losses were very high. Lower-resolution satel-
lite images exist, but they are not fine enough to record
the events. Brazil urgently needs a program to obtain
continuous, high-resolution satellite images over exten-
sive areas to create continuous inventories.

e Because of the climate in Brazil, most of the damaged
and affected sites are quickly modified. Thus, identify-
ing the affected areas becomes very difficult or even im-
possible.

* Most of the hazards are not reported. Only large disasters
are registered.

* Records can sometimes be difficult to obtain because
people are not accustomed to reporting small losses (less
than 5,000 USD). However, in some regions, these
losses are very common, especially when the events do
not occur very rapidly, as they do with soil collapse and
subsidence.

3. Materials and Methods

A central database of the natural and anthropogenic
hazards and disasters does not exist in Brazil. Between
2007 and 2012, there was a large effort to compile the exist-
ing scattered information held by various organizations
into a single database. The data search was conducted ac-
cording to the following steps:

i The selection and preparation of basic data on the ge-
ology, relief and climatic conditions of Brazil to de-
fine and delimit the zones most affected by hazards
and/or disasters. The geological data were collected
based on the previous maps developed by CPRM
(1971, 1983) and DNPM (1984) at scales of less than
1:1,000,000 and other maps that were produced for the
states at scales between 1:500,000 and 1:1,000,000
(DAEE/UNESP, 1984; MINEROPAR, 2005; UNB,
2008; CPRM, 2007; IBGE, 2007). The relief data
were collected from (Ab’Saber, 1964), FIBGE (1990),
(Miranda & Coutinho, 2004), CPRM (2007) and
IBGE (2007). The climatic map was prepared consid-
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ering the annual variation in rainfall and temperature
and the length of the dry season in different parts of
Brazil obtained from (Nimer, 1989), INPE/CPTEC
(2007) and IBGE (2007).

Data on the hazards and the associated economic
losses were obtained from technical reports, theses
(master’s and doctorate) from the database of the most
important universities of Brazil, magazines, state
newspapers and other publications. These additional
publications included the annals and proceedings of
the national congresses and symposia supported by the
Associag@o Brasileira de Geologia de Engenharia e
Ambiental - Brazilian Association of Environmental
and Engineering Geology (ABGE, 2007), the
Associacdo Brasileira de Mecanica dos Solos
(ABMS) - Brazilian Association of Soil Mechanics
and proceedings of the international congresses of the
International Association of Engineering Geology and
Environment (IAEGE) and the International Society
of Soil Mechanics and the Geotechnical Engineering
(ISSMGE), as well as the proceedings from the Inter-
national Congresses of Landslides. Most of these
sources provided very localized and specific data.
Natural and man-made hazards and disasters were as-
sessed using a group of similar concepts of hazards,
disasters, vulnerability and consequences proposed by
(Varnes, 1984), UNDRO (1984), Crozier & Glade
(2004), ISSMGE (2004) and (Fell et al., 2008).

The geographical location of the recorded hazards and
disasters. The geographical locations of the recorded
hazards and disasters were only loosely provided, and
the geographical coordinates were rarely given. To
evaluate the distribution of the natural and man-made
processes in Brazil, each data point needed to be
placed on a map with all of the acquired information.
Because of the vast extent of Brazil, the geographical
position of each record was approximated based on an
urban area or district, a natural slope, a valley of a nat-
ural drainage channel, or an escarpment.

Post-event aerial photographs and satellite images of
the areas affected by hazards and disasters were ana-
lyzed to delimit the affected area and damage. How-
ever, these materials are scarce, and post-event analy-
sis was only possible for a few areas.

Fieldwork was conducted to assess great part of the ar-
eas that were greatly affected by hazards and disasters,
to evaluate the reliability of the information in situ and
to obtain new data on the events, such as the type,
magnitude and size.

Using GIS and manual works, the spatial assessment
of the data from the inventory was performed consid-
ering one or more of the following: the distribution of
hazards and disasters in urban, forested and rural ar-
eas, the economic, social, environmental and humani-
tarian losses related to the disasters, the magnitudes
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and intensities of the natural events and the density
and frequency of the natural and man-made events.
For many of the recorded events, we could collect only
one or two of these data.

The evaluation of the density (low - < 1/km’, moderate
- 1 to 3/km’” and high - > 3/km’) and frequency (e.g.,
monthly, annually or once every 5 years) of the natural
and man-made hazards and disasters in the main urban
areas was performed for the main urban areas in each
state of Brazil.

An assessment of each state was conducted that con-
sidered the density and distribution of the various
types of hazards and disasters. The magnitude of the
economic, social, human and environmental losses
was used to classify each state in terms of hazard/di-
saster into one of six levels (1 is the lowest and 6 is the
highest) related to the attributes described above.
These levels are described as follows: Level 1 -

low-density (< 1/km?), small affected areas (< 10 km®)
associated with minor economic losses (< 100,000
USD); Level 2 - low to moderate-density, small af-
fected areas associated with moderate economic
losses (100,000 to 500,000 USD); Level 3 - low to
moderate-density, medium-sized affected areas (10 to
100 km®) associated with moderate economic and so-
cial losses; Level 4 - moderate-density (1 to 3/km’),
medium-sized to large affected areas associated with
moderate economic, social and environmental losses;
Level 5 - moderate and high-density, large affected ar-
eas (> 100 km®) associated with moderate economic,
social, human and environmental losses; and Level 6 -
high-density (> 3/km’), large affected areas associated
with high economic, social, human and environmental
losses (> 500,000 USD).

The most severely affected zones were defined based
on the type of hazard and density of disasters consider-
ing the frequency and intensity associated with the hu-
man, economic and social losses, which were related
to the geological, geomorphological and climatic as-
pects. The zones were displayed on a map of Brazil
along with the main drainage channels to facilitate the
delimitation of the zonal boundaries. After delimita-
tion of the zones, a description of the relief, geology,
and climatic conditions associated with the economic,
social, environmental and human losses were formu-
lated. The steps developed to delimit the zones were as
follows: the evaluation of the density distribution of
the hazards and disasters in the states, the analysis of
the density distribution within the geological units
based on the lithology, the identification of the most
affected areas based on the geological units experienc-
ing a high density of events, for the zones mentioned
above, consideration of the characteristic altitude and
relief, mainly using the hydrographic map (DNPM,
1984; IBGE, 2007), which permitted the fine-tuning
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the zonal boundaries, accounting for the climatic con-
ditions that were considered to produce extreme rain-
fall events and the greatest hazards and disasters for
each zone and the selection of typical examples of haz-
ards and disasters associated with the economic, so-
cial, human and environmental losses.

x  Considering the hazard and disaster zoning, popula-
tion density and infrastructure, we developed an as-
sessment of the degree of vulnerability for each of the
more affected zones. The assessment considered 3
levels (low, moderate and high degree of vulnerabil-
ity) based on the following 2 aspects: first, the hazard
types and their intensity/magnitude and frequency
(Low degree - hazards with low frequency and inten-
sity/magnitude; Moderate degree - hazards with mod-
erate frequency and intensity/magnitude; High degree
- hazards with high frequency and intensity/magni-
tude) and second, the population density, affected en-
vironmental elements and urban and/or regional infra-
structure (Low degree - low population density, small
affected areas (less than 5 ha) and low density of infra-
structure; Moderate degree - medium population den-
sity, medium-sized affected areas (6 to 50 ha) and low
density of infrastructure but of great social and eco-
nomic importance; High degree - high population den-
sity, large affected areas (> 50 ha) and medium to high
density of infrastructure).

4. The General Environmental
Characteristics of Brazil

Brazil is located between the latitudes of 34° South
and 5° North and is approximately 4,300 km in the longest
north-south direction and 4,150 km in the longest east-west
direction, covering 8.5 million km’ in the Northern and
Southern Hemispheres. Climatically, the country includes
seven major zones (Fig. 2), varying from wet tropical to
sub-humid mesothermic; the main characteristics of the re-
gions are listed in Table 1.

The relief of Brazil includes altitudes varying from 0
to 3,000 m. Approximately 99% of the country is from O to
1,200 m (0 to 200 m - 41%; 200 to 500 m - 37%; 500 to 800
m - 15%; 800 to 1,200 m - 6%); 0.5% from 1,200 to 1,800

Legend

Region 1 - Equatorial
Region 2 -Humid-tropi
Region 3 - Semiarid
[47] Region 4 - Arid

Region 5 - Subtropical
[6] Region 6 - Temperate
Region 7 - Mesothermic

r—~—~ Region border

Figure 2 - The main climatic regions of Brazil.

m; and 0.5% higher than 1,800 m. The population density
(Fig. 3) is divided into three categories: less than 10 inhab-
itants per km’ (predominantly the northern and western por-
tions), between 10 and 50 inhabitants per km” and greater
than 50 inhabitants per km’ (mainly in the south-eastern and
southern regions). The population data were obtained from
IBGE (2010).

5. Hazard Sources on Brazil

Generally, a hazard is characterized as an event that
has a probability of occurrence associated with a specific
area and whose intensity is greater than a predetermined
limit (a safety threshold) that makes it different from a com-
mon event. However, when an event exceeds the safety
threshold, it is classified as a hazard with different probabil-
ities and intensities. Some of these hazards result in disas-
ters, producing heavy economic, social and environmental
losses or even killing hundreds of people.

The main observed natural and anthropogenic hazard
sources that occur in Brazil are generally of a climatologi-

Table 1 - The basic characteristics of the main climatic regions of Brazil.

Main climatic region Wetness Average Temperature (°C) Dry season (months) Variation of rainfall (mm)
1 Humid Tropical - > 18 <3 1, 750 to 3,300

2 Humid Tropical - > 18 4t05 1,000 to 2,250

3 Semiarid Tropical - > 18 6 750 to 1,500

4 Arid Hot - > 18 7to11 300 to 1,000

5 SubHumid Subtropical - 15 to 18 at least 1 month 4t06 700 to 1,750

6 Humid Temperate - 15 to 18 at least 1 month <3 1,200 to 4,500

7 SubHumid Mesothermic - 10 to 15 <5 1,250 to 2,300
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Figure 3 - The population density in Brazil.

cal or geological-geotechnical nature, including seismic
events, wind, tides, dry season, air pollution, saliniza-
tion/saline soils, flooding, continental and coastal erosion,
silting/sedimentation, subsidence (karst and underground
excavation), gravitational mass movements, expansive soil
and rock, groundwater pollution, compressible and collaps-
ible soils, pipeline and dam ruptures, spontaneous combus-
tion of turf materials, desertification, surface water
pollution, soil pollution, dangerous components in the soil
and water, frost, soil liquefaction, dune movements, radio-
active spills, natural radiation, wastes and earth fill on the
slopes, surface water flow and sanitary landfills. The main
triggers of the natural and many anthropogenic hazards in
Brazil are rainfall (time and intensity greatly impact its ef-
fects) and land use, both of which have an adverse effect on
other environmental factors. However, the occurrence of
geological, geotechnical and some anthropogenic hazards
is directly influenced by the intrinsic properties and vari-
ability of the geological materials (unconsolidated materi-
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als, rock substrate and the depth of the saturated zone) and
their spatial distributions.

6. The Distribution of Hazard Sources

The distribution of hazards and disasters in Brazil
was determined based on data collected from the different
types of records and considering hazards of all magnitudes
and intensities.

According to the data, 28 different types of geologi-
cal, geotechnical, hydrological, climatological and man-
made hazard sources were observed. The distribution of the
main hazard sources for each state in Brazil is shown in Fig.
4. The economic, environmental, human and social losses
in Brazil have increased significantly over the last 50 years
due to disasters resulting from such natural and man-made
hazards. Even low-magnitude seismic activity has pro-
duced economic losses.

In 2010, Brazil had 5,561 municipalities, and ap-
proximately 1,200 have been heavily affected by some
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hazard over the previous 10 years. Because of the lack of
adequate engineering geological mapping, hazard maps
or risk charts, territorial planning in the country is not ad-
equate. This lack of planning associated with the lack of
adequate laws and sub-optimal land use practices, have
led to the increased number of disasters that have re-
sulted in economic losses on the order of billions of USD
per year.

As of January 2012, more than 500 municipalities
have been affected by hazards that caused disasters
(drought, landslides, flooding) in Brazil (300 of them are
in the most populous regions), with economic losses
greater than 7 billion USD, and a total of 5 million people
have been seriously affected, distributed in two groups of
states: (i) the states of Minas Gerais, Rio de Janeiro and
Espirito Santo, where the economic losses were greater
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than 5 billion USD; and (ii) the states of Rio Grande do
Sul, Santa Catarina, Parand, Bahia and Sdo Paulo, where
the economic losses due to drought were greater than
2.5 billion USD.

Table 2 shows the number of municipalities per state
and the main large cities, predominantly state capitals (lo-
cations shown in Fig. 5), that were affected by natural and
man-made hazards and/or disasters, which might result in
social, economic and environmental losses. These munici-
palities and cities require the adoption of structural mea-
sures for prevention and control, and they also require the
development of new disaster mitigation policies. The level
of knowledge of the environmental components of the
ground, especially the geological aspects, is below the level
necessary for technical analysis. The areas where preven-
tion and control measures have begun represent a very
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Figure 4 - The distribution of the recorded geological, geotechnical, hydrological, climatological and some anthropogenic hazard
sources and/or disasters in Brazil. Legend: 1-Seismic activity, 2-Wind, 3-High tides, 4-Drought, 5-Air pollution, 6-Saline soils/sali-
nization, 7-Flooding (natural and human-induced), 8-Continental and coastal erosion, 9-River, lake and reservoir sedimentation,
10-Subsidence (karst and underground excavation), 11- Gravitational mass movements, 12-Expansive soils and rocks, 13-Groundwater
pollution, 14-Settlement and collapsible soils, 15-Pipeline and dam (tailing and power) ruptures, 16-Spontaneous fire in peat bogs,
17-Desertification, 18-Surface water pollution, 19-Soil pollution, 20-Dangerous components in soil and water, 21-Hoarfrost condition,
22-Soil liquefaction, 23-Dune movements, 24-Radioactive spill, 25-Natural radioactivity, 26-Uncontrolled earth fill and waste disposal
on slopes, 27-Concentrated surface water flow, 28-Pollutant sources.
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small percentage of the total area of Brazil. These citiesur- 7, Hazard and Disaster Zoning
gently need geological and geotechnical studies to produce

engineering geological and hazard maps for the develop- After the inventory was developed, it was analysed,
ment of risk charts. and the collected data permitted the delimitation of the

Table 2 - The number of municipalities and major cities affected and registered as hazard and disaster sources in Brazil.

State Number of Most populous city affected by the disasters Hazard sources
mu:g;}c)?;lnes Population (10°
inhabitants)
Sao Paulo 173 Metropolitan Region of 20 Flooding, gravitational mass movements, silt-
Sao Paulo ing, subsidence, erosion, groundwater pollution
Rio de Janeiro 52 Metropolitan Region of 10 Flooding, gravitational mass movements, silt-
Rio de Janeiro ing, subsidence, erosion, settlement
Minas Gerais 335 Metropolitan Region of 5 Flooding, gravitational mass movements, silt-
Belo Horizonte ing, subsidence, erosion
Rio Grande do Sul 320 Metropolitan Region of 5 Flooding, gravitational mass movements, silt-
Porto Alegre ing, subsidence, erosion
Parana 180 Curitiba 4 Flooding, gravitational mass movements, silt-

ing, subsidence, erosion, expansive materials

Pernambuco 38 Recife 3 Flooding, gravitational mass movements, silt-
ing, subsidence, erosion, groundwater pollution

Bahia 48 Salvador 4 Flooding, gravitational mass movements, ex-
pansive materials

Ceara 31 Fortaleza 3 Flooding, gravitational mass movements, silt-
ing, subsidence, erosion, groundwater pollu-
tion, dune movements

DF Brasilia 3 Erosion, collapsible soils

Amazonas 15 Manaus 1 Flooding, erosion, gravitational mass move-
ments

Mato Grosso 51 Cuiabd 1.5 Flooding, erosion, silting

Rio Grande do 23 Natal 1 Dune movements, coastal erosion

Norte

Santa Catarina 293 Florianépolis 0.5 Flooding, gravitational mass move-
ments, streambank erosion, erosion

Mato Grosso do Sul 78 Campo Grande 1 Erosion, collapsible soils

Para 35 Belém 1 Flooding ,coastal erosion

Espirito Santo 26 Vitéria 1 Flooding ,gravitational mass movements

Goids 50 Goiania 2 Erosion

Rondonia 7 Porto Velho 0.5 Flooding, streambank erosion

Alagoas 15 Maceid 0.5 Flooding, landslides, erosion

Acre 10 Rio Branco 0.3 Flooding, erosion, collapsible soil

Tocantins 16 Palmas 0.2 Flooding, gravitational mass movements

Sergipe 8 Aracaju 0.6 Flooding, gravitational mass movements

Amapd 3 Macapd 0.4 Flooding, streambank erosion

Roraima 3 Boa Vista 0.45 Flooding, erosion, wet areas

Paraiba 10 Jodo Pessoa 0.7 Flooding, erosion

Piaui 20 Teresina 0.8 Flooding, erosion, silting

Maranhao 15 Sao Luis 1 Flooding, erosion
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Figure 5 - The distribution of the terrain zones most affected by hazards and/or disasters in Brazil.

eight most affected zones considering the types and intensi-
ties of natural and man-made hazards and disasters. For dif-
ferent zones, selected examples that are representative of
the hazards and disasters common in the zone are pre-
sented. These examples were selected to show the primary
mechanisms, magnitudes, affected areas and intensities.

Soils and Rocks, Sao Paulo, 36(1): 67-95, January-April, 2013.

Specific locations of all of the cities, sites and examples
considered in each zone are shown in the maps. The geolog-
ical vertical sections were based on geological maps from
CPRM (1971), DNPM (1984), CPRM (1983),
DAEE/UNESP (1984), MINEROPAR (2005), UNB
(2008), CPRM (2007) and IBGE (2007). Figure 5 shows
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six zones: Zone 1 - Pantanal Basin (flooding, silting and
erosion hazards), Zone 2 - Coastal zone and continental
strip, Zone 3 - Composed of sandstones and sandy uncon-
solidated materials, Zone 4 - Aeolian sandstones, Zone 5 -
The Amazon region and Zone 8 - Areas affected by natural
disasters. The others two zones (Zone 6 - Areas affected by
seismic activity and Zone 7 - Areas composed of carbonate
rocks) are represented in specific maps.

7.1. Zone 1 - Pantanal Basin (flooding, silting and ero-
sion hazards)

With regard to altitude and geological material, the
basin can be divided into two parts (Fig. 6). Zone 1.a is a
marshland of Tertiary and Quaternary sediments with an
average altitude of approximately 100 m (flooded portion).
This zone is composed of an extremely vulnerable and
unique landscape (Ab’Séber, 1988). During the rainy sea-
son, this area receives water from the higher portions of the
basin (Zone 1.b) via several large rivers that drain large ar-
eas. The waters transport a major sediment load derived
from the erosion of sandy geological materials (rock and
unconsolidated materials). This scenario causes intense
silting, the creation of sand bars and marginal erosion. The
southern portion of Zone 1.a, near the cities of Miranda and
Aquidauana (Mato Grosso do Sul State) (site 39 - Fig. 5),
suffered intense flooding in March of 2011, and the water
reached 15 m above the normal level of the rivers (see the
great extent of the affected areas in Fig. 5) and covered
more than 10,000 km®. The second portion (Zone 1.b)
ranges in altitude from 100 to 900 m and is used extensively

for agriculture and as a pasture. In this area, diffuse, gully
and marginal erosional processes are intense. This area is
also characterized by the silting of rivers and dam reser-
voirs as a result of erosion and collapsing soils. Sandy geo-
logical materials and intense rains are responsible for the
intense erosive processes and the dangers associated with
collapsible soils. The city of Cuiabd in Mato Grosso (Site
23 - Fig. 5) is frequently affected by intense flooding. The
largest recorded flood occurred in 1974, when the water
reached 11 m above the normal level. This flood affected
thousands of people and resulted in losses of 1 billion USD.

In this region, there are intense erosional processes
(thousands of erosion features) and earth flows, which gen-
erate a large amount of sediments. Consequently, the sedi-
ment load transported to Zone l.a has increased
significantly, resulting in the silting of the rivers and lakes
(Fig. 7).

7.2. Zone 2 - Coastal zone and continental strip

This zone can presents as wide as 100 km (e.g., in the
states of Maranhdo, Pard and Piauf), encompassing por-
tions of 18 states (Fig. 5). The width depends on the
changes in the landscape from the wave break line. Two
large areas can be distinguished within Zone 2. The first
area is composed of a range of Quaternary and Tertiary sed-
iments. This area is heavily affected by flooding, intense
coastal erosion, dune movement, settlement, high tides, ex-
pansive materials and man-made hazards. A number of ar-
eas within the zone are prone to silting. The second part is
made up of igneous and metamorphic rocks overlain by
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Figure 6 - A schematic geological vertical section of Zone 1 (section D - Fig. 5). Legend: 1 - Alluvial sediments (Quaternary); 2 - Allu-
vial sediments with gravel layers (Quaternary); 3 - Sandstones, minor siltstones, claystones and conglomerates (Cretaceous); 4 - Aeolian
sandstones (Cretaceous); 5 - Sandstones, siltstones, arkoses, shales, rhythmites and diamictites (Carbo-Permian); 6 - Siltstones, shales
and sandstones (Devonian); 7 - Sandstones, conglomerates and siltstones (Silurian-Devonian); 8 - Limestones, marls, dolomites, and
shales (late Proterozoic); 9 - Phyllites, graphites and hematite phyllites, meta-arkoses, meta-sedimentary rocks and meta-volcanics (mid-
dle Proterozoic); and 10 - Schists, quartzites, migmatites and gneisses (undifferentiated Precambrian).
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transported and residual unconsolidated materials with dif-
ferent thicknesses, significant relief amplitudes and slopes
ranging from moderate to steep. Erosion and gravitational

EROSION
SCARS

Figure 7 - A general view of an area showing the erosion features
associated with earth flows (Site 21 - Fig. 5) in the northern por-
tion of the Pantanal Basin (Poxoréo region - Mato Grosso State).

EROSION

mass movements occur predominantly in this part. Among
the cities cited in Table 2, fifteen are located in this zone; all
have been heavily affected by disasters with significant
economic losses during the last 30 years. In this zone, rain-
fall can reach as much as 500 mm per month; however, the
most frequent monthly high is approximately 300 mm.
There is intense coastal erosion in portions of the states of
Rio Grande do Sul, Santa Catarina, Parana (Matinhos re-
gion), Rio de Janeiro, Sdo Paulo, Bahia, Pernambuco
(Porto de Galinhas region), Rio Grande do Norte and Ceara
(city of Fortaleza). Figure 8 shows sites in the cities of
Fortaleza and Matinhos that are heavily affected by coastal
erosion. More than 100 locations have been affected along
the Brazilian coast, resulting in high economic losses due to
the disruption of and damage to facilities. Dune movements
have been promoted the silting of rivers and affect homes in
the urban part of the city of Natal (in the state of Rio Grande
do Norte). Major disasters occurred in the city of Salvador
(Site 27 - Fig. 5) in 1989 and 1995 due to landslides, where
more than 150 people were killed, and dozens of houses and
buildings were damaged. The city of Recife (Site 24 -
Fig. 5) suffered landslides in 1996, when more than 50 peo-

SEDIMENTATION

Figure 8 - Examples of sites affected by coastal erosion: a - the city of Fortaleza (Ceara State) with erosion and some dikes to control the
sediment flow (Site 31 - Fig. 5); and b - the city of Matinhos (Parand State) with facilities destroyed (Site 6 - Fig. 5).
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ple were killed and hundreds of buildings were damaged. In
June 2010, approximately 500 mm of rain fell in the states
of Alagoas and Pernambuco, and approximately 40 cities
were affected by flooding, erosion and other types of haz-
ards; some cities were more than 80% destroyed. These cit-
ies are located in the coastal zone and in areas at higher
altitudes. The economic and social damage caused by these
disasters required more than $1.5 billion USD to cover di-
rect damage and reconstruction.

7.3. Zone 3 - Composed of sandstones and sandy uncon-
solidated materials

This zone is composed of areas with sandy sediment,
sandstones with different degrees of cementing and sandy
transported and residual unconsolidated materials (Fig. 5).
The rocky materials are normally covered by up to 100 m of
sandy, unconsolidated materials with high porosity, low
mechanical resistance, high erodibility index values and a
high rate of potential infiltration. Erosive processes; soil
collapse; and the desertification and silting of rivers, dams
and lakes predominantly occur in these areas. Zone 3 is dis-
tributed across different parts of Brazil (Fig. 5), and, as ex-
amples, we present two geological vertical sections
representative of areas in Figs. 9 and 10 (for one region in
the northern part and another in the western part). Intense
erosion and silting problems are very common in these ar-
eas. In all regions classified as Zone 3, there was estimated
to be more than 100,000 erosion features classified as gul-
lies. These intense erosional processes result from intense
uses for agriculture and pasture in combination with sandy
geological materials and high rainfall intensities and dura-
tions. Fig. 11 shows sand deposition (sand bars) in the
Parnaiba River (Site 32 - Fig. 5, Piaui State) and erosion

features in the Camapua region (Site 38 - Fig. 5, northeast-
ern part of Mato Grosso do Sul State).

7.4. Zone 4 - Aeolian sandstones

This zone includes areas made up of Triassic sand-
stones with different degrees of cementing. These sand-
stones are spread over more than 1 million km’, but much of
that area is covered by other geological materials, as can be
seen in the vertical geological section shown in Fig. 12.
These geological materials are the most important aquifer
in Brazil. Environmental problems, such as sub-superficial
water pollution, erosion, silting, desertification and col-
lapsible soils, exist in this area. These sandstones are gener-
ally considered to contain good groundwater reservoirs, but
the recharge of these reservoirs is directly affected by the
use and management of the soil. Another problem is the in-
tense erosive processes associated with the sandy residual
unconsolidated material from the sandstones of the lower
layers. The southwestern portion of the state of Rio Grande
do Sul has been suffering greatly (during the period from
November 2011 to March 2012) from intense drought. The
economic losses caused by this phenomenon and its associ-
ated agricultural damage are on the order of 3 billion USD.

7.5. Zone 5 - The Amazon region

This zone is composed mainly of unconsolidated ma-
terials (sediments of Quaternary and Tertiary ages) and
weakly cemented sedimentary rocks (Fig. 13). The natural
process most common in this region is flooding, but it does
not heavily affect the population in small cities because the
population density is generally small near the rivers, with
the exception of some large cities such as Manaus, Belém,
Santarém and Parintins. There are fewer than 10 large cities
in the region. Small urban areas near the rivers are prepared
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Figure 9 - A schematic vertical geological section of Zone 3 - northern portions (section B - Fig. 5). Legend: 1 - Alluvial sediments (Qua-
ternary); 2 - Clastic sediments and laterites (Tertiary); 3 - Sandstones, siltstones and conglomerates (Tertiary); 4 - Sandstones, lime-
stones, marls and shales (Cretaceous); 5 - Sandstones, shales and limestones (Cretaceous); 6 - Sandstones, siltstones, shales and
limestones (Permian); 7 - Sandstones (Carbo-Permian); 8 - Sandstones, siltstones, shales and coal layers (Carbo-Permian); 9 - Sand-
stones, siltstones and shales (Devonian); and 10 - Phyllites, quartzites and metasedimentary rocks (late Proterozoic).
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Figure 10 - A schematic vertical geological section of Zone 3 - western portion (section C - Fig. 5). Legend: 1 - Alluvial sediments (Qua-
ternary); 2 - Sandy sediments with gravel layers (Quaternary); 3 - Sandy-silty sediments and laterites (Tertiary-Quaternary); 4 - Clastic
sediments and laterites (Tertiary); 5 - Sandstones (Cretaceous); 6 - Sandstones, conglomerates, siltstones and claystones
(Palacozoic-Mesozoic); and 7 - Quartzites, schists, marbles and other metamorphic rocks (middle Proterozoic).

(b)
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Figure 11 - Areas strongly affected by erosional processes and silting: a) sediment deposits (Site 32 - Fig. 5) in the Parnaiba River (city
of Teresina - Piaui State) and b) gullies in the Camapua region (northeast portion of Mato Grosso do Sul State, Site 38 - Fig. 5).

for and accustomed to this natural process. The floods are
intense because the rivers drain very large areas, and the
rainfall is controlled by the climatological conditions of the
Northern and Southern Hemispheres. However, this region
suffers heavily from dry periods when the river water levels
decrease so that it is impossible to navigate small boats,
which are the main form of transportation and are also used
for tourism and fishing, which are very important economic
activities.

Soils and Rocks, Sao Paulo, 36(1): 67-95, January-April, 2013.

Urbanisation has affected the equilibrium of the geo-
logical materials, generating gravitational mass move-
ments, erosion and other natural processes in the main
urban areas such as Manaus, Belem and Macapa (Fig. 14).
The metropolitan regions of Belém, Para State, (Site 41 -
Fig. 5), and Manaus, Amazonas State, (Site 34 - Fig. 5)
have been affected by flooding of up to 15 m (in April
2012). Due to the very flat topography (with an average re-
lief amplitude of less than 5 m) the flooding covers large ar-
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Figure 12 - A schematic vertical geological section of Zones 3 and 4 (section E - Fig. 5). Legend: 1 - Sandstones, siltstones and minor
claystones (Cretaceous); 2 - Basalts (Juro-Cretaceous); 3 - Aeolian sandstones (Jurassic); 4 - Sandstones and siltstones (Carbonifer-

ous-Permian); and 5 - Siltstones and shales (Devonian).

eas. The Acre and Roraima states were affected by flooding
in the January, February and March of 2013.

7.6. Zone 6 - Areas affected by seismic activity

This zone includes areas where the frequency of seis-
mic activity is higher than average for Brazil (Fig. 15).
These areas are associated with specific geographic posi-
tions that are associated with geological structures. Some of
these areas have not suffered economic losses because they
have not been affected by high-magnitude seismic activity.

» Tapajos River

However, this area is experiencing increased development,
and the seismic aspects have been considered as dynamic
parameters in these projects. The majority of earthquakes
recorded in Brazil since the 1800s have had Modified
Mercalli Intensity lower than 4, with a small percentage
(5%) ranging from 6 to 7. The highest recorded intensity ac-
cording to the Modified Mercalli Intensity scale is 6. Ap-
proximately 80% of earthquakes recorded in Brazil
between 1800 and the present occurred in the areas noted in
Fig. 15.

0

Erosion
. N 5
: 3 z
2 g S
2 8 g
= 2
N (=}
g [ z B A
< @)
) i (m)
| Flooding |
— 100
— 50
430 km

Figure 13 - A schematic vertical geological section of Zone 5 (section A - Fig. 5). Legend: 1 - Alluvial sediments (Quaternary, Tertiary);
2 - Weakly cemented sandstones (Quaternary, Tertiary); 3 - Sandstones, siltstones and shales (Cretaceous); 4 - Sandstones, siltstones,
shales and limestones (Carbo-Permian); 5 - Sandstones, siltstones and shales (Devonian); 6 - Sandstones, siltstones and shales (Or-
do-Silurian); 7 - Arkoses, conglomerates and sandstones late Proterozoic); 8 - Acid and intermediate volcanics (middle Proterozoic); 9 -

Hornblende-gneisses, schists, amphibolites and diorite (Archean).
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Figure 14 - Degraded areas due to deforestation, overcultivation and overgrazing: (a) Erosion and gravitational mass movement in the
city of Manaus, Amazonas State (Site 34 - Fig. 5); (b) Degraded land in the Macapa region, Amapd State (Site 33 - Fig. 5); (c) A river
highly affected by silting due to erosional processes in the Boa Vista region, Roraima State; and (d) Detail of intense erosional processes
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Figure 15 - The regions most affected by earthquakes in Brazil. Modified from (Mioto, 1993), OBSIS (2010) and IAG/USP (2010).
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7.7. Zone 7 - Areas composed of carbonate rocks

These regions are composed of calcitic and dolomitic
limestones, marbles, and calcareous rocks in different pro-
portions associated with other sedimentary and metamor-
phic rocks (Fig. 16); carbonate rocks crop out in
approximately 10% of Brazil. Depressions, sinkholes and
caverns of various sizes occur. In urban areas, this gener-
ates problems for construction and the environment. Cities
ranging in size from 10 thousand to 2 million inhabitants
are affected. Subsidence in rural areas generates problems,
such as water accumulation, and prevents the use of heavy
machinery in the plantations and even prevents the area
from being used as a pasture. There are multiple examples
of urban areas (see locations in Fig. 16) affected by subsi-
dence: 1 - The metropolitan region of Curitiba (Parand
State); 2 - Lagoa Santa (Minas Gerais State); 3 - Sete
Lagoas (Minas Gerais State), 4 - Laussance (Minas Gerais
State); 5 - Vazantes, related to mining (Minas Gerais State);
6 - Cajamar (Sdo Paulo State); 7 - Nobres (Mato Grosso
State); 8 - Teresina (Piaui State); 9 - Matozinhos (Minas
Gerais State); 10 - Morro do Chapéu (Bahia State); and 11 -
Mossor6 (Rio Grande do Norte State). In these regions,
hundreds of sinkholes have been recorded in the last 20
years, mostly induced by groundwater exploitation. The
metropolitan area of Curitiba is the largest of the 11 cited
and, consequently, presents the greatest economic losses,
mainly in the form of building damage and groundwater ex-
ploitation.

7.8. Zone 8 - Areas affected by natural disasters

This zone is the region most affected by natural haz-
ards and disasters, including the 10 largest disasters in
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Figure 16 - The distribution of carbonate rocks and the main af-
fected urban areas in Brazil.
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Brazil. It includes areas with very steep slopes (greater than
65°) and composed of igneous and metamorphic rocks,
mainly granites, migmatites, gneisses, schists, phyllites and
limestones (Fig. 17). The altitude is predominantly below
2,000 m, and rainfall can reach 4,500 mm, with daily values
of 550 mm. However, the average maximum daily value is
approximately 250 mm. These lithologies are associated
with weathering profiles with a range of thicknesses and
degrees of heterogeneity as well as slopes with different in-
clinations, from gentle to steep. The variability in the geo-
logical materials is very high, which increases the likeli-
hood of diverse natural hazards. In these areas, almost all
types of gravitational mass movements and linear erosion
occur. These processes are caused by the geological-geo-
technical characteristics of the weathering profiles or the
unconsolidated materials that are associated with the spe-
cific conditions of infiltration, slopes of greater than 65 de-
grees, discontinuities from different sources parallel to the
land surface, artificial embankments with inclinations
above the geotechnical limits and earth fills with different
degrees of compaction along their slopes. In the last five
years, more than 15,000 gravitational mass movements and
erosion events have occurred in this area. Among these
events, more than 1,000 were classified as hazards, and
some became disasters, with a predominance of gravita-
tional mass movements, erosion, sinkholes, peat fires and
anthropogenic disasters, such as the leakage of chemicals.
Since 1990, large natural hazards have occurred in this
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Figure 17 - A schematic vertical geological section of Zone 8
(section F - Fig. 5). Legend: 1 - Alluvial and colluvial sediments
(Quaternary, Tertiary); 2 - Granites (late Proterozoic); 3 - Gneiss-
es, migmatites, schists, amphibolites and quartzites (late Protero-
zoic); 4 - Granulitic gneisses, migmatites, granitoids, gabbros and
schists (Archean); 5 - Volcano-sedimentary sequence, quartzites,
schists, phyllites and iron formations (Archean); 6 - Quartzites,
phyllites, itabirites and schists (early Proterozoic); and 7 -
Migmatites, gneisses and granitoids (Archean).
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zone, with significant economic losses, and have resulted in
the deaths of thousands of people. In December 2010 and
January 2011, approximately 400 cities were affected by
flooding and landslides of different intensities and magni-
tudes, including the metropolitan regions of Sao Paulo,
Curitiba and Belo Horizonte. The metropolitan region of
Sao Paulo, the biggest and most economically important ur-
ban area in Brazil, is located in this region and is affected
annually by intense floods and moderate gravitational mass
movements, mostly induced by human interference with
the valleys and slopes, which has changed the morpho-
metry and the water dynamics. The annual economic losses
can reach 1 billion USD per year, considering that the total
extent of the metropolitan region of Sdo Paulo covers
2,500 km’ and has approximately 20 million inhabitants.

Of the 100 largest disasters in Brazil, many occurred
in this zone. Table 3 shows the disasters and the deaths and
the economic, social and environmental losses associated
with each disaster (the locations are shown in Fig. 5).
Table 3 shows that this zone has had, on average, one large

Table 3 - The largest disasters occurring in Zone 8.

disaster every 5 years. The number of hazardous events per
year in this zone is very high, but only a small number of
these events qualified as disasters, even in urban areas.
Landslides normally occur due to changes in the mechani-
cal strength of the geological materials, the inclination of
the slope and favourable discontinuities, but landslides nor-
mally qualify as disasters if they develop into earth flows
due to surface water accumulation and the number of rock
blocks transported with the unconsolidated materials. In
2011, there were the same types of rain (intensity and dura-
tion) as in 2008 in the state of Santa Catarina; the rain re-
sulted in flooding but not gravitational mass movement.
Similar conditions were present in 1967, when major disas-
ters occurred in the Serra das Araras region (city of Piraf)
and the city of Caraguatatuba but not at other sites with the
same geological characteristics (even though those sites ex-
perienced more rain). The fundamental factor for triggering
gravitational mass movement in this zone is the rain distri-
bution during the months before the occurrence of the haz-
ardous events rather than high rain intensity over a short du-

Year Site Type of hazard Economic, social and environmental losses Number of
casualties
1800 to the  Sdo Paulo, Sdo Paulo State ~ Flooding (average  Disruption of services until high economic losses
present frequency less than  occurred, with the destruction of buildings, roads
5 years) and bridges
1811, 1906, Rio de Janeiro, Rio de Janeiro Flooding Disruption of services until high economic losses 100?
1924 State occurred, with the destruction of buildings, roads
and bridges
1911 Blumenau, Santa Catarina Flooding People and infrastructure services were severely af-
State fected
1928 Santos, Sdo Paulo State Landslides Partial destruction of a hospital 60
1929 Sao Paulo, Sdo Paulo State ~ Flooding People were injured, and services were severely
damaged
1944 Caraguatatuba, Sdo Paulo Landslides, flooding
State
1948 Rio Paraiba do Sul Valley Group of landslides Hundreds of buildings 250
1956 Santos, Sdo Paulo State Landslides Destruction of 100 houses 70
1966 Rio de Janeiro, Rio de Janeiro Landslides Destruction of buildings and houses 200
State
1967 Serra das Araras - city of Landslides Roads, hydroelectric power and dozens of buildings 1,800
Piraf (Rio de Janeiro State)
1967 Caraguatatuba, Sao Paulo Landslides Destruction of 500 buildings and roads 150
State
1972 Campos do Jorddo, Sdo Paulo Landslides Destruction of 80 buildings 20
State
1983 Blumenau, Santa Catarina Flooding 200,000 people were affected 50
State
1986 Lavrinhas, Sao Paulo state Landslides Destruction of houses, roads and bridges 20
1986 Cajamar, Sao Paulo State Subsidence (karst)  Destruction of dozens buildings

Soils and Rocks, Sao Paulo, 36(1): 67-95, January-April, 2013.
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Year Site Type of hazard Economic, social and environmental losses Number of
casualties
1987 Rio de Janeiro Flooding 20,000 people affected 300
1988 Cubatdo, Sao Paulo State Landslides and earth Destruction of dozens of buildings 15
flow
1988 Petrépolis, Rio de Janeiro Landslides 1,500 houses were destroyed ,and more than 5000 200
State people were affected
1988 Rio de Janeiro Landslides Destruction of dozens of buildings 40
1989 Sao Paulo Flooding, landslides Destruction of dozens of buildings 20
1990 Blumenau, Santa Catarina Landslides, flooding Houses, roads and bridges were destructed 20
State
1992 Belo Horizonte, Minas Gerais Landslides, flooding Houses and roads were destroyed 20
State
1992 Contagem, Minas Gerais Landslides Hundreds of buildings were destroyed 40
State
1995 Ararangud, Santa Catarina Landslides, flooding Houses, roads, and plantations were damaged 40
State
1997 Ouro Preto, Minas Gerais Landslides, flooding High economic, environmental and artistic losses 15
State
1999/2000  Campos do Jorddo, Sdo Paulo Landslides Houses and roads were damaged 20
State
2002 Angra dos Reis, Rio de Ja- Landslides, flooding Railroads, buildings 52
neiro State
2004 Santa Catarina State Hurricane (wind 1,500 houses destroyed and 40,000 damaged. Eco- 75
speed higher than nomic losses higher than 500,000 USD
155 km/h - category
1 on the
Saffir-Simpson
scale)
2008 Blumenau, Santa Catarina Landslides, flooding More than 2 billion in economic losses. 1.5 million 300
State people were affected
2010 Angra dos Reis, Rio de Ja- Landslides 300 houses and roads 50
neiro State
2010 Paraty, Rio de Janeiro State  Landslides, flooding Roads, houses and others types of buildings were 10
damaged
2010 Sdo Luiz da Paraitinga, Sdo  Flooding, landslides Hundreds of buildings were destroyed 50
Paulo State
2010 Niterdi, Rio de Janeiro State  Landslides Destruction of hundreds of houses 180
2010 Rio de Janeiro Flooding, landslides Destruction of hundreds of houses 300
2011 Mountain region, Rio de Ja-  Landslides, flooding 10 billion USD in damages 1000
neiro State
2012 Mountain region, Rio de Ja-  Landslides 2 billion USD in damage and damage to hundreds 50
neiro State of buildings
2012 Minas Gerais State (110 cities Landslides, flooding More than 3 million people affected and economi- 30
were affected) cal losses higher than 3 billion
2012 Rio Grande do Sul State (50  Drought 3 billion USD 10
municipalities affected)
2012 Santa Catarina State Landslides, flooding 500,000 USD
2013 Mountain region, Rio de Ja-  Landslides, flooding 100 houses destroyed and hundreds damaged. Eco- 20
neiro State nomic losses higher than 3000,000 USD
84 Soils and Rocks, Sao Paulo, 36(1): 67-95, January-April, 2013.
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ration. Hundreds of datasets describing the relationships
between rain and gravitational mass movements have been
collected by CNR/IRPI (2010), and the results indicate that
each region is characterised by specific interactions be-
tween geological materials and rain. In Brazil alone, there
are dozens of examples of this type of relationship for re-
gions separated by only short distances (Guidicini & Iwasa,
1976; Tatizana, 1987; Elbacha et al., 1992; D’Orsi et al.,
1997). These complex relationships reflect the fact that
gravitational mass movements depend on the combination
of several factors, mainly geological, geotechnical and hy-
drogeological. Some of the disasters presented in Table 3
were chosen as examples, and a small group of characteris-
tics is presented below to show the general intensities and
magnitudes of losses. During the period from January to
March of 1967, Serra do Mar Mountain, mainly in the states
of Sdo Paulo and Rio de Janeiro, suffered daily from intense
rainfall of as much as 450 mm per day, with values reaching
300 mm in 3 hours at some sites. In January, a large group
of landslides and earth flows reached the Serra das Araras
region (near the city of Pirai, Rio de Janeiro state) over an
area of approximately 3,000 km’ (this is well described by
Jones, 1973), and another group of landslides and earth
flows occurred in the city of Caraguatatuba (Sdo Paulo

Figure 18 - Landslides in (a) Serra das Araras, Rio de Janeiro
State (Site 36 - Fig. 5), and (b) the city of Caraguatatuba, Séo
Paulo State (Site 10 - Fig. 5), in 1967. From Arquivo Base DER.

Soils and Rocks, Sao Paulo, 36(1): 67-95, January-April, 2013.

State). Both disasters killed more than 2,000 people, de-
stroyed hundreds of buildings, cars, roads, and plantations
and seriously affected public health and social public ser-
vices (Fig. 18). Intense gravitational mass movements oc-
curred in 1995 in the Ararangud region (Santa Catarina
State - Fig. 5) at altitudes between 600 and 1,100 m, affect-
ing 11 municipalities. This event was associated with a rain
event with an intensity of 550 mm/day and with a duration
of 4.5 hours, and more than 40 people were killed and
20,000 people affected. These shallow landslides and earth
flows began mostly at the crests of very steep slopes
(scarps), and the earth masses displaced flows down to the
feet of the scarps and continued in drainage channels,
reaching high velocities and covering great distances.
Fig. 19 shows examples of disasters that occurred in the
Itajai River Basin (SC) in December 2008, with losses
greater than 2 billion USD. The landslides and earth flows
of various intensities (dimensions and volumes) reached in-
frastructure works, including roads, bridges, buildings and
plantations, causing major economic and environmental
losses. Landslides began in different positions on the
slopes. Part of the materials transformed into earth flows,

(b)

Figure 19 - Examples of natural disasters in the Blumenau region
(Itajai Valley, Santa Catarina State; Site 5 - Fig. 5). (a) Gravita-
tional mass movements (a - translational slide, b - earth flow cov-
ering buildings, c - valley with geological material transported by
several earth flows) and (b) - Intense flooding.
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reaching the valleys with accumulated sediments up to
10 m thick. The water level, as a result of flooding, reached
12 m above the normal level of the Itajai River (although
this limit is less than the maximum registered of 17 m) and
killed more than 300 people. Flooding presented differently
based on the type of valley; narrow valleys frequently suf-
fer more losses than wide valleys. There were also gravita-
tional mass movements in the Angra dos Reis region (Rio
de Janeiro State) during the months of March and April
2010. During these events, dozens of people died, and the
direct and indirect economic damages surpassed $500 mil-
lion USD. During April 2010, the cities of Niteroi and Rio
de Janeiro were strongly affected by landslides and earth
flows that killed more than 400 people and resulted in more
than 3 billion USD in damages. During January 2011, Janu-
ary 2012 and March 2013 the mountain region (Rio de Ja-
neiro State) was strongly affected by rainfall on some days,
triggering many large gravitational mass movements (e.g.,
landslides, earth flows, rock falls) and flooding in the mu-
nicipalities of Teres6polis, Nova Friburgo, Petrépolis, Ar-
eal, Sumidouro, Sao José do Vale do Rio Preto and Itai-
pava, affecting more than 100,000 people and killing more
than 1,000. The intensities and sizes of the landslides varied
significantly depending on the spatial arrangement of geo-
logical material layers, slope shape, slope profile and incli-
nation. The economic losses exceeded 5 billion USD. The
environmental and social losses are impossible to estimate
because the cities, people, plantations and environment
were strongly modified by the geological material displace-
ment within the valleys and flood plains. In the first days of
March of 2011, the region of Antonina and Morretes, in
Parana State, (Site 40 - Fig. 5) was heavily affected by more
than 3,000 gravitational mass movements during the sec-
ond week of March 2011. The volume of the displaced geo-
logical material varied from 10 to 200,000 m* (Fig. 20).
Geologically, the region is composed of amphibolites and
gneisses covered by weathered rock, saprolite and uncon-
solidated material layers, and talus and colluviums occur on
some parts of the slopes. The slope inclinations vary from
10 to 70°. Approximately 20% of the gravitational mass
movements occurred at locations with morphometric
changes due to human interference, and the rest occurred in
natural terrain with dense vegetation. These events injured
more 10,000 people (approximately 20% of the total popu-
lation), resulted in deaths, and generated high economic
and social losses as well as significant environmental losses
due to very large sediment load transported by earth flow to
the ocean with its chemical products, including liquid and
solid urban wastes and other types of dangerous chemical
products (Fig. 20). From December 2011 to January 2012,
the southern and southeastern regions of Brazil were af-
fected by natural disasters, causing the destruction of roads,
buildings, bridges and other facilities and killing hundreds
people.
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(a)

Figure 20 - Gravitational mass movements in the Antonina and
Morretes region, Parand State (site 40 - Fig. 5). a) General view, b)
Sediment load generated by gravitational mass movements with
chemical and organic compounds in the water of Antonina Bay
(shown by the different colours of water).

8. Analysis

In Brazil, the perception of the problem varies; a natu-
ral or anthropogenic event can be classified as a disaster
only if it leads to a casualty, irrespective of the magnitude
or intensity. Therefore, even if a major disaster causes large
economic losses, such as by damaging large plantations, it
might not be classified as such. This perception compli-
cates the study of hazards and disasters. Dozens of major
hazardous events (e.g., landslides and flooding) have oc-
curred in areas with small populations and thus did not re-
sult in fatalities or large economic or social losses.
However, in the last 30 years, hazardous events have oc-
curred in urban areas, causing disasters with billions of dol-
lars of losses and thousands of deaths. Considering both the
distribution of the hazard types and the disasters in each
state and their characteristics, an assessment was made to
classify each hazard/disaster type per state into one of the 6
levels, as described in item 8 in the methods section. The re-
sults are presented in Table 4.

Considering the data from Table 4, the states most af-
fected by hazards and disasters are Santa Catarina, Sdo
Paulo, Rio de Janeiro, Parand and Minas Gerais; the most
affected cities are the metropolitan regions of Sdao Paulo,
Rio de Janeiro, Belo Horizonte, Curitiba, Florianopolis,

Soils and Rocks, Sao Paulo, 36(1): 67-95, January-April, 2013.
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SP PR SC RS MS MT RO AC GO TO

CE RN PB PE AL SE BA MG ES RJ

AP RR PA AM MA PI

26-Uncontrolled earthfill
and waste disposal on

slopes
27-Concentrated surface

States/hazard/disaster
25-Natural radioactivity
water flow

sources
28-Pollutant sources

24-Radioactivity spill
Sergipe, BA - Bahia, MG - Minas Gerais, ES - Espirito Santo, RJ - Rio de Janeiro, SP - Sdo Paulo, PR — Parand, SC - Santa Catarina, RS — Rio Grande do Sul, MS - Mato Grosso do Sul, MT -

Legend: AP — Amap4, RR — Roraima, PA —Pard, AM - Amazdnia, MA — Maranhio, PI - Piaui, CE — Ceard, RN — Rio Grande do Norte, PB — Paraiba, PE — Pernambuco, AL — Alagoas, SE —
Mato Grosso, RO — Rondonia, AC — Acre, GO - Goias, TO — Tocantins.

Table 4 (cont.)

Zuquette et al.

Salvador and Recife. Half of the Brazilian population lives
in these states (Fig. 3).

Zones 3 and 5 are most affected by agriculture; in
Zone 5, due to deforestation and changes in the surface lay-
ers of the soils, whereas Zone 3 presents problems related to
relief and runoff changes, decreases in the water infiltration
and other problems. Zone 2 is the one most affected by ur-
banization because it contains the majority of the large cit-
ies. The relief and runoff changes in this zone have been
significant, which have resulted in very dangerous flood-
ing.

In Zone 8, man-made hazards are commonly related
to several sources, but tailing dams and sanitary landfills
are responsible for significant economic and environmental
losses. Tailing-dam ruptures have destroyed buildings,
bridges and plantations in large areas, contaminated river
waters and occasionally even reached the ocean. The sani-
tary landfills and others types of waste deposits generate
environmental problems related to groundwater contami-
nation and sometimes result in economic and environmen-
tal losses due to the rupture of waste masses. In this zone,
thousands of land areas are degraded around hundreds of
sanitary landfills (controlled and uncontrolled).

Continental erosion, silting, salinization, pollutant
sources, desertification and water pollution have generated
very high environmental losses, mainly in Zone 1, followed
in decreasing order of severity by Zones 2, 5 and 3. How-
ever, floods and gravitational mass movements are respon-
sible for more than 80% of the fatalities. For example,
erosion has deeply affected the facilities in urbanized areas,
even in small cities, mainly damaging streets, water pipes,
pluvial drainage systems and sanitation systems; in rural ar-
eas, floods have affected unpaved roads, man-made slopes,
and the ability to use heavy machines on plantations and
pastures.

Zones 2 and 8 experienced the greatest economic, so-
cial and environmental losses and disasters that killed hun-
dreds of people. Based on the population distribution
(Fig. 3), both zones occupy 80% of the areas with more than
50 inhabitants per km’. These zones are associated with the
climatic conditions (Fig. 2) in which rainfall reaches values
as much as 4,500 mm/year and can occur throughout the
year. Eighteen of the large cities cited in Table 3 and more
than a dozen of the cities considered in Table 3 are located
in these zones, including the metropolitan regions of Sdo
Paulo, Rio de Janeiro, Belo Horizonte, Curitiba and Porto
Alegre. In these zones, disasters appear to have been pri-
marily caused by natural and man-made hazards over the
past 25 years.

Considering the distribution of the hazards and the
frequency of the disasters found in the eight zones and com-
bined with the population distribution (Fig. 3), we assessed
the preliminary direct vulnerability of selected environ-
mental factors (Table 5). The vulnerability assessment was
developed considering two characteristic scenarios: (i)
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Table 5 (cont.)

90

Vulnerability

Zone Hazard and degraded land

Population Facilities and constructions

Environmental aspects

sources

Moderate Low

High

Moderate Low

High

Moderate Low

High

Vulnerability degree

based on hazard types,

frequency and intensity

Buildings, roads

Groundwater

Caverns

Industries

Groundwater

Contamination

Pipelines, power

lines

Building, roads

Gravitational mass move- Relief, rivers

ment

9

Pipelines Power lines

Roads

Rivers

Erosion

Power lines

Pipelines

Building, roads

Rivers, flooding

plain

Flooding

Bridges, cultivatio

ns

Rivers

Tailing dam ruptures

Water reservoirs

Groundwater Surface water, soil

Uncontrolled sanitary

landfills

Zuquette et al.

Legend: 1* - magnitude of the vulnerable people.

based on the distribution of the hazards in the 8 zones and
considering the possibilities of the most important natural
components, construction and infrastructure factors, which
resulted in a classification involving high, moderate and
low vulnerability levels; and (ii) based only on the popula-
tion to determine the specific vulnerability of the people re-
lated to specific hazard types based on the population and
density distribution. The latter analysis was used to evalu-
ate the magnitude of vulnerable people in each zone. Three
levels were used, from 1 (low magnitude) to 3 (high magni-
tude), according to item 10 of the materials and methods
section.

9. Conclusions

Brazil urgently needs governmental legislation for
the creation of an organization responsible for territorial
planning, including geological and geotechnical studies on
hazard forecasting, with the objective of avoiding disasters
and decreasing the associated economic, social, human and
environmental losses.

Between 2008 and 2012, at least 400 disasters oc-
curred in Brazil, generating high economic and social
losses, affecting more than 10 million people and killing
more than 3,000 people. However, only a few events were
recorded, either in the EM-DAT database or in the Brazil-
ian databases.

The inventory of this study allowed us to collect a
large amount of data on the occurrence of hazards and di-
sasters in Brazil. The eight most affected zones make up
more than 40% of the territory of Brazil and consist of more
than 70% of the Brazilian population.

Results from this study provide evidence that there is
a need for a countrywide policy to forecast these hazards.
All Brazilian states experience hazards and disasters, and
these hazards are irregularly distributed. Unfortunately,
there is a lack of basic knowledge about the environmental
factors responsible for such hazards (e.g., rock, unconsoli-
dated materials, geotechnical characterization, climatic be-
haviors and land uses) in Brazil that is required for a
technical understanding of the natural processes that are in-
strumental in bringing about these dangerous events and di-
sasters.

The hazards and disasters, in terms of their distribu-
tion, magnitude and intensity, can be divided into four
groups: 1 - hazards of great magnitude and intensity that are
responsible for major disasters and economic losses, such
as flooding, gravitational mass movements, continental and
coastal erosion, subsidence, silting, desertification, tailing
dam ruptures, dune movements and drought; 2 - spatially
widespread hazards of moderate magnitude and intensity
but high economic and social costs (e.g., surface water pol-
lution, saline soils/salinization, groundwater pollution, un-
controlled earth fills, collapsible soils and waste disposal
on slopes); 3 - problems registered over smaller areas, such
as soil pollution, natural radioactivity, soil liquefaction and
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expansive geological materials; 4 - occasional problems as-
sociated with low economic losses, such as spontaneous
fires in peat, dangerous components released in the soil and
water, high tides, seismic activities and radioactive spills.

The coastal zone (Zone 2) and mountain zone (Zone
8) are the most affected by disasters originating from gravi-
tational mass movements, flooding, subsidence, tailing
dams, sanitary landfills and erosional processes. The states
most affected by such hazards, disasters and land degrada-
tion are Santa Catarina, Sdo Paulo, Rio de Janeiro, Parana,
Pernambuco and Minas Gerais. The disasters have oc-
curred in these zones at a frequency of once every 5 years
and are associated with significant economic (500,000
USD) and social losses (damage to houses and infrastruc-
ture). Some urban areas in these zones experience disasters
on an annual basis, whereas disasters due to gravitational
mass movements occur once every 5 years in these areas.

Erosion, collapsible soils and silting are the common
problems encountered in the regions classified as zones 1
and 3. There are rare fatalities associated with these events,
but the economic and environmental costs can be signifi-
cant and pertain largely to restoration and mitigation ef-
forts. The rivers, lakes and reservoirs are very vulnerable,
and people suffer from the indirect effects associated with
human, industrial and livestock water requirements.

Zone 4 comprises the recharge areas of the main aqui-
fer in Brazil. This zone is affected by contamination, and
the groundwater level has lowered over time. In the long
term, the problems inherent to this zone will limit ground-
water exploitation, and hundreds of urban areas will suffer
greatly as a result. In addition, there are changes in the na-
ture of water infiltration from the ground surface because of
agriculture and urbanization.

Zone 5 is intensely affected in terms of the associated
environmental losses because of overcultivation and over-
grazing, resulting in major changes to the natural condition
of the geological materials, water dynamics and relief.

Annually, Brazil loses more than 1,000 people and 2
billion USD due to disasters originating from natural haz-
ards, and Brazil has spent less than 10% of this amount on
the forecasting of hazards and in adopting measures to min-
imize deaths and economic, social and environmental
losses.

The spatio-temporal distribution of the triggering
events does not follow a defined pattern in terms of trends
or regional behavior, although the events are strongly re-
lated to geological and geotechnical aspects. Although haz-
ards are distributed throughout the country, those involving
gravitational mass movements, flooding and erosional pro-
cesses deserve special attention because they are responsi-
ble for a significant portion of the economic and social
losses. Gravitational mass movements occur mainly in ar-
eas with unconsolidated residual or transported materials
overlying igneous and metamorphic terrane. Although lam-
inar erosion has stabilized in the country since the adoption
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of improved agricultural management practices, the num-
ber of rills and gullies has increased significantly due to the
redirection of superficial water flow. Studies of hazard
forecasting that includes the mapping of hazard areas
should be developed to make more informed disaster man-
agement plans.

The results of the inventory and analyses verify that
there is an urgent need to develop systematic programs for
specific geological and geotechnical research. These pro-
grams can develop engineering geological maps to support
the elaboration of hazard maps and thus prepare adequate
risk charts. These maps will provide fundamental informa-
tion about the geological and geotechnical background of a
region and the distribution of the hazard types and disasters
in Brazil so that governmental institutions can adopt mea-
sures to control and avoid disasters caused by hazards.
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Application of Risk Analysis Methods on Tailings Dams

T. Esp6sito, L.R. Palmier

Abstract. One of the procedures adopted in a Safety Management System is the use of Risk Analysis for which analytical,
iterative, descriptive and qualitative methods, such as the FMEA “Failure Modes and Effects Analysis”, have been applied
in order to identify and analyse potential failures from a given failure mode, its causes and consequences, as well as the
means of detection and prevention of failure modes and mitigation of their effects. In Brazil the FMEA method has been
used to evaluate the safe conditions of tailings dams. On the other hand a specific tool for the Risk Analysis of dams, the
LCI “Analysis by Diagrams Location, Cause and Failure Indicators” semi-quantitative method, has been developed and in
the United Kingdom under the name of “Risk Management for UK Reservoirs’” and applied in Europe but not for tailings
dams. Recently the LCI MOD-REJ version — an adaptation of the LCI method — has been proposed and applied to one
Brazilian tailings dam to explicit deal with the Risk Analysis of this type of structure. Considering the promising results of
the former application, the aim of this paper is to evaluate the LCI MOD-REJ version applicability and efficiency by

comparing the results of its and the FMEA method applications to two Brazilian tailings dams.
Keywords: tailings dams, risk analysis, LCI, LCI MOD-REJ, FMEA, safety management.

1. Introduction

Tailings are the inevitable consequences of the ore
treatment processes, being generated in parallel to the prod-
uct of interest. Nowadays, these tailings are produced in
large amounts, affecting qualitatively and quantitatively
the environment. The large production of tailings has gen-
erated a growing concern in companies that seek to mini-
mize environmental impacts and costs associated with the
processes of containment and disposal of this material.
Thus, the tailings have been the subject of great interest of
mining companies, which have been looking for inexpen-
sive and safe alternative disposal of these materials. Among
the various methods, the deposition of tailings surface us-
ing containment of tailings dams has been a preference of
Brazilian mining companies. Such dams may be con-
structed in stages, with successive and raisings over time
and in many cases the tailings may constitute the building
material (Esposito, 2000). Nonetheless, tailings dams fail-
ures continue to occur despite the modern technology avail-
able for their design, construction and operation. The con-
sequences of these failures have been economic losses and
environmental degradation, and, in many cases, loss of hu-
man life. The main causes of the failures include, in some
cases, complex geotechnical characteristics that require
special care to overcome the adverse conditions.

However, the causes are also possible situations to be
solved with the use of already available technologies. This
demonstrates the necessity of a more systematic applica-
tion of the current specialized knowledge. In this sense,
“Tailings Dams Engineering” must act in the design, con-
struction, operation, monitoring and maintenance, as well
as in emergency situations, and deactivation and decom-

missioning of tailings dams. The dam security can be
achieved in the light of an effective Safety Management. In
this context it is worth the use of the Risk Analysis proce-
dure on the Safety Management System of Tailings Dams,
which aims to estimate the probabilities of failure events of
the components or system and the magnitude of the conse-
quences. However, that application in Geotechnics is not
common, although users of this tool in conventional dams
(except tailings dams) perceive an increase in the practice
of these structures safety, as well as a better understanding
of their behaviour. It is concluded that the Risk Analysis in
Geotechnics, although not yet a routine application, can be
extremely useful in works whose potential risks are high
and associated with important consequences such as in tail-
ings dam, as it allows to manage the risks efficiently.

In light of these considerations the aim of this paper is
to discuss the application of two Risk Analysis methods,
the FMEA and an adapted version of the LCI method (LCI
MOD-RE)J), to two Brazilian tailings dams.

2. Principles and Procedures of the LCI
Method ““Analysis by Diagrams Location,
Cause and Failure Indicators”

In the past, risk assessment methodologies, as devel-
oped for use in other industries, have not been applied to
dams and reservoirs on a regular basis. According to
Hughes et al. (2000), this fact can be explained by the fol-
lowing reasons: the data inadequacy, the uniqueness nature
of each dam, the complex interactions involved in the dam
behaviour, the wrong perception of negligible risk of dam
failure, the concern about the cost of risk assessment, the
scepticism, the difficulties of understanding or applying the
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output resulting from any form of risk assessment, and, fi-
nally, the lack of knowledge of risk assessment techniques
by the dam community. According to Hughes et al. (2000),
the application of risk assessment should help to improve
existent dam and reservoir safety, would be useful in identi-
fying the potential consequence of failure and would allow
risk classification of reservoirs and prioritization of the fu-
ture interventions. It is essential that the dam risk assess-
ment should include the primary mechanisms associated
with dam incidents and failures, such as seepage/internal
erosion, overtopping, instability/overstress, and settle-
ment/deformation. In this context, taking into account the
failure mechanisms and the actual maintenance of the em-
bankment dams with different ages, the LCI method was
developed for scoring the individual hazard, vulnerability
and acquired knowledge of those structures, constituting
one phase of a risk portfolio assessment.

The Location, Cause and Indicator (LCI) diagrams
have been used for the risk assessment of reservoirs in the
United Kingdom, specifically for risk analysis of dams with
storage volumes greater than or equal to 25,000 m’. These
three diagrams include the location of the dam component
under study, the cause of failure of that component and
signs or evidences (indicators) of failure effects in terms of
the response of the system, and exclude the consequences
evaluation. As an example, Pimenta et al. (2005) and Pi-
menta (2009) discussed the application of this method in
Portugal, but without considering tailings dams, which is
one of the aims of the current paper.

2.1. Principles and procedures of the LCI Method

Hughes et al. (2000) produced a series of Location,
Cause, Indicator (LCI) Diagrams, based on known failure
modes of different types of dams and on historical data and
engineering judgment of existing dams in order to assist the
FMECA (Failures Mode, Effects and Criticality Analysis)
process in the risk assessment. Each LCI diagram analysis
is performed on the basis of the dam characteristics, such
as: type (concrete or embankment), height (less than 15 m,
15-30 m, greater than 30 m) and age (pre 1840, between
1840 and 1960, post 1960).

It should be noted that the FMECA complements the
FMEA (Failure Modes and Effects Analysis) and is a sys-
tematic approach to analyse how a system can fail (failure
mode), to determine the effects associated to each failure
mode and to assess the likelihood of its occurrence and the
severity of its effects to the system operation, through a crit-
icality index, in other words, how critical that type of fail-
ure will be to the operation of the system.

Hughes et al. (2000) related that to characterize the
causes and the indicators three score categories were used
(scores from 1 to 5):

i Effects or consequences in the system (Cons.) to re-
flect the way as the failure of the element is directly re-
lated to complete (or partial) failure of the dam;
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ii  Likelihood (Like.) corresponding to the likelihood of
the failure of the element;

iii  Confidence degree (Conf.) of the analyst in its conse-
quences and likelihood estimatives, to take into ac-
count the uncertainty in knowledge of the dam or of its
components; this factor allows the consideration of an
uncertainty measure.

During the process, the consequences in the down-
stream valley are evaluated through a Global Impact Index
(GII) and the product of the score of each category (Cons.,
Like. and Conf.) gives a Criticality index for each set of
causes or indicators of problems related to dam elements.
The product of those indexes (Criticality index and Global
Impact Index) gives the risk score.

Outputs include Location, Cause, Indicator (LCI) Di-
agram, indicating problematic areas and a list of criticality
and risk scores associated with specific problem causes and
indicators, allowing prioritisation of resources for single or
multiple sites. The stages of this method are:

Stage 1: Impacts evaluation, that includes: informa-
tion gathering, site visit, prediction of discharge and poten-
tial floodwater levels caused by dam failure, assessment
and scoring of specific impacts from flooding and combi-
nation of scores.

Stage 2: Calculation of the Global Impact Index by
the reduction of the different impact scores to a single value
impact.

Stage 3: Development and application of LCI dia-
grams by considering the components of a dam and its con-
tribution to its possible failure. Dam failure with different
causes and with different indicators is considered. A criti-
cality score is calculated for each cause/indicator element
thus accreting for the overall dam safety.

In the first stage, information is collected along a
stretch of 30 km in the downstream valley, including the
main characteristics of land occupation, structures and in-
frastructure, and environmental resources. It is recom-
mended to perform an inspection visit to the near valley
along the first 5 km from the dam.

The identification of consequences involves the esti-
mative of the discharge at the dam section, the rupture time
and the levels reached by the flood wave in the valley sec-
tions previously defined. In order to achieve this, numerical
models of dam-break type or simplified techniques are used
for calculations of the hydrographs along the valley, as de-
scribed by Hughes et al. (2000). Once the occupation of the
valley and the downstream water levels, as affected by the
flood wave, are estimated, stage 2 is initiated with the eval-
uation of the Global Impact Index (GII) by a weighted com-
bination of the potential loss of human life (PLL) and
economic losses (EL), along the near valley (first 5 km) and
the remaining valley (until 30 km).

To calculate the PLL, the number of people at risk
(PAR) is calculated taking into account the types of land
occupations, i.e., residential properties, non-residential
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properties, transportation infrastructure and recreational
sites potentially affected by the flood, and considering the
estimates presented in Table 1. In formal terms, the PLL is
calculated by the following equations:

PLL =0.5PAR (near valley) @))]
PLL =PAR" (far valley) )

The figure for the EL is obtained from the weighted
sum of the scores associated with losses in the near and in
the far away valleys. In this context, the following weights
are used: 0.15 for residential properties; 0.15 for non-
residential properties; 0.10 for transportation infrastruc-
ture; 0.05 for recreational sites; 0.25 for industrial sites;
0.25 for utilities; and 0.05 for agriculture areas and natural
habitats.

The GII is then determined by this equation:

GII=100EL +30EL +PLL, 3)

5-30km

+PLL

<5km <5km 5-30km

After calculating the GII, the next step (stage 3) is to
classify the causes and subsequent effects through the ap-
plication of the LCI diagrams, in order to estimate and clas-
sify the Ordination, Confidence, Criticality and Risk
indexes.

The causes and the failure indicators are classified
within a scale ranging from 1 to 5 by using the previously
described three attributes: i) Consequences on the dam
(Cons. 1 low, 5 high); ii) Likelihood (Like. 1 low, 5 high);
and iii) degree of Confidence (Conf.) (5 low, 1 high).

According to Hughes er al. (2000), Caldeira (2005),
Pimenta et al. (2005) and Pimenta (2009) after the classifi-
cation of the attributes it is possible to calculate four in-
dexes for each set Location/Cause/Indicator:

* Ordinance Index (Ind, ), as determined by the product of
attributed ratings to the Consequence and Likelihood.

* Confidence Index (Ind, ), taken equal to the Confidence
score.

¢ Criticality Index (Ind.,), defined by the product of the
ratings assigned to the Consequence, Likelihood and
Confidence.

* Risk Index (Ind,,,), as determined by the product of Crit-
icality Index and the Global Impact Index.

Conl

2.2. Proposal of a version of the LCI method for tailings
dams (LCI MOD-RE))

An adapted version of the LCI method — the LCI
MOD-RE]J version — has been proposed in order to adjust a
former structure developed specifically for dams to an even
more explicit one to focus on the risk assessment of tailings
dams by including a “Tailings impoundment” item in the
general analysis. The main aim of this adapted version is to
identify the structural elements that most contribute for the
total collapse of tailing dams. So far the LCI MOD-REJ
version was applied to just one Brazilian tailings dam with
promising results — Esposito et al. (2011a) and Esposito
(2011b). It is important to emphasize that the LCI MOD-
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REJ version does not constitute a new system as specific
and common adaptations were considered over the LCI
method.

Pimenta et al. (2005) emphasize that when GII is be-
low 175 (from the original LCI method) it is not recom-
mended to apply the second step of the original method and
therefore there is no need to estimate the Ordinance Index
(Ind,,,), the Criticality Index (Ind_,), the Confidence Index
(Ind,,,) and the Risk Index (Ind,,,). In the LCI MOD-REJ
version, based on a more conservative approach, the failure
modes and the rates of risk must always be estimated. Tail-
ings dams do not always have effective construction con-
trol, which also occurs in stages, following the generation
and disposal of tailings. These tailings, in turn, have charac-
teristics that change over time, making the quality control
of the construction even more necessary. As in practice,
since there is not yet a systematic control for these struc-
tures, especially in small and medium-sized mining compa-
nies, the suggestion is to always apply the proposed LCI
MOD-REJ version following the three mentioned stages.

Another aspect is that LCI MOD-REJ diagrams con-
sidered the item “Location” with its subdivisions “Dam
body, foundations and abutments” and “Spillway and its
components”, like the original LCI method, adding, as
mentioned before, the “Tailings impoundment” subdivi-
sion.

Ord

3. Principles and Basic Procedures of the
“Failure Modes And Effects Analysis”
(FMEA) Method

In order to evaluate the LCI MOD-RE] version appli-
cability and efficiency it is proposed a comparison of the re-
sults from its application with those from the use of the
FMEA method, a much diffused one, to two Brazilian tail-
ings dams. In this item only the basic procedures of the lat-
ter method will be shown as it is very well known and has
been normally applied by Brazilian mines companies in the
evaluation of the risk assessment on tailings dams. The
FMEA method is a technique suited to define, identify and
analyze potential failures from a given failure mode, its
causes and consequences of effects, as well as the means of
detection and prevention failure modes and mitigate their
effects. To apply the FMEA method it is important to con-
stitute a group of people to identify the product/process in
question, in order words, to identify the system with its ele-
ments considering theirs functions, the types of failures that
can occur, the effects and possible causes of this failure in
each element (Hartford & Baecher, 2004).

The FMEA method can be conducted primarily in six
steps (Caldeira, 2005 and Santos, 2006): (i) Structuring the
system; (ii) Definition of features/requirements of each
system component; (iii) Identification of potential failure
modes associated with each function of each component;
(iv) Identification of potential causes; (v) Description of the
direct effects, and other components in the system; and (vi)
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Table 1 - Economic losses (PE) and people at risk estimated PAR (Hughes et al., 2000).

Impact 1 — Residential properties

Properties flooded Number of properties flooded Score PAR
None 0 0 0
Minor 1to 15 1 30
Appreciable 16 to 50 2 100
Significant 51 to 250 3 500
Major > 250 4 2 X estimate
Impact 2 — Non-residential properties

Disruption Number of people affected Score PAR
None 0 0 0
Minor 1 to 150 1 150
Appreciable 151 to 500 2 500
Significant 501 to 1000 3 1000
Major > 1000 4 Estimate
Impact 3 — Transportation infrastructure

Disruption Infrastructures affected Score PAR
None None 0 0
Minor Minor roads only 1 25
Appreciable Major regional 2 50
Significant Major national 3 100
Major Major international 4 Estimate

Impact 4 — Recreational sites

Disruption Number of people affected Score PAR
None 0 0 0
Minor 1to 10 1 10
Appreciable 11 to 50 2 50
Significant 51 to 100 3 100
Major > 100 4 Estimate
Impact 5 — Industrial sites

Disruption Type of industrial site Score

None None 0

Minor Light industrial 1

Appreciable Public health industries 2

Significant Heavy industry 3

Major Nuclear petrochemical 4

Impact 6 — Utilities

Disruption Impact on utilities Score
None None 0
Minor Local loss of distribution 1
Appreciable Local loss of distribution/supply 2
Significant Regional loss of distribution/supply 3
Major Significant impact on national services 4

Impact 7 — Agriculture/habitats

Disruption Type of site Score
None Uncultivated/grassland 0
Minor Pasture 1
Appreciable Widespread farming 2
Significant Intensive farming/vulnerable natural habitats/monuments 3
Major Loss of internationally recognise habitats/monuments 4
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Application of Risk Analysis Methods on Tailings Dams

Identification of measures available to detect the causes or
failure modes and to control or mitigate their effects. It is
common to present the FMEA results by calculating the
RPNi (Risk Priority Number) and elaborating the Risk Ma-
trix.

4. Main Characteristics of the Tailings Dams
A and B

The data used in the applications of the LCI (the LCI
MOD-REIJ version) and FMEA methods were based on ac-
tual information obtained from Tailings Dams A and B.
Technical visits for visual inspection have been done and
full dam-break studies were used to assess the floodplain in
the downstream valley. The characteristics of both tailings
dams are shown in Table 2. It should be noted that Tailings
Dam A is currently receiving iron ore tailings differently
from Tailings Dam B that is not receiving tailings and its
reservoir is full of bauxite tailings.

5. Results and Discussions

5.1. Application of the LCI MOD-REJ] diagrams

The purpose of applying the Location, Causes and In-
dicators of Failure diagrams is to identify and assess the
failure modes in terms of likelihood and effects in the
global system, based on exterior signs or deficiencies in the
dam performance. This section illustrates the application of
the LCI-MOD RE]J diagrams to two tailings dam, named, in

ously to the application of the LCI MOD-REJ diagrams, the
GII was calculated. In the sequence, the causes and indica-
tors of failures modes were classified according to the con-
sequences (Cons.), likelihood (Like.) and confidence
(Contf.) attributes (Figs. 1 and 2). Then, the following four

indices were calculated: I, , I, I, and I,.

The GII (Global Impact Index) was calculated con-
sidering the potential loss of lives (PLL) and the economic
losses (EL), as estimated for the near downstream (< 5 km)
and the far away valleys (5 to 30 km), as shown in Tables 3
and 4. The GII values are showed in Table 5.

The causes and indicators were classified according
to three attributes (Figs. 1 and 2): Consequence (Cons.);
Likehood (Like.); Confidence (Conf.).

The Tables 6 and 7 present the justification of the val-
ues of attributes. In addition, the four indices, Ordinance In-
dex (Ind,,), Criticality Index (Ind.,), Confidence Index
(Ind,), and Risk Index (Ind,,,), were calculated as shown
in Table 8.

Risk-

5.2. Tailings dams A and B: The LCI MOD-RE] dia-
grams results

The Tailings Dam A and B Safety Reports were con-
sulted and both dams were visited in order to elaborate their
LCI MOD-REJ Diagrams. In the Tailings Dam A the
Safety Reports was consistently emphasized great concerns
about the freeboard, which explains the highest value of the

this paper, as Tailings Dam A and Tailings Dam B. Previ-  Risk Index (Ind,,,) for overtopping presented in Table 8 for
Table 2 - Characteristics of Tailings Dams A and B.

Characteristics/Dam Tailings Dam A Tailings Dam B

Section Homogeneous Homogeneous

Function storage reservoir

Iron ore tailings

Bauxite tailings

Classification of tailings stored (according FEAM — 1II 11T

State Foundation of Environment)

Downstream human occupancy Medium Medium

Downstream environmental interest High High

Concentration of facilities in the downstream area ~ High Medium

Analysis Stability flow Stability flow

Final dam height (m) 53 64

Crest Width: 7.50 m Length: 267.97 m  Width: 5.00 m Length: 145.0 m
Upstream slope 1V:2H 1V:2H

Downstream slope 1V:2H 1V:2H

Surface drainage system

Internal drainage system

Concrete channels on the verges

Vertical sand filter type chimney

Concrete channel on the verges and cut-
water on the abutments

Vertical sand filter connected to a hori-

connected to a horizontal drainage zontal drainage. It has drains at the bottom

and a foot drain

Spillway system

Final volume of the reservoir (m’) 6.72x10°

Channel side

of the valley and on the abutments
Stop logs
3.87x10°
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LOCATION CAUSE INDICATOR
Cons. Like| Conf.
Cracks on the crest and slopes 1 2 2
| Seepage/leakage Cons| Like| Conf
2 2 3
Settlement
4‘ Internal erosion CO": Likf' Con; |
Reduced freeboard Cor:;s. L"ée' Cor&f |
Cons| Like] Conf
«‘ Overtopping | 5 2 3 |
Dam body, I
foundations and _ Cons. Like.] Conf
abutments Deformation and cracks 3 1 2
T
| [ | Seepage/leakage Cons. | Like. [Conf
: 2 1 3
| 3 2 3
|
! i Cons. Like| Conf
: _{ Overtopping 5 2 3
|
|
l -
| Sinkholes, abnormal growth Cons. | Like. [Conf
: of vegetation 3 1 2
|
| Piping Cons. Like. Conf
! - 5 1 2
|
I
: _| Slope instability/ undermining the dam | COT' | L”:e' Con2{ |
|
|
| Damage to the downstream foot Cons. | Like. |Conf
| 2 4 2
|
: _| Damage to the downstream face Cons. | Like. |Conf |
1 2 2
|
: | Damage to the upstream face Cons. | Like. |Conf
| 1 2 3
|
| o . Cons. | Like. | Conf
| — vertopping 5 2 3
|
|
l " r
| Erosion, cracking Cons.| Like.| Conf.
| 1 2 2
|
|
| o
| Damages to Deformations, damages Cons.| Like. [ Conf.
| structures 2 1 2
|
|
: Reduced flow capacity, overtopping | cons| Like.| Conf.
5 2
|
|
|
| y Cons| Like] Conf.
| Reduced flow capacity 4 1 1
|
|
| _i Deterioration of structural materials | Cons.| Like.| Conf. |
3 1 1
¥ - Obstruction of
Spillway and its flows
components Damages of structures Cons| Like| Conf.
! 2 1 1
|
I
| Localised damage Cons| Like| Conf.
| 2 1 1
| L Inadequate flow |—]
| capacity
: Overtopping Cons.| Like.[ Conf.
| 5 1 1
|
|
| The capacity of tailings sedimentation .
| and water clarification have been Cons,|  Like| Conf.
: decreased 2 1 2
I I bil d
P nstability any
Tailings impoundment inadequa(ye flow
capacity
Rising water upstream and Cons]  Like| Conf.
overtopping 5 1 3

Figure 1 - Diagram LCI MOD-REJ Tailings Dam A - Attributes Consequence (Cons.), Likelihood (Like.) and Confidence (Conf.).
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LOCATION CAUSE INDICATOR
Cons Like| Conf.
Cracks on the crest and slopes 1 2 2
|| Seepage/leakage Cons| Like| Conf
2 2 3
4‘ Internal erosion Con:. Lik1e. Con; |
Reduced freeboard Cons. | Like. | Conf
3 2 3
. Cons| Like] Conf
<‘ Overtopping | 5 2 3
Dam body, —
foundations and Cons. Like.| Conf
abutments Deformation and cracks 3 1 2
T
| Seepage/leakage Cons. | Like. |Conf
: 2 1 3
| _|:|_ Reduced freboard Cons. Like. |Conf
| X X
| 3 2 3
|
|
| Overtopping Cong | ;ke C:;)nf
|
|
|
|
| Sinkholes, abnormal growth Cons. | Like. | Conf
: of vegetation 3 1 2
|
| Piping Cons. | Like. Conf
| - 5 1 2
| Internal erosion
|
: _| Slope instability/ undermining the dam COT' ‘ L”;e' Cor|2f ‘
|
|
: Damage to the downstream foot Cons. | Like. |Conf
| 2 4 2
|
| 4| Damage to the downstream face Cons. | Like. |Conf |
| 1 2 2
|
: - Damage to the upstream face Cons. | Like. |Conf
| 1 2 3
|
: _I Overtopping Con5s. ‘ leze. Con31 |
I
| Erosion, cracking Cons.| Like.| Conf.
| 1 2 2
|
|
| -
| Damages to Deformations, damages Cons.| Like. | Conf.
| structures 2 1 2
|
|
: Reduced flow capacity, overtopping | cons.| Like.| Conf.
5 2
|
|
|
| . Cons| Like] Conf.
| Reduced flow capacity 4
|
|
| _| Deterioration of structural materials I ccns_l Like. | Conf. |
3 1 2
o - Obstruction of
Spillway and its flows
components Damages of structures Cons| Like| Conf.
2 1 2
_‘ Localised damage | Cons.| Like| Conf. ‘
2 1 2

L Inadequate flow ||
capacity

Conf.

Overtopping | Cons.| Like.
2

The capacity of tailings sedimentation

and water clarification have been Cons Like.| Conf
decreased 2 1 1
Tailings impoundment w:;;tea;::éafr:w

capacity

Like)
1

Conf.

Rising water upstream and | Cons
i 1

5

overtopping

Figure 2 - Diagram LCI MOD-REJ Tailings Dam B - Attributes Consequence (Cons.), Likelihood (Like.) and Confidence (Contf.).
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Table 3 - Near valley (< 5 km) — Tailings Dams A and B.

Impact Dam A Dam B Value Dam A Dam B Dam A Dam B Dam A Dam B
Impact score  Impact score Final score Final score PAR PAR PLL PLL

1 4 4 0.15 0.60 0.60 600 800 300 400

2 2 3 0.15 0.30 0.45 500 1000 250 500

3 3 4 0.10 0.30 0.40 100 200 50 100

4 4 4 0.05 0.20 0.20 200 450 100 225

5 1 4 0.25 0.25 1.00 - -

6 2 2 0.25 0.50 0.50 - -

7 4 4 0.05 0.20 0.20 - -

Total 2.65 3.35 700 1225

Table 4 - Far valley (5 to 30 km) — Tailings Dams A and B.

Impact Dam A Dam B Value Dam A Dam B Dam A Dam B Dam A Dam B

Impact Impact Final score Final score PAR PAR PLL PLL
score score

1 2 4 0.15 0.30 0.60 100 150000 16 1275

2 0 4 0.15 0 0.60 0 60000 0 736

3 4 4 0.10 0.40 0.40 10000 200 251 24

4 4 4 0.05 0.20 0.20 500 50000 42 658

5 4 4 0.25 1.00 1.00 - -

6 2 2 0.25 0.50 0.50 - -

7 4 4 0.05 0.20 0.20 - -

Total 2.60 3.50 511 2693

Table 5 - Global Impact Index — Tailings Dams A and B.

Tailings Dam A
Tailings Dam B

GII = 1002.65 + 700 + 302.60 + 511 GII = 1554
GII = 1003.35 + 1225 + 303.50 + 2693 GII = 4358

Dam A, although the probability of its occurrence is low.
On the other hand the biggest concern for Tailings Dam B is
due to internal erosion because it could generate a signifi-
cant effect on this dam.

As no evidence of this phenomenon was detected, the
probability of occurrence appears to be very small, espe-
cially considering the dam long operation time and the
good practice used during its construction. However, as
there are no monitoring devices, it has been assigned in this
paper (Table 8) a high level for the Risk Index (Ind,,,) for
this indicator.

Another indicator associated with a high level for the
Risk Index (Ind,,,) for the Tailings Dam B was the overtop-
ping. But it should be remembered that its probability of oc-
currence is low. It is interesting to note that the GII value is
almost three times greater for Tailings Dam B than the same

104

for Tailings Dam A even though the former is no longer in
operation. This reflects the importance given by the method
to the overall consequences on the downstream valley.

The determination of a threshold value for the Risk
Index (Ind,,) may allow an overall picture over a state of
alert. Considering the results for Dams A and B, just as an
example, the Location/Cause/Indicator for Ind,,, values
greater than 40,000 are presented in Table 9. This could be
considered a preliminary estimate and it is recommended
the application of the method to a great number of tailings
dams to make it possible to establish a more reliable refer-
ence number for this index.

5.3. Application of the FMEA method

This section illustrates the application of the FMEA
method to two tailings dams, named, in this paper, as Tail-
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Table 6 - LCI MOD-REJ Tailings Dam A - Justification of the values of Cons., Like. and Conf.

Location Cause Indicator Justification

Cracks on the crest and slopes  No cracking observed.

Seepage/leakage No resurgences or wetlands observed, however the
inspection was carried out in a dry season.

Internal erosion No internal erosion detected. There are no monitor-
ing devices.

Settlement ) .

Reduced freeboard There is no evidence.

Overtopping There is no evidence; however there are no moni-
toring devices.

Deformations and cracks There is no evidence; however there are no moni-
toring devices.

Seepage/leakage There is evidence of vegetation, but no resurgences
or wetlands. However, the inspection was carried
out in a dry season.

Dam body, foundations Instabilit Reduced freeboard There is no evidence of reduction of freeboard. The
and abutments Y probability is small, but it is an important concern
of the design related in the reports.

Overtopping There is no evidence; however there are no moni-

toring devices.

Internal erosion

Sinkholes, abnormal growth of

vegetation

Piping

Slope instability/undermining
the dam

There is evidence of vegetation, but no resurgences
or wetlands. However, the inspection was carried
out in a dry season.

Considering that the dam was built following all
the technical requirements and piezometers were
installed, the piping probability is very small.

The instability of slopes could create the dam glo-
bal destabilization, so the effect would be signifi-
cant. The probability is very small, since the dam
was built following all the technical requirements.
However, there are no monitoring devices.

External erosion

Damage to the downstream
foot

Damage to the downstream
face

Damage to the upstream face

Overtopping

The deterioration of the downstream foot caused
by erosion external could generate instability in the
dam.

The deterioration of the downstream face would
not cause significant effects on the dam. The prob-
ability of occurrence is very small.

The deterioration of the downstream face would
not cause significant effects on the dam. The prob-
ability of occurrence is very small.

There is no evidence; however there are no moni-
toring devices.

Spillway and its com-
ponents

Damages to struc-
tures

Erosion cracking
Deformations damages

Reduced flow capacity over-
topping

There is no evidence.
There is no evidence.

There is no evidence.

Obstruction of flows

Reduced flow capacity

Deformations of structural ma-

terials

Damages of structures

There is no evidence.

There is no evidence.

There is no evidence.

Inadequate flow ca-
pacity

Localised damage

Overtopping

There is no evidence.

There is no evidence.

Soils and Rocks, Sao Paulo, 36(1): 97-117, January-April, 2013.
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Table 7 - LCI MOD-REJ Tailings Dam B - Justification of the values of Cons., Like. and Conf.

Location Cause Indicator Justification
Cracks on the crest and slopes No cracking observed
Seepage/leakage No resurgences or wetlands observed, however the
inspection was carried out in a dry season.
Settlement Internal erosion No internal erosion detected. There are no monitor-
ing devices.
Reduced freeboard There is no evidence.
Overtopping There is no evidence.
Deformations and cracks There is no evidence; however there are no moni-
toring devices.
Seepage/leakage There is evidence of vegetation, but no resurgences
- or wetlands. However the inspection was carried
Instability out in a dry season.
Reduced freeboard There is no evidence of reduction of freeboard.
Overtopping There is no evidence; however there are no moni-

Dam body, foundations

and abutments

toring devices.

Internal erosion

Sinkholes, abnormal growth of
vegetation

There is evidence of vegetation, but no resurgences
or wetlands. However the inspection was carried
out in a dry season.

Piping

Considering that the dam was built following all
the technical requirements and piezometers were
installed, the piping probability is very small.

Slope instability/undermining the
dam

The instability of slopes could create the dam
global destabilization, so the effect would be sig-
nificant. The probability is very small, since the
dam was built following all the technical require-
ments. However, there are no monitoring devices.

External erosion

Damage to the downstream foot

There is no evidence.

Damage to the downstream face

There is no evidence.

Damage to the upstream face

The deterioration of the downstream face would
not cause significant effects on the dam. The prob-
ability of occurrence is very small.

Overtopping

There is no evidence; however there are no moni-
toring devices.

Spillway and its
components

Damages to
structures

Erosion, cracking

There is no evidence.

Deformations, damages

There is no evidence.

Reduced flow capacity, overtop-
ping

There is no evidence.

Obstruction of
flows

Reduced flow capacity

There is no evidence.

Deformations of structural materi-
als

There is no evidence.

Damages of structures

There is no evidence.

Inadequate flow
capacity

Localised damage

There is no evidence.

Overtopping

There is no evidence.

Tailings impoundment

Instability and in-
adequate flow ca-
pacity

The capacity of tailings sedimen-
tation and water clarification have
been decreased

The effects caused by the non-sedimentation of the
tailings and the non-clarification of the water are
small. This dam is not in operation.

Rising water upstream and over-
topping

There is no evidence; however there are no moni-
toring devices. This dam is not in operation.
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Table 8 - LCI MOD-REJ Tailings Dams A and B - Ordinance In
Risk Index (Ind,,,).

sis Methods on Tailings Dams

dex (Ind, ), Criticality Index (Ind_,), Confidence Index (Ind_, ), and

Ord- Crit Conf’

Location Cause Indicator Dam A Dam B Dam A Dam B Dam A Dam B Dam A Dam B
IndOrd Ind()rd Ind(‘m Ind(‘ril IndConf Inannf Indl{ick Ind]{isk
Cracks on the crest and slo- 2 1 4 2 2 2 6216 8716
pes
Seepage/leakage 2 12 4 3 2 18648 17432
Settlement Internal erosion 4 8 8 2 2 12432 34864
Reduced freeboard 3 18 6 3 2 27972 26148
Overtopping 10 5 30 10 3 2 46620 43580
Deformations and cracks 3 3 6 9 2 3 9324 39222
Seepage/leakage 2 2 6 4 3 2 9324 17432
Instability
Reduced freeboard 6 3 18 6 3 2 27972 26148
Dam body Overtopping 10 5 30 10 3 2 46620 43580
foundations Sinkholes abnormal 3 3 6 6 2 2 9324 26148
and abutments growth of vegetation
Internal erosion  Piping 5 10 10 2 2 15540 43580
Slope instability/undermin- 4 4 8 8 2 2 12432 34864
ing the dam
Damage to the downstream 8 2 16 2 2 1 24864 8716
foot
Damage to the downstream 2 1 4 2 2 2 6216 8716
External erosion ac€
Damage to the upstream 2 3 6 9 3 3 9324 39222
face
Overtopping 10 5 30 5 3 1 46620 21790
Erosion, cracking 2 2 4 4 2 2 6216 17432
Damages to Deformation, damages 2 2 4 4 2 2 6216 17432
structures Reduced flow capac- 5 5 10 10 2 2 15540 43580
ity, overtopping
Spillway and Reduced flow capacity 4 4 4 4 1 1 6216 17432
its components QOpstruction of ~ Deformations of structural 3 3 3 6 1 2 4662 26148
flows materials
Damages of structures 2 2 2 4 1 2 3108 17432
Inadequate flow Localised damage 2 2 2 4 1 2 3108 17432
capacity Overtopping 5 5 5 10 1 2 7770 43580
The capacity of tailings 2 2 4 2 2 1 6216 8716
- sedimentation and water
Tailings im- .Instablhty and  clarification have been de-
poundment 1nadec_1uate flow  (reased
capacity .
Rising water upstream and 5 5 15 5 3 1 23310 21790

overtopping

ings Dam A and Tailings Dam B. Firstly the Systems of the
Tailings Dam A and B (Table 10) were defined. The dams
are very similar, so the same system was used for both dams

and only the item “1.1.6.4 Drain on the abutments” was in-
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corporated in Tailings Dam B. For each element of the sys-
tem the FMEA method incorporates its Function, Failure,
Final Effect, Severity Index (Si), Cause, Occurrence Index
(0Oi), Control, Control Type, Detection Index (Di) and
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Table 9 - Location/Cause/Indicator with associated Risk Index (Ind,,,) higher than 40,000.

Location Cause Indicator

Dam body foundations and abutments Settlement Overtopping (Tailing Dam A and B)
Instability Overtopping (Tailing Dam A and B)

Internal erosion

External erosion

Piping (Tailing Dam B)
Overtopping (Tailing Dam A)

Table 10 - System of the Tailings Dams A and B

System of the Tailings Dams A and B

1.1 Dam body
1.1.1 Crest
1.1.2 Core

1.1.3 Upstream slope

1.1.3.1  Free board

1.1.4 Downstream slope

1.1.5 Surface drainage system
1.1.5.1 Concrete channels

1.16 Internal drainage system
1.1.6.1 Bottom drain

1.1.6.2  Vertical filter

1.1.6.3  Foot drain

1.1.6.4  Drain on the abutments (only in Tailings Dam B)
1.2 Spillway system

1.3 Abutments

1.3.1 Abutment right
1.3.2 Abutment left
1.4 Foundation

1.5 Tailings impoundment

RPNi (Risk Priority Number). It is emphasized that the Se-
verity Index (Si) shows how severe are the consequences
(effects) of each failure mode, the Occurrence Index (Oi)
shows how often occurs the cause of failure and the Detec-
tion Index (Di) shows what is the chance to be detected the
cause of failure (Table 11). RPNi is equal to the product of
Si, Oi and Di for each failure mode. The results are pre-
sented in Tables 12 and 13.

5.4. Tailings Dams A and B: the FMEA method re-
sults

The variation range for the RPNi numbers was from
4 to 225. The following criterion is proposed based on the
RPNi values: 1 < RPNi < 50 Acceptable Risk; 50 < RPNi
< 120 Tolerable Risk; and RPNi > 120 Intolerable Risk.
The Table 14 shows the locations where the values of
RPNi were greater than 120 (Intolerable Risk), to both
dams.

Moreover the Risk Matrix may be plotted consider-
ing the Severity Index (Si) and the Occurrence Index (Oi).
For the current cases both indexes would appear on the far
left and higher positions, which can be interpreted as an
alert situation. The critical items were “1.1.3.1 Free
board” (Tailing Dam A) and “1.1.6.3 Foot drain” (Tailing
Dam B).

Table 11 - Severity Index (Si), Occurrence Index (Oi) and Detection Index (Di).

Severity index (Si)

Occurrence index (O1i)

Detection index (Di)

Si Effect Oi Probability Di Probability
1 Very low 1 Improbable (0.1%) 1 Almost right
23 Low 23 Remote (0.1 to 1%) 2 Very high
45 Medium 456 Occasional (1 to 10%) 3 High
678 Severe 789 Probable (10 to 20%) 4 Moderately high
9 Very severe 10 Frequent (> 20%) 5 Moderate
10 Catastrophic 6 Low

7 Very low

8 Remote

9 Very remote

10 Almost impossible
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Table 12 - FMEA Results: System of the Tailings Dam A.

Application of Risk Analysis Methods on Tailings Dams

Function Failure Final effect Si Cause Oi Control Control type  Di  RPNi
1.1 Dam body
Adjustment of the project Prevention
Containment of Insufficient capacity to  Global instability of the Inadequacy of the project
tailings contain tailings dam 10 and/or construction 2 Visual Inspection and ; 3 60
. Detection
Instrumentation
1.1.1 Crest
ili i Adjustment of the project Prevention
Allow access to Not allow access to dam Inab1-111y to carry out 4 Inadequacy of the PrO]eCt 1 3
dam inspections and/or construction Visual Inspection Detection
1.1.2 Core
Alterability of the 5 Recompaction Prevention p 108
materials Visual Inspection Detection
Recompaction Prevention
Dissolution of the 4 ; - 6 216
materials Visual Inspection and Detection
Reduce the Instrumentation
hydrauli'c ) Excessive seepage Piping High hydraulic load Recompaction Prevention
conductivity . .
increase the saturation 4 Visual Inspection and . 2 72
line Ins . Detection
nstrumentation
Recompaction Prevention
Hydraulic fracturing 2 Visual Inspection and 4 72
. Detection
Instrumentation
1.1.3 Upstream slope
Adequacy of the geometry Prevention
Deficient compaction of . . 2 80
Recompaction Prevention
» . the embankment
If‘s‘abll‘[y associated Global instability of the Instrumentation Detection
with movements of the 10
soil mass dam Adequacy of the geometry  Prevention
Alterability of the . . 6 120
: 2 Recompaction Prevention
materials
Visual Inspection Detection
Confer ; ;
mechanical Alterability of the 2 Recompaction Prevention 6 108
stability materials Visual Inspection Detection
Recompaction Prevention
Excessive deformation Overtopping 9 Collapse 2 Visual Inspection and Detection 3 4
Instrumentation
. . X Recompaction Prevention
Deficient compaction of 4 . - 5 7
the embankment Visual Inspection and Detection
Instrumentation
1.1.3.1 Free board
Adequacy of the geometry Prevention
Not all - . . . . .
to(;;)?ngmgf(t);zr Allow overtopping of the Overtopping 9 Inadequacy of the RrOJect Adjustment of the project Prevention | 63
dam and/or construction . .
dam Visual Inspection and .
. Detection
Instrumentation
1.1.4 Downstream slope
Adequacy of the geometry Prevention
Deficient compaction of . . 2 80
4 Recompaction Prevention
» . the embankment
Ipslablllly associated Global instability of the Instrumentation Detection
with movements of the 10
soil mass dam Adequacy of the geometry  Prevention
Alterability of the . . 6 120
i 2 Recompaction Prevention
materials
Visual Inspection Detection
Confer
i Recompaction Prevention
n:eg,lﬁmcal External erosion Local instability of the 5 Deficient compaction of 4 B - 2 40
stability X dam the embankment Visual Inspection and Detection
Instrumentation
Alterability of the 5 Recompaction Prevention 6 108
materials Visual Inspection Detection
Excessive deformation Overtopping 9 Recompaction Prevention
Deficient compaction of 4 ) . 5 7
the embankment Visual Inspectlgn and Detection
Instrumentation
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Esposito & Palmier

Table 12 (cont.)
Function Failure Final effect Si Cause Oi Control Control type  Di  RPNi
1.1.5 Surface drainage system
Structural maintenance of .
) channels Prevention
Collect surface Insufficient capacity to Inadequacy section 1 4 20
water that flow collect surface water that  Local instability of the 5 Visual Inspection Detection
through the flow through the dam ]
embankment embankment Unblocking of channels Prevention
Obstruction of channels 2 - 2 20
Visual Inspection Detection
Prevention
Inadequacy section 1 Unblocking of channels 4 20
Collect surface Insufficient capacity to . - Detection
. Local instability of the
water outside the collect surface water dam 5 .
dam outside the dam Prevention
Obstruction of channels 2 Visual Inspection 2 20
Detection
1.1.5.1 Concrete channels
SLructuralhmaintlenance of Prevention
. channels
Collect the surface  Insufficient capacity to Inadequacy section 1 4 16
water that flow collect surface water that ~ Local instability of the 4 Visual Inspection Detection
through the flow through the dam ] K
embankment embankment ) _ Unblocking of channels Prevention
Obstruction of channels 2 . 2 16
Visual Inspection Detection
Prevention
Collect the surface  Insufficient capacity to . .. Inadequacy section 1 Unblocking of channels 4 16
water outside the collect surface water Local instability of the 4 Detection
. dam
dam outside the dam .
Obstruction of channels 2 Visual Inspection Prevention 2 16
1.1.6 Internal drainage system
Adequacy of particle size Prevention
Collect the Inadequate functioning L Inadequacy of the project ) -
seepage of the internal drainage Piping and/or construction 2 Visual Tnspectlgn and Detection 6 108
Instrumentation
1.1.6.1 Bottom drain
Adequacy of particle size Prevention
Inadequate particle size 2 Visual Inspection and ) 5 90
Instrumentation Detection
Collect the seep- Insufficient drainage . Adequacy of particle size Prevention
. Piping . .
age from dam capacity Insufficient thickness 2 Visual Inspection and 5 90
Instrumentation Detection
Alterability of the 5 Adequacy of particle size Prevention . 108
materials Visual Inspection Detection
Adequacy of particle size Prevention
Inadequate particle size 2 Visual Inspection and ) 5 90
Instrumentation Detection
goellfe:;l n:h:;:g— Insufficient drainage _— Adequacy of particle size Prevention
rfass capacity ping Insufficient thickness 2 Visual Inspection and 5 90
l Instrumentation Detection
. Prevention
Allerablllty of the 2 Visual Inspection 6 108
materials Detection
Adequacy of particle size Prevention
Inadequate particle size 2 Visual Inspection and 5 90
Instrumentation Detection
Collect the seep- Insufficient drainage - Adequacy of particle size  Prevention
age from founda- . Piping 9
tion capacity Insufficient thickness 2 Visual Inspection and 5 90
Instrumentation Detection
Alterability of the i . .
materials 2 Visual Inspection Prevention 6 108
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Table 12 (cont.)
Function Failure Final effect Si Cause Oi Control Control type  Di_ RPNi
1.1.6.2 Vertical filter
Adequacy of particle size Prevention
Inadequate of particle
size 2 Visual Inspection and X 5 90
f . Detection
Instrumentation
Collect the seep- Insufficient drainage - Adequacy of particle size Prevention
. Piping 9 - .
age from dam capacity Insufficient thickness 2 Visual Inspection and 5 90
I . Detection
nstrumentation
Alterability of the 5 Adequacy of particle size Prevention p 108
materials Visual Inspection Detection
Adequacy of particle size Prevention
Inadequate of particle
size 2 Visual Inspection and . 5 90
. Detection
Instrumentation
Co]]t?ct the seep- Insufficient drainage o Adequacy of particle size Prevention
age from nature . Piping 9 . .
capacity Insufficient thickness 2 Visual Inspection and 5 90
mass ) . Detection
Instrumentation
Alterability of the 5 Adequacy of particle size Prevention p 108
materials Visual Inspection Detection
1.1.6.3 Foot drain
Adequacy of particle size Prevention
Inadequate of particle
size 2 Visual Inspection and . 5 90
. Detection
Instrumentation
Collect the seep- Insufficient drainage - Adequacy of particle size Prevention
. Piping 9 . .
age from dam capacity Insufficient thickness 2 Visual Inspection and 5 90
Ins . Detection
nstrumentation
Alterability of the 5 Adequacy of particle size Prevention p 108
materials Visual Inspection Detection
Adequacy of particle size Prevention
Inadequate of particle
size 2 Visual Inspection and . 5 90
. Detection
Instrumentation
Co]]?ct the seep- Insufficient drainage o Adequacy of particle size Prevention
age from nature . Piping 9 . .
capacity Insufficient thickness 2 Visual Inspection and 5 90
mass . Detection
Instrumentation
Alterability of the 5 Adequacy of particle size Prevention p 108
materials Visual Inspection Detection
1.2 Spillway system
Correct dimensioning of .
. . ) o the spillway Prevention
Conduct water Insufficient firalnage Overtopping 9 Inadequate dqnensmnmg 3 5 54
capacity of the spillway Visual Inspection and .
. Detection
Instrumentation
Correct dimensioning of Prevention
Not ?HOW OV Allow overtopping of the . Inadequate dimensioning the spillway
topping of the Overtopping 9 . 3 2 54
dam dam of the spillway Visual Inspection and .
I . Detection
nstrumentation
1.3 Abutments
Sealing of cracks Prevention
- Instability associated . . .
Ad f th t
Confer stability of with movements of the Local instability of the 4 Reduction of strength 3 equacy of the geometry Prevention 3 36
embankment . dam . .
soil mass Visual Inspection and .
. . Detection
Instrumentation
1.3.1 Abutment right
Sealing of cracks Prevention
N - Instability associated . - . . .
s . s . Ad f th t
Confer stability of with movements of the Local instability of the 4 Reduction of strength 3 equacy of the geometry Prevention 3 36
embankment . dam . .
soil mass Visual Inspection and .
Detection

Instrumentation
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Table 12 (cont.)
Function Failure Final effect Si Cause Oi Control Control type  Di  RPNi
1.3.2 Abutment left
Sealing of cracks Prevention
Confer stability of Ipstablllty assoc1a?ed Local instability of the . . Adequacy of the geometry Prevention
with movements of the 4 Reduction of strength 3 36
embankment . dam . i
soil mass Visual Inspection and .
Instrumentation Detection
1.4 Foundation
Reinforcement in the P "
e . . . revention
Provide support Ipslablllly associated Global instability of the Foundation treatment foundation treatment
with movements of the 10 . .. 2 4 80
for dam . dam insufficient Visual Inspection and
soil mass ) P Detection
Instrumentation
Reinforcement in the .
Confer global . foundation treatment Prevention
. . . Foundation treatment
stability of Excessive seepage Piping 9 e 2 5 90
insufficient Visual Inspection and .
embankment Detection
Instrumentation
1.5 Tailings impoundment
Insufficient capacity for ) Inadequacy of the project Visual Inspection and )
Store water store water Overtopping 9 and/or construction 4 Instrumentation Prevention 2 72
. . Insufficient capacity for ~ Reduction temporary of Inadequacy of the project Visual Inspection and .
Retain sediments retain sediments the storage capacity and/or construction 4 Instrumentation Prevention 2 40
. . Insufficient capacity to  Reduction temporary of Inadequacy of the project Visual Inspection and .
Water clarification clarify the water the storage capacity 4 and/or construction 3 Instrumentation Prevention 2 20
Table 13 - FMEA Results: System of the Tailings Dam B.
Function Failure Final effect Si Cause Oi Control Control type  Di  RPNi
1.1 Dam body
Adjustment of the project Prevention 3 60
Containment of Insufficient capacity to  Global instability of the 10 Inadequacy of the project 2 ) )
tailings contain tailings dam and/or construction Visual Inspection and Detection
Instrumentation
1.1.1 Crest
Allow access to Inability to carry out Inadequacy of the project Adjustment of the project Prevention
Not allow access to dam . . 4 . 2 1 8
dam inspections and/or construction Visual Inspection Detection
1.1.2 Core
Alterability of the 5 Recompaction Prevention 6 108
materials Visual Inspection Detection
Recompaction Prevention
Dissolution of the
ial 4 Visual Inspection and . 6 216
aterials Instrumentation Detection
Reduce the
hydraulic Excessive seepage Piping . . Recompaction Prevention
conductivity High hydraulic load
increase the saturation 4 Visual Inspection and 2 72
line Instrumentation Detection
Recompaction Prevention
Hydraulic fracturing 2 Visual Inspection and 4 72
Instrumentation Detection
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Table 13 (cont.)
Function Failure Final effect Si Cause Oi Control Control type  Di  RPNi
1.1.3 Upstream slope
Adequacy of the geometry Prevention
Deficient compaction of . . 2 80
Recompaction Prevention
B ) the embankment
lpstablhty associated Global instability of the Instrumentation Detection
with movements of the 10
soil mass dam Adequacy of the geometry ~ Prevention
Alterability of the . ) 6 120
i 2 Recompaction Prevention
materials
Confer mechani- Visual Inspection Detection
cal stability Alterability of the 5 Recompaction Prevention p 108
materials Visual Inspection Detection
Recompaction Prevention
Excessive deformation Overtopping 9 Collapse 2 Visual Inspection and Detection 3 4
Instrumentation
Recompaction Prevention
Deficient compaction of 4 ) ) 5 7
the embankment Visual Inspection and Detection
Instrumentation
1.1.3.1 Free board
Adequacy of the geometry Prevention
Not allow over- . . . . .
4 : S P 1§
topping of the Allow overtopping of the Overtopping Inadequacy of the PI'O_]CCI Adjustment of the project revention 1 36
dam and/or construction . .
dam Visual Inspection and .
. Detection
Instrumentation
1.1.4 Downstream slope
Adequacy of the geometry Prevention
Deficient compaction of . . 2 80
Recompaction Prevention
B ) the embankment
Instability associated ) ) inability of the Instrumentation Detection
with movements of the 10
soil mass dam Adequacy of the geometry Prevention
Alterability of the ) . 6 120
; 2 Recompaction Prevention
materials
Visual Inspection Detection
Confer -
hanical Recompaction Prevention
i,rtl:gﬂ;[;m External erosion Local instability of the 5 Deficient compaction of ; ; 5 30
; * dam the embankment Visual Inspection and Detection
Instrumentation
Alterability of the ) Recompaction Prevention 6 108
materials Instrumentation Detection
Excessive deformation Overtopping 9 Recompaction Prevention
Deficient compaction of 4 B - 2 7
the embankment Visual Inspection and Detection
Instrumentation
1.1.5 Surface drainage system
Structural maintenance of .
i ] Prevention
Collect surface Inadequacy section 1 channels 4 20
water that flow Insufficient capacity to  Local instability of the 5 Visual Inspection Detection
through the collect surface water dam Unblockine of ch : P ]
nblocking of channels revention
embankment Obstruction of channels 2 2 20
Visual Inspection Detection
Prevention
Collect surf Inadequacy section 1 Unblocking of channels } 4 20
olect surtace Insufficient capacity to  Local instability of the Detection
water outside the lect surf: . ds 5 -
dam collect surface water am Prevention
Obstruction of channels 2 Visual Inspection 2 20
Detection
1.1.5.1 Concrete channels
Structural maintenance of .
) ‘h s Prevention
Collect the surface Inadequacy section 1 channe 4 16
water that flow Insufficient capacity to  Local instability of the 4 Visual Inspection Detection
through the em- collect surface water dam blocking of ch : ]
bank t Unblocking of channels Prevention
ankmen Obstruction of channels 2 2 16
Visual Inspection Detection
Soils and Rocks, Sao Paulo, 36(1): 97-117, January-April, 2013. 113



Esposito & Palmier

Table 13 (cont.)
Function Failure Final effect Si Cause Oi Control Control type  Di  RPNi
Prevention
Collect thef surface Insufficient capacity to  Local instability of the Inadequacy section 1 Unblocking of channels . 4 16
water outside the 4 Detection
dam collect surface water dam
Obstruction of channels 2 Visual Inspection Prevention 2 16
1.1.6 Internal drainage system
Adequacy of particle size Prevention
Collect the Inadequate functioning L Inadequacy of the project ] -
seepage of the internal drainage Piping K and/or construction Visual Inspection and Detection 6 162
Instrumentation
1.1.6.1 Bottom drain
Adequacy of particle size Prevention
Inadequate particle size 2 Visual Inspection and 5 90
Instrumentation Detection
Collect the Insufficient drainage Pipin Adequacy of particle size Prevention
seepage from dam capacity ping Insufficient thickness 2 Visual Inspection and 5 90
Instrumentation Detection
Alterability of the ) Adequacy of particle size Prevention . 108
materials Visual Inspection Detection
Adequacy of particle size Prevention
Inadequate particle size 2 Visual Inspection and ) 5 90
Instrumentation Detection
i(;llzcte tkfl;) . Insufficient drainage _— Adequacy of particle size Prevention
pag capacity ping Insufficient thickness 2 Visual Inspection and 5 90
nature mass P Detection
Instrumentation
- Prevention
Alterd‘?lm.}j O'f the 2 Visual Inspection 6 108
materials Detection
Inadequate particle size 2 Adequacy of particle size Prevention
Visual Inspection and . 5 90
Instrumentation Detection
Collect the - . S . . . .
Insufficient drainage L. Insufficient thickness 2 Adequacy of particle size Prevention
seepage from capacit Piping 9
foundation pacity Visual Inspection and i 5 90
Instrumentation Detection
Alterability of the . . .
materials 2 Visual Inspection Prevention 6 108
1.1.6.2 Vertical filter
Adequacy of particle size Prevention
Inadequate of particle
i 2 Visual Inspection and . 5 90
size . Detection
Instrumentation
Collect the Insufficient drainage Pipin Adequacy of particle size Prevention
seepage from dam capacity ping Insufficient thickness 2 Visual Inspection and ) 5 90
Instrumentation Detection
Alterability of the 5 Adequacy of particle size Prevention . 108
materials Visual Inspection Detection
Adequacy of particle size Prevention
Inadequate of particle
: 2 Visual Inspection and X 5 90
size . Detection
Instrumentation
SCe(;llzcle tkflreo . Insufficient drainage - Adequacy of particle size Prevention
pag capacity ping Insufficient thickness 2 Visual Inspection and 5 90
nature mass § P! Detection
Instrumentation
Alterability of the ) Adequacy of particle size Prevention . 08
materials Visual Inspection Detection
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Table 13 (cont.)
Function Failure Final effect Si Cause Oi Control Control type  Di  RPNi
1.1.6.3 Foot drain
Adequacy of particle size Prevention
Inadequate of particle
size 5 Visual Inspection and . 5 225
. Detection
Instrumentation
Collect the Insufficient drainage - Adequacy of particle size _ Prevention
. . Piping 9 S .
seepage from dam capacity Insufficient thickness 5 Visual Inspection and . 5 225
. Detection
Instrumentation
o . Adequacy of particle size Prevention
Alterablllly of the 5 6 108
materials Visual Inspection Detection
Adequacy of particle size Prevention
Inadequate of particle
size 5 Visual Inspection and . 5 225
. Detection
Instrumentation
Collect the -, . Adequacy of particle size Prevention
.. Insufficient drainage Pini 9 quacy ol p
;Z:E:eg;l;rim capacity 'pmg Insufficient thickness 5 Visual Inspection and ) 5 225
S . . Detection
Instrumentation
o Adequacy of particle size Prevention
Allerablht}/ of the 5 6 108
materials Visual Inspection Detection
1.1.6.4 Drain on the abutments
Adequacy of particle size Prevention
Inadequate of particle
size 3 Visual Inspection and . 4 108
. Detection
Instrumentation
Collect the Insufficient drainage - Adequacy of particle size  Prevention
. Piping 9 . .
seepage from dam capacity Insufficient thickness 3 Visual Inspection and . 4 108
. Detection
Instrumentation
o Adequacy of particle size Prevention
A]terablllty of the 2 6 108
materials Visual Inspection Detection
Adequacy of particle size Prevention
Inadequate of particle
size 3 Visual Inspection and . 4 108
. Detection
Instrumentation
Collect the —_— . Adequacy of particle size P ti
Insufficient drainage - quacy ol p § revention
seepage from . Piping 9 e .
nature mass capacity Insufficient thickness 3 Visual Inspection and . 4 108
. Detection
Instrumentation
o . Adequacy of particle size Prevention
Alterablllty of the 5 6 108
materials Visual Inspection Detection
1.2 Spillway system
Correct dimensioning of .
. ) ) o he spillwa Prevention
Insufficient drainage . Inadequate dimensioning the spillway
Conduct water . Overtopping . 1 ) - 3 27
capacity of the spillway Visual Inspection and .
. Detection
Instrumentation
Correct dimensioning of Prevention
Not ?HOW over: Allow overtopping of the . Inadequate dimensioning the spillway
topping of the Overtopping 9 . 1 3 27
dam dam of the spillway Visual Inspection and .
. Detection
Instrumentation
1.3 Abutments
Sealing of cracks Prevention
- . Instability associated . - .
s . s . Ad f th tr
Confer stability of with movements of the Local instability of the 4 Reduction of strength 2 equacy of the geometry Prevention 2 16
embankment . dam . .
soil mass Visual Inspection and .
. Detection
Instrumentation
1.3.1 Abutment right
Sealing of cracks Prevention
. - . Instability associated . - . .
s . . Adequa f th tr
Confer stability of with movements of the Local instability of the 4 Reduction of strength 2 equacy of the geometry Prevention 5 16
embankment . dam . .
soil mass Visual Inspection and .
. Detection
Instrumentation
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Table 13 (cont.)
Function Failure Final effect Si Cause Oi Control Control type ~ Di  RPNi
1.3.2 Abutment left
Sealing of cracks Prevention
- Instability associated . - .
Confer stability of with movements of the Local instability of the 4 Reduction of strength 5 Adequacy of the geometry Prevention 5 16
embankment . dam . .
soil mass Visual Inspection and .
. Detection
Instrumentation
1.4 Foundation
i ) 2 Reinforcement in the Prevention
Provide support Instability assocated ) ) instability of the Foundation treatment foundation treatment
with movements of the 10 . . 4 80
for dam soil mass dam insufficient Visual Inspection and Detection
Instrumentation
X Reinforcement in the Prevention
Confer global . - Foundation treatment foundation treatment
stability of Excessive seepage Piping 9 insufficient 2 . - 5 90
embankment Visual Inspectl(?n and Detection
Instrumentation
1.5 Tailings impoundment
Store water Insufficient capacity for Overtopping Inadequacy of the pro_]ecl 1 Visual Inspectlgn and Prevention 1 9
store water and/or construction Instrumentation
Retain sediments lnsufﬁc‘lent cz'lpacuy for Reduction temporaljy of Inadequacy of the projecl | Visual lnspecugn and Prevention | 5
retain sediments the storage capacity and/or construction Instrumentation
Water clarification Insufflc_l;nt capacity to  Reduction tempora¥y of 4 Inadequacy of the p_r()]ecl 1 Visual Inspectlgn and Prevention 1 4
clarify the water the storage capacity and/or construction Instrumentation
Table 14 - Intolerable Risk - RPNi > 120.
Location Function Failure Final effect Cause Tailing Dam
1.1.2 Core Reduce the hydraulic Excessive seepage Piping  Dissolution of the materials A and B
conductivity
1.1.6 Internal Collect the seepage  Inadequate functioning of the Piping  Inadequacy of the project B
drainage system internal drainage and/or construction
1.1.6.3 Foot drain Collect the seepage  Insufficient drainage capacity Piping - Inadequate of particle size B
from dam - Insufficient thickness
Collect the seepage  Insufficient drainage capacity Piping - Inadequate of particle size B

from nature mass

- Insufficient thickness

6. Conclusions

Risk analysis methods have been recently applied to
dams, also including tailings dams however there is still a
lack of confident threshold risk values to subsidize general
analysis of risk situations. A preliminary attempt was car-
ried out in this paper for the LCI (LCI MOD-RE] version)
and the FMEA methods (Ind,,, greater than 40,000 and
RPNi were greater than 120, respectively).

It can be concluded that those two methods allowed a
better understanding of the behaviour of the analyzed dams
proving that the use of risk analysis methods is a tool for the
decision on making process of the risk management.

In a general view the results of both methods are simi-
lar in terms of risk situations though there are specific dif-
ferences on the determination of failure modes for the two
dams considered in this study case. The emphasis for the
LCI MOD-REJ version was the indications of failures
caused by overtopping while for the FMEA method only
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problems with piping were detected. It should be reinforced
that by no means there is an immediate evidence of failures
as both methods only specify to which aspects one must
concentrate efforts in order to diminish the risk associated
to potential failures of the structures.

These differences in the results are probably related to
the way the methods were proposed and have been applied
on risk analysis. The LCI one, the basis for the LCI MOD-
RE]J version, is more general and the calculation of the risk
is carried out after an evaluation of the impacts on the
downstream valley. On the other hand the evaluation pro-
cess of the FMEA method is more detailed as the risk for
each element of the system is considered in the analysis.

Based on the current results a preliminary recommen-
dation is to apply, whenever possible, these two risk analy-
sis methods to a single or a portfolio of tailings dams. In the
first case the idea is to allow the elaboration of an ordina-
tion hierarchy and a list of procedures for security. In the
latter case the combined application may define the dams
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that should be prioritized to an immediate maintenance and
repairs.

It is important to emphasize the importance to extend
the applications of these methods to several tailings dams
for a real evaluation of their suitability and effectiveness.
For the case of the LCI MOD-REJ version, this extension
would be essential to its calibration and verification.
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Performance of In-Line Sediment Control Devices
Under Field Conditions

C.P. Cavalhieri, S.J.A.M. Campos, A.L.C.F. Gallardo, O.Y. Bitar

Abstract. A wide variety of structural best management practices (BMPs) has been developed in the last few decades to
control erosion-related problems at construction sites. Even though many BMPs exist to control erosion and sediment
accumulation, there is very little research on their performance and this is even more pronounced when considering the
performance of these devices working together and under field conditions. In an effort to address this issue, this study
analyzes the performance of in-line devices installed at six drainage exits of a new highway under construction, all of them
located upstream and 1.0 km to 2.5 km far from a surface intake in a public water supply reservoir. Altogether, three
categories of devices were studied: gabions, silt fences and turbidity curtains. The performance of each device was
assessed based on inspections at the construction site after heavy rains, by visually checking changes in the apparent color
of the water and accumulation of sediments. Complementary, water quality monitoring data collected at the water intake
were analyzed by comparing two different periods: before (from 2002 to 2007) and during (from 2008 to 2010) the
construction of the highway. Results indicated that the six drainage exits with BMPs installed in-line did not affect the
quality of the water at the surface intake. In addition to that, although each of these devices could not function properly due
to unsatisfactory maintenance and sometimes by their own low filtration rates, all of them contributed to retain sediment
and keep it close to the limits of the construction site.

Keywords: sediment accumulation control, in-line best management practices, highway construction.

structural best management practices (BMPs) is usually in-
stalled at construction sites (Theisen, 1992). These BMPs
are engineered systems designed to treat runoff inside the
boundaries of the construction site itself and, therefore, pre-

1. Introduction

Construction activities usually disturb many elements
of the natural environment. These land-disturbing activities
include vegetation removal, earthworks and civil works,

which concentrate stormwater runoff and, according to
Barret et al. (1995), increase soil loss and pollutant dis-
charges.

Among all the pollutants that can be carried away in a
stormwater runoff, sediment is the most commonly docu-
mented and it is a significant component of nonpoint source
pollution (USEPA, 2008). When runoff transports eroded
soil to water bodies, many resulting adverse environmental
impacts may affect aquatic ecosystems (Hedrick et al.,
2010), vegetation (Benjankar & Yager, 2012) and use of
water resources. In doing so, it is imperative that construc-
tion activities incorporate all kinds of mitigation measures
in order to reduce discharges of sediments and other pollut-
ants in water bodies (Zech et al., 2008).

In order to minimize negative impacts, especially
those related to the intensification of erosion and its effects
on water bodies (Forsyth er al., 2006), a wide variety of

venting unwanted material to be discharged into either the
storm sewer system or surface water bodies (USEPA,
2004).

Even though many BMPs exist to prevent erosion-
related problems from happening (Raskin et al., 2005),
there is very little research related to their performance, as
emphasized by Faucette et al. (2009), and this situation is
even more pronounced when considering the performance
of these devices under field conditions and, therefore, out-
side the laboratory controlled conditions. Therefore, in an
effort to address this issue, the goal of this study was to ana-
lyze the performance of in-line devices installed during the
construction of a new highway. These devices were de-
signed to work together in the prevention of erosion-related
problems.
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2. Methods

This study analyzes the performance of in-line struc-
tural BMPs installed during the construction of a new high-
way close to a public water supply reservoir in the state of
Sao Paulo (Brazil) and on an area predominantly formed by
sandy clay and sandy loam soils.

All drainage exits of the construction site located up-
stream and up to 2.5 km far from a surface water intake
were monitored. These drainage exits totaled six monitor-
ing areas and the closest one to the water intake was ap-
proximately 1.0 km far from it (Fig. 1).

All six areas had a point of discharge from the con-
struction site to the existing reservoir and in-line devices
were installed to control sediment accumulation. At least
two of the following devices were installed at each drainage
exit: gabions, silt fences and turbidity curtains. The quan-
tity of these structural BMPs, the distance from their re-
spective drainage exits and their position in relation to each
other are presented in Table 1, where “1™ refers to the de-
vice that was first reached by the runoff, “2" refers to the
following device in the path of runoff, and so on (Fig. 2). In

addition to that, all monitored areas were covered with
grass, although slopes had not been necessarily covered
right after their construction.

Besides having in common the purpose of preventing
sediment from leaving the construction site and entering
the existing reservoir, the three types of devices had the
same nonwoven geotextile as one of their components. The
main characteristics of this type of fabric are listed in
Table 2.

The performance of each device was assessed by in-
specting the construction site after heavy rains and consid-
ering two aspects: visible changes in the apparent color of
the water and the accumulation of sediments. Particularly
in relation to sediment accumulation, those caused by the
presence of a silt fence were identified essentially by means
of visual inspections at the construction site. Accumula-
tions related to the existence of turbidity curtains were rec-
ognized by means of sediment samples collected by the end
of the construction activities from the bottom of the reser-
voirs, upstream and downstream of this type of barrier
(Fig. 3).

Table 1 - Quantity, position and distance from each drainage exit of BMPs.

Drainage

In-line structural BMPs

Xit .
¢ Gabion

Silt fence

Turbidity curtain

Quantity Position  Distance (m)

Quantity Position

Distance (m) Quantity Position  Distance (m)

#1 1 " 60 2 2"and 3" 80 and 120 1 4" 165
#2 - - - 2 [and 2" 40 and 50 2 3“and 4" 60 and 70
#3 2 I"and 2" 60 and 120 1 3¢ 260 1 4" 295
#4 1 1" 55 - - - 2 2"and 3" 85 and 105
#5 1 1 45 1 2" 55 1 3 95
#6 1 " 90 1 2" 160 1 3" 185

Q© Drainage exit
A Water intake

¢~J Studied highway

Public water
supply reservoir

Figure 1 - Location of the six drainage exits monitored during the construction activities.
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In addition to that, the water quality monitoring data
collected at the surface water intake were analyzed. Two
parameters were considered, both affected by the presence
of suspended sediment in the water body: turbidity and con-

Figure 2 - Drainage exit # 4 and its three structural BMPs in-
stalled to control sediment accumulation.

Figure 3 - Sediment sample being collected upstream of a turbid-
ity curtain (3" BMP at drainage exit # 6) during the monitoring ac-
tivities.

ductivity. The monitoring data were analyzed by compar-
ing two different periods: before (from 2002 to 2007) and
during (from 2008 to 2010) the construction of the new
highway. It is important to highlight that, although samples
were collected only once every two months and without
any reference to the weather conditions during sampling,
these monitoring data were relevant to identify any signifi-
cant changes in the reservoir.

3. Results

The results were grouped into the three categories as
follows.

3.1. Visual changes in the apparent color

Based on visual inspections, silt fences and turbidity
curtains were effective in reducing the apparent color of the
runoff from the construction site.

In the case of silt fences, it was evidenced by the color
of the water that passed through the pervious fabric, once it
clearer than the runoff ponded behind the fences. However,
the fabric clogged relatively fast and, in order to keep the
water flowing through the fences, the geotextile had to be
either cleaned or replaced very frequently (Fig. 4). In rela-

Figure 4 - Runoff passing through the pervious fabric of a silt
fence (3 BMP at drainage exit # 3) right after being partially
cleaned.

Table 2 - Properties of the nonwoven geotextile used as a component of the devices.

Mechanical properties Test method Geotextile
Wide width tensile strength NBR 12824 > 12 kN/m
Elongation NBR 12824 <75%

Grab tensile strength ASTM D 4632 > 800 N

CBR Puncture strength NBR 13359 >225kN
Permeability ASTM D 4491 >0.35 cm/s
Apparent opening size (AOS) ASTM 4751 0.11 mm to 0.21 mm
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tion to the turbidity curtains, the water retained behind them
had too much apparent color, whereas the color of the water
right after the curtains was not significantly different from
that of the rest of the reservoir (Fig. 5).

Gabions also helped to reduce the apparent color of
the runoff. However, based on visual data, reduction of
the apparent color performed by this device was not sig-
nificant when compared to silt fences and turbidity cur-
tains.

3.2. Sediment accumulation

Sediment accumulated behind (upstream) and in front
of (downstream) gabions, silt fences and turbidity curtains.
In general, material accumulated behind gabions had a
larger equivalent diameter in comparison to those found
near silt fences and turbidity curtains. In addition, gabions
and silt fences that were not properly kept in good condi-
tions were damaged by material overtopping them (Figs. 6
and 7).

Sediment samples were collected downstream up to
12 m far from turbidity curtains. The results indicate that
material from the construction site was not completely re-

tained by the floating barriers, which may also be a conse-
quence of unsatisfactory maintenance. The levels of sedi-
ments accumulated right before and right after the curtains
are listed in Table 3.

Figure 6 - Material accumulated behind the gabion (1" BMP) at
drainage exit # 4, almost overtopping it.

Figure 5 - Apparent color of the water behind (darker) and in front
of (lighter) a turbidity curtain (4" BMP at drainage exit # 3).

Figure 7 - Silt fence damaged due to the excess of sediment and
the unsatisfactory maintenance (2" BMP at drainage exit # 5).

Table 3 - Levels of sediments accumulated before and after the turbidity curtains.

Drainage exit*

Level of sediments at different distances from the curtain

Upstream (before) the curtain

Downstream (after) the curtain

Distance (m) Level (m) Distance (m) High (m) Distance (m) High (m)
#3 2.0 0.36 1.0 0.72 12.6 0.50
# 4% 2.3 1.05 3.7 0.16 - -
#5 4.8 0.53 4.0 0.40 16.5 0.31
#6 2.0 0.75 3.0 0.40 10.1 0.22

(*) Sediment was collected at drainage exits # 1 and # 2 but was not quantified.
(**) Curtain at this drainage refers to the 3" structural BMP presented in Table 1.
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3.3. Comparison of water quality monitoring data

Results of the water quality monitoring for turbidity
and conductivity are illustrated in Figs. 8 and 9. In addition to
that, the federal turbidity limit of 40 NTU for superficial raw
water intended for human consumption is plotted in Fig. 8.

Mean values and standard deviations for turbidity and
conductivity are respectively listed in Figs. 10 and 11.
These values were calculated based on two different peri-
ods: before (2002-2007) and during (2008-2011) the con-
struction.

4. Discussion

The limitations of the methods used in this study are:
(a) sampling at the water intake only once every two
months without any reference to the weather conditions, (b)
positive effects that diffusion naturally exerts on water
quality with distance indirectly incorporated into the moni-
toring data at the water intake, and (c) lack of quantification
of sediment collected at two drainage exits. Nevertheless,
the results of this study were sufficiently consistent to indi-
cate that the construction of the highway did not cause sig-
nificant changes in the water reservoir and that the
structural BMPs had an important role in that.

According to the water quality monitoring data at the
surface intake, turbidity and conductivity were not stati-

cally different before and during the construction of the
highway (Fig. 10). Therefore, discharges from disturbed ar-
eas did not affect the quality of the water in the catchment
region and, as a result, had no influence on water treatment
activities, such as coagulant dosing and sludge generation
and disposal, as it might have happened (Emelko et al.,
2011).

In-line devices installed during the highway construc-
tion worked as a system that provided slow filtration, as de-
scribed by Paterniani ef al. (2011). Either in-line BMPs or
slow filtration systems require very low filtration rates to
remove suspended particles, which may be accelerated by
using either polyacrylamide (Hayes et al., 2005) or an ac-
tive component from Moringa oleifera seeds (Sdnchez-
Martin et al., 2010). Additionally, both of them must be
pre-treated when turbidity levels are high, to prevent them
from clogging quickly. Considering in-line BMPs in the
context of slow filtration processes, gabions worked as a
pre-treatment unit during the construction activities be-
cause the relatively large spaces between the blocks tended
to retain larger materials, whereas silt fences and turbidity
curtains retained smaller particles.

Finally, although gabions, silt fences and turbidity
curtains could not function properly due to unsatisfactory
maintenance and could not completely retain sediments
from the construction site, these three devices contributed

45
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[:—) 30 construction
&
.:g‘ ----- During the
B 15 construction
=
) \MAM’\’\“ SN T e

T T 1 T T
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X N \‘§ \‘b \fuo \§ \’§ \‘$°
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Q
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Figure 8 - Turbidity at the superficial water intake before and during the construction. Source: adapted from Cetesb (2003, 2004, 2005,
2006, 2007, 2008, 2009, 2010, 2011 and 2012) and Sabesp (2009, 2010 and 2011).
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Figure 9 - Conductivity at the superficial water intake before and during the construction. Source: adapted from Cetesb (2003, 2004,
2005, 2006, 2007, 2008, 2009, 2010, 2011 and 2012) and Sabesp (2009, 2010 and 2011).
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Figure 10 - Turbidity and conductivity mean values and standard deviations at the superficial water intake before and during the con-
struction. Source: adapted from Cetesb (2003, 2004, 2005, 2006, 2007, 2008, 2009, 2010, 2011 and 2012) and Sabesp (2009, 2010 and

2011).

significantly to improve the control on sediment accumula-
tion. It was evidenced, for example, by the sediment spread
over a relatively small area, which BMP had positive ef-
fects on environmental recovery activities, such as reduc-
tion and facilitation of dredging to remove sediment
accumulations, as pointed out by Fulazzaky & Abdul Gany
(2009).

5. Conclusions

Results observed during the construction of the new
highway indicate that structural BMPs, such as those ana-
lyzed in this study, have an important role in retaining soil,
clarifying water and, therefore, controlling erosion-related
problems. In addition to that, the integrated use of these de-
vices results in important gains, such as improvement in
controlling sediment accumulation, maintenance of water
quality beyond the construction site, and even positive ef-
fects on environmental recovery activities.

However, it is important to highlight that gabions, silt
fences and turbidity curtains do need maintenance in order
to work properly. Continued maintenance is as important as
the devices themselves to achieve and maintain the ex-
pected performance.

In the same way, in-line structures can be damaged by
severe storms, once such configuration requires very low
filtration rates to remove the suspended particles from the
runoff. That is one of the reasons why advances in technol-
ogies that have the potential to accelerate deposition and
filtration processes are really relevant in this field of sci-
ence.

Finally, although gabions, silt fences and turbidity
curtains were unable to completely retain sediments from
the construction site, our results indicated that in-line struc-
tures are able to bring considerable benefits in large infra-
structure projects, such as the construction of highways.
Therefore, BMPs may be successfully applied to similar
contexts as long as continued maintenance, proper installa-
tion and design criteria are duly considered.
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Explicit Numerial Iterative Methods Applied to the
Three-Parameter Infiltration Equation

A.L.B. Cavalcante, L.C.S.M. Ozelim, P.K. Swamee, P.N. Rathie

Abstract. Finding explicit solutions to the partial differential equations governing the infiltration phenomenon tend to be a
challenging issue. On account of such complexity, researchers have proposed algebraic equations to model this
phenomenon. This paper deals with the solution of the general three-parameter infiltration equation, which is an implicit
equation corresponding to the interpolation between the Green-Ampt and Talsma-Parlange infiltration models. By means
of the Householders method, the cumulative infiltration is obtained by a rapidly converging iterative procedure. The results
are further manipulated in order to obtain the infiltration rate explicitly. The effect of variables involved on the solution is
also discussed. A case study is included to demonstrate the use of the proposed algorithm. The formulas proposed provide

easy-to-use equations which enable calculations on the fly while considering practical applications.

Keywords: three-parameter infiltration formula, Green-Ampt, Householder’s Methods, Talsma-Parlange.

1. Introduction

Originally proposed by Parlange et al. (1982), the
three parameter infiltration model unifies two other
well-known models, introduced by Green-Ampt (1911)
and Talsma & Parlange (1972). Green-Ampt’s proposition
(Green & Ampt, 1911) figures as one of the most explored
infiltration models. Green-Ampt’s model is based on
Darcy’s equation and a few other assumptions, namely: the
existence of a constant hydraulic pressure head at soil’s sur-
face; the hydraulic conductivity in such zone K, is equiva-
lent to the saturated one K ; and the formation of a precisely
defined wetting front leading to the so-called piston move-
ment (Zonta et al. 2010).

The integrated form of Green-Ampt infiltration rate
equation is given by Mein & Farrel (1974):

t, =1 —In(1+1,) (1

where ¢, = nondimensional time; and /, = nondimensional
cumulative infiltration, given by (Mein & Farrel, 1974):
K, (t—tp +t,)

t, = 2
(v, —p)(6,-6,) @

I
I, =
(v, -p,)0,-6,)
wherein / is the cumulative infiltration; 7, = ponding time;
t, = theoretical time necessary to infiltrate the same volume

infiltrated until the ponding time, under saturation of the su-
perficial layer of the soil; y, = average wetting front matric

3

potential; p, = average surface pressure head and 6, = satu-
rated water content; 0, = initial water content.

On the other hand Talsma & Parlange (1972) equa-
tion for the nondimensional cumulative infiltration and
nondimensional time is:

(I. —t, Iy exp(I, —t. =)+ exp(~t. —1) =0 4)

Equations 1 and 4 were unified by Parlange et al.
(1982) as

L =1, 1- B I .
t. =1, +(—a) HL—(I—OL)CXP(_OJ*J ®

where o = a transition parameter lying in the range
0 <a < 1. When a =0, the Green-Ampt equation is recov-
ered from Eq. 5. On the other hand, when o = 1, Talsma-
Parlange’s model follows from Eq. 5.

It has been shown by Parlange et al. (2002) that both
the Green-Ampt and Talsma-Parlange equations can be ex-
plicitly solved in terms of Lambert W-function. On the
other hand, Rathie et al. (2012) proposed the explicit solu-
tion of Eq. 5 in terms of the H-function. When implementa-
tions of such special functions are not available, standard
trial and error procedures are used to solve Eq. 5.

Practical situations require neither complex nor pre-
cisely defined exact solutions. They do demand accurate
solutions. This paper presents approximate solutions to the
tree-parameter infiltration equation, by means of an itera-
tive algorithm solution whose single iteration order of con-
vergence can be chosen as high as necessary.
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2. Solution of the Three-Parameter
Infiltration Equation Using Householder’s
Method

Consider a function f{x) whose root r needs to be de-
termined. By choosing an initial point, x,, Householder
(1970) proposed the general iteration root-finding recur-
rence formula:

[/ flx, )1

—_— = 6
[/ fle, )1 ©

X, =x, +(a+])

in which a is a real number which governs the rate at which
the iterative scheme tends to the root of the nonlinear equa-
tion f(x) = 0 and (1/f) represents the a-th derivative of
1/f(x).

In fact, it can be shown that Ix,, - H < IK x, - A" for
some positive real number K, thus if x, is sufficiently close
to r, the iteration scheme converges to the value of » with
rate a + 2. Note that this method is a generalization of the
Newton-Raphson method, which can be easily obtained by
taking @ = 0 in Eq. 6.

Consider that Eq. 3 can be rewritten as:

1-(1-a) exp(—al,) } 7
a

a+2

faHy=t. -1, +(0-a)™ h{

The first and second derivatives of f{1.) with respect to
I, are:

¢ } ®)

0
~ f)y=—1+|—=
ol, ) Jrpr(ocl,ﬁ)—(l—oc)

2[1—exp(at.)][exp(at.) —(1—a)]

0.20 f4);

=
—_
W

j=3
—_
(=

‘Ifxact _ Bppr0x|

0.05

Figure 1 - Absolute Departure of Eq. 11 from exact solution of
Eq. 5.

0? L) —o.” exp(al,)

* = 9
ol? [exp(al, ) —(1—o)]* 2

In order to use Houlseholder’s iteration formula, let
one establish as first guess for /. the value of 7. This comes
from the fact that as I, grows, Eq. 7 tends to f(l,) = ¢, - L.
Using Eq. 6, I, is found to be:

(a) For quadratic convergence of the first iteration

(a=0)

1-(1-a) exp(-at,)

[exp(at,) —(1—-a)] ln{

(0]

I, =t - } (10)

(1-o)[1—exp(at.)]

(b) For cubic convergence of the first iteration (a=1)

I, =t -

It can be noticed that the solution is an iterative algo-
rithm.

In order to compare Eq. 11 to the exact solution of
Eq. 5, consider the absolute difference between both solu-
tions. Such departure is shown in Fig. 1. The exact solution
has been obtained by trial and error procedures.

Figure 1 reveals that Eq. 11 behaves similarly for dif-
ferent values of the interpolation value o.. The latter figure
also shows that the maximum departure happens at low val-
ues of the nondimensional time, which is fully justified by
the “long term” initial guess for nondimensional cumula-
tive infiltration.

It is worth noticing that one may find an optimal ini-
tial guess in order to diminish the absolute departure over
the whole domain. Also, the results in Fig. 1 correspond to a
single iteration of the algorithm. Thus, if more iterations
where taken into account, the error would be mitigated. The
methodology is, this way, verified to produce good estima-
tions of the solutions.
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a’ exp(at, )+ 2[1 —exp(at,)] {(1 o)™ ln[

(1)

[0

1-(1—o) exp(—at, )}

3. Determination of Some of the Equation
Parameters
In order to obtain the values of 7, and 7, one shall con-

sider the following equation, obtained by means of implicit
differentiation of Eq. 5 with respect to #.:

(v, —p,)0,-6,) m[] , 9K, j
(X’ s

(12)

r—

in which r is the infiltration rate. If one wants to find the to-
tal infiltration until ponding time, I, one shall make the
substitution r = i in Eq. 12, thus

I} :(WVV' _ps)(ej _eﬂ)l 1+ aKS
! a i —K,

p

13)

where i, is the rainfall intensity. It’s simple to get 7, from

Egq. 13 since 7, = [ /i , which provides:

P’
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(14)

P
ai,

t :(\UW _ps)(65 _eo) ]n[]+ Q‘Ks J
J i, —K,

P

One shall note that when o tends to 0, the same rela-
tion obtained by Mein & Farrel (1974) is retrieved for a
Green-Ampt case, which is:

I —w) Ny, - -
;e -0y, —p O, -0,)

_ (v, =p)O, -0,)K,

K K

s s

On the other hand, in order to obtain y,, the following
equation suggested in Cecilio et al. (2007) shall be used:

v, +3x)[1<,(e, ) —K,‘(BO)WJ

\VW' =

a7
[K,(0,)-K, (6)]3A+1]

where v, is the air-entry value (mm); A is the pore size dis-
tribution index (nondimensional) and K is the relative hy-
draulic conductivity (nondimensional), expressed as
K(0)/K . Based on Brooks & Corey (1964) model, the rela-
tive hydraulic conductivity is:

0,6, 203
where, 0, is the water content whose relative hydraulic con-
ductivity is sought at; 0, is the residual water content.
Some propositions related to choosing appropriate
parameters which better represent the properties of the soil
must be taken into account. Transition zone’s water content
0, can be used instead of the saturation water content 0,
since 0, is the water content that most of the soil mass
reaches while the infiltration process occurs. Also, the ex-
periments available to obtain the value of K, often give a
considerable dispersion of the results, what can be mini-
mized by choosing the steady infiltration rate, Tie, as repre-

sentative of the hydraulic conductivity of the soil profile
(Cecilio et al., 2007).

K,(e,){ (18)

4. Examples of the Application of the
Proposed Method

The experimental data used in this study are given by
Cecilio (2005). Three types of soil will be analyzed, na-

mely: Red Clay Soil (PV), Red Laterite Soil (LV) and
Red-Yellow Laterite Soil (LVA). The characteristics of

Table 2 - Physical attributes of the soils considered.

4 s 15)
g i,0,-K,)
The value of 7, can be obtained as follows:
‘ (16)
1-1-o) exp(oclp)

these soils and experimental data obtained (Cecilio, 2005)
are presented in Tables 1 and 2 and Figs. 2 and 3.

In order to provide a better characterization of the
soils studied, each one is graphically analyzed. It can be
verified by experimental data (Cecilio, 2005) that the rela-
tive hydraulic conductivity can be graphically related to the
volumetric water content as seen on Fig. 2.

It’s clear from Fig. 2 that LV soil has a different be-
havior from LVA and PV soils, which is mainly related to
their composition (LV has more sand in its composition
while both LVA and PV have more clay), as seen on
Table 1.

On the other hand, Fig. 3 shows graphically the rela-
tion between the relative hydraulic conductivity and the av-
erage wetting front matric potential based on Brooks and
Corey model.

Figure 3 also shows that each soil has a unique behav-
ior which mainly depends on the pore size distribution in-
dex. This dependence is obtained due to the adoption of
Brooks and Corey model for the prediction of the wetting
front matric potential.

Based on the data presented by Cecilio (2005) and
considering Eq. 11 for predicting the temporal evolution of
the cumulative infiltration, the results obtained for the mod-
eling of each soil are presented in Fig. 4.

It can be seen that Eq. 11 provides good predictions of
the infiltration behavior. For all the soils analyzed, cres-
cent, however discontinuous, functions have been adjusted

Table 1 - Grain-size distribution of the soils considered.

Soil  Coarse sand (%) Fine sand (%) Silt (%) Clay (%)
LVA 13 10 7 70
LV 26 52 2 20
PV 7 9 25 59

Soil 0, 0, ) 6 p(10°kgm’) K,(10°ms") Tie(10°ms") i (10°ms") 1, (10°ms") A

LVA 0327 0541 0521 0237 1.05 31.14 36.19 486.0 0.087 0.4032
LV 0.113 0479 0.398 0.085 1.42 28.50 70.31 530.0 0.132 0.7470
PV 0.300 0.543 0.523 0.237 1.19 9.86 21.92 211.0 0.104 0.3572

Soils and Rocks, Sao Paulo, 36(1): 129-133, January-April, 2013.
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Figure 2 - Relative hydraulic conductivity vs. volumetric water
content.
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Figure 3 - Relative hydraulic conductivity vs. average wetting
front matric potential.

for each situation. By choosing a close to 0, the graph tends
to overestimate the values of the cumulative infiltration. On
the other hand, if such parameter is closer to 1, the values of
the cumulative infiltration decrease. It can be seen that the
function which predicts the infiltration has a discontinuity
when 7 is equal to 7. This comes from the assumption that 7,
and ¢, are obtained by means of the exact three-parameter
equation. In order to work out this issue, one shall obtain
the explicit equations for each parameter based on the ap-
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Figure 4 - Cummulative infiltration vs. time for the soils ana-
lyzed.

Table 3 - Results.

Soil Classification

(X'n/)mirmd
LVA Red-Yellow Laterite 0.50
LV Red Laterite 0.99
PV Red Clay 0.55

proximated solution proposed. Since such discontinuities
do not affect the values of o, this procedure is out of the

scope of the present effort. The results are summarized in
Table 3.

5. Conclusions

The three-parameter equation for infiltration predic-
tion has been solved by means of an iterative algorithm
whose single-iteration convergence ratio can be chosen as
high as desired.

The methodology has been validated by comparing
the approximate solutions to the exact ones. The maximum
absolute departure of the approximated nondimensional cu-
mulative infiltration is of about 0.23 and happens at low
nondimensional times. The results presented considered a
single iteration of the algorithm, thus the error could be mit-
igated by taking more iterations into account.

Based on the three-parameter infiltration equations
and the solutions developed, three real cases were studied
and the value of the interpolation parameter a has been ob-
tained for each one. For a red clay soil o = 0.55; for a red
laterite oo = 0.99 and finally, for a red-yellow laterite soil
o = 0.50. These values may vary mainly due to the type of
soil analyzed.

It’s known that exact solutions are not necessary for
practical purposes. The tree-parameter infiltration equation
can only be exactly solved in terms of special functions,

Soils and Rocks, Sao Paulo, 36(1): 129-133, January-April, 2013.
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which ultimately reduces it applicability to practical situa-
tions. In the present paper, simple yet powerful approxi-
mated solutions with good accuracy are presented. This
way, it becomes easier to apply the three-parameter infiltra-
tion equation to field studies.
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Table of Symbols

a = convergence parameter

I = cumulative infiltration

1. = nondimensional cumulative infiltration

[, = cumulative infiltration until ponding time

i, = rainfall intensity

K, = hydraulic conductivity in transmission zone
K = relative hydraulic conductivity

K, = saturated hydraulic conductivity

p, = average surface pressure head

r = infiltration rate

t=time

t, = nondimensional time

t, = ponding time

t, = time necessary to infiltrate the same amount infiltrated
until the ponding time, under saturation of the superficial
layer of the soil

Tie = steady infiltration rate

o = interpolation parameter;

0, = saturated water content

6, = initial water content

0, = residual water content

A = pore size distribution index.

vy, = average wetting front matric potential

y, = absolute value of the matric potential of air entrance.
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Instructions to Authors

Category of the Papers

Soils and Rocks is the scientific journal edited by the
Brazilian Association for Soil Mechanics and Geotech-
nical Engineering (ABMS) and the Portuguese Geotech-
nical Society (SPG). The journal is intended to the divul-
gation of original research works from all geotechnical
branches.

The accepted papers are classified either as an Article
paper, a Technical Note, a Case Study, or a Discussion
according to its content. An article paper is an extensive
and conclusive dissertation about a geotechnical topic. A
paper is considered as a technical note if it gives a short
description of ongoing studies, comprising partial results
and/or particular aspects of the investigation. A case
study is a report of unusual problems found during the de-
sign, construction or the performance of geotechnical
projects. A case study is also considered as the report of
an unusual solution given to an ordinary problem. The
discussions about published papers, case studies and
technical notes are made in the Discussions Section.

‘When submitting a manuscript for review, the authors
should indicate the category of the manuscript, and is also
understood that they:

a) assume full responsibility for the contents and ac-
curacy of the information in the paper;

b) assure that the paper has not been previously pub-
lished, and is not being submitted to any other periodical
for publication.

Manuscript Instructions

Manuscripts must be written in English. The text is to
be typed in a word processor (MS Word or equivalent),
using ISO A4 page size, left, right, top, and bottom mar-
gins of 25 mm, Times New Roman 12 font, and line spac-
ing of 1.5. All lines and pages should be numbered. The
text should be written in the third person.

The fist page of the manuscript is to include the title of
the paper in English, followed by the names of the au-
thors with the abbreviation of the most relevant academic
title. The affiliation, address and e-mail is to be indicated
below each author’s name. An abstract of 200 words is to
be written in English after the author’s names. A list with
up to six keywords at the end of the abstract is required.

Although alteration of the sequence and the title of
each section may be required, it is suggested that the text
contains the following sections: Introduction, Material
and Methods, Results, Discussions, Conclusion, Ac-
knowledgements, References and List of Symbols. A
brief description of each section is given next.

Introduction: This section should indicate the state
of the art of the problem under evaluation, a description
of the problem and the methods undertaken. The objec-
tive of the work is to be clearly presented at the end of the
section.

Materials and Methods: This section should include
all information needed to the reproduction of the pre-
sented work by other researchers.

Results: In this section the data of the investigation
should be presented in a clear and concise way. Figures
and tables should not repeat the same information.

Discussion: The analyses of the results should be de-
scribed in this section. Conclusions: The text of this sec-
tion should be based on the presented data and in the
discussions.

Acknowledgenments: If necessary, concise acknowledgements
should be written in this section.

References: References to other published sources are to be made in
the text by the last name(s) of the author(s), followed by the year of publi-
cation, similarly to one of the two possibilities below:

“while Silva & Pereira (1987) observed that resistance depended on
soil density” or “It was observed that resistance depended on soil density
(Silva & Pereira, 1987).”

In the case of three or more authors, the reduced format must be used,
e.g.: Silva et al. (1982) or (Silva et al., 1982). Two or more citations be-
longing to the same author(s) and published in the same year are to be dis-
tinguished with small letters, e.g.: (Silva, 1975a, b, c.). Standards must be
cited in the text by the initials of the entity and the year of publication, e.g.:
ABNT (1996), ASTM (2003).

Full references shall be listed alphabetically at the end of the text by
the first author’s last name. Several references belonging to the same au-
thor shall be cited chronologically. Some examples are listed next:

Papers: Bishop, A.W. & Blight, G.E. (1963) Some aspects of effective
stress in saturated and unsaturated soils. Géotechnique, v. 13:2, p. 177-
197.

Books: Lambe, T.W & Whitman, R.V. (1979) Soil Mechanics, SI
Version, 2" ed. John Wiley & Sons, New York, p. 553.

Book with editors: Sharma, H.D.; Dukes, M.T. & Olsen, D.M. (1990)
Field measurements of dynamic moduli and Poisson’s ratios of refuse and
underlying soils at a landfill site. Landva A. & Knowles, G.D. (eds)
Geotechnics of Waste Fills - Theory and Practice, American Society for
Testing and Materials - STP 1070, Philadelphia, p. 57-70.

Proceedings (printed matter or CD-ROM): Jamiolkowski, M.; Ladd,
C.C.; Germaine, J.T & Lancellotta, R. (1985) New developments in field
and laboratory testing of soils. Proc. 11" Int. Conf. on Soil Mech. and
Found. Engn., ISSMFE, San Francisco, v. 1, pp. 57-153.(specity if CD —
ROM)

Thesis and dissertations: Lee, K.L. (1965) Triaxial Compressive
Strength of Saturated Sands Under Seismic Loading Conditions. PhD
Dissertation, Department of Civil Engineering, University of California,
Berkeley, 521 p.

Standards: ASTM (2003) Standard Test Method for Particle Size
Analysis of Soils - D 422-63. ASTM International, West Conshohocken,
Pennsylvania, USA, 8 p.

Internet references: Soils and Rocks available at http://www.abms.
com.br.

On line first publications must also bring the digital object identifier
(DOQI) at the end.

Figures shall be either computer generated or drawn with India ink on
tracing paper. Computer generated figures must be accompanied by the
corresponding digital file (.tif, .jpg, .pcx, etc.). All figures (graphs, line
drawings, photographs, etc.) shall be numbered consecutively and have a
caption consisting of the figure number and a brief title or description of
the figure. This number should be used when referring to the figure in text.
Photographs should be black and white, sharp, high contrasted and
printed on glossy paper.

Tables shall be numbered consecutively in Arabic and have a caption
consisting of the table number and a brief title. This number should be
used when referring to the table in text. Units should be indicated in the
first line of the table, below the title of each column. Abbreviations should
be avoided. Column headings should not be abbreviated. When applica-
ble, the units should come right below the corresponding column heading.
Any necessary explanation can be placed as footnotes.

Equations shall appear isolated in a single line of the text. Numbers
identifying equations must be flush with the right margin. International
System (SI) units are to be used. The symbols used in the equations shall
be listed in the List of Symbols. It is recommended that the used symbols



be in accordance with Lexicon in 8 Languages, ISSMFE
(1981) and the ISRM List of Symbols.

The text of the submitted manuscript (including fig-
ures, tables and references) intended to be published as an
article paper or a case history should not contain more
than 30 pages formatted according to the instructions
mentioned above. Technical notes and discussions
should have no more than 15 and 8 pages, respectively.
Longer manuscripts may be exceptionally accepted if the
authors provide proper explanation for the need of the re-
quired extra space in the cover letter.

Discussion

Discussions must be written in English. The first page
of a discussion paper should contain:

e The title of the paper under discussion in the lan-
guage chosen for publication;

* Name of the author(s) of the discussion, followed by
the position, affiliation, address and e-mail. The
discusser(s) should refer himself (herself, themselves) as
“the discusser(s)” and to the author(s) of the paper as “the
author(s)”.

Figures, tables and equations should be numbered fol-
lowing the same sequence of the original paper. All in-
structions previously mentioned for the preparation of
article papers, case studies and technical notes also apply
to the preparation of discussions.

Editorial Review

Each paper will be evaluated by reviewers selected by
the editors according to the subject of the paper. The au-

thors will be informed about the results of the review process. If the paper
is accepted, the authors will be required to submit a version of the revised
manuscript with the suggested modifications. If the manuscript is refused
for publication, the authors will be informed about the reasons for rejec-
tion. In any situation comprising modification of the original text, classi-
fication of the manuscript in a category different from that proposed by
the authors, or refusal for publication, the authors can reply presenting
their reasons for disagreeing with the reviewers’ comments

Submission

The author(s) must submit for review:

1. A hard copy of the manuscript to Editors - Soils and Rocks, Av.
Prof. Almeida Prado, 532 — IPT, Prédio 54 — DEC/ABMS, 05508-901 -
Sao Paulo, SP, Brazil. The first page of the manuscript should contain the
identification of the author(s), or

2. The digital file of the manuscript, omitting the authors’ name and any
information that eventually could identify them, should be sent to
abms@ipt.br. The following must be written in the subject of the e-mail
message: “Paper submitted to Soils and Rocks”. The authors’ names, aca-
demic degrees and affiliations should be mentioned in the e-mail message.
The e-mail address from which the digital file of the paper was sent will be
the only one used by the editors for communication with the corresponding
author.

Follow Up

Authors of manuscripts can assess the status of the review process at
the journal website (www.soilsandrocks.com.br) or by contacting the
ABMS secretariat.



SOILS and ROCKS

Volume 36, N. 1, January-April 2013

Table of Contents

ARTICLES
Trial Embankment on Gold Mine Tailings
J.A.R. Ortigao, P. Paiva, A. Fahel, A. Landi, R. Souto

Influence of Pile-Soil-Raft Parameters on the Behavior of Piled Raft
and Conventional Piled Group Foundations
R.P. Cunha, M. Pando

Tailings Liquefaction Analysis Using Strength Ratios and SPT/CPT Results
W. Pirete, R.C. Gomes

A Method for Predicting Pile Bearing Capacity From Dynamic Penetration Tests
F. Schnaid, M.J. Langone

A Preliminary Assessment of the Distribution and Consequences of Natural
and Some Anthropogenic Hazards in Brazil

L.V. Zuquette, O.J. Pejon, R.E. Lima, M. Dantas-Ferreira, V. Guimaraes

Application of Risk Analysis Methods on Tailings Dams
T. Esposito, L.R. Palmier

Performance of In-Line Sediment Control Devices Under Field Conditions
C.P. Cavalhieri, S.J.A.M. Campos, A.L.C.F. Gallardo, O.Y. Bitar

TECHNICAL NOTE

Explicit Numerial Iterative Methods Applied to the Three-Parameter Infiltration Equation

A.L.B. Cavalcante, L.C.S.M. Ozelim, P.K. Swamee, P.N. Rathie

An International Journal of Geotechnical and Geoenvironmental Engineering

21

37

55

67

97

119

129

| "N ‘9€ Wn|oA

SH00Y pUe S|I0S

€10c



