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Letter from the ISRM President

As President of an international society - the International Society for Rock Mechanics - it is a great plea-
sure for me to wish every success to “Soils and Rocks” now that, with Volume 30, the journal has moved to the
new international, all-English language format, i.e. from “Solos e Rochas” to “Soils and Rocks”. As readers of
previous volumes will have been aware, for the first 29 years the articles in this Journal have been almost exclu-
sively in Portuguese for readers in Brazil and Portugal. However, the language change to English will ensure
that the Journal can now build up an international readership base across the world.

Reflecting this ambition, the Editorial Board now contains the names of many international authorities in
the soil and rock subjects. Moreover, the articles in Volume 30, Number 1, are already representative of the
high quality genre of papers which the Editors are targeting.

Based on my experience of editing an international rock mechanics journal, let me predict some of the fu-
ture directions that the scientific papers in the now fully international “Soil and Rocks” journal will take:

e the number of submitted manuscripts will steadily increase as the years go by;

* the mean number of authors per paper will increase (a trend across many journals indicating the steady

increase in collaborative work);

* there will be an increase in the number of manuscripts originating in Asia;

» there will be a shift to website submission and review operations; and

* special subject-thematic issues will become popular.

All these predicted developments will be beneficial to the journal.

Finally, I am really pleased to support an international journal with the title “Soils and Rocks”. Too often,
in teaching and research there is strong emphasis on one specific geo-engineering aspect, when engineers build-
ing structures on or beneath the Earth’s surface have to deal with both soils and rocks, sometimes simulta-
neously. Needless to say, it is not then sufficient to be knowledgeable in one subject area and not the other.
Through the wider subject coverage in this journal, the recipients will be encouraged to absorb information
across the soil-rock spectrum. From my perspective, I for one am looking forward to learning more about soils!

Very best wishes to “Soils and Rocks” for a successful future.

John A Hudson FREng
Emeritus Professor, Imperial College, UK
President ISRM, 2007-2011

Soils and Rocks, Sao Paulo, 30, (2): i-i, May-August, 2007. i
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A Brief History of the Development
of the Hoek-Brown Failure Criterion

Evert Hoek, Paul Marinos

Abstract. The Hoek-Brown failure criterion was developed in the late 1970s to provide input for the design of underground
excavations. Bieniawski’s RMR was originally used to link the criterion to engineering geology input from the field but a more
specific classification system called the Geological Strength Index (GSI) was introduced in 1995. Both the Hoek Brown criterion
and the GSI classification have evolved and continue to evolve to meet new applications and to deal with unusual conditions

encountered by users.

Key words: Hoek-Brown failure criterion, Bieniawski's RMR, geological strength index, rock strength.

1. Introduction

The original Hoek-Brown failure criterion was devel-
oped during the preparation of the book Underground Ex-
cavations in Rock by E. Hoek and E.T. Brown, published in
1980. The criterion was required in order to provide input
information for the design of underground excavations.
Since no suitable methods for estimating rock mass
strength appeared to be available at that time, the efforts
were focussed on developing a dimensionless equation that
could be scaled in relation to geological information. The
original Hoek-Brown equation was neither new nor unique
- an identical equation had been used for describing the fail-
ure of concrete as early as 1936.

The significant contribution that Hoek and Brown
made was to link the equation to geological observations. It
was recognised very early in the development of the crite-
rion that it would have no practical value unless the param-
eters could be estimated from simple geological observa-
tions in the field. The idea of developing a ‘classification’
for this specific purpose was discussed but, since Bie-
niawski’s RMR had been published in 1974 and had gained
popularity with the rock mechanics community, it was de-
cided to use this as the basic vehicle for geological input.

By 1995 it had become increasingly obvious that
Bieniawski’s RMR is difficult to apply to very poor quality
rock masses and it was felt that a system based more
heavily on fundamental geological observations and less on
‘numbers’ was needed. This resulted in the development of
the Geological Strength Index, GSI, which continues to
evolve as the principal vehicle for geological data input for
the Hoek-Brown criterion.

2. Historical Development

1980: Hoek E. & Brown E.T. (1980) Under-
ground Excavations in Rock. Institution of
Mining and Metallurgy, London, 527 pp.

Hoek, E. & Brown, E.T. (1980) Empirical
strength criterion for rock masses. J. Geotech.
Engng Div., 106:GT9, p. 1013-1035.

The original criterion was conceived for use under the
confined conditions surrounding underground excavations
(see Table 1 - Appendix at the end of this paper). The data
upon which some of the original relationships had been
based came from tests on rock mass samples from the Bou-
gainville open pit copper mine in Papua New Guinea. The
rock mass here is very strong andesite (uniaxial compres-
sive strength about 270 MPa) with numerous clean, rough,
unfilled joints. One of the most important sets of data was
from a series of triaxial tests carried out by Professor John
Jaeger at the Australian National University in Canberra.
These tests were on 150 mm diameter samples of heavily
jointed andesite recovered by triple-tube diamond drilling
from one of the exploration adits at Bougainville.

The original criterion, with its bias towards hard rock,
was based upon the assumption that rock mass failure is
controlled by translation and rotation of individual rock
pieces, separated by numerous joint surfaces. Failure of the
intact rock was assumed to play no significant role in the
overall failure process and it was assumed that the joint pat-
tern was ‘chaotic’ so that there are no preferred failure di-
rections and the rock mass can be treated as isotropic.

1983: Hoek, E. (1983) Strength of jointed rock
masses, 23rd. Rankine Lecture. Géotechnique
33:3, p. 187-223.

One of the issues that had been troublesome through-
out the development of the criterion has been the relation-
ship between Hoek-Brown criterion, with the non-linear
parameters m and s, and the Mohr-Coulomb criterion, with
the parameters ¢ and ¢. At that time, practically all software
for soil and rock mechanics was written in terms of the
Mohr-Coulomb criterion and it was necessary to define the
relationship between m and s and ¢ and ¢ in order to allow
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the criterion to be used for to provide input for this soft-
ware.

An exact theoretical solution to this problem (for the
original Hoek-Brown criterion) was developed by Dr John
W. Bray at the Imperial College of Science and Technology
and this solution was first published in the 1983 Rankine
lecture. This publication also expanded on some of the con-
cepts published by Hoek and Brown in 1980 and it repre-
sents the most comprehensive discussion on the original
Hoek-Brown criterion.

1988: Hoek E & Brown E.T. (1988) The Hoek-

Brown failure criterion - A 1988 update. Proc.

15th Canadian Rock Mech. Symp., Curran, J.H.

(ed), University of Toronto, Toronto, pp. 31-38.

By 1988 the criterion was being widely used for a va-
riety of rock engineering problems, including slope stabil-
ity analyses. As pointed out earlier, the criterion was origi-
nally developed for the confined conditions surrounding
underground excavations and it was recognised that it gave
optimistic results for shallow failures in slopes. Conse-
quently, in 1998, the idea of undisturbed and disturbed
masses was introduced to provide a method for downgrad-
ing the properties for near surface rock masses.

This paper also defined a method of using Bie-
niawski’s 1974 RMR classification for estimating the input
parameters. In order to avoid double counting the effects of
groundwater (an effective stress parameter in numerical
analysis) and joint orientation (specific input for structural
analysis), it was suggested that the rating for groundwater
should always be set at 10 (completely dry) and the rating
for joint orientation should always be set to zero (very fa-
vourable). Note that these ratings need to be adjusted in
later versions of Bieniawski’s RMR, for example, use 15
for ground water in the 1989 version.

1990: Hoek, E. (1990) Estimating Mohr-
Coulomb friction and cohesion values from the
Hoek-Brown failure criterion. Intnl. J. Rock
Mech. & Mining Sci. & Geomechanics Ab-
stracts, 12:3, p. 227-229.

This technical note addressed the on-going debate on
the relationship between the Hoek-Brown and the Mohr-
Coulomb criterion. Three different practical situations
were described and it was demonstrated how Bray’s solu-
tion could be applied in each case.

1992: Hoek, E.; Wood, D. & Shah, S. (1992) A
modified Hoek-Brown criterion for jointed rock
masses. Proc. Rock Characterization, Symp. Int.

Soc. Rock Mech.: Eurock ‘92, Hudson, J. (ed),

pp- 209-213.

The use of the Hoek-Brown criterion had now become
widespread and, because of the lack of suitable alternatives,
it was now being used on very poor quality rock masses.
These rock masses differ significantly from the tightly inter-

86

locked hard rock mass model used in the development of the
original criterion. In particular it was felt that the finite ten-
sile strength predicted by the original Hoek-Brown criterion
was too optimistic and that it needed to be revised. Based
upon work carried out by Dr Sandip Shah for his Ph.D thesis
at the University of Toronto, a modified criterion was pro-
posed. This criterion contains a new parameter a that pro-
vides the means for changing the curvature of the failure
envelope, particularly in the very low normal stress range.
Basically, the modified Hoek-Brown criterion forces the
failure envelope to produce zero tensile strength.

1994: Hoek, E. (1994) Strength of rock and rock
masses. [ISRM News Journal, 2:2, p. 4-16.

1995: Hoek, E.; Kaiser, P.K. & Bawden. W.F.
(1995) Support of Underground Excavations in
Hard Rock. Balkema, Rotterdam, 210 pp.

It soon became evident that the modified criterion
was too conservative when used for better quality rock
masses and a ‘generalised’ failure criterion was proposed in
these two publications. This generalised criterion incorpo-
rated both the original and the modified criteria with a
‘switch’ at an RMR value of approximately 25. Hence, for
excellent to fair quality rock masses, the original Hoek-
Brown criterion is used while, for poor and extremely poor
rock masses, the modified criterion (published in 1992)
with zero tensile strength is used.

These publications (which are practically identical)
also introduced the concept of the Geological Strength In-
dex (GSI, see Appendix) as a replacement for Bieniawski’s
RMR. It had become increasingly obvious that Bie-
niawski’s RMR is difficult to apply to very poor quality
rock masses and also that the relationship between RMR
and m and s is no longer linear in these very low ranges. It
was also felt that a system based more heavily on funda-
mental geological observations and less on ‘numbers’ was
needed.

The idea of undisturbed and disturbed rock masses
was dropped and it was left to the user to decide which GSI
value best described the various rock types exposed on a
site. The original disturbed parameters were derived by
simply reducing the strength by one row in the classifica-
tion table. It was felt that this was too arbitrary and it was
decided that it would be preferable to allow the user to de-
cide what sort of disturbance is involved and to allow users
to make their own judgement on how much to reduce the
GSI value to account for the strength loss.

1997: Hoek, E. & Brown, E.T. (1997) Practical

estimates or rock mass strength. Intnl. J. Rock

Mech. & Mining Sci. & Geomechanics Ab-

stracts, 34:8, p. 1165-1186.

This was the most comprehensive paper published to
date and it incorporated all of the refinements described
above. In addition, a new method for estimating the equiva-

Soils and Rocks, Sdo Paulo, 30(2): 85-92, May-August, 2007.
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lent Mohr Coulomb cohesion and friction angle was intro-
duced. In this method the Hoek-Brown criterion is used to
generate a series of values relating axial strength to confin-
ing pressure (or shear strength to normal stress) and these
are treated as the results of a hypothetical large scale in situ
triaxial or shear test. A linear regression method is used to
find the average slope and intercept and these are then
transformed into a cohesive strength ¢ and a friction angle
0.

The most important aspect of this curve fitting pro-
cess is to decide upon the stress range over which the hypo-
thetical in situ ‘tests’ should be carried out. This was deter-
mined experimentally by carrying out a large number of
comparative theoretical studies in which the results of both
surface and underground excavation stability analyses, us-
ing both the Hoek-Brown and Mohr-Coulomb parameters,
were compared.

1998: Hoek, E.; Marinos, P. & Benissi, M.
(1998) Applicability of the Geological Strength
Index (GSI) classification for very weak and
sheared rock masses. The case of the Athens
Schist Formation. Bull. Engg. Geol. Env., 57:2,
p- 151-160.

This paper extends the range of the Geological
Strength Index (GSI) down to 5 to include extremely poor
quality schistose rock masses such as the ‘schist’ encoun-
tered in the excavations for the Athens Metro and the gra-
phitic phyllites encountered in some of the tunnels in Vene-
zuela. This extension to GSI is based largely on the work of
Paul Marinos and Maria Benissi on the Athens Metro. Note
that there were now 2 GSI charts. The first of these, for
better quality rock masses published in 1994 and the new
chart for very poor quality rock masses published in this pa-

per.

2000: Hoek, E. & Marinos, P. (2000) Predicting
Tunnel Squeezing. Tunnels and Tunnelling Inter-
national. Part 1, 32/11, p. 45-51, Part 2, 32/12,
p- 33-36.

This paper introduced an important application of the
Hoek-Brown criterion in the prediction of conditions for
tunnel squeezing, utilising a critical strain concept pro-
posed by Sakurai in 1983.

2000: Marinos, P. & Hoek, E. (2000) From the
geological to the rock mass model: Driving the
Egnatia Highway through difficult geological
conditions, Northern Greece. Proc. 10th Interna-
tional Conference of Italian National Council of
Geologists, Rome, pp. 325-334.

This paper puts more geology into the Hoek-Brown
failure criterion than that which has been available previ-
ously. In particular, the properties of very weak rocks are
addressed in detail for the first time. There is no change in

Soils and Rocks, Sao Paulo, 30(2): 85-92, May-August, 2007.

the mathematical interpretation of the criterion in these pa-
pers.

2000: Hoek, E. & Karzulovic, A. (2000) Rock-

mass properties for surface mines. Hustralid,

W.A.; McCarter M.K. & van Zyl, D.J.A. (eds),

Slope Stability in Surface Mining. Society for

Mining, Metallurgical and Exploration, Littleton,

pp. 59-70.

This paper repeats most of the material contained in
Hoek and Brown, 1997, but adds a discussion on blast dam-
age.

2000: Marinos, P & Hoek, E. (2000) GSI: A geo-
logically friendly tool for rock mass strength esti-
mation. Proc. International Conference on Geo-
technical & Geological Engineering, GeoEng-
2000, Melbourne, Technomic publ., pp. 1422-
1442.

2001: Marinos, P. & Hoek, E. (2001) Estimating

the geotechnical properties of heterogeneous

rock masses such as flysch. Bulletin of the Engi-

neering Geology & the Environment, v. 60,

p. 85-92.

These papers do not add anything significant to the
fundamental concepts of the Hoek-Brown criterion but
they demonstrate how to choose appropriate ranges of GSI
for different rock mass types. In particular, the 2001 paper
on flysch discussed difficult weak and tectonically dis-
turbed materials on the basis of the authors’ experience in
dealing with these rocks in major projects in northern
Greece.

2002: Hoek, E.; Carranza-Torres, C. & Corkum,

B. (2002) Hoek-Brown criterion - 2002 ed. Proc.

NARMS-TAC Conference, Toronto, v. 1,

pp- 267-273.

This paper represents a major re-examination of the
entire Hoek-Brown criterion and includes new derivations
of the relationships between m, s, a and GSI. A new param-
eter D is introduced to deal with blast damage. The relation-
ships between the Mohr-Coulomb and the Hoek-Brown
criteria are examined for slopes and for underground exca-
vations and a set of equations linking the two are presented.
The final relationships were derived by comparing hun-
dreds of tunnel and slope stability analyses in which both
the Hoek-Brown and the Mohr-Coulomb criteria were used
and the best match was found by iteration. A Windows
based program called RocLab was developed to include all
of these new derivations and this program can be down-
loaded (free). A copy of the paper is included with the
download.

2004: Chandler R.J.; De Freitas M.H. & P.G.
Marinos (2004) Geotechnical characterisation of
soils and rocks: A geological perspective. Key-
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note paper in Advances in Geotechnical Engi-

neering, The Skempton Conference, Thomas

Telford, ICE, London, v. 1, pp. 67-102.

A brief contribution on the Geological Strength Index
within a more general paper on engineering geology of
soils and rock.

2005: Marinos, V.; Marinos, P. & Hoek, E.

(2005) The geological Strength index: applica-

tions and limitations. Bull. Eng. Geol. Environ.,

64, p. 55-65.

A discussion on the range of application and the limi-
tations of GSI. General guidelines for the use of GSI are
given.

2005: Hoek, E.; Marinos, P. & Marinos, V.

(2005) Characterization and engineering proper-

ties of tectonically undisturbed but lithologically

varied sedimentary rock masses, International

Journal of Rock Mechanics and Mining Sciences,

v. 42:2,p. 277-285.

A significant paper in which a new GSI chart for
molassic rock masses is introduced. Molasse consists of a
series of tectonically undisturbed sediments of sandstones,
conglomerates, siltstones and marls, produced by the ero-
sion of mountain ranges after the final phase of an orogeny.
They behave as continuous rock masses when they are con-
fined at depth and, even if lithologically heterogeneous, the
bedding planes do not appear as clearly defined discontinu-
ity surfaces. The paper discusses the difference between
these rock masses and the flysch type rocks which have
been severely disturbed by orogenic processes.

2006: Marinos, P.; Hoek, E. & Marinos, V.

(2006) Variability of the engineering properties

of rock masses quantified by the geological

strength index: the case of ophiolites with special

emphasis on tunnelling. Bull. Eng. Geol. Env.,

v. 65:2, p. 129-142.

The paper presents the geological model in which the
ophiolitic complexes develop, their various petrographic
types and their tectonic deformation, mainly due to over-
thrusts. The structure of the various rock masses include all
types from massive strong to sheared weak, while the con-
ditions of discontinuities are in most cases fair to poor or
very poor due to the fact that they are affected by serpen-
tinisation and shearing. Serpentinisation also reduces the
initial intact rock strength. Associated pillow lavas, and
tectonic mélanges are also characterised. A GSI chart for
ophiolitic rock masses is presented.

2006: Hoek, E & Diederichs, M.S. (2006) Empir-

ical estimation of rock mass modulus. Interna-

tional Journal of Rock Mechanics and Mining

Sciences, v. 43, p. 203-215.

While not directly related to the Hoek-Brown failure
criterion, the deformation modulus of a rock mass is an im-
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portant input parameter in any analysis of rock mass behav-
iour that includes deformations. Field tests to determine
this parameter directly are time consuming, expensive and
the reliability of the results of these tests is sometimes ques-
tionable. Consequently, several authors have proposed em-
pirical relationships for estimating the value of rock mass
deformation modulus on the basis of classification sche-
mes. These relationships are reviewed and their limitations
are discussed. Based on data from a large number of in situ
measurements from China and Taiwan, a new relationship
between the deformation modulus and GSI is proposed.
The properties of the intact rock as well as the effects of dis-
turbance due to blast damage and/or stress relaxation are
also included in this new relationship. The program
RocLab has been updated (January 2007) to incorporate the
method proposed by Hoek and Diederichs for estimating
the rock mass deformation modulus.

3. Conclusions and Recommendations

The historical development of the Hoek-Brown fail-
ure criterion and the associated Geological Strength Index
(GS]) has been presented. Evolution of both will continue
in order to accommodate processes such as brittle spalling
and anisotropy and to include a wider range of rock types.
Great care is taken to retain the fundamental components of
the system and to avoid changing “ratings” so that users
need not go back to question or redo previous applications.

A fundamental assumption of the Hoek-Brown crite-
rion is that the rock mass to which it is being applied is ho-
mogeneous and isotropic. It should not be applied to the
analysis of structurally controlled failures in cases such as
hard rock masses where the discontinuity spacing is similar
to the size of the tunnel or slope being analysed and where
the failure processes are clearly anisotropic.

The criterion also assumes that there is contact be-
tween intact rock pieces within the rock masses and it is
these contacts that give rise to the highly non-linear charac-
teristics of the criterion at low confining stresses. Where no
such contact exists, for example when the components of
the rock mass are predominantly soil or clay as in the case
of fault gouges, the use of the Mohr-Coulomb criterion,
with cohesion and friction parameters determined from lab-
oratory tests, is more appropriate.

One of the greatest sources of error in applying the
Hoek-Brown criterion is a misunderstanding of the contri-
bution of the intact rock strength 6, the role of which is al-
most equivalent to GSI in the evaluation of the rock mass
properties. It is very common to see geologists confusing
the intact strength with the rock mass strength and this re-
sults in significant under-estimates of the final rock mass
strength. The authors encourage users to pay particular at-
tention to the intact strength of the rock pieces that make up
the rock mass. Measurement of the intact strength, using di-
rect compression tests or point load tests where appropriate,
should be considered.
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Many engineers have requested that the GSI classifi-
cation should be made more numerical so that in input pa-
rameters can be “measured” from core or rock exposures
rather than estimated from geological observations. The au-
thors and their colleagues have taken note of these request
and work on providing quantitative methods for estimating
GSl is ongoing, without however neglecting the basic geo-
logic logic expressed by the GSI chart.

Many geotechnical software packages can now ac-
commodate the Hoek-Brown criterion directly and, where
this is the case, the exclusive use of the criterion is recom-
mended. All of the necessary parameters can be calculated
by means of the free program RocLab and this avoids the
approximations and uncertainty associated with trying to
determine equivalent Mohr-Coulomb parameters.
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Table 1 - Appendix - Summary of equations

Publication Coverage Equations
Hoek & Brown (1980) Original criterion for jointed hard rock masses tightly 0-’1 = (;; +0, W
interbedded with no fines. Mohr envelope was obtained by
g " , : _ G [ 2
statistical curve fitting to a number of (67,,T) pairs calcu- 0, =—*(m—m +4s)
lated by the method published by Balmer 2 R
G/ .04 are major and minor effective principal stresses at T=A0, (( G; -0,) / c;“,)
failure, respectively , , , , ,
G, is the uniaxial compressive strength of the intact rock G, =0+t ((Gl ~ 0 )/(] +00, /803))
o, is the tensile strength of the rock mass 1= ((5"1 - (5;) |dc} /oo,
m and s are material constants (s = 1 for intact rock) 96’ /9" = 2o ,
o7,,7 are effective normal and shear stresses, respectively. Gl/ G; =mo,; / (6,-63)
Hoek (1983) Original criterion for jointed hard rock masses tightly inter- (5: = G; +0 ,Jm(S; / o +s

locked with no fines with a discussion on anisotropic failure
and an exact solution for the Mohr envelope by Dr J.W.
Bray.

T = (cotd, —cos®))mo,, /8
¢ = arctan(l/\/ 4hcos’0-1)
0=(90 + arctan(l/~#* —1))/3

h=1+16(mc, + 56,,)/(3m’G,,))

Hoek & Brown (1988)

As for Hoek 1983 but with the addition of relationships be-
tween constants m and s and a modified form of RMR in
which the Groundwater rating was assigned a fixed value of
10 and the Adjustment for Joint Orientation was set at 0.
Also a distinction between disturbed and undisturbed rock
masses was introduced together with means of estimating
deformation modulus E (after Serafim and Pereira). Note
that the ground water rating assigned a final value of 15 in
the RMR 1989 version.

Disturbed rock masses:

my, /m; = exp((RMR —100)/14)

s =exp((RMR -100)/ 6)

Undisturbed or interlocking rock masses:

m, /m; = exp((RMR —100)/ 28)

s =exp((RMR —-100)/ 9)

E — 10((RMR— 10)/40)

m,, m, are petrographic constants for broken and in-
tact rock, respectively.

Hoek, Wood & Shah
(1992)

Modified criterion to account for the fact the heavily jointed
rock masses have zero tensile strength. Balmer’s technique
for calculating shear and normal stress pairs was utilised.
Material parameter « is introduced.

0,l = G; + G{i(mbcg/cci )“
o, =, +((0] —0?)/(1+90/95}) )

n

1 =(0] —0})/dc}/dc]

90,/06% =1+ am/ (c,/ c.)“ "

Hoek (1994), Hoek,
Kaiser & Bawden (1995)

Introduction of the Generalised Hoek-Brown criterion, in-
corporating both the original criterion for excellent to fair
quality rock masses and the modified criterion for poor to
very poor quality rock masses with increasing fines content.
The Geological Strength Index GSI was introduced to over-
come the deficiencies in Bieniawski’s RMR for very poor
quality rock masses. The distinction between disturbed and
undisturbed rock masses was dropped on the basis that dis-
turbance is generally induced by engineering activities and
should be allowed for by downgrading the value of GSI.

o, =0, +0,(mo,/c, +5)"
for GSI > 25

m, /m. = exp((GSI —100)/ 28)
s =exp((GSI —-100)/ 9)

a=0.5
for GSI <25
s=0

a=0.65-GSI /200

Hoek, Carranza-Torres
and Corkum (2002)
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A new set of relationships between GSI, m,, s and a is intro-
duced to give a smoother transition between very poor qual-
ity rock masses (GSI 25) and stronger rocks. A disturbance
factor D to account for stress relaxation and blast damage is
also introduced. Equations for the calculation of Mohr Cou-
lomb parameters ¢ and ¢ are introduced for specific ranges
of the confining stress ¢°, for tunnels and slopes.

All of these equations are incorporated into the Windows
program RocLab that can be downloaded from the Internet
site . A copy of the full paper is included with the down-
load.

6, =0,+0,(m0o,/c, +s)

m, = m, exp(GSI —100/ 28 —14D)

s =exp(RMR -100/9-3D)
a=1/2+1/6(e" @ ™"
E,(GPa)=(1-D/2)/c, /1001010

, ya—1
1 6amb(s+mb03n)

0 =sin .
,\a—
2(1+a)(2+a)+6amb(s+mbo'3n )

a-1
Gm.[(l + 2a)s+ (1 7zl)mbcén](x + mbcfin)

¢’ =

(1 +a)2+ a)\/l + (6amy (s + my 0y )l )/(1 Y2+ a

where, for tunnels

—0,94
0% me o’ .
_Sdmax _ 47| —cm - H is the depth below
o’ YH
cm
surface

Soils and Rocks, Sdo Paulo, 30(2): 85-92, May-August, 2007.



A Brief History of the Development of the Hoek-Brown Failure Criterion

for slopes

, , \-0.91
% =0.72| Oen - H is the slope height
o, YH

v is the unit weight of the rock mass.

Hoek and Based on an analysis of a data set from China and Tai-

Diederichs (2006) wan, a new relationship between the rock mass deformation
modulus £ and GSI is proposed. This is based on a sig-
moid function and two forms of the relationship are pre-
sented. The simplified equation depends on GSI and D only
and it should be used with caution, only when no informa-
tion in the intact rock properties are available. The more
comprehensive equation includes the intact rock modulus.
When laboratory data for the modulus are not available a
means of estimating this modulus from the intact rock
strength 6, is given, based on a modulus reduction factor
MR.

a

1 + e—((x—)c(, ) b)

Simplified Hoek and Diederichs equation:
1-D/2
E. (MPa)=100 OOO(1 ! ]
+

Sigmoid function: y =c+

m m
Hoek and Diederichs equation:
E,sz,[o.ou] 1=D/2 J

5D—
+€((60+1 D-GSI)/11)

Estimated intact rock modulus:
E,=MRG,.
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GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)

From the lithology, structure and surface
conditions of the discontinuities, estimate
the average value of GSI. Do not try to
be too precise. Quoting a range from 33

5 >
s | 8| &
» g 5 %'
8 > @
© % £ £
7] [ wn
to 37 is more realistic than stating that 3 ® ® §‘ué; é
GSI = 35. Note that the table does not Z - pe tE| €
apply to structurally controlled failures. a 7 © o> 2]
Where weak planar structural planes are 3 s b B b
present in an unfavourable orientation @ = 2 oz 2
with respect to the excavation face, these ® % g ® ® > ®
will dominate the rock mass behaviour. & o g g s g
The shear strength of surfaces in rocks E c ® > >0 >
that are prone to deterioration as aresult o = g £ 55 55
of changes in moisture content will be g e > o £E <€ £
reduced is water is present. When O 8‘*‘{ £ 3 TE|IETE
working with rocks in the fair to very poor W | 5§ 5 E Dolpzmo
categories, a shift to the right may be < | @ 2 - e 2561225
e L e Q< s |Xgc|>08c<
made for wet conditions. Water pressure o E > 8 = x o ox=|x3%E
is dealt with by effective stress analysis. a g L} 3 nc:) < % 8 %8 g =8
STRUCTURE DECREASING SURFACE QUALITY =>

INTACT OR MASSIVE - intact
rock specimens or massive in
situ rock with few widely spaced
discontinuities

N

4

N/A N/A

/
L
/

60

AL
N/

/ / / /
LAMINATED/SHEARED - Lack 10

of blockiness due to close spacing N/A N/A / /

BLOCKY - well interlocked un-
disturbed rock mass consisting
of cubical blocks formed by three
intersecting discontinuity sets

SR

VERY BLOCKY- interlocked,
partially disturbed mass with
multi-faceted angular blocks
formed by 4 or more joint sets

BLOCKY/DISTURBED/SEAMY
- folded with angular blocks
formed by many intersecting
discontinuity sets. Persistence
of bedding planes or schistosity

DISINTEGRATED - poorly inter-
locked, heavily broken rock mass
with mixture of angular and
rounded rock pieces

NN
NN

N

<——= DECREASING INTERLOCKING OF ROCK PIECES

N

of weak schistosity or shear planes

Geological strength index chart.
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Underground Mining with Backfills
R. Rankine, M. Pacheco, N. Sivakugan

The mining industry worldwide has typically not conducted the development of mines with the overall design objective of a safe,
environmentally sound and aesthetically satisfactory post-operational mine-site. Mine waste has typically not been engineered to
any large degree but has rather been disposed of in the easiest or most cost effective manner with little (if any) regards for the
social and/or environmental consequences. The backfilling of mines is an integral part of the mining process and requires the
same level of attention generally afforded to the more commonly recognised “profit-producing” parts of the operation. The
change in perception of backfilling from an additional cost to mining operations to one of a pre-profit activity will aid the required
advancement in technology required for backfills. Backfilling is required for the continuance and efficiency of mining
operations. Additional benefits include: improved regional and local rock stability through the support provided by the backfill,
reduced costs of building significant tailings disposal structures on the surface, and the reduced environmental impacts by the
underground containment of waste material. All these focus the operation towards the overall design objective of a safe,
environmentally sound and aesthetically satisfactory post-operational mine-site. With these objectives in mind, the purpose of
this paper is to highlight the basic geotechnical issues regarding undergroung mining with backfills, following new developments

by the Australian mining industry.
Key words: paste fill, stope, underground mining.

1. Introduction

Discovery of gold in Minas Gerais in 1693 made
Brazil the leading gold producer then. A brief historical
overview of the mining activities in Brazil was given by
Machado & Figueiroa (2001). The mining sector, with
more than 1400 active mining companies operating in the
country, has an important role to play in the overall econ-
omy of Brazil. Brazil is the world’s leading producer of iron
ore and Latin America’s leading producer of manganese,
aluminium, ferroalloys, tin, gold and steel. The major min-
erals recovered from the Brazilian mines include bauxite,
gold, iron ore, manganese, nickel, phosphates, platinum, tin
and uranium. The states of Minas Gerais (40%), Para
(20%), Sao Paulo (10%), Bahia (8%) and Goids (6%) repre-
sent 84% of the mining Gross Domestic Product (GDP) in
the country. In 2000, the mineral-based industries produced
US$50.5 billion, contributing to 8.5% of GDP. In 2004,
Brazil opened Sossego mine, it is the largest and a world-
class copper mine, in the state of Pard, owned and operated
by Companhia Vale do Rio Doce (CVRD).

Australia, by any standards, is extremely well en-
dowed with most minerals even though it has barely
scratched the surface of its mineral resources. The nation
holds the world’s largest known economic resources of
bauxite, lead, zinc, silver, uranium, industrial diamonds
and mineral sands. The need to ensure the longevity of the
nation’s economic wealth through the proper and efficient
mining operation of mines is then obvious.

South Africa is also particularly rich in mineral re-
sources and is one of the leading raw material exporters in

the world. The main mineral raw materials are gold, dia-
monds, platinum, chromium, vanadium, manganese, iron
ore and coal. These goods make up about 60% of the entire
export. With platinum, manganese, vanadium and chro-
mium, South Africa is number one globally, as far as min-
eral resources as well as the actual mining and export
volumes are concerned. The mining industry in Canada is
strong also. Canada has over 200 producing metal, non-
metal and coal mines over 3,000 stone quarries and gravel
pits. Diamonds, oil sands and uranium are the main export
commodities, with Canada producing over one-third of the
worlds global output of Uranium. Canada also has signifi-
cant mineral deposits of coal, iron ore, nickel, gold and cop-
per. These mines and their economic output accounts for
about four percent of Canadian GDP. The USA have abun-
dant natural resources and are the world’s leading producer
of beryllium, soda ash, molybdenum, phosphate rock and
salt. California is the largest producer of non-fuel minerals
of any US state, producing approximately 10% of the na-
tional mineral product. The concentration of the mining op-
erations located along the western seaboard in Fig. 1 pays
testament to the contribution of the Californian mineral re-
serves.

Since the introduction of favorable mining laws in
Chile in the late 1970’s, it has become a very attractive min-
erals target for a number of large national and international
mining companies including BHP Billiton, Anglo Ameri-
can, Rio Tinto, Placer Dome, Phelps Dodge, Falconbridge,
Barrick Gold, Newmont etc. Chile is the undisputed capital
of mining in Latin America and is the world’s largest cop-
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Figure 1 - World-wide mining and exploration activities (Infomining Inc., 2006).

per producer (approximately 20%) as well as exporting
gold, silver, molybdenum, zinc, manganese and iron ore.
Escondida is the world’s largest copper mine and contrib-
utes 8% of the world’s copper output alone! It is nestled in
the cuprous porphyry ore bodies that occur prolifically in
the high altitudes and harsh environments of the Andean
Cordillera.

Experience gained from the failures of the Ok Tedi
Mine (Papua New Guinea) (Kirsch 1996, 2002; Harper and
Ravi Rajan 2002) and Marcopper Mine (Phillipines)
(UNEP 1996, PDTS 2001), underlines the need to dispose
of mine waste in a safe, stable and economically attractive
manner. This has highlighted the requirement to be able to
accurately predict backfill behaviour and performance. The
empirical relationships and operator experience used in
yesteryear needs to be replaced by the specific engineering
of mine waste. Canada, United States, South Africa, China,
Australia, Brazil and Chile are some of the countries that
are at the forefront of mining and exploration activities, as
shown in Fig. 1. In this paper, a brief description of the
main types of backfill is presented, with emphasis on hy-
draulic fills and paste fills, the most popular backfills used
world-wide.

2. Environmental and Safety Issues

The report of the Tribunal (Davies 1967) appointed to
inquire into the Disaster at Aberfan (Wales) on October
21", 1966 detailed the events leading up to and causes of the
massive tailings slip from the Merthyr Vale Colliery onto
the small mining village of Aberafan, killing 144 people,
116 of whom were school children. The Tribunal was
scathing in its appraisal of the competency of those respon-

94

sible for the stability of the colliery likening them to “moles
being asked about the habits of birds”. Since then the dis-
posal of mine waste has had a great deal more attention paid
to the design and placement of tailings, resulting in a highly
engineered “designer waste” (Jones 2000).

Mining activities generally involve several social and
economical issues. While millions of tons of soil and rock
are removed from the earth’s crust, to extract a very small
fraction of useful minerals, the rest of the waste material
needs to be disposed of. There are strict environmental
guidelines stipulating that the mine site is left in good con-
dition on the completion of the mining operation, with all
the underground voids backfilled, all toxic material dis-
posed in an environmentally friendly manner, the flora and
fauna in the region be protected etc. Mines are required to
allocate significant funds to carry out the mine site rehabili-
tation program, in bringing back the site to a condition sim-
ilar to what was there before.

Upon extraction of minerals from the ore, there is
very large amount of crushed rock, in the form of tailings
that has to be disposed of. The most sensible thing to do is
to send them back to where they came from. i.e., to backfill
the underground voids created in the mining process, using
these tailings. With the specific gravity of the parent rock in
the order of 2.8-4.0 and the dry unit weight of the backfill of
about 15-20 kN/m’, only about little more than 50% can be
placed back into the underground voids. The rest of the tail-
ings have to be sent to the tailings dams or disposed on the
surface. Backfills are placed in stopes, which comprise the
excavated volumetric unit holding approximately the shape
of a rectangular prism, which is subsequently backfilled
with some type of waste material. Therefore, any waste ma-
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terials that are placed into the underground voids (stopes) in
the mine are referred to as backfills or minefills. A sche-
matic diagram of a mine stope with access drains is shown
in Fig. 2. While serving as an effective means for the tail-
ings disposal, the backfilling process improves the stability
of the surroundings, facilitating the mining activities in-
cluding excavation for ore removal in the nearby areas. Not
taking adequate care in the tailing disposal in the under-
ground mine stopes can result in catastrophic accidents that
can include fatalities. Mine accidents are reported world-
wide, and often these are due to the breach of barricades
that prevent fills from flowing into the drives.

3. Main Types of Mine Backfills

In mining engineering, backfill refers to any waste
material that is placed into the voids mined underground
(stopes) for the purposes of either disposal or to perform
some engineering function. Backfills that are used only to
fill the voids created by mining need only to have sufficient
strength to prevent any form of remobilisation through lig-
uefaction, typically caused by dynamic loading. However,
where backfills are used as engineering materials, suffi-
cient strength is required to ensure stability during expo-
sure during ore pillar mining in tall vertical faces or
undercuts, particularly in the case of paste fills or other ce-
mented fills. In addition to the excavated rock, other forms
of backfill are commonly used such as surface placement of
hydraulic fill in a tailings dam or discharge of paste fill
from a reticulation pipe underground, as shown in Fig. 3.

Backfills can be divided into two broad categories,
cemented or uncemented. Cemented backfills generally in-
clude a small dosage of pozzolanic binder such as cement,
fly ash etc. to improve the strength. This includes cemented
rock fills (CRF), cemented aggregate fills (CAF), cemented
hydraulic fills (CHF) and paste fills (PF). The uncemented
aggregate fills can be in the form of hydraulic fills (HF),
rock fills (RF), sand fills (SF) and aggregate fills (AF).
Uncemented backfills, as the name suggests, do not use any

Slurry from

2 -] u
o

Barricade

Acces drive

(b)

Figure 2 - Schematic diagram of a mine stope with access drains:
(a) front view of a stope; (b) possible drain layouts in plan view.
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binding agents mixed in with the filling material. The me-
chanical behavior and performance of uncemented back-
fills can thus be studied using soil mechanics theories.
Hydraulic fills are the most common uncemented backfills
used world-wide. These are sandy silts or silty sands, with
no clay fraction, classified in the Unified Soil Classification
System (USCS) as ML or SM. The fine fraction is removed
by a process known as desliming. Rock fills (RF) are pro-
duced by crushing rock to grain sizes of 25- 300 mm. Mate-
rials finer than 25 mm that has been rejected from RF
production is described as Aggregate Fill (AF).

Cemented backfills incorporate the use of a small
amount of binder material, normally Portland cement, or a
blend of Portland cement with other pozzolans such as
fly-ash, gypsum or blast furnace slag to the parent backfill
material to produce a binding agent for the fill. Cement Hy-
draulic Fill (CHF) is the most common type of cemented
backfill. CHF is produced by the addition of 3-5% cement
to deslimed mill tailings, which have the grain size distribu-
tion very similar to those of hydraulic fills. CHF is the most
similar form of backfill to paste fill with the most signifi-
cant difference being the larger grain size distribution of
CHF when compared to paste fill. Typically in CHF all tail-
ings particles are less than 420 pm and have been deslimed
(Bloss 1992), whereas paste fill utilizes the very fine frac-

(a)

Figure 3 - Various forms of backfill: (a) surface placement of hy-
draulic fill in a tailings dam; (b) discharge of paste fill from a retic-
ulation pipe underground.
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tion of the tailings that provide large specific surface areas
and absorb the excess water within the slurry. The grain
size distribution of paste fills is significantly finer than
CHF and contains a minimum of 15% of particles smaller
than 20 pm.

Cemented rock fills (CRF) are prepared by transport-
ing the rock fills to the stope and mixing with cemented hy-
draulic fills at the ratios of 1:1 to 3:1 (RF:CHF), by weight.
The properties of CRFs vary significantly within the stope
as the two fills segregate during placement. The ratio of
RF:CHF at any location is the dominant factor of the fills
behavior at that point (Bloss 1992). As with CRF, AF are
mixed with CHF at a ratio of approximately 1:3 AF:CHF by
weight. The resulting fill is termed Cemented Aggregate
Fill (CAF). CAF typically suffer from segregation during
placement, and thus properties at any location within a
stope are again dependent on the ratio of AF:CHF at that
point as in the case of CRF (Bloss 1992).

Paste fill is the newest form of mining backfill. It is
produced from the full mill tailings and has a much finer
grain size distribution than any other form of backfill.
Typically it has a minimum of 15% of the material smaller
than 20 wm, and the maximum grain size in paste fill is be-
tween 350-400 um. Hydraulic fills and paste fills, the two
most popular backfills used world-wide, are discussed in
detail below.

4. Hydraulic Fills

Hydraulic fills are granular soils with no clay frac-
tion. The fines are removed through the desliming process
using hydrocyclones. Rankine et al. (2006) and Sivakugan
et al. (2005) summarised the geotechnical characteristics of
the Australian hydraulic fills, based on an extensive labora-
tory testing program carried out at James Cook University
to study more than 25 different hydraulic fills representing
all major mines in Australia. It was shown that the grain
size distributions for all the fills fall into a narrow band, as
shown in Fig. 4. The specific gravity of the grains can be in
the range of 2.8-4.5 due to the presence of heavy metals.
Since the tailings are fresh from the grinding process, the
grains are often very sharp and angular, giving higher fric-
tion angles than those for natural soils. A scanning electron
micrograph of a hydraulic fill sample is shown in Fig. 5,
where the angularities of the grains can be seen. All hydrau-
lic fills, settling only under self-weight, manage to settle to
rather high relative densities of 50-80% and porosities of
37-49%, and to dry density (tf/m’ or gf/cm’) of 0.57 times
the specific gravity or dry unit weight (kN/m’) of 5.7 times
the specific gravity, what is equivalent to dry unit weights
in the range of 12 to 25 kN/m’.

The hydraulic fills are initially transported to the
stope in the form of slurry, through pipe lines and bore
holes, at solid contents of 65-75%, corresponding to
33-54% water contents. The drives are blocked by a barri-
cade wall, made of special porous concrete bricks, which
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Figure 4 - Grain size distribution curves for various hydraulic fills
from Australian mines, Rankine et al. (2006) and Sivakugan et al.
(2005).

Figure 5 - Scanning electron micrograph of a hydraulic fill.

retains the settled fill and allows the water to drain through.
Filling of the stope does not always occur continuously. For
example, depending on the site constraints, the filling
schedule can be 12 h fill and 12 h rest, continued till the
stope is filled. The drainage starts as soon as the filling
commences, and continues for weeks, well after the filling
ends. At the time when the drainage seems to have finished,
the hydraulic fills still have a residual water content, typi-
cally about 20-30%, and this residual water remains within
the fill indefinitely.

4.1. Drainage issues

Drainage is the prime consideration in the design of
hydraulic fill system for a stope. In the absence of good
drainage, pore water pressure builds up and reduces the ef-
fective stresses within the stope, causing liquefaction,
which is one of the prime causes of the barricade failures of
hydraulic fill stopes. Any breach of barricades takes place
when the hydraulic fill is wet and therefore, every attempt
should be taken to get the water out as quickly as possible.
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Several trials are generally carried out to arrive at a
suitable grain size distribution that will give good drainage
characteristics. Herget & de Korompay (1978) suggested
the value of 100 mm/h as the minimum hydraulic conduc-
tivity required for the hydraulic fill in the mine to perform
satisfactorily. Grice (1998) suggested that ensuring D,
value greater than 10 um will ensure adequate drainage
throughout the fill. Nevertheless, more than 25 different
hydraulic fills, tested at James Cook University laboratory
had hydraulic conductivity values in the range of
1-40 mm/h and all these stopes performed satisfactorily.
All these fills had D, values in the order of 10-40 pm, satis-
fying Grice (1998) recommendation. This shows that
Herget & de Korompay’s threshold value of 100 mm/h is
too conservative. Rankine ef al. (2004) measured the hy-
draulic conductivity of the barricade bricks using a unique
permeameter, under one-dimensional flow conditions as in
the barricade wall in the mine. The results showed that the
hydraulic conductivity of the special porous brick is 2-3 or-
ders of magnitude greater than that of the hydraulic fills.
This enables the fill-barricade boundary to be modelled as
free-draining in numerical modelling. The laboratory test
procedures and the apparatuses are discussed by Sivakugan
et al. (2006a).

Isaacs & Carter (1983) developed the first computer
model, for two-dimensional stopes, to simulate the hydrau-
lic filling schedule and to monitor the heights of water and
tailings within the stope, the pore water pressures, and the
discharge through various drains. Rankine et al. (2003) ex-
tended these to three dimensions and showed that, for the
usual stope sizes, two dimension models can simulate satis-
factorily the flow in the central portion of the stope. The
flow nets of stopes with single and multiple sub-level
drains, as obtained by numerical analyses, are shown in
Fig. 6. It can be seen in Fig. 6 b that most of the flow takes
place through the bottom drain, and this has been observed
in the mines. Therefore, for practical purposes, the upper
level drains can be neglected, and the stope can be analysed
with only one drain at the bottom. Sivakugan et al. (2006b)
proposed a simpler model with closed form solutions,
based on the method of fragments (Harr, 1962), to estimate
the maximum pore water pressure and discharge in a two-
dimensional stope with a single drain at the bottom. Re-
search is currently underway to extend this closed form so-
lution to 3-dimensions.

5. Paste Fills

Paste fill falls into the broad category of thickened
tailings, a concept which was introduced by Dr. Eli
Robinsky in the mid 1970’s while describing surface dis-
posal of concentrated tailings using pipeline reticulation
(Robinsky 1975, 1978). However the first true “paste”
backfill was produced at the Bad Grund Mine in Germany
in 1979. Acceptance of paste backfill, as a viable alterna-
tive to hydraulic slurry and rock fill, did not truly occur un-
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Figure 6 - Flow nets in 30 m wide stopes with one and three
drains: (a) single drain; (b) multiple drains.

til the mid 1990’s with the construction and successful op-
eration of several paste backfill systems in Canada and
Cannington Mine in Australia in the late 1990’s.

The definition of “paste backfill” has been one of
great debate since its inception in the late 1980’s. Pri-
marily because a number of different industries were in-
volved in the evolution of paste and the definition which is
adopted by each industry reflects their respective needs
and experiences. In an attempt to unify the various defini-
tions of “paste”, Fig. 7 was devised and is formally recog-
nised by a number of industry experts and academics
(Jewell et al. 2002). It should be noted that the boundaries
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Figure 7 - Concept of thickened tailings continuum (Jewell et al.,
2002).
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between the mediums are not defined at specific levels or
concentrations. Rather they depend on a number of physi-
cal and material characteristics of the tailings materials.
The shaded area represents the backfills that are com-
monly referred to as “thickened tailings”. Thickened tail-
ings are a special case of slurry tailings and tend to show
many similar characteristics to paste. The similarity of
thickened tailings and paste, while moving, is the basis for
thickened tailings being commonly confused with or
wrongly identified as paste. The primary difference be-
tween thickened tailings and paste is that thickened tail-
ings will segregate or settle out once a minimum velocity
is reached. A more detailed description of the characteris-
tics which define the difference between slurry, thickened
tailings and paste is given in Table 1. When referring to
Fig. 7 “thickened tailings” is typically referring to the
shaded portion of the graph.

Paste fill rheology closely conforms to the Bingham
plastic flow model (Rankine 2004), which is strongly non-
Newtonian in its behaviour. Fig. 8 shows a number of fluid
models and plots the change in shear stress that is experi-
enced as a function of the shear rate. Fluids which exhibit

Reology of Newtonian and non-Newtonian fluids
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Figure 8 - Rheological curves for particulate fluids.

Newtonian flow characteristics have no “yield stress” to be
overcome to initiate movement and have a constant viscos-
ity. Viscosity is defined as the rate of rise of shear stress
with the increase in shear rate. Water is an example of a
Newtonian fluid. Fluids exhibiting non-Newtonian charac-
teristics are the Power Law (pseudo plastic and dilatant)
flow and Bingham plastic flow regimes. Pseudo-plastic flu-
ids are characterised by the reduction of the viscosity with

Table 1 - Material properties for thickened tailings continuum (Jones 2000).

Material property

Slurry

Thickened tailings

Paste

Particle size

Pulp density

Flow regimes/ line
velocities

Yield stress
Preparation
Segregation in stope
Drainage from stope
Final density
Supernatant water
Post placement shrinkage
Rehabilitation
Permeability
Application

Water consumption

Reagent recovery

Coarse fraction only. No parti-
cles less than 20 um. Segrega-
tion during transportation and
or placement is dependent only
on the coarse fraction

60%-72%

Critical flow velocity. To main-
tain flow must have turbulent
flow (v >2 m/s). If v <2 m/s
settling occurs. Newtonian flow

No minimum yield stress
Cyclone
Yes/high

Yes

Low

High

High

Delayed
Medium/low
Above ground
High

Low

Some fines included

(typically < 15%), Fines content
tends to modify behaviour from
slurry - i.e. rheological characteris-
tics more similar to paste, however
does segregate when bought to rest.
Segregation during transportation
and or placement is dependent only
on the coarse fraction

70%-T78%

Critical flow velocity. To maintain
flow must have turbulent flow
(v>2m/s). If v <2 m/s partial set-
tling occurs. Newtonian flow

No minimum yield stress
Cyclone end elutriation
Slight/partial
Partial/limited
Medium/high

Some

Insignificant
Immediate

Low

Above ground
Medium

Medium

Additional / most fines (typi-
cally 15%(min) > 20 um

78%-82%

No critical pipeline flow veloc-
ity. i.e. no settling in pipe. Lam-
inar/ plug flow

Minimum yield stress
Filter/ centrifuge
None
None/insignificant
High

None

Insignificant
Immediate

Very low

Above ground and underground
Low

High
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an increased shear rate (shear thinning), whereas the vis-
cosity for dilatant fluids increases with an increased shear
rate (shear thickening).

Bingham plastics exhibit a significant shear stress
that must be overcome before movement (shearing) com-
mences. This value of shear stress is commonly referred to
as “yield stress”. Once shearing has commenced, the vis-
cosity remains approximately linear. The key determinant
of the rheological properties of paste fill is the yield stress
and can be shown to be exponentially proportional to the
solids density of the mix before the effect of cement is real-
ized.

Pullum (2003) suggests that there are effectively two
separate forms of paste: homogeneous and heterogeneous
paste. The heterogeneous pastes satisfy the minimum rule
of thumb of 15% finer than 20 um. However, during trans-
port, Pullum (2003) has shown stratification of paste during
pipe flow with all paste fills with a maximum grain size of
over 20 um. Paste fills with a maximum grain size of under
20 um tend to form homogenous paste fills during both
transportation and deposition.

6. Stress Developement in Backfilled Stopes

The most important issues regarding the stability of
backfilled stopes are the failure of the barricade walls and
the self supporting ability of the fill mass when exposed.

6.1. Failure of the barricade walls

Catastrophic failure of a barricade results in the in-
rush of material into the mine workings, which is com-
monly referred to by miners as a “mud rush” (i.e. liquefac-
tion). Also, the barricade can fail under static loading, when
the paste lateral stress overcomes the barricade yielding
strength. Prior to the curing of the cement, backfill materi-
als have very little self supporting ability. Subsequently,
during the backfilling process, an isotropic stress condition
equal to the product of the fill’s unit weight and gravity de-
velops. As the cement cures, fibrous bonds form between
the fill particles and the shear strength of the fill increases.
The ability of the fill to sustain and transfer loads through
shear stress increases until such time as the cemented fill is
strong enough to support the self weight and any additional
loads placed on top of the fill. At this point in time the verti-
cal shear stresses acting in the stope walls reach the maxi-
mum value, as a result of arching. Accordingly, the vertical
normal stresses at a point within the hydraulic fill stope can
be substantially less than what is estimated as the product of
the depth and unit weight. Therefore, a significant fraction
of the fill weight is carried by the rock walls in the form of
shear stresses. Similarly, arching causes the lateral stress at
the barricade to reach its maximum value when the paste
cures. To ensure structural integrity of the barricade, its ul-
timate strength must be greater than the applied lateral earth
pressures at all times.

Soils and Rocks, Sao Paulo, 30(2): 93-101, May-August, 2007.

6.2. Self supporting ability of the fill mass when
exposed

The backfill must have sufficient strength to prevent
collapse when exposed during the mining sequence, as the
surrounding ore is sequentially removed and the backfill is
unsupported. Static failure is deemed to have occurred
when the principal applied stress is greater than the uncon-
fined compressive strength of the fill mix. This may be con-
servative for the confined fills within the center of the
stope, but provides a reasonable approximation to the fill on
the face of the exposure.

To evaluate the risk associated with either form of
failures, it is necessary to develop a thorough understand-
ing of the stress developments within the minefills. A
closed form solution for estimating the average vertical
normal stress ant any depth within a narrow stope contain-
ing a cohesionless soil was developed originally by Mars-
ton (1930), and later extended by Terzaghi (1943) to
include cohesive soils. The general equation to determine
the average vertical normal stress (G,) at a depth of /2 within
a fill contained in a narrow stope is:

(yB-20)[ 2Kh tand )|
° :2Ktan5|_1_eXp( )J’ M
B in Equ. (1) is the stope width, 7y is the unit weight of the
fill, ¢ is the cohesion at the fill-wall interface, & is the fric-
tion angle between the fill and the wall, and K is the ratio of
horizontal to vertical normal stress. The corresponding hor-
izontal normal stress is given by:

c,=Ko,. 2

Marston (1930) assumed K is the same as Rankine’s
active earth pressure coefficient, and 6 ranging from 0.33 to
0.67 times ¢, where ¢ is the friction angle of the fill.
Terazghi assumed & = ¢, and K = 1/(1+2tan’0), which gives
a slightly higher value for K than the coefficient of earth
pressure at rest K. Aubertin et al. (2003) suggested a wide
range of values for K, from the active to passive earth pres-
sure coefficients. Intuitively, neglecting the yielding of the
rock walls, the coefficient of earth pressure at rest seems
more plausible. Accordingly, Pirapakaran & Sivakugan
(2006) compared the above values with numerical model
predictions, and suggested that = 0.67¢ and K = K, in the
above equations would match numerical predictions and
measured results better. They also extended the above
equations for rectangular and circular stopes, containing
cohesionless fills.

Numerical models appear to be quite effective in pre-
dicting the stress developments within the minefills. The
variation of the vertical normal stress with depth, along the
vertical centre line, as obtained from numerical modeling,
for a 30 m wide very long stope and a 30 m diameter circu-
lar stope of 150 m height is shown in Fig. 9. Pirapakaran &
Sivakugan (2006) compared the vertical stress values
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Figure 9 - Variation of vertical normal stresses along the centre

line of narrow, circular and square stopes (Pirapakaran & Siva-
kugan, 2006).

within a square and circular stope of same dimensions and
found them to be very close. They used numerical, analyti-
cal and laboratory model tests to demonstrate this point.

7. Summary and Conclusions

The use of backfills in underground mining has be-
come a more critical issue in the modern era of the “re-
source boom”. Increased commodity prices and production
demands have increased mining rates and required filling
rates to record levels. Backfill technology has more capital
investment focused into it now than ever before. To ensure
that backfilling carried out in underground mines is con-
ducted in a technically proficient and economically attrac-
tive manner, a review of the current practice was deemed
appropriate, in addition to a brief review of the mining in-
dustry in the wider global sense. In addition to this the over-
all environmental and safety issues in relation to backfilling
were reviewed, highlighting the need to learn from histori-
cal events.

A variety of backfill types were reviewed and specific
focus placed on the two most popular forms of backfill: hy-
draulic and paste fill. Both were reviewed and the critical
issues of stability, drainage, and rheology identified for the
hydraulic and paste fills respectively.

The vertical stress development in the fill masses was
investigated in relation to the stability of backfill barricades
and the static stability of backfilled stopes when exposed.
The current analytical solutions were compared against nu-
merical modelling techniques which were found to be an
effective means of predicting vertical stress within a back-
fill stope.
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Lateritic Soil and Bentonite Mixtures Assessment
for Liner Usage Purpose

Magali Kenya Farnezi, Adilson do Lago Leite

Abstract. Among all the constructive elements in waste containment systems, base liner may be the one of greatest concern. In
Brazil, the use of compacted lateritic soils for this purpose is widely accepted due to their wide occurrence. While they usually
achieve compaction and strength requirements, sometimes they may need some improvement in terms of hydraulic conductivity
and reactivity to contaminants. This paper describes a laboratory assessment of two mixtures of a lateritic soil and bentonite for
liner usage purpose. Laboratory tests included geotechnical, mineralogical and physicochemical characterization, hydraulic
conductivity determination in compacted samples and modified Atterberg Limits and grain-size distribution analysis. These two
last tests were intended to evaluate the compatibility between the soil and different chemical solutions. The characterization tests
showed that the clay content of the mixtures decreased and the plasticity and activity increased relative to the natural soil sample.
The hydraulic conductivity of the compacted mixtures decreased two to four times when compared to the compacted natural soil.
The results also have demonstrated that the addition of bentonite in the proportions used in the tests increased the compatibility of

the natural soil.

Key words: hydraulic conductivity, compatibility, lateritic soil, liner.

1. Introduction

Liner systems play a major role in waste containment
facilities such as sanitary and industrial landfills and waste
ponds. They are intended to reduce infiltration and attenu-
ate the effect of contaminant solutions by means of sorp-
tion, filtration, redox reactions and other processes.
Compacted clayey liners (CCL) are widely accepted as one
of the main components of these systems (Daniel & Koer-
ner, 1995; Rowe et al., 1995; Bouazza & Van Impe, 1998;
Rowe, 2001), and are routinely applied along with geo-
synthetics and other materials.

Lateritic soils are widely used for liner construction
in Brazil and other tropical countries. However, while they
usually achieve compaction and strength requirements,
sometimes they may not attend the required low hydraulic
conductivity and high sorption parameters of CCL’s (cat-
ion exchange capacity-CEC, for instance). Their peculiar
mineral constitution, mainly quartz, kaolinite and Fe-Al
oxides/hydroxides, is the major responsible for that.

In this way, because of its intense swelling and CEC
properties, bentonite seems to be a good alternative, at least
theoretically, as an addictive material to improve lateritic
soils for liner usage purpose. The swelling property of ben-
tonite when hydrated would seal the pore space between
grains, reducing the hydraulic conductivity. Additionally,
an increase in the CEC of the soil would be also achieved.

As pointed out by Schackelford (1994), besides the
mechanical and the contaminant transport requirements,
other important issue that must be addressed for choosing

suitable CCL materials is the clay/waste interaction, which
is called liner compatibility. A good compatibility means
that no significant changes will take place when the liner
material is exposed to waste solutions (organic or inor-
ganic).

An extensive literature review has revealed that all
the issues aforementioned have been individually ad-
dressed in many papers. For instance, Boscov et al.
(1999a,b), Leite & Paraguassi (1999a,b), Leite &
Paraguasst (2002) and Leite et al. (2003) researched on the
contaminant transport through lateritic soils. Other papers
such as Matos et al. (1999 and 2000), Fontes et al. (2000),
Sarkar et al. (2000), Gomes et al. (2001), Goldberg et al.
(2001), Saha et al. (2001 and 2002) and Grubb & Hemsi
(2002) deal exclusively with heavy metal mobility in
lateritic soils and pure oxides-hydroxides samples. In turn,
the research by Bowders (1985), Bowders & Daniel (1987)
and Foreman & Daniel (1984) investigate the interactions
of different contaminant solutions with distinct soil sam-
ples and the geotechnical response to those interactions.
Finally, the papers by Anderson & Hee (1995) and Osinubi
& Nwaiwu (2002) deal with geotechnical issues of mix-
tures of lateritic soils and bentonite for liner usage purpose.

The aforementioned review has showed no investiga-
tions on hydraulic conductivity and compatibility issues to-
gether, and this lack is even accentuated when mixtures of
lateritic soils and bentonite are included. Shackelford
(1994) stressed the importance of the compatibility investi-
gation for liner construction.
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This paper describes a combined investigation on the
hydraulic conductivity and compatibility of a lateritic soil
and its mixtures with two different proportions of bentonite
(3 and 6%, dry weight basis). The hydraulic conductivity
was assessed by percolating water in compacted samples
using rigid wall permeameters and the compatibility was
investigated using modified Atterbeg limits and grain size
analysis, both tests using water and different chemical solu-
tions.

2. Material and Methods

2.1. Sampling and sample preparation

Disturbed samples were extracted from a site near the
city of Ouro Preto, state of Minas Gerais, Brazil. In place, it
is a very clayey dark red oxisoil, which means that ad-
vanced laterization processes took place in its formation.

For the soil properties determination and compatibil-
ity tests, the samples were prepared according to the stan-
dard ABNT-NBR6457 (1986) and Nogueira (1995), which
basically consists of air drying at room temperature, ho-
mogenization, sample reduction and sieving. These sam-
ples are called here as SN.

The bentonite sample (BK), in turn, is commercially
available. According to the vendor, it came from the city of
Boa Vista, Paraiba, Brazil. Santos (1989) and Rodrigues et
al. (2004) mentioned that most of the bentonite from this
city is treated with concentrated sodium chloride solutions
in order to improve their swelling characteristics. More
properties of this sample can be found in the item Results
and Discussion - Sample Properties.

The proportions of soil and bentonite used in the mix-
tures (M3 and M6 samples) were chosen based on the val-
ues from Anderson & Hee (1995). They are as follows (dry
weight basis):

* M3 Sample = 97% soil (SN sample) + 3% bentonite
(BK sample)

* M6 Sample = 94% soil (SN sample) + 6% bentonite
(BK sample)

The samples used in the hydraulic conductivity tests
were dynamically compacted under Normal Proctor en-
ergy, at moisture contents from 2 to 4% wet of optimum.
After compaction, cylindrical samples were molded with
dimensions of 5 cm in diameter and 12 cm height.

2.2. Sample properties determination

The references used to determine the sample proper-
ties are presented in Table 1. Most of these properties were
determined by conventional and standardized tests usually
applied in geotechnical engineering. Some of them, how-
ever, are not routinely found in geotechnical laboratories or
are more related to geology and pedology. These last tests
deserve more details, as given in the paragraphs below.

Free swell tests, as given by Acar & Olivieri (1989),
consists of pouring 10 cm’ of dry soil into a 100 cm” gradu-
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ated cylinder, which is after filled with destilled-deionized
water. After a 24-hour period of rest, the free swelling in-
dex (S) can be obtained according to Eq. (1).

Vf
S(%) =100 (1

i

where V,is the initial volume of the sediment column inside
the graduated cylinder and V, is its final volume after
swelling.

The pH and electrical conductivity (EC) were deter-
mined based on Camargo et al. (1986). The pH was directly
measured in a suspension of 1:2.5 (soil:solution ratio). EC
was measured in the water extract obtained from a 1:1
(soil:solution) suspension.

The cation exchange capacity (CEC) and the specific
surface (SS) can be estimated from the blue dye adsorption
test (filter paper spot test). According to Pejon (1992), the
methylene blue (C,;H ,N,SCI-3H,0) is a strong dye which
adsorbs on the mineral surface via cation exchange. The
amount of adsorbed blue dye is directly proportional to the
CEC and SS of the soil sample when the adsorption satura-
tion is spotted on a filter paper. This test was executed in the
soil sample (2 to 4 g, dry weight) that passed through the
10 mm sieve.

The mineral composition of the fine fraction (passing
in sieve 0,075 mm) of SN and BK samples was estimated
by X-ray diffraction techniques. For that, oriented thin
glass sections were elaborated by sedimentation. In turn,
two of these thin sections were saturated in ethylene-glycol
gas and in KCl solution. The X-ray conditions were: cupper

Table 1 - References used in sample characterization.

Test Reference

Physical characterization
- Grain-size analysis

- Liquid limit - ,

- Plastic limit - @,

- Activity - A

ABNT-NBR7181(1984)
ABNT-NBR6459 (1984)
ABNT-NBR7180 (1984)
Skempton (1953), cited in
Michell (1993)
ABNT-NBR6508 (1984)
ABNT-NBR7182 (1986)

- Specific gravity of solids - G,

- Compaction (normal proctor)

- Optimum moisture content - w,,
- Maximum dry unit weight - p
- Free swelling test - S

dmax

Acar & Olivieri (1989)

Physicochemical characterization

- pH determination (H,0) Camargo et al. (1986)

- pH determination (KCl) Idem

- Electrical Conductivity Idem

- Blue metilene adsorption test Pejon (1992)

- Cation exchange capacity

- Specific Surface

Mineralogical evaluation

- X-ray diffraction Brown & Brindley (1984)
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tube, velocity of 1 to 2° per second and angles from 2 to
70°.

2.3. Hydraulic conductivity tests

The hydraulic conductivities (k) of SN, M3 and M6
samples were estimated according to the standard ABNT -
NBR14545 (2000). The BK sample was not tested because
of operational reasons, since bentonite is well known to be
difficult to percolate. Anyway, k values of less than 10"
ms" were expected for this sample when compacted.

Figure 1 depicts the permeability cell used for the
tests. The main details of this cell are as follows:

* Course grained sand and filter paper (high drainage)
were used at the top and base of the soil sample as protec-
tion filters;

 Use of wet bentonite (BK sample) to seal the void
between the compacted soil sample and the permeability
cell wall so as to reduce the “wall effect’;

* Use of paraffin at the top and base of the bentonite
seal, surrounding the soil sample, in order to prevent the
contact between the bentonite and the sand layer.

Test procedures basically involve soil sample satura-
tion and percolation at variable head conditions.

The saturation process was performed by connecting
the water tube to the base water port of the permeability cell
(see Fig. 1). In this way water would percolate from the bot-
tom to the top of soil sample, making it easier to eliminate
the air bubbles trapped in the soil. The air vent (see Fig. 1)
was used throughout the saturation time. Full saturation
was considered when water popped up at the top water port.
This process usually lasted between a month and half.

It is believed that no “wall effect” or other preferen-
tial flow way took place at the permeability cell because of
the sealing capacity provided by the swelled bentonite and
paraffin together (see Fig. 1). Anyway, the use of flexible
wall permeameter is suggested in the future. The referred
preferential ways are not expected in this type of test. An-

Screw

O’ring

derson & Hee (1995) performed several tests on a flexible
wall permeameter under confining pressures of 10, 50 and
100 kPa and they found reasonable results.

After saturation, percolation and water level mea-
sures (falling head condittions) usually lasted for a week.
The hydraulic gradients used in the tests are presented in
Table 2, where it can be seen that the maximum gradient
did not reach more than 1.84. These low gradient values
were intended to prevent any sample disturbance and con-
sequent leaks. A total of 7 hydraulic conductivity tests were
performed, 3 for SN sample, 2 for M6 sample and 2 for M3
sample.

2.4. Compatibility tests

Schakelford (1994) mentioned two types of labora-
tory tests for estimating the compatibility between soil
samples and different chemical solutions: (1) modified in-
dex properties and (2) percolation tests.

Type-1 test gives only a qualitative indication of pos-
sible changes on soil behavior when it is exposed to differ-
ent chemical solutions. The compatibility is evaluated by
comparing the results from conventional tests using water
with the results from the tests in which other fluids are ap-
plied. This type of tests were applied by Bowders (1985),
Bowders & Daniel (1987), Acar & Olivieri (1989) and oth-
ers.

It is introduced here the so called Plastic Incompati-
bility Index (/C), defined in Eq. (2). This parameter di-
rectly indicates the incompatibility of the soil to different

Table 2 - Hydraulic gradients used in tests.

Sample Minimum value ~ Maximum value  Average
SN 0.42 1.84 1.14
M3 0.20 0.63 0.39
M6 0.01 0.64 0.16
. q Water port
Venting port \f
O’ring
Sand

1 -
~—— Paraftin

Soil sample

Bentonite
Paraftin

\\_\ O’ring
Paper filter

Water entrance

Figure 1 - Schematic of the permeability cell used in the hydraulic conductivity tests.
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fluids in terms of plasticity. From Eq. (2) it can be inferred
that the higher the /C, value, the higher the incompatibility
of the soil with the percolating fluid compared with water.
Additionally, positive values of /C, indicate a reduction in
the plasticity of sample with the fluid in relation to water
and vice-versa.

I -1

"17‘” x 100 )

pw

IC (%) =

where I, means the plasticity index with water and 1, the

pw

plasticity index with the analyzed fluid.

Type-2 test directly measure the changes in hydraulic
conductivity induced by percolating the chemical solutions
through the soil. By comparing the k value obtained with
percolation of water (k,) and other fluids (k,), the compati-
bility is directly evaluated using the relative hydraulic con-
ductivity index (k,), as can be seen in Eq. (3). This type of
test was used by Fernandez & Quigley (1985), Foreman &
Daniel (1986), Bowders & Daniel (1987), Fernandes &
Quigley (1988), Acar & Olivieri (1989), Budhu et al.
(1991) and others.

K,

K, =%

3

In the present study, type-1 tests were performed
through modified Atterberg limits and grain-size distribu-
tion analysis.

The modified Atterberg limits, plastic limit (®,) and
liquid limit (®,), were determined with water and six differ-
ent solutions: Sodium Chloride-NaCl (1000 mgL"); So-
dium Hydroxide-NaOH (pH = 9 and pH = 11); Nitric
Acid-HNO, (pH = 3 and pH = 5) and pure Toluene. Excep-
tion made to Toluene, the same solutions were applied to
modified grain-size distribution analysis.

These different chemical solutions have been chosen
considering four specific and extreme environments:
acidic, alkaline, salty and pure organic with low dielectric
constant. These conditions would represent some of the
most “aggressive” environments that liners could be ex-
posed in waste containment facilities, exception made to ra-
dioactive and high temperature conditions.

Procedures for Atterberg Limits determination fol-
lowed the standards ABNT-NBR6459 (1984) and
ABNT-NBR7180 (1984). In modified grain-size distribu-
tion analysis the hydrometer test was performed in three
ways: (1) using a solution of water+defloculant (Sodium
Hexametaphosfate), a conventional procedure that is indi-
cated in the standard ABNT-NBR 7181 (1984); (2) using
only water and (3) using the chemical solutions aforemen-
tioned, except the Toluene. Procedure (2) was intended to
better evaluate the effect of the defloculant solution, so-
dium hexametafosfate-45,7 gL'l + sodium carbonate-pH 8
to 9 (ABNT-NBR7181, 1984). Procedure (3), in turn, in-
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tended to assess the effect of the chemical solutions in the
grain-size fractions.

3. Results and Discussions

3.1. Sample properties

Table 3 presents the geotechnical properties of the
samples. It must be emphasized that the grain-size distribu-
tion presented in this table was determined using method
(1) aforementioned.

It can be seen from Table 3 that the clay fractions in
M3 and M6 samples are smaller than in SN sample. This re-
sult was not expected since bentonite (BK samples) was
mixed with M3 and M6 samples, which theoretically would
lead to an increase in clay fraction of the sample. On the
other hand, the silt and fine sand fractions in M3 and M6
samples are bigger than in the SN sample. These facts con-
duct to the conclusion that the clay provided by the benton-
ite addition aggregates the SN grains, leading to bigger silt
and sand fractions.

As it was expected, ®, 0, and activity of M3 and M6
samples considerably increased compared to the SN sam-
ple. This is due to the higher specific surface of bentonite,
which hold more water and increased the plasticity of the
SN sample. In terms of compaction, w,, slightly increased
for the M3 and M6 samples compared to the SN sample. On
the other hand, the maximum dry unit weight decreased
with bentonite addition.

It is interesting to observe that M3 and M6 samples
are classified as CH (high plasticity inorganic clays), ac-
cording to Unified Classification System. In turn, SN sam-
ple is CL (low plasticity inorganic clays), which also shows
the effect of bentonite addition in SN sample.

Table 4 depicts the grain-size fractions obtained using
procedure-(2) test, as described in Materials and Methods
item.

From Tables 3 and 4 it can be seen that all the frac-
tions but clay and silt (M6 sample) have increased and that
the coarse sand fraction has experimented the biggest in-
crease. This increase was expected since there was no
deflocculant solution. Therefore it is concluded that this so-
lution was effective in dispersing grains in hydrometer test.

Table 5 presents some of the physicochemical proper-
ties of the samples. It is observed that:(1) the SN sample
was acidic in water with positive ApH. This was expected
because of the high laterization of this sample; (2) the BK
sample was quite alkaline in water and KCI and this fact in-
creased the pH of M3 and M6 samples; (3) ApH was nega-
tive for M3, M6 and BK samples as was expected since
bentonite have predominantly permanent and negative sur-
face charge; (4) the EC of BK sample was quite high, which
demonstrates the high salinity of this sample; (5) the differ-
ences between CEC and SS values between SN and M3-M6
samples are significant, which shows the expressive contri-
bution of the BK sample in these mixtures.
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Table 3 - Sample properties.

Property Sample

SN BK M3 M6
Grain-size distribution'
Clay (¢ < 0,002 mm) (%) 44 85 30 29
Silt (0,002 < ¢ < 0,06 mm) (%) 26 11 34 39
Fine sand (0,06 < » <02 mm) (%) 16 3 22 19
Median sand (0,2 < ¢ < 0,6 mm) (%) 1; 1 1; 9
Coarse sand (0,6 < ¢ <2 mm) EZO; 0 8 | ?
Gravel (¢ >2 mm) ’
Liquid limit - o, (%) 32.30 494.12 55.20 58.80
Plastic limit - ®, (%) 20.05 93.84 26.15 26.69
Plastic index - [, (%) 12.25 400.28 29.05 32.11
Activity - A 0.28 4.71 0.97 1.11
Specific gravity of solids (G,) 3.166 3.075 3.047 2.834
Optimum moisture content - w, (%) 20.5 NR’ 23.7 22.6
Maximum dry unit weight - p, ~ (g/cm’) 1.85 NR 1.68 1.62
Free swelling index - S (%) NR 162 NR NR
Unified classification (SUCS) CL CH CH CH

'Grain-size scale of the Massachusetts Institute of Technology - MIT. *No results.

Table 4 - Grain-size fractions of the samples without using a
deflocculant solution.

Sample Fraction (%)
Clay Silt Fine Medium Coarse Gravel
sand sand sand
SN 10 38 26 18 6 2
M3 8 40 27 17 6 2
M6 11 35 25 19 8 2
BK 61 32 7 0 0 0

Concluding, X-ray diffraction results have showed
the following composition for the SN sample: kaolinite
(dominant), gibbsite, goetite and hematite. This composi-
tion is typical for lateritic soils. In turn, the BK sample
showed predominantly smectite, some kaolinite, quartz and
mica.

3.2. Hydraulic conductivity tests

The hydraulic conductivity tests for SN, M3 and M6
samples (Table 6) shows that k values ranged from the or-
der of 10” to 10" ms™.

The effect of bentonite addition is evidenced by the
reduction in the average k-value of M3 and M6 samples in
respect to the SN sample. This reduction was more expres-
sive for M6 sample in comparison to M3 sample. In fact,
the reduction in the average k value of M3 sample com-
pared to SN sample is not so significant, considering all the
possible experimental variability.

3.3. Compatibility tests

The results of modified Atterberg limits are presented
in Tables 7 and 8, including statistical parameters and the
incompatibility index (/C)) values (see Eq. (2)).

From Tables 7 and 8 it can be seen that the plasticity

index coefficient of variation followed this order:
Table 5 - Physicochemical properties of the samples.
Property Sample
SN BK M3 M6
pH (H,0) (1: 2.5 soil:solution ratio) 5.09 10.43 6.94 8.11
pH (KCI) (1: 2.5 soil:solution ratio) 5.39 9.40 5.66 3.23
ApH (pH KCI - pH H,0) +0.30 -1.03 -1.28 -4.88
Electrical conductivity - EC (mScm™) 0.08 2.37 0.85 1.42
Cation exchance capacity - CEC (cmol kg") 0.85 53.13 33 7.06
Specific surface - SS (m’g") 6.64  414.88 25.73 55.08
107
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SN = M3 > M6 > BK, which indicates greater homogeneity
for M6 and BK samples. It is considered that more variabil-
ity of data indicates more incompatibility of the samples,
thus in this case M6 and BK samples are more compatible
than SN and M3 in terms of plasticity.

Table 6 - Hydraulic conductivity results.

Test k (ms™)

SN sample M3 sample M6 sample
1 5.06x 10° 1.48x 10" 423x 10"
2 1.30 x 10” 1.30 x 10” 7.49x 10"
3 3.20x 10° — —
Average 3.18x 10” 1.39x 10”° 5.86x 10"

The following observations can be deduced from the
IC, values exhibited on Tables 7 and 8: (1) the plasticity of
all samples decreased with fluids other than water, excep-
tion made to the tests with M3 sample (HNO,, pH5) and BK
sample (NaCl, HNO,, pH3; NaOH, pH9); (2) the biggest
IC, values were registered for samples SN (NaCl) and M3
(NaOH, pHY) and the smallest for samples BK (HNO,,
pH5) and M3 (NaOH, pH11); (3) an overall observation
clearly indicates smaller /C, values for M6 and BK sam-
ples, which leads to the conclusion that these samples are
more compatible with the fluids being tested than SN and
M3 samples.

It is worth to point out that when toluene was used
samples did not offer any plasticity. Similar results where
reported by Acar & Olivieri (1989), who observed a signifi-
cant decrease in the plasticity of montmorilonitic clays

Table 7 - Modified Atterberg Limits results for SN and BK samples.

Fluid Atterberg limits
SN sample BK sample

o, (%) o, (%) 1, (%) ICp (%) ®, (%) o, (%) 1, (%) ICp (%)
Water 323 20.1 12.3 - 264.1 71.7 192.4 -
NaCl 30.5 25.8 4.7 61.6 270.2 65.0 205.2 -6.7
HNO, - pH 3 34.2 24.7 9.5 224 266.7 50.7 216.0 -12.3
HNO, -pH 5 342 26.6 7.5 38.5 2472 56.0 191.2 0.6
NaOH - pH 9 339 27.1 6.8 44.5 273.7 64.1 209.6 -8.9
NaOH - pH 11 323 25.5 6.8 44.5 250.6 62.5 188.1 22
Toluene NP NP NP - NP NP NP -
Average 329 25.0 7.9 - 262.1 61.7 200.4 -
Standard deviation 1.34 23 24 - 9.8 6.7 10.4 -
Variation coefficient (%) 4.08 9.34 30.14 - 3.75 10.88 5.19 -
NP - Non plastic.
Table 8 - Modified Atterberg Limits results for M3 and M6 samples.
Fluid Atterberg limits

M3 sample M6 sample

o, (%) o, (%) 1, (%) ICp (%) o, (%) o, (%) 1, (%) 1Cp (%)
Water 54.2 26.6 27.6 - 60.6 29.1 31.5 -
NaCl 46.1 30.1 16.0 42.0 59.7 35.7 24.0 23.8
HNO, - pH 3 48.8 24.3 24.5 11.3 51.2 23.6 27.6 12.3
HNO3 - pH 5 57.5 259 31.6 -14.6 50.0 28.0 22.0 30.1
NaOH - pH 9 40.3 29.0 11.3 59.1 55.9 29.6 26.3 16.5
NaOH - pH 11 56.7 29.6 27.1 1.8 51.4 22.5 28.9 8.3
Toluene NP NP NP - NP NP NP -
Average 50.6 27.6 23.0 - 54.8 28.1 26.7 -
Standard deviation 6.2 2.1 7.1 - 4.2 4.3 3.1 -
Variation coefficient (%) 12.17 7.67 30.74 - 7.68 15.45 11.65 -

NP - Non plastic.
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when in contact with organic fluids of low dieletric con-
stant relative to water. Toluene, in turn, presents a dieletric
constant of 2.4.

Bar diagrams were made using the data from Tables 7
and 8 in order to identify possible trends, as shown in Fig. 2.
Itis observed that /, decreases for high pH values in the case
of SN sample (Fig. 2a). This trend was not observed for M3
and M6 samples, where ®,, o, and I oscillate with the pH
increasing (Figs. 2b and 2c). Figure 2d clearly shows that
BK sample offers the smallest variation in Atterberg limits
relative to the other samples. At the same time, a very small
increase in @, with increasing pH is observed for this last
sample.

It is expected that in the field scale the variation in the
plasticity indicated on Fig. 2 can lead to modifications on
the hydraulic and strength performance of the base liner un-
der the influence of the disposed fluid. This variation is
probably associated with flocculation and/or dispersion of
the soil grains and peds.

Figures 3 to 6 present bar diagrams for the grain-size
fractions (%) obtained using different solutions in the mod-
ified hydrometer tests.

It is clear from all these figures that the clay fraction
significantly decreases in the absence of the deflocculant
solution for all samples. At the same time, the silt and sand
fractions increase, which indicates that the flocculated soil
(peds) are included in these specific fractions.

The clay fraction was absent in SN, M3 and M6 sam-
ples when the NaCl salt was used. When comparing this re-
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Figure 3 - Grain-size fractions of SN sample exposed to different
fluids.
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Figure 4 - Grain-size fractions of M3 sample exposed to different
fluids.
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Figure 2 - Atterberg limits using different fluids: (a) SN sample; (b) M3 sample; (¢) M6 sample and (d) BK sample.
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Figure 5 - Grain-size fractions of M6 sample exposed to different
fluids.
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Figure 6 - Grain-size fractions of BK sample exposed to different
fluids.

sult with the clay fraction obtained using a solution without
deflocculant, it can be concluded that NaCl acted as a
flocculant agent. In turn, the clay fraction of BK sample did
not change with the use of NaCl, but the silt and sand frac-
tions experimented some variation.

The evaluation of the grain-size distribution for dif-
ferent pH conditions reveals that no specific trends exist for
SN, M3 and BK samples. On the other hand, for M6 sample
the fine sand fraction decreases as the pH increases. It is
worth to point out that for this sample the fine sand fraction
achieved its maximum (45%) at pH = 3 compared to all
samples and solutions.

Finally, no medium/coarse sand nor gravel were ob-
served in BK sample for all the solutions being tested.

4. Conclusions

In a general way the following conclusions can be
stated with respect to the changes in the characteristics of
the natural soil sample (SN) when mixed with bentonite
(M3 and M6 samples):

(1) The clay fraction of the mixtures decreased rela-
tive to the natural soil and this is probably due to the “ce-
ment” effect of the bentonite among the SN grains;
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(2) As was expected, the presence of bentonite has led
to a significant increase in the plasticity of the natural soil;

(3) As was expected, this increase in plasticity has led
to a decrease in the maximum dry unit weight obtained un-
der Proctor energy of compaction;

(4) The physical-chemical parameters such as pH,
electrical conductivity, cation exchange capacity and spe-
cific surface experimented significant changes;

The hydraulic conductivity of the compacted mix-
tures decreased two to four times when compared to the
compacted natural soil. A greater reduction was expected
for these mixtures since the bentonite used in the tests is
quite swelling.

In terms of compatibility, the results have demon-
strated that the greatest changes in the plasticity and grain-
size distribution due to the contact with different chemical
solutions occurred for SN and M3 samples. These changes
may lead to structural modifications in the compacted soil,
which may affect its overall performance as liner. On the
other hand, M6 and BK samples have shown to be more
compatible than SN and M3 samples, which leads to the
conclusion that the addition of bentonite in the proportions
used in the tests improves the compatibility of the natural
soil.

From a perspective of using these mixtures for base
liner purposes, it is concluded that the addition of bentonite
to lateritic soils brings more activity and compatibility,
which may be good in terms of contaminant retention and
interaction. Additionally, the influence of the bentonite on
the reduction of the hydraulic conductivity was non-linear.

It must be pointed out that the results and conclusions
presented here are preliminary and more research on this
subject is needed. It is suggested more laboratory tests us-
ing different lateritic soils and their direct permeation with
different chemical solutions and waste liquids using flexi-
ble wall permeameters. Likewise, the structural changes
due to bentonite addition deserve more investigation.
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Symbols

A: activity

BK: bentonite sample

CCL: compacted clay liner

EC: electrical conductivity

CEC: cation exchange capacity

G,: specific gravity of solids

k: hydraulic conductivity

k, relative hydraulic conductivity

k, : hydraulic conductivity with a different fluid
k,: hydraulic conductivity with water

ICp: incompatibility index

,: liquid limit

1, plasticity index

I, - plasticity index using water

I, plasticity index using a different fluid

,: plastic limit

M3: SN sample with 3% of bentonite (dry weight basis)
M6: SN sample with 6% of bentonite (dry weight basis)
pH: potential hydrogen

S: free swelling index

SN: natural soil sample

SS: specific surface

w,: optimum moisture content

P imer: Maximum dry unit weight

V, : final volume of sediment column

V: initial volume of sediment column
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Dynamic Plate Load Tests

Luciene S. de Moraes, José Carlos A. Cintra, Nelson Aoki

Abstract. Dynamic load test is often used for bearing capacity evaluation of driven pile foundation. It is also reported the
successful use of this test in bored piles and caissons. This research is mainly concerned with the adaptation, performance and
interpretation of the dynamic load test in circular steel plate aiming at the verification of the bearing capacity of shallow
foundations. The dynamic increasing energy test (DIET) was used. The tests were performed at the USP/Sdo Carlos experimental
foundation site, which soil profile consists of superficial unsaturated, porous and collapsible soil, and for that reason matric
suction’s measurements were made, since it has strong influence on the bearing capacity. It could be verified that it is possible to
make use of the dynamic load test to plates, associated with analysis methods based on the stress propagation in bars (wave
equation), to infer the plate-soil system bearing capacity. Good adjustments were found from dynamic and static load tests
performed in a plate tested in this research field. It was also verified that the plate penetration into the soil caused an important

increase in the plate-soil system bearing capacity.

Key words: plate static load test, plate dynamic load test, collapsible soil.

1. Introduction

An alternative method of loading testing for shallow
foundations is presented: the dynamic plate load test. The
dynamic load test is often used in the determination of bear-
ing capacity for driven pile foundation. The monitoring
during pile driving is an important tool extensively used in
current practice in Brazil and also abroad. This system pro-
vides a quick answer in the determination of mobilized re-
sistance, during pile’s installation, when the dynamic
increasing energy test (DIET) approach is used (Aoki,
2000). For some years, the monitoring has also been ex-
tended to bored piles, to evaluate the static mobilized resis-
tance in a faster and less expensive way when compared
with static load tests. Researches have already proved the
applicability of the technique also in caissons.

This research is mainly concerned with the adapta-
tion, performance and interpretation of the dynamic load
test in a 25 mm thickness circular steel plate with 0.80 m di-
ameter. The objective of the research program was to verify
the possible use of the proposed analysis based on the stress
propagation in bars (wave equation), to infer the plate-soil
system bearing capacity.

The results obtained from dynamic and static load
tests performed at the Experimental Foundation Site of
USP/ Sao Carlos are compared. The soil profile typically
presents a very porous superficial layer, unsaturated and
collapsible, due to the weathering action under typical trop-
ical conditions, common in the region. For this reason, the
tests were performed with matric suction monitoring by
means of tensiometers. This monitoring is of great impor-
tance, as the matric suction strongly influences the bearing
capacity (Costa, 1999).

In that porous soil, the load-settlement curves ob-
tained from several plate, footing and caisson tests showed
that almost all settlement results from plastic (irreversible)
deformation and the soil presents strain hardening, not
clearly indicating the failure condition. The penetration of
the plate then causes a major increase in the bearing capac-
ity, by increasing the stiffness of the soil underneath it.

2. Site Characterization

The plate load tests were carried out at the Experi-
mental Foundation Site of the University of Sao Paulo, in
the city of Sao Carlos, Brazil.

The city of Sao Carlos is located 800 m above sea
level, on top of rocks from the Sao Bento Group, which are
composed by sandstone from the Botucatu and Pirambéia
formations and basalt from the Serra Geral formation (Bor-
tolucci, 1983).

The Experimental Foundation Site is at the extreme
south portion of the University campus, in an area with a
geological-geotechnical profile considered representative
of the center-western region of Sao Paulo state (Cintra et
al., 1991). Figure 1 shows the geological profile from part
of the city of Sdo Carlos and the location of the University
campus.

The typical soil profile at the test site includes a su-
perficial lateritic clayey sand layer (brown colluvium) and
the soil is very porous, unsaturated and collapsible, with
low bearing capacity parameters and N, ranging from 1 to
5 blows. A 0.3 m thick layer of pebbles, located at a depth
of approximately 6 m, separates the superficial layer from a
residual soil layer, which is composed of reddish clayey
sand (saprolite). Both layers are classified as clayey sand
(SC) according to the Unified Classification System. A
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clayey silt layer with fragmented and altered basaltic rock
is reached at a depth of 24 m. The water table varies season-
ally from 7 to 10 m below ground surface. The area of the
experimental site was geotechnically characterized by lab-

USP campus

[ Clayey sand | . .

B Sandy clay I Cenozoic sediment

EZ2 Clayey sand - Bauru group

I Siteclay | Basalt alieratio

[F=7) Sandy sily | 2 ACTAUON g Geral formation
[=1] Basalt

Sandstone - Botucatu formation

Figure 1 - Sao Carlos’ shallow depth geology schematic section
(Bortolucci, 1983).

oratory and in situ tests and Fig. 2 summarizes the results
obtained.

Many researches have been previously carried out at
the same site. These researches included the performance
of dynamic load tests in caissons and static compression
load tests in caissons, in pile groups and in many kinds of
isolated piles with different geometries, including also up-
lift and horizontal static load tests in some types of piles and
static load tests in footings and plates of several diameters
and depths.

The results from plate, footing and caisson static load
tests carried out at the site show that the load x settlement
curves do not clearly indicate failure. The final portion of
the curves presents a continuous, almost linear, resistance
increase with settlement. A typical plate load test result is
presented in Fig. 3. The test was performed at the founda-
tion experimental site in an 80 cm steel plate.

Benvenutti (2001), testing caissons with successive
static load tests in this same experimental site, showed that
besides the non-definition of failure there is an increase of
the caisson-soil system’s bearing capacity, as the caisson
penetrates the soil. Figure 4 presents the results of three
static load tests performed sequentially in the same caisson.
It can be seen that the final parts of the load x settlement
curves constitute one almost straight line.
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Figure 2 - [n situ and laboratory tests results for the site’s soil profile (Menegotto & Vianna, 2000).
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In order to interpret the results with due account of the
caissons penetration, Benvenutti (2001) considered that the
final portion of each of the three successive curves almost
align as a single straight line, disregarding subsequent un-
loading and reloading sequences up to reaching the maxi-
mum testing load from the previous test. A conventional
failure criterion was chosen to determine the bearing capac-
ity for some penetration levels. The bearing capacity was
established as the load corresponding to a 25 mm settle-
ment. Since the final portions of the curves constitute one
straight line, it is possible to determine the bearing capacity
for any desired penetration levels, which would correspond
to an additional 25 mm settlement.

Pressure (kPa)
0 40 80 120 160 200

Settlement (mm)
:5'

40 X

50
Figure 3 - Plate static load test at the experimental foundation site
(Macacari, 2001).
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100
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Figure 4 - Load x settlement curves for three tests performed on
the same caisson (Benvenutti, 2001).
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Besides, since the site presents a thick layer of unsatu-
rated soil, the matric suction has to be taken into account.
At the experimental site, an important influence of the
matric suction on the bearing capacity has been observed
(Costa, 1999). By means of static plate load tests in 1.5 m
deep pits it has been verified that a small increase in the
matric suction causes a major increase in the bearing capac-
ity, as it can be seen in Fig. 5, where ‘¥, represents the mean
soil matric suction measured by four tensiometers. The al-
most zero matric suction condition was obtained by flood-
ing the pit for 24 h prior to the test.

3. Materials and Methods

Two dynamic load tests and four static load tests were
performed on a 25 mm thickness circular steel rigid plate,
80 cm in diameter. The tests were performed in three pits
(A, B and C) 0.90 to 1.00 m diameter and 1.5 m deep. Fig-
ure 6 presents the plan view of the site.

3.1. Dynamic load tests

Each increasing energy hammer blow was monitored
with a scheme used in pre-cast pile tests, with the applica-
tion of the PDA (Pile Driving Analyzer). The instrumenta-
tion consisted of two accelerometers, two strain transducers
and a driving analyzer.

Additionally to the dynamic monitoring, settlement
was measured using paper sheet and pencil. The measure-
ments were performed by taping a sheet of paper in the tube
connected to the plate as shown in Fig. 7.

3.2. Adaptation for dynamic plate load tests

The circular steel plate tested is 25 mm thick with
0.80 m diameter, resulting in a 0.50 m’ soil contact area. To
increase the stiffness, the plate is 25 mm thicker from its
center up to 30 cm diameter (a 30 cm plate is welded to the
center of the 80 cm plate, creating a projection that en-
hances the plate’s stiffness).

The use of common dynamic test instrumentation, ac-
cording to the Brazilian Standard NBR 13208/94 (ABNT

Pressure (kPa)

120 160
T L
= Y
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.:., --\‘ |
é o ‘\ ks k ~
el % b Y
§ 40 ] B T
E [~ ‘\ * ~
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Q b
v 60 ke
- = W,=0 - Wy=15kPa --- W,,=22 kPa
80 | | |

Figure 5 - Pressure vs. settlement static load test curves on 0.80 m
diameter plate with different matric suction levels (Costa, 1999).
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Figure 6 - Site plan view (dimensions in meters).

1994), was made possible by connecting the plate to a 7 m
long steel tube, with external diameter of 0.22 m and 8§ mm
thick wall. The height of the tube was chosen based on nu-
merical simulations of a stress wave running downwards
and upwards a steel tube. It was simulated that the tube was
3,4, 5 and 6 m long and the latter value provided good re-
sults. Thus, a 7 m long tube was then chosen, because the
instrumentation can not be placed near the tube head, due to
interference from the blows and possible damage of instru-
ments. In addition, if the tube is not long enough the electric
signals registered by the instrumentation are difficult to an-
alyze, because of wave reflections. These numerical simu-
lations were made using a wave equation application
computer code developed by Aoki (1989).

A ring shaped frame was welded to the base of the
tube described above. This frame was bolted to the plate as
shown in Fig. 8.

A free fall 15 kN hammer mounted on a pile driver
was used to perform the tests with increasing fall heights
(2.5;5.0;7.5;10.0; 12.5; 15.0; 20.0; 25.0 and 30.0 cm). Fig-
ure 9 shows the equipment being placed inside the pit
(Fig. 9a) and the general setup of the dynamic testing as-
Figure 7 - Settlement measurements using paper sheet and pencil. sembly (Fig. 9b).
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Figure 8 - Tube-plate arrangement used in the tests (dimensions in
cm).

3.3. Static load tests

Two static load tests were performed after the dy-
namic tests at the same pits. The static load tests were per-
formed with QML - Quick Maintained Load, according to
Brazilian Standard NBR 12131/91 (ABNT, 1991), except
for the time intervals that were altered to 15 min, according
to Fellenius (1975) proposition. During each time interval
the load was maintained and settlements readings were
made at0, 1, 2,3, 6,9, 12 and 15 min; unloading was made
in two 15 min stages.

Costa (1999) performed other tests in nearby pits, ex-
cavated in the same condition as the ones described in this
paper. One of them was a quick maintained load test with
matric suction value close to the ones measured in the pres-
ent work and therefore represents a similar situation. These
results were used in the present paper for comparison pur-
poses.

Figure 10 presents a schematic view of the static test-
ing reaction assembly.

3.4. Matric suction measurements

During the time while the tests were performed, peri-
odic matric suction measurements were made by means of
tensiometers installed in a control pit. This pit was not used
for testing and was excavated under the same condition and
close to the other pits. Four tensiometers were installed

free fall hammer

pile driver

L transducers and accelerometers

stell tube

stell plate

Figure 9 - (a) Plate-tube arrangement being placed inside the pit and (b) Test general assembly.
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Figure 10 - General scheme of the static testing assembly.

0.20 m deep, connected to four vacuum meters. A portable
vacuum pump was used to remove persistent air bubbles
from the system. Figure 11 shows the positions of the tensi-
ometers in the control pit.

The static and dynamic tests designations and brief
descriptions are summarized in Table 1.

4. Results

The pressure x settlement curves obtained for the
three static plate load tests are shown in Fig. 12. Figure 13
shows the results from the two dynamic plate load tests in
terms of static reaction force obtained through
CAPWAP® analysis and the maximum displacement
measured by the (PDA). CAPWAP (Case Pile Wave
Analysis Program) is a software based on the wave equa-
tion theory and signal matching procedure that predicts to-
tal bearing capacity of a pile or shaft, as well as resistance
sharing between pile shaft and tip. The program takes as
input the force and velocity data obtained from the PDA.
Figure 14 presents the same results in terms of pressure x
settlement. The static reaction forces were divided by the
plate area and plotted against the maximum displacements
measured by the PDA.

Table 1 - Testing program.

Test designation Test type Pit
SLT1 Static load test C
SLT2 Static load test A
SLT3 Static load test B
DLT1 Dynamic load test A
DLT2 Dynamic load test B
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Figure 11 - Tensiometers positions in the control pit.
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Figure 14 - Results of dynamic load tests.

5. Discussions

5.1. Comparison between static and dynamic plate
load tests

Figures 15 and 16 show the pressure x settlement
curves obtained from load tests performed in three pits: 1)
Costa’s (1999) static load test (SLT 1) in pit C; 2) Dynamic
plate load tests (DLT 1 in pit A and DLT 2 in pit B) and 3)
Static plate load tests performed after the dynamic tests
(SLT 2 in pit A and SLT 3 in pit B). The three graphics
show the accumulated settlement, according to the tests ex-
ecution sequence. For the dynamic tests, the static reactive
forces obtained through CAPWAP® analysis divided by
the plate area are also shown in the figures. The settlement
corresponds to the maximum displacement given by the
PDA.

The three pressure x settlement curves of each Fig.
(15 and 16) show an almost linear relationship between set-
tlement and corresponding applied stress for the plastic
strain phase, and almost horizontal unloading line. This
kind of curve can also be observed in other load tests at the
same location, performed in plates and caissons.

It can be seen in Figs. 15 and 16 that the final part of
each pressure x settlement curve from the successive tests
in the same pit consists of an almost straight line, as ob-
served by Benvenutti (2001). Disregarding the subsequent
unloading and reloading up to the maximum resistance
reached at the previous test, a continuous consistent curve
can be obtained with reasonable approximation. This con-
tinuous curve is formed by linking the three load test
curves (static, dynamic and static again) performed on
each pit, obtaining a single curve, that has typical shape,
found in all plate load tests results at the experimental
foundation site.

The dynamic load tests’ curves fit reasonably well
the two curves obtained from static loading tests. This
consistent behavior observed in the static and dynamic
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Figure 15 - Static, dynamic and static load tests pressure X settle-
ment curves for tests in pit A.
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Figure 16 - Static, dynamic and static load tests pressure x settle-
ment curves for tests in pit B.

tests indicates the viability of the execution the dy-
namic test with plates, similarly to those already in use
for piles.

5.2. Dynamic load test validation through energy
approach analysis

Another way found to validate the plate dynamic load
test is to compare the energy given by the PDA with the one
calculated from the test results. The energy given by the
PDA is the total kinetic energy of the system. Figures 17
and 18 show the accumulated maximum applied energy
given by the PDA against the calculated accumulated maxi-
mum energy, which is the area under the force x settlement
curve (Fig. 13). According to Aoki & Cintra (1997), the
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calculated energy is the total kinetic energy of the system
minus the work done and it is typically 70-90% of the total
kinetic energy given by the PDA. The average ratio be-
tween calculated energy and PDA given energy was equal
to 79% for pit A and 87% for pit B, which is consistent with
the results reported by Aoki & Cintra (1997).

5.3. Influence of plate penetration on the bearing
capacity

For the analyses of the influence of plate penetration
on the plate-soil system bearing capacity, the single line
formed by the three pressure x settlement curves of each pit
was employed.

Since an open curve does not define failure because
any stress increment causes soil stiffness to increase, it was
necessary to use a conventional failure criterion in order to
analyze the successive tests performed on the same plate.
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Figure 17 - Energy given by PDA against calculated energy
(pit A).
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Figure 18 - Energy given by PDA against calculated energy
(pit B).
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The chosen criterion establishes that the bearing ca-
pacity corresponds to a 25 mm settlement. This is a total
displacement limit criterion, where the bearing capacity is a
function of a pre-determined displacement, based on the
Boston construction code. The code establishes that the al-
lowable stress is the smallest between two values: the stress
corresponding to 10 mm settlement and the stress corre-
sponding to 25 mm settlement divided by two. Teixeira &
Godoy (1998) consider the value two as a safety factor, and
therefore the bearing capacity is the stress corresponding to
a 25 mm settlement itself. The value 10 mm would be an al-
lowable settlement.

The solution used by Benvenutti (2001) to interpret
successive static load tests in two caissons in the same ex-
perimental site was used to verify the bearing capacity in-
crease with plate penetration. The failure criterion adopted
assumed the bearing capacity as equal to the stress corre-
sponding to an additional 25 mm settlement of the plate
from its previous position.

The penetration depths chosen for the beginning of
the loading phase were 0, 50, 100 e 150 mm. The value
Zero means no penetration prior to test. In other words the
plate is at the surface in the beginning of the test. The bear-
ing capacity values were considered as the pressures cor-
responding to 25, 75, 125 and 175 mm settlement, respec-
tively.

Tables 2 and 3 present the bearing capacity values for
each pit and the matric suction at the time the test was per-
formed.

Comparing the stresses obtained for a 150 mm pene-
tration with those for zero penetration, there were bearing
capacity increases of 105% for pit A (Table 2) and 168%
for pit B (Table 3). It can be seen in Fig. 19 that the bearing
capacity increases linearly with the plate penetration .

Table 2 - Penetration and bearing capacity for pit A.

Penetration (mm) Test o, (kPa)
0 SLT1 102
50 DLTI1 135
100 DLTI 185
150 SLT2 209

Note: ¢, = bearing capacity.

Table 3 - Penetration and bearing capacity for pit B.

Penetration (mm) Test o, (kPa)
0 SLT1 102
50 DLT2 153
100 DLT2 202
150 SLT3 273

Note: 6. = bearing capacity.

Soils and Rocks, Sao Paulo, 30(2)
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Figure 19 - Relationship between plate penetration and bearing
capacity.

6. Conclusions

This paper presented the interpretation of the perfor-
mance of dynamic load test on rigid circular 0.80 m diame-
ter steel plate. A new dynamic load test approach was
validated by the comparison between dynamic and static
plate load tests and by dynamic load test analysis using the
energy approach.

Because the tests were performed using the increas-
ing energy approach, it was possible to obtain static pres-
sure x displacement curves, similar to the pressure x settle-
ment curves from static load tests.

Comparing the results from CAPWAP® analysis for
blows with increasing energy with those obtained from
static load tests, performed before and after the dynamic
tests, an approximate continuous curve was observed, indi-
cating the viability of the application of dynamic test to
plates.

The average ratios between calculated energy from
CAPWAP® analysis and the total kinetic energy given by
the PDA were 0.79 for pit A and 0.87 for pit B, which are
consistent with the results obtained by Aoki & Cintra
(1997), validating the dynamic load tests with plates as well
as the analysis and models used.

In the two pits described in the paper, four static load
tests were performed (two per pit). Two dynamic load tests
were performed during the time interval between static load
tests. The three individual pressure x settlement curves
from each pit were interpreted as a single curve, with rea-
sonable coherence, not considering the unloading and sub-
sequent reloading up to the maximum pressure from the
previous loading stage. The final parts of the curves from
the successive tests were nearly a straight line. It was ob-
served that the bearing capacity increases with plate pene-
tration. Without considering the penetration, the bearing
capacity value obtained was 102 kPa. Considering a plate
penetration of 150 mm, an average increase on bearing ca-
pacity of 137% was observed. So, another conclusion that
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could be detached from the studies is the penetration influ-
ence on the bearing capacity.

This research contributes to foundation engineering
by validating the adaptation of the dynamic load test to a
0.80 m diameter steel plate. The dynamic test can be an al-
ternative to the static load tests.
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Symbols

DLT: Dynamic load test

e: Void ratio

N,,,: Standard penetration resistance
PDA: Pile driving analyzer
q.: Cone tip resistance

R,: Friction ratio

SLT: Static load test

v: Specific weight

v,: Dry specific weight

¥ : Matric suction

G.: bearing capacity
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