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Acquired Knowledge on the Behavior of Deep Foundations
Vertically and Horizontally Loaded in the Soil of Brasília
R.P. Cunha
Abstract. This paper presents and discusses a limited set of results from an extensive testing program which has been
carried out since 1995 at the University of Brasília Experimental Research site. This site is underlain by the typical tropical,
unsaturated and collapsible soil deposit of the Federal District, which has been thoroughly studied via an on going program
of laboratory and in situ geotechnical tests. In this specific location, several isolated deep foundations were constructed and
vertically and horizontally loaded with distinct soil moisture conditions. These foundations, and the soil deposit, do
represent typical conditions that occur in other areas of the region, and have therefore been simulated under semi controlled
conditions. Since 1995, a large number of research theses were involved with this particular theme, and for the first time
some of their main results have been condensed and discussed in the same publication within a logical framework. The
knowledge in terms of the observed site behavior, its hypothetical explanation, and some theoretically or empirically
derived design variables are shown herein. General conclusions in terms of the vertical and horizontal design values are
given together with experimental observations on attained displacements under distinct load levels. The influence of
specific external factors on the results is studied; for instance the dissimilar behavior of piles constructed with different
methods, or the influence of the weather seasons on the bearing capacity values. From this overall set of data one can have
an insight into the complex physical mechanisms involved with the performance, and the difficult simulation, of deep
foundations founded in tropical “non-classical” soils. It is a collection of results with value for researchers and practitioners
at both regional and national levels.
Keywords: tropical soil, deep foundation, experimental load test, bearing capacity, displacement, acquired experience, design
values.

1. Introduction
The pre-designed Brazilian capital Brasília, located
in the Federal District of Brazil, was built in the early
60’s to house the main Governmental administrative institutions and its public employees. After 50 years (celebration in 2010) it has grown, and is still expanding,
considerably more than what was initially envisioned by
its founders. The city borders and inner “sectors” have
advanced through different (geological) zones of this
same District, thus allowing the use of distinct techniques for deep foundation deployment and design during the last half century.
Given such conditions, one can conclude that foundation and in situ testing are two demanding research (and
practical, in terms of design) topics at the Brazilian capital. Besides, given its distance from major Brazilian cities
with already established foundation practice, together
with the particular conditions of the regional tropical subsoil, design solutions for the area must be applied solely
based on local expertise, not on foreign ones. This point is
clearly exemplified, for instance, when one remembers
the early stages of foundation construction in this city. At
that time, most of the solutions incorporated the accumulated experience of “outside” engineering firms, which led

later on to cracking problems in few buildings by the absolute unawareness of the collapsible conditions of the
Brasília “porous clay”.
Perhaps also because of that, more sound and research-based solutions and techniques have been and are
since then under development (and scrutiny) by designers,
contractors and researchers of the region. These latter under
the support and investigative scope of the Research Group
on Foundations, In Situ Testing and Retaining Structures,
i.e. the “GPFees” Group (www.geotecnia.unb.br/gpfees) of
the University of Brasília (UnB). As the name states, this
group is composed by Professors, technicians and students
of the Geotechnical Graduation Program of this university
who are in charge, among other things, of the understanding of the problem and the development of sound based design solutions tied to questions related to these geotechnical
construction works.
It can be said that the good academic-industry interaction has not only advanced the existing and the new foundation technologies of the city, but it also stimulated a pioneering use of high level in situ tests (such as the cone test
CPT, the pressuremeter, the Marchetti Dilatometer, pile integrity tests, and others), as the design basis for the foundations constructed within the tropical soil of the region.
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The behavior of such foundations founded in the local
soil of Brasília is one of the most important research topics
from this Group, also because of the lack of information on
the complex (soil-structure) response that takes place
around and below these foundations. This knowledge is
fundamental to aid in understanding and further design, as
well as furnishing information on the reliability of the existing theories and on the establishment of design criteria for
new foundation techniques.
Once it was understood that the necessity of acquiring
knowledge was intermingled with the lack of design criteria in the region, the University of Brasília decided in 1995
to launch a major research project in this area. This was initially done in order to enhance the knowledge of the behavior in situ of the distinct foundation types which were
founded in the predominant subsoil of the Federal District1 .
At such occasion it was decided to carry out horizontal and
vertical field loading tests on the different types of locally
used deep foundations, and to understand the behavior and
apply known (analytical, empirical, numerical) theories to
simulate the results. These foundations were constructed at
full scale size within the University of Brasília campus,
specifically at the Experimental Site of the Geotechnical
Graduate Program (Mota et al. 2009). A large effort was
also undertaken in association with local engineering companies to characterize this site, by performing advanced in
situ tests, standard and high level laboratory tests, and other
experimental techniques.
This paper therefore conveys a limited, summarized
fraction, of the gathered knowledge so far, with the focus
on the behavior of deep foundations under vertical and horizontal load, the estimation of their bearing capacity both at
horizontal and vertical directions, the assessment of their

displacement at working loads, and the beneficial or detrimental influence of some external variables in their performance, such as their construction condition/type or the
local weather seasons, among others.
The acquired experience to be discussed herein undoubtedly serves as a start point to design projects in the region, and in others of similar characteristics. It is of value to
practitioners and researchers, and it was originally published (in Portuguese) within several Dissertations and
Theses from members of this same research Group. Their
work will be stated within the following sections (Perez,
1997, Jardim, 1998, Lima, 2001 and Mota, 2003) together
with international publications (in English) that also served
to consolidate in a logical sequence the main points of information of this paper.

2. Experimental Research Site
The Experimental Research Site of Foundations and
In Situ Testing has already been portrayed in several publications. Its main characteristics will be presented herein,
but the interested reader can review its detailed aspects
published in Mota et al. (2009), Anjos (2006) and Cavalcante et al. (2006), among others.
This site is located in the city of Brasília, which was
established 50 years ago in the highly elevated (close to
1000 m) plateau of the central area of Brazil, as depicted in
Fig. 1. The city of Brasília was erected in a special unit of
the Federation, called the “Federal District”, a geometrically designed rectangular area of 5814 km2. According to
many, this city has the shape of an airplane, and being so,
one can notice that the Experimental Site is located in its
upper north “wing” section, within the university campus.
Figure 1 also shows this location, which is complemented

Figure 1 - Location of the city of Brasília and the Experimental Site.
1 Later on the research objectives also encompassed questions related to in situ tests, unsaturated soil conditions and others. It should be acknowledged
that, before this time, research on foundations was undertaken in this same site, although in a more limited manner.
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by Fig. 2 where a more detailed section of the site, close to
the Civil & Environmental Engineering Dept., is presented.
Within the Federal District it is common the occurrence of extensive areas covered by weathered latosol of the
tertiary-quaternary age. This soil has a variable thickness (in
+
the range of 10 to 30 m), which depends on several factors
as the topography, the vegetal cover, and the mother rock. In
localized points of this area the top latosoil overlays a
saprolitic/residual soil with a strong anisotropic mechanical
behavior (Cunha & Camapum de Carvalho 1997) and high
blow count resistance (NSPT) from the Standard Penetration
Test (SPT), which is originated from a weathered, folded and
foliate slate typical of the region. Given its characteristics,
this is the soil horizon which bears most of the (highly
loaded) end bearing piles for high-rises in Brasília.
The superficial latosoil has a dark reddish coloration,
and displays a much lower (NSPT) penetration resistance and
much higher permeability than the bottom saprolitic/residual soil. According to Araki (1997), the high porosity and
weak particle cement bonding (iron and aluminum oxides)
of this soil are originated from typical physic-chemical
geological processes associated to the superficial soils of

the Brazilian Central Plateau, whereas combined lixiviation and laterization processes have an important role due
to well defined and extreme “wet” and “dry” seasons of the
region (weather seasonality).
In the particular area occupied by the experimental research site the lateritic “porous clay”, as it is known, has a
thickness of » 8 m, followed by a transition zone overlying
the saprolitic/residual soil of slate, as depicted in Fig. 3.
The figure also presents the average (arithmetic mean)
values of NSPT blow counts (Navg) and maximum torque measurements (Tmaxavg), plus respective coeff. of variations in
percentage, for each meter depth at the site. This data comes
from 5 SPT tests (SP1 to SP5) carried by Mota (2003) - situated in the layout figure to be shown later in this paper.
Table 1 presents the geotechnical characterization of
the site, based on soil classification tests also carried out by
Mota (2003) including grain size proportions both without
and with a deflocculating agent. By breaking down the
structure with this agent, the grain size curve of this soil
shows a greater concentration of clay-size particles. In this
table one can also notice the low unit weight, and high void
ratio of this deposit.

Figure 2 - Location map of the site within the University Campus.

Figure 3 - Simplified geotechnical profile of the Research Site.

Soils and Rocks, São Paulo, 34(3): 177-194, September-December, 2011.

179

Cunha

Table 1 - Typical Geotechnical values of the site (after Mota 2003).
Parameter
gdry (kN/m )
3

Depth (m)
1

2

3

4

5

6

7

8

9

10

10.2

10.4

11.5

11.5

12.0

12.0

12.8

13.9

13.8

13.3

gnat (kN/m )

13.3

13.7

14.7

14.5

15.0

14.4

15.4

18.0

17.8

17.5

gsat (kN/m )

16.5

16.5

17.1

17.0

17.5

17.3

17.8

18.6

18.8

18.5

Gs

2.7

2.7

2.7

2.7

2.7

2.6

2.7

2.7

2.8

2.8

3

3

e

1.6

1.6

1.3

1.3

1.2

1.1

1.1

0.9

1.0

1.1

n (%)

61.6

61.1

56.0

55.9

55.6

53.5

51.7

47.2

49.0

51.9

Gravel ND (%)

0.2

0.2

0.7

0.8

1.4

2.1

4.3

3.6

0.6

0.0

Sand ND (%)

56.2

56.2

53.2

53.0

49.2

34.9

30.1

42

10.2

1.4

Silt ND (%)

51.4

35.9

34.2

43.1

48.6

61.4

61.9

51.9

86.8

79.5

Clay ND1 (%)

2.2

7.7

11.9

3.1

0.8

1.6

3.7

2.5

2.4

19.1

Gravel WD (%)

0.2

0.2

0.7

0.8

1.4

2.1

4.3

3.6

0.6

0.0

Sand WD (%)

41.5

41.5

41.6

33.7

31.6

25.7

22.7

33.8

10.2

3.4

Silt WD (%)

24.9

29.2

25.7

26.3

26.5

22.9

24.6

27.4

80.4

93.2

Clay WD2 (%)

33.4

29.1

32.0

39.2

40.5

49.3

48.4

35.2

8.8

3.4

wL (%)

38

36

39

41

45

44

46

43

44

46

wP (%)

28

26

29

29

34

33

35

34

26

30

PI (%)

10

10

10

12

11

11

11

9

18

16

1

2

Clay portion with no deflocculating agent; Clay portion with deflocculating agent.
g = unit weight, Gs = specific gravity, e = void ratio, n = porosity, w = Atterberg limits, PI = plasticity index.

All the pile load tests were carried out in a zone not
larger than 30 x 30 m, within this typical profile. The first
layout of piles, of distinct construction methods, was established in mid 1995 within a grid of around 4 x 12 m (see
dotted rectangle of Fig. 2). Around this original grid, several other foundations combined with site and laboratory
investigations (under distinct research theses) were carried
out. Manually excavated shafts, as “shaft 2” from this same
figure, were bored to obtain samples for further laboratory
tests. Given its tropical nature, it is obvious that somewhat
distinct geotechnical values were obtained from point to
point in the site, but around the range specified by the typical results of Table 1.
Figure 4 shows quantitatively the typical precipitation rates of Brasília, by records measured during years
1999 to 2001 (Mota, 2003) in the INMET station of Brasília, located around 7 km from the site. As one clearly notices, there are two distinct weather periods, being the “dry”
season related to months May to September. This aspect
may influence pile behavior during load, as will be shown
later on, and is referred as the “weather seasonality” effect.

3. Experimental Study
3.1. Pile load tests
Horizontally and vertically loaded piles constructed
with distinct methodologies and under different soil condi-
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Figure 4 - Typical precipitation and temperature in Brasília (modified after Mota, 2003).

tions have been tested during research at the Experimental
Site. Figure 5 presents the location of such load tests, related to the previous aforementioned work from Perez
(1997), Jardim (1998) and Mota (2003). This figure is
linked to Fig. 2, and complements it in large detail.
The tests depicted in this figure are described in Table 2, where their general characteristics are given. Pile
geometric conditions, as diameter and length (D and L),
date of testing and loading type (slow or quick maintained),
maximum attained load and displacement (Pmax and Dmax), as
well as weather seasonality (wet or dry) are detailed for
each test.

Soils and Rocks, São Paulo, 34(3): 177-194, September-December, 2011.
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Figure 5 - Layout of some deep foundations and in situ tests of the Experimental Site (each square has 5 x 5 m).

All the tests were done in accordance to the recommendations put forward by the Brazilian NBR 12131 (ABNT,
2006) standard, and they consisted of (slow and quick, according to Table 2) maintained tests in two categories.
The loading tests were performed in loading intervals
of 20% of the working load up to failure. The piles were
subsequently unloaded in approximate 4 intervals. These
load tests adopted a reaction frame and “reaction” piles few
meters apart. Both the top foundation block and the reaction
frame were monitored for tilting and vertical displacements, by using 0.01 mm precision dial gauges. A 1000 kN
hydraulic jack was used in conjunction with a 1000 kN precision load cell.
The first testing category (Perez, 1997) consisted of
vertically loaded piles with the soil in its natural moisture
content, as follows:
a) Four mechanically screwed (or bored cast-inplace) piles: labeled as MSP0, MSP3, MSP7 and MSP15.
They were constructed with concrete at different days after
the soil excavation (0, 3, 7 and 15 days, according to above

Soils and Rocks, São Paulo, 34(3): 177-194, September-December, 2011.

nomenclature, where “0” means just after excavation). A
fifth pile labeled MSP0(A) was also constructed and field
loaded. It was cast in place just after excavation, but it was
composed by a concrete mixed with a special expander additive. All the bored (MSP) piles were excavated by using a
continuous hollow flight auger, which was introduced into
the soil by rotation. The hydraulic mechanical auger was
assembled in the back part of a truck specially devised for
this type of work. No soil was removed during auger introduction, and, after the final depth was reached, the auger
was withdrawn leaving a freshly excavated hole. Cleaning
of the base of the hole was not carried out, although care
was taken to try stopping auger rotation on more “competent” strata. The designed reinforcing bars were then introduced and, in the MSP0 and MSP0(A) piles, the concrete
was promptly poured by using the transportable service of a
local concrete company. The MSP piles had a length of
» 8 m and diameter of » 30 cm, and were loaded by slow
maintained tests;
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Table 2 - General characteristics of the pile load tests.
Nomenclature & pile type

D (m)

L (m)

Test date

Load type

Ref.

Observation

Vertically Loaded Piles
MAP0: Manually bored pile molded
after excavation

0.28

7.9

Jun 1997

SML

Pmax = 240 kN,
Dmax = 44.7 mm

MSP0(A): Bored pile molded after
excavation with additive

0.30

8.4

Jun 1997

SML

Pmax = 360 kN,
Dmax = 28.5 mm

MSP0: Bored pile molded after excavation

0.30

7.9

Jun 1997

SML

Pmax = 320 kN,
Dmax = 28.5 mm

MSP3: Bored pile molded 3 days after excavation

0.30

8.0

May 1997

SML

Pmax = 320 kN,
Dmax = 9.5 mm

MSP7: Bored pile molded 7 days after excavation

0.30

8.0

May 1997

SML

Pmax = 320 kN,
Dmax = 29.6 mm

MSP15: Bored pile molded 15 days
after excavation

0.30

8.0

May 1997

SML

Pmax = 280 kN,
Dmax = 19.1 mm

R0: Root pile with no pressure

0.22

10.2

Jun 1997

QML

Pmax = 330 kN,
Dmax = 26.1 mm

R2: Root pile with 200 kPa of injection pressure

0.22

10.1

May 1997

QML

R3: Root pile with 300 kPa of injection pressure

0.22

10.0

May 1997

QML

Pmax = 360 kN,
Dmax = 27.7 mm

R5: Root pile with 500 kPa of injection pressure

0.22

10.0

May 1997

QML

Pmax = 360 kN,
Dmax = 29.6 mm

SCD: “Strauss” cased type pile with
compacted concrete

0.30

8.9

May 1997

SML

Pmax = 400 kN,
Dmax = 8.7 mm

SCND: “Strauss” cased type pile
without compaction

0.30

8.1

Jun 1997

SML

Pmax = 280 kN,
Dmax = 20.7 mm

SWCND: “Strauss” uncased type pile
without compaction

0.30

8.2

May 1997 SML QML

Pmax = 300 kN,
Dmax = 9.7 mm

PD: Precast concrete driven hollow
pile

0.33

8.4

Jun 1997

SML

Pmax = 205 kN,
Dmax = 10.4 mm

E1: Bored instrumented floating pile

0.30

7.6

Feb 2000

SML

Wet Season

E2: Bored instrumented floating pile

0.30

7.2

Aug 2000

SML

E3: Bored instrumented floating pile

0.30

7.8

Oct 2001

SML

E4: Bored instrumented floating pile

0.30

7.3

Mar 2001

SML

E5: Bored instrumented floating pile

0.30

7.8

Jun 2000

SML

RCT1: Bored pile used for reaction at
vert. test

0.5

10.0

Sept 1997

QML

Nat. & “inundated” conditions.
Max y0n = 3.7, y0i = 15.7 mm

RCT2: Bored pile used for reaction at
vert. test

0.5

10.0

Sept 1997

QML

Nat. & “inundated” conditions.
Max y0n = 5.0, y0i = 10.6 mm

R2: Root pile with 200 kPa of injection pressure

0.22

10.1

Sept 1997

QML

Nat. & “inundated” conditions.
Max y0n = 3.6, y0i = 4.4 mm

R3: Root pile with 300 kPa of injection pressure

0.22

10.0

Sept 1997

QML

R5: Root pile with 500 kPa of injection pressure

0.22

10.0

Sept 1997

QML

Natural conditions only.
Max y0n = 16.1 mm

PD: Precast concrete driven hollow
pile

0.33

8.4

Sept 1997

QML

Nat. & “inundated” conditions.
Max y0n = 11.2, y0i = 13.1 mm

Perez
(1997)

Pmax = 525 kN,
Dmax = 41.8 mm

Dry Season
Mota
(2003)

Wet Season
Wet Season
Dry Season

Horizontally loaded piles
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Jardim
(1998)

“Inundated” conditions only.
Max y0i = 9.4 mm
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b) One manually augered (or bored cast-in-place)
pile, defined as MAP0, and casted just after soil excavation
in a similar way as previously described for the MSP0 pile.
In the former case, however, the excavation was done with
a shell type auger that was hand augered in the field by
adopting successive 1 m steel rods. The MAP0 pile had a final approximate length of 8 m and diameter of 28 cm. The
same loading as before was used;
c) Three “Strauss” (Brazilian label) type piles defined
as SWCND, SCD and SCND, they were also bored castin-place piles. The Strauss pile is a locally used deep foundation which has the execution process close, but not exact,
to the one used for “Franki” piles. They were constructed
by adopting a cylindrical metallic shell with a bottom valve
bailer that was handled in the field by means of a hoist
mounted on a tripod. This shell was continuously advanced
as the bailer removed the soil softened by a bottom punching with auxiliary water. The hole was encased for two of
the piles (SCD and SCND), and not encased for the third
one (SWCND). The casing was punched into the hole as
soon as the shell excavation stage finished. This operation,
however, was done in steps, since the shell had to be lifted
up to surface several times to be internally cleaned of its
“entrapped” soil. At the end of the excavation, at the desired depths, the bottom of the hole was cleaned out, the fix
rebars were introduced and fresh concrete was poured. For
one of the piles (SCD) the concrete was compacted afterwards by using a 2.5 kN hammer falling onto it, whereas for
the other piles (SCND, SWCND) the concrete was simply
poured. All the piles had a final approximate length of 8 m
and diameter of 30 cm. Same field loading as before;
d) One precast driven centrifuged (displacement)
concrete pile labeled as PD, was dynamically inserted into
the soil by using a 32 kN (free fall) drop hammer falling
from a height of 30 cm. A wood cushion was used to soften
the impact on the top of the pile, and it was mounted together with the hammer on the leads of a standard crawler
crane. The precast (hollow, “SCAC” company type) pile
had a final length of 8.4 m with an external and internal diameter of, respectively, 33 cm and 25 cm. Same loading as
before;
e) Four injected type piles (cast-in-place with pressure, locally know as “root” pile - with very distinct construction aspects from the known “micropile” type). They
were constructed by adopting distinct injection pressures
(0, 200, 300 and 500 kPa) during the formation of the mortar shaft. They are defined herein as R0 for the pile without
injection pressure (mortar just poured from surface), R2 for
an injection mortar pressure of 200 kPa, R3 for an equivalent pressure of 300 kPa and R5 for a pressure of 500 kPa.
These piles were executed with a specially devised drill rig
which operated hydraulically. The soil was excavated by a
continuous and static introduction of a rotating casing with
pressurized water. The water “washed out” the generated
mud in front of this casing, opening a small annular gap be-
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tween the casing and the excavated hole. Once drilling was
finished, the interior of the casing was cleaned up and the
fix rebars were introduced. Mortar was then poured inside
the casing until it was filled. The top of the casing was then
connected to an air pressurizing system, and air pressure
was applied to the inner fluid mortar. By simultaneously
applying air pressure and lifting up the casing, it was possible to form the corrugated pile’s shaft (for the piles with injection pressure). This operation was done in sequence,
continuously filling up the remaining casing with fluid
mortar, thus leading at the end to piles with an approximate
length of 10 m and final average (nom.) dia. of » 22 cm.
They were loaded by quick maintained tests;
f) Five mechanically excavated and fully electronically instrumented piles (Mota, 2003), defined as E1 to E5.
They were executed with similar conditions as those aforementioned bored piles, but loaded at specifically distinct
weather seasons.
The second category of tests (Jardim, 1998) consisted
of horizontal load tests on some of the piles mentioned before, which had been previously tested under vertical load
(the only exceptions were for the reaction RCT1 and RCT2
piles). However, given the experience obtained during the
previous stage, some modifications were introduced. The
tests were done with fast loading intervals (“quick maintained load tests”) with loading intervals of 10% of the
working load up to failure, and with a compulsory stabilization time of 5 min (according to the NBR12131 standard).
The obtained loading rate was in the range of 3.6 kN/min
(three times faster than the rate of the previous stage). Similar loading equipment and instrumentation as described before were used for these tests, with the difference that a
lower capacity (500 kN) hydraulic jack was adopted, and
the piles were now tested against “each other” without reaction frames, as portrayed in Fig. 6. In this figure it is also
noted that the soil served as a support for the loading equipment, i.e., the hydraulic jack and its extension made of a
metallic tube used to transmit the load from one pile to another. In order to avoid undesirable tilting during the field
test, a cylindrical hinge was adopted between one end of the
jack and the load cell for both (vertical and horizontal)
cases. Rigid metallic plates were fixed to both tested piles
by means of metallic rings, so that a constant distance was
maintained between the load application point and the base
of the trench, at the pile/soil interface. A constant distance
was also maintained between the upper dial gauge, at the
pile’s head, and the load application point.
These loading tests were carried out in two phases,
with the soil in its natural field water (moisture) content in
the first phase and in its “inundated” conditions in the second phase. In order to “inundate” the soil a 60 cm deep
trench was dug all around the piles, with a diameter of approximately 2 times each pile’s diameter. The inundation
took place after the horizontal loading tests with the soil in
the natural moisture content conditions. Soil inundation
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Figure 6 - Sketch of vertical and horizontal loading tests (modified after Jardim, 1998).

was achieved by filling the trenches with water and keeping
the water level constant for about 48 h before the loading
tests. This procedure tried to simulate the effects of a heavy
rain on the soil deposit, given the known collapsibility characteristics of the Brasília porous clay. The following piles
and loading sequence was adopted for the horizontal tests:
a) Reaction piles RCT1 and RCT2: They were tested
against each other, with the soil initially at the natural moisture content condition, and later inundated;
b) Precast driven centrifuged concrete pile PD: Tested against the reaction piles, also with the soil in its natural
and later in inundated conditions;
c) Root piles R2, R3 and R5: They were tested against
each other, but in accordance to the following sequence:
R2-R5 with the soil in its natural moisture content conditions, leading to the structural rupture of R5, followed by
R2-R3 with the soil under “inundated” conditions, which
also led to the structural rupture of R3.
All the tests were carried out at the final stage of the
1997 dry season, between August to October. Figures 6 and
7 respectively present the sketch on how the load tests were
done and some of the load-deflection resulting curves. Notice that D is the vertical deflection on top of the pile and y0
is the horizontal deflection at ground level. Maximum values of y0 at either natural (“n”) or inundated (“i”) soil conditions attained during the tests are also given in Table 2.
3.2. Pile echo tests
Pile echo tests, or simply PET, have been carried out
in some of the piles analyzed in this paper. This test uses the
Pulse-Echo method for quick quality control of a large
number of piles, in order to verify their integrity and length.

The pile top is struck with a lightweight handheld
hammer. The reflected wave is captured and analyzed by
the PET’s digital accelerometer to provide information regarding the length and shape of the pile.
These tests were carried out in 2010 in order to check
the geometrical information provided in Table 2, by using a
recently acquired PET tester under an ongoing research
project from the GPFees Group.
Although many of the piles could not be found anymore in 2010, given the alterations that the Experimental
site suffered throughout the last years2, those which could
be tested confirmed the geometry expressed in aforementioned table, assembled with data from the original theses at
this site.

4. Results and Discussion
The analyses are subdivided into major topics, as
loading in the vertical direction, and its derived parameters,
and loading in the horizontal direction. They are presented
and discussed next.
4.1. Vertical direction
4.1.1. Construction methodology effect
This particular discussion has already been presented
elsewhere (Cunha et al., 2001) and is addressed here in its
essence to enhance the final conclusions.
The vertical failure load was defined as the average
value between the predictions of Brinch-Hansen (1963) and
Mazurkiewicz (1972), since, according to Perez (1997),
these methods yielded failure loads which were closer to
the “physical failure” values (asymptote of the load-de-

2 The current Site is scheduled to be closed very soon, given the lack of space and university policy. A new area has been provided for this purpose
within UnB campus.
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Figure 7 - Some of the obtained load-displacement curves (modified after Jardim, 1998).

flection curve) from each of the foundations. The only exception is for the Strauss piles, in which the NBR6122
(ABNT, 2010) standard method was adopted because it
presents a procedure to define the failure load for continuously increasing testing curves, in which the maximum
load is not clearly depicted. This feature was noticed for the
Strauss piles.
Figure 8 presents a plot of the vertical failure load of
all piles tested by Perez (1997). In regard to this figure
some observations can be given:
• The mechanically bored pile with the expander additive (MSP0(A)) had a failure load 8.0% higher than the
equivalent load of the pile without the additive (MSP0);
• The failure load of the mechanically bored piles
(MSP) decreased with the time span between excavation
and casting (from MSP3 onwards). The failure load has unexpectedly increased 8.5% from MSP0 to 3, perhaps due to
unnoticed differences in nominal (“as built”) length/diameter of these piles;
• The failure load of the root piles has marginally increased with the increase of injection pressure (comparing
R0 to R3 and R5). This load has considerably increased
(as far as 55%) from R0 to R2, but has dropped sharply af-

Figure 8 - Influence of construction method (after Cunha et al.,
2001).
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terwards, which may be indicative of an “optimal” injection pressure of 200 kPa (in terms of bearing capacity) for
this type of pile and soil characteristics. A possible explanation is derived from the simultaneous (and distinct) effects of collapse and increase of lateral stress on the failure
load of the soil. It is postulated that such combined factors
(stress/collapse) unequally affect the capacity and the rigidity of the soil when increasing the injection pressure inside the borehole. Thus, it seems that a “threshold”
pressure of around 200 kPa exists, beyond which a major
structural soil breakage starts to take place. These combined effects led to the marginal increase in the failure
load of the piles from R0 to R5, predominantly due to the
gradual increase of the level of lateral stress with the increase of injection pressure. Besides, with the increase of
injection pressure there was a marginal increase in the final (“as built”) pile diameter. It appears, however, that beyond the “threshold” 200 kPa pressure, the influence of
the collapse of the soil on the failure load surpasses the influence of any of the other factors (as the increase in lateral stress and pile diameter). This happened because, as
hypothesized herein, the structure of the soil surrounding
the hole was somehow destroyed. With this destruction
the soil/pile interface partially lost its lateral friction. It
has already been experimentally shown that the generalized collapse of the soil is extremely non beneficial, since
it reduces the interface friction. The pile capacity was very
close from R3 to R5, probably given the generalized collapse of the soil surrounding the borehole at such high
pressure stages;
• The pile with the compacted concrete SCD had the
highest failure load for the Strauss type piles. It seems then
that it was the “concrete driven” effect, not the use of casing
during excavation, that caused a beneficial response on the
bearing capacity of this type of pile. Besides, by constructing with casing (comparison SCND vs. SWCND), the capacity decreases, as most probably there is a reduction in
lateral friction by the more regularly shaped shaft of the
SCND pile;
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• The dynamic insertion of the precast driven pile in
this type of soil considerably affected its original structure,
given its fragile nature. It was noted, for all compared piles,
that the driven PD pile was the one with the lowest failure
load. It shall be mentioned, however, that such observation
is based solely on the single test of this type carried out in
the site.
4.1.2. Weather seasonality effect
Mota (2003) carried out pile load tests in distinct seasons of the year, at both “wet” and “dry” periods in accordance to Fig. 4. These results are plotted in Fig. 9, where the
seasonality aspect is indirectly evaluated by the comparison of bearing capacity against pile name (or weather season), using distinct estimation methodologies for pile
failure values.
The tested piles have lengths of around 7.5 m as presented in Table 2. Their bases were located in the transition
layer, where the NSPT blow count is not high enough to turn
them into end bearing type foundations. Moreover, as noticed by Mota (2003), the “active” zone of (considerable)
suction variation is approximately comprised within the 3
initial meters of the soil profile, which represents almost
40% of the pile’s average length.
So, it is reasonable to suspect that the piles were indeed subjected to the influence of the weather seasonality,
i.e., the suction variation of the active zone. This variation
in the soil’s suction must have caused a distinction in the
lateral friction of the piles along the seasons of the year,
thus allowing for the differences. Other causes may not be
discarded, but the similar characteristics and close distance
apart of the piles, as seen in Fig. 5, do point to this logical
explanation.
4.1.3. Bearing capacity
The estimation of the bearing capacity of bored piles
is usually undertaken in Brazil by empirical (NSPT based)
techniques, as the recognized original methods of Aoki &
Velloso (1975) and Décourt & Quaresma (1978) (i.e., criteria A). These methods were then chosen to evaluate the

Figure 9 - Influence of weather seasonality (after Mota, 2003).
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bearing capacity of the floating bored piles of Mota (2003),
using the closest SPT values to each respective pile (according to Fig. 5). The methodologies were also tested with
local correction factors proposed by Rodrigues et al. (1998)
to be used in the Brasília porous clay (i.e., criteria B).
Mota (2003) has compared in Fig. 10 the failure loads
by each of the techniques against experimental pile load
test results. The latter results come from Van der Veen
(1953) estimation criteria, since, according to this author,
this criteria leads to results in the conservative safe side,
also close to the average values from all tested failure methods (expressed in Fig. 9).
Figure 10 allows the perception that, although the experimental data is markedly influenced by weather season
effects, such trend is not found by the empirical estimations. This is so given the lack of sensitivity of the SPT test
to suction variations at the Brasília porous clay, as already
stated elsewhere (Cunha et al. 2007).
It is also noticed that the tested methods do tend, in
general, to give results in the safe side. It also seems that
Décourt and Quaresma (1978) method produces values that
are closer to the load tests at each pile. Without local correction factors, this method estimates an average value (for
all piles) lower than the average experimental data. By using correction factors, the average estimated value approaches the experimental one, but on the unsafe side.
4.1.4. Average lateral friction values
All five bored piles from Mota (2003) where instrumented, but only one of them yielded results which could
be interpreted, due to problems in the glue used (as usual,
found after experiments). Therefore, Fig. 11 presents the
lateral measured friction values of pile E1, during its loading stage till failure (according to aforementioned criteria)
at 270 kN and Dmax of 16.1 mm.
As noticed, the lateral friction seems to be fully mobilized in depths 0 to 3.4 and 5.4 to 7.4 m, at the ultimate load

Figure 10 - SPT estimation methods (after Mota, 2003).
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Figure 11 - Results of vertical lateral friction stress during E1 load test (after Mota, 2003).

or displacement level (~ 5% dia.). This aspect is better depicted by comparing the results at the last two loading
stages. Nevertheless, for depths 3.4 to 5.4 m the applied
level of displacement wasn’t enough to generate maximum
friction values. Besides, for depths beyond 5.4 m, there is a
clear perception that the lateral friction is of higher magnitude than values at shallower depths. By comparing that
with data from Fig. 3, one also notices that, below 5 m the
maximum SPT torque increases (in general) as well and the
profile changes from silty sand to sandy silt, perhaps explaining the differences.
Albuquerque et al. (2001) observed in several load
tests with bored piles with dia 0.45 m and length 12 m, at
the Campinas Univ. Research Site (residual soil from diabase), that the lateral friction was fully mobilized for average pile head displacements of around 5 mm (~ 1% of dia).
Their ultimate friction values were in the range of 40 kPa,
close to herein values.
The results of Fig. 11 do also tend to agree with numerical simulations (on distinct piles) carried out by Cunha
& Kuklík (2003) in the Brasília porous clay. The values
seem to be in the same magnitude of the expected (predictions) by these authors.
It is necessary to emphasize, however, that such observations are quite limited by the reduced amount of data
and lack of (well instrumented in this site) experimental
piles which could corroborate with the given trend.
3
Load cell results at the base of this particular pile
have also shown that from the load applied at its top only
0.5% effectively reached its tip at ultimate stage (in average
less than 1% throughout load test). This aspect is aligned
with the normal design assumption of bored piles in Brasília as behaving as fully “floating” piles. Off course, one can
argued that mobilization at pile base do take place but at a
rather higher level of displacement. Anyway, this wouldn’t
be feasible from a design point of view.

4.1.5. Young’s Modulus of the soil
This item has also been presented elsewhere (Cunha
et al., 2001) and it is included here to enhance the understanding of the key (behavioral) aspects of deep foundations founded in this particular tropical soil.
The vertical Young’s Modulus of the soil surrounding
each of the piles was determined with a unique point of the
load-settlement field curve, i.e., the point in which the load
was half the value of the bearing capacity value. By using
this (working) load and its associated settlement it was possible to numerically backanalyze a unique, average, Young
modulus by adopting a program denominated DEFPIG
(Deformation Analysis of Pile Groups, Poulos 1990). This
software determines the deformations and load distribution
within a group of piles and isolated piles subjected to general loading. It was specifically written for piles designed
under the “conventional approach”, by considering a group
of identical elastic piles having axial and lateral stiffness
that are constant with depth. It also allows for the eventual
slippage between the piles and the surrounding soil. The
stress distributions are computed from the theory of elasticity, more specifically from Mindlin’s solutions for an isotropic, homogeneous, linear elastic medium.
Hence, Fig. 12 presents a plot of the Young modulus
of the soil around each of the piles. In regard to this figure
the some observations can be given:
• The mechanically bored pile with the expander additive (MSP0(A)) had a Young modulus of the soil around
its shaft much higher than the equivalent modulus of the
pile without additive (MSP)). This means that this former
pile has settled much less than the latter one, at similar loading conditions. This fact may be physically interpreted by a
possible higher lateral pressure (than the normal MSP case)
exerted by the soil around the MSP0(A)) pile’s shaft, rather
than an eventual rearrangement of the soil structure (with

3 Mota (2003) states that the load cell was probably not well aligned, or “fully” supported, at the base of the excavation. This may have some impact on
the results.
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since it was done on the basis of an assumed structural
Young modulus for each of the piles. Hence, small differences in the assessment of the elastic compression of the
piles (by the program) yielded large estimations on the
value of the Young modulus of the soil;
• The Strauss pile with the compacted concrete SCD
had the lowest Young modulus for the soil around its shaft
(hence the highest settlement at working load) in comparison to the others Strauss type piles. This feature is exactly
the opposite of what has been found in terms of capacity,
and may be indicative of the fact that, for this type of tropical collapsible soil, the concrete “compaction effect” is
beneficial solely in terms of failure load. Besides, by constructing without compacting the concrete (comparison
SCND vs. SWCND), the use of casing seems to be preferable, as it considerably reduces the settlement at working
loads (as one notices in this figure with the higher Young
modulus). The causes for this and the former observed aspect are difficult to explain, but perhaps are intrinsically related to some features of the soil as the stress increase and
relaxation, or dynamic effect during pile construction.
More research is necessary to better understand this point.

Figure 12 - Backanalyzed Young Modulus (after Cunha et al.,
2001).

stiffness increase). The phenomena, however, is still subjected to other arguments;
• The manually augered pile (MAP0) had a Young
modulus of the soil around its shaft much lower than the
equivalent modulus of the mechanically bored pile
(MSP0);
• Similar trend as before in Fig. 8 (for vertical failure)
are observed for the mechanically bored piles, i.e., the
Young modulus of the soil around the piles decreased with
the increase of the time span between excavation and casting (from MSP3 onwards). Hence the piles settled more
with the increase of time span between excavation and casting;
• Some of the piles (as the root “R” and the precast
driven PD piles) could not be backanalyzed by the program,
since the obtained moduli were unrealistically high. This
was related to the nature of these piles, rather than to the
program itself. These piles had very low settlements
(around ±1 mm, at working loads), which were of the same
magnitude of their (estimated) structural elastic compression. This particular feature has hampered the backanalysis,

4.2. Horizontal direction
4.2.1. Displacements
The main purpose of the horizontal load tests was the
definition of the failure loads. Nevertheless, it is interesting
to compare the results of the relative displacements (horizontal y0 value at soil/pile interface divided by the diameter)
from the tests.
Table 3 presents the main characteristics observed
and computed for each of the tests, for the soil at both inundated and natural water content conditions. From this table
some features are found:

Table 3 - Specific characteristics from horizontal load tests.
Pile type
RCT1 n

Maximum load (kN)
75

y0max/D (%)

Failure load (kN)

0.7

Work load (kN)

y0work/D (%)

90

*

45

0.2

*

RCT1 i

82.5

3.1

90

45

0.4

RCT2 n

75

1.0

90*

45

0.2

2.1

90

*

45

0.6

30

*

15

0.7

RCT2 i
R2 n

82.5
21

1.6

R2 i

21

2.0

30

*

15

1.1

R3 i

21

4.3+

30

*

15

1.8

21

+

30

*

15

2.3

25

2.6

25

2.9

R5 n

7.3

PD n

30

3.4

50

**

PD i

30

4.0

50

**

+

(*) Van der Veen (1953) criteria; (**) NBR 6122 (2010) criteria; ( ) structural failure (Jardim. 1998).
n = natural. i = inundated conditions. Working load for Safety Factor of 2.0.
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• The maximum relative displacements attained
throughout the tests were under 10%. Besides, by considering a working load of half the estimated failure value, one
concludes that equivalent relative displacements at working conditions do not surpass an approximate value of 3%.
Indeed, the few tests in which a structural failure of the
shaft took place were pushed to displacements as high as
~ 7% of the pile diameter, which corroborates to the low
magnitudes at the working conditions;
• The relative displacement of the piles at working
conditions with inundated soil was, in general, much higher
(double and above) of equivalent values for the soil at natural conditions. The only exception is the precast PD pile,
perhaps because during its dynamic insertion it has considerably affected the original structure of the soil around its
shaft (as mentioned before), hence mobilizing an annulus
of soil already disturbed in any of the testing cases. This observation seems to agree with the fact that the relative displacements of the PD pile were the highest ones of this
table;
• Failure loads estimated for similar piles with soil at
inundated or natural water content conditions were indeed
very close numerically. In part, this is related to the simplifications and adjustment problems of the extrapolation
method employed by Jardim (1998) to derive the failure
loads. By observing Fig. 7 one notices that physical failure
was not reached by most of the tested piles (examples for
R2 and PD), and indeed some sort of extrapolation criteria,
or idealization, had to be used to define the ultimate value.
Another reason relates the volume of soil mobilized during
failure. Notice that, in this case (distinctively from the vertical direction) a large volume of soil is encompassed during horizontal compression, rather than a thin annulus at the
pile/soil interface (more prone to be influenced by soil inundation). Given this aspect, the next comparison will focus solely on the results at natural water content conditions.
4.2.2. Bearing capacity
The horizontal failure load was estimated by the classical theory of Broms (1964 a,b) for long, or slender, piles
in which the failure takes place with a plastic hinge in the
pile shaft, i.e., it primarily depends on the structural yield
moment of the pile itself.
The distinct graphic solutions for unrestrained piles at
both cohesive and cohesionless soils were adopted, since
this particular soil has cohesive-frictional characteristics.
So, in order to furnish the methodology with soil resistance
values, the CK0D triaxial results presented in Cunha et al.
(1999) for soil samples at natural water content conditions
were adopted. Given the fact that horizontal behavior is
more dependent on superficial soil layers, only the test results for the undisturbed sample of 3 m of depth was used.
This refers to a drained cohesion of 11 kPa and a drained
friction angle of 27.9°.
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The yield moments of the piles are those presented by
Lima (2001), calculated respectively with the structural
resistances of both concrete and steel reinforcement used
during construction of the piles.
In order to use this methodology an assumption had to
be made by Lima (2001) to employ the cohesion resistance
factor within the graphical solution. As it is well known,
Broms’ methods are valid for cohesive (undrained) and
cohesionless (drained behavior) materials. Hence, the use
of the friction angle was straightforward with the graphics,
but this was not so with the cohesion value. Since the solution was developed for the undrained cohesion, rather than
the drained one, it was assumed by this author that one
could furnish this latter value within the graphical solution
to obtain the failure load caused by the cohesive part of the
effective shearing resistance of the soil. This is so given the
fact that the soil at the experimental site does not behave in
an undrained mode, as there is no water level there.
With aforementioned simplification, open to criticism, the method was tested against the experimental failure load results expressed in Table 3. Figure 13 shows the
comparison using each adopted parcel of the soil’s resistance.
As clearly noticed, both ways of calculating do lead to
reasonably close results, being therefore sufficiently acceptable for practical use. The larger differences between
experimental to estimated values relate to the precast
driven pile, perhaps, again, because the soil is more disturbed around this pile (compared to other foundations) as
commented before. If this is the case, it certainly relates to a
soil characteristic more distinct to the undisturbed material
tested at the triaxial tests. Nevertheless other aspects can
also be raised to explain the differences, as aforementioned
questions related to the extrapolation of the failure load.
4.2.3. Coefficient of subgrade reaction
The use of the “beam on elastic foundation” theory
for horizontally loaded pile problems requires the specification of a soil modulus which represents the linear, or proportional, relationship between the horizontal pile

Figure 13 - Horizontal failure load – soil at natural conditions
(modified after Lima. 2001).
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displacement and the respective soil reaction. This modulus
is defined for each distinct section of the pile along its
depth, and is termed the “modulus of subgrade reaction” of
the soil (K). It can be then used to simulate “Winkler”
springs during the analysis of laterally loaded piles, as presented by Reese and Matlock (1956) in their classical paper.
The K coefficient is related to the total width of the
-2
2
pile’s shaft, and has a dimension FL (kN/m ). If we introduce the lateral subgrade reaction modulus Kh for a pile of
unit width, we obtain:
K = Kh ´ D

(1)
-3

3

where D is the diameter of the pile and Kh has a FL (kN/m )
dimension.
The subgrade reaction moduli (K and Kh) have distinct values, or variation, for distinct soil types, and hence,
two different cases can be considered. The first case assumes K constant with depth, and the second case assumes
a linear variation of K with depth. The latter according to
the following equation:
K = h h ´ depth

(2)

where hh represents the rate of increase of the subgrade reaction modulus, or the “coefficient of horizontal subgrade
-3
3
reaction” of the soil, in units of FL (kN/m ).
In general, for sandy soils and for soft clays the
subgrade reaction modulus increases linearly with depth.
This idealized hypothesis is in accordance with the
(drained) characteristics of the tropical unsaturated soil deposit of the experimental site. Therefore, only the coefficient of subgrade reaction modulus was backcalculated
here.
The backanalysis was, however, simplified by assuming a constant structural Young’s modulus of the pile during the loading process (25 GPa for root piles and 20 GPa
for all others). Thus, it does not follow the more advanced
analytical technique put forward by Reese et al. (1998), by
not taking into account the (unknown) variable stiffness of
the piles.
In order to obtain hh it was necessary to use the relationship between the horizontal applied load and the
pile/soil displacement at the soil surface (y0) as given by
Matlock & Reese (1961):
y 0 = 2.435 ´ H ´
T =5

EI
hh

T3
EI

(3)

Table 4 - Suggested avg. reaction moduli at working loads (after
Jardim 1998).

(4)

Pile type

where E is the structural Young’s modulus of the pile;
I = structural moment of inertia and H = horizontal load.
However, in most of the cases the horizontal load is not
applied at the pile/soil interface, but at some other point on
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the pile. It will then generate a displacement yt at the pile
head that can be calculated by Kocsis (1971) equations.
These equations relate the displacement at any level of the
pile head above the ground (as measured during load tests) to
the displacement at the pile/soil interface y0, taking on account the pile head rotation (function of T, EI and H), the
horizontal load (H), the pile characteristics (I and E), and hh.
Therefore, in order to obtain the backanalyzed coefficients at each (calculated and plotted as in Fig. 7) y0 displacement level a spreadsheet was developed to interactively solve the general formula for each experimental pair
of known values of top head displacement and horizontal
load (details in Jardim, 1998).
The results for the (reaction) bored, the root and the
(precast) driven concrete piles, with the soil at both natural
water content and inundated conditions, are shown in
Fig. 14. The moduli were backanalyzed up to the maximum
displacement values of the load tests, as expressed in
Table 3.
From this figure it is noticed that:
• As expected, the moduli have considerably decreased at an asymptotic rate with the increase of the displacement level. Besides, when comparing R2 and R5 at
natural soil conditions, one also notices that the moduli decreased with the increase of the injection pressure beyond
200 kPa, perhaps related to aforementioned structural aspects of this soil;
• Based on the previous statement, Cintra (1981) has
respectively suggested y0 design intervals of 4-8 mm for the
soil at natural conditions, and 12-18 mm for the inundated
case. Nevertheless, based on the working load levels of
herein cases, Jardim (1998) suggested the use of the design
intervals 4-10 and 6-12 mm to respectively represent the
soil at the natural water content and at inundated conditions. These intervals do already encompass the working
displacement levels of the piles depicted in Table 3;
• Based on the aforementioned intervals it was possible to obtain average backanalyzed moduli for practical
use, as presented in Table 4. It shall be noticed that the injection (R2n) pile case was discarded in the averaging,
given the very distinct result of this load test in comparison
to others of this same pile type. This table do serve, therefore, as a start point for designing similar foundations on
this same soil, when using the described theoretical methodology of this item;

hh (MN/m )
3

Natural conditions

Inundated conditions

Bored

16

7

Root

19.5

14

7

5.5

Precast
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• The backanalyzed moduli from the driven precast
pile were the lowest from all load tests, again reflecting the
fact that the dynamic insertion considerably affected the
soil’s original structure, given its fragile nature.

5. Conclusions

Figure 14 - Backanalyzed coeff. of subgrade reaction (after Jardim 1998).

• The moduli for the inundated condition are lower
than those from the soil at natural conditions, at same pile
and displacement levels. This reflects the higher displacements attained at such former test conditions, as noticed before. An average decrease of around 50, 30 and 20% was
noticed in relation to the moduli at natural soil conditions,
respectively for the bored, the root and the precast pile type;
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This paper emphasized the main results obtained
from load tests on several large scale deep foundations located at the Experimental Research Site of the Geotechnical Graduation Program of the University of Brasília.
Typical foundations adopted in this city, and the Federal
District as well, were vertically and horizontally loaded,
yielding loading displacement curves that were interpreted
according to recognized empirical and theoretical methods
from the soil mechanics.
Experimental data acquired from the load tests, as the
displacement levels at failure and working conditions, or
the lateral friction mobilized at the pile shaft, were also presented and discussed. Empirical or theoretical methods currently employed to respectively derive the ultimate vertical
and horizontal capacity of loaded piles have been explored
together with backanalyzed elastic moduli, also for both
considered directions.
The analyses have also allowed a reasonable insight
into some of the most relevant variables that affect the behavior of the deep foundations once vertically or horizontally loaded on tropical soils. The influences of several
external aspects, as the construction methodology or the
weather seasonality, have been addressed in the paper, but
in a limited manner. Although some of the results come
from research theses which have been finished more than a
decade ago, they have been assembled for the first time in a
comprehensive manner, allowing a perspective of some of
the key aspects when designing pile foundations on the collapsible tropical soil of Brasília.
Although the results are restricted to the conditions of
the analyses, based on a limited set of data, they allow preliminary generalizations of the overall behavior. Moreover,
they do highlight the fact that the phenomena involved with
such processes are rather complex. In this regard, this paper
has provided a better understanding of some of the features
which are involved by the loading mechanisms of isolated
piles on tropical soils. It shall be noticed, however, that
some comments have been hypothesized in order to explain
the results, and do need further research for a more grounded appreciation in the future.
Therefore, from the trends observed with the data and
analyses, some general conclusions can be drawn:
• Manually augered piles are not recommended as
foundation solution to replace mechanically excavated
ones, with exception to perhaps low level constructions or
lightly loaded structures;
• The use of an expander additive mixed in the fresh
concrete increases the vertical failure load and decreases
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the vertical settlement of bored piles, and shall be adopted
whenever possible;
• Bored piles should be preferably cast-in-place between 0 to a maximum of 3 days after the soil excavation,
since there is a tendency of decrease of vertical bearing capacity, and of increase on the vertical settlement, with increasing time spans between hole excavation and concretrd
ing after the 3 . day;
• The vertical bearing capacity of root piles does increase with the level of pressure, but up to a value of around
200 kPa. This pressure appears to be a “threshold” value beyond which a major structural breakage, or collapse, takes
place in the soil surrounding the borehole. Hence, such pile
types should be limited to low injection pressures, specially
on the collapsible layers of this deposit, close to surface;
• The dynamic insertion of some pile types, as the precast driven, should be avoided in this type of material,
given its fragile nature at the collapsible layers. This effect
influences the results of both the vertical and the horizontal
capacity values;
• Suction effects, or weather seasonality, do influence
the vertical capacity of floating bored piles founded in this
soil, and should be taken into account specially for short
length piles;
• The traditional Décourt and Quaresma (1978)
method can in principle be safely used in design for vertically loaded bored piles, with NSPT results at any time of the
year;
• Bored piles do seem to behave as floating ones in
this particular deposit, with very low vertical bearing capacity values at the base. Perhaps the base pressure could be
more effectively mobilized at higher displacement levels,
i.e., in a range above the usual admissible values. Ultimate
lateral shaft values below 40 kPa mobilized at vertical head
displacements of around 5% of the pile diameter can be
used as a design starting value - to be further verified in situ
given the (already cited) constraints of herein data;
• Horizontal displacements attained on loaded bored
piles increase at both working and failure conditions when
the soil is inundated. As noticed for the root piles, the injection pressure beyond a certain level also increases this displacement;
• The bearing capacity estimated for bored, root or
precast driven piles horizontally loaded in this soil, via the
traditional extrapolation or the norm criteria, do not change
considerably with subsoil conditions (i.e. inundation or
not);
• The traditional Broms (1964a,b) method can in principle be safely used in design for horizontally loaded bored,
root and precast driven piles in this soil. Nevertheless, in
the case of the precast driven, the methodology seems to be
very conservative;
• The coefficient of subgrade reaction decreases with
the level of horizontal displacement of the pile. Hence, to
be suitable for practical purposes, this modulus should be
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chosen at the corresponding design range that the pile is expected to displace in its life;
• Similar to the vertical case, the dynamic insertion of
some pile types, as the precast driven, should be avoided in
this soil. This technique has caused the driven pile to have
the lowest values of horizontal subgrade reaction at the
working loads.
This paper is a collection of the contribution of many
theses from the Geotechnical Graduation Program of the
University of Brasília. Given the small number of foundations, the limited spatial size of the studied area within the
geographical context of the Federal District, and the multitude of external factors that could affect the results, it is evident that more studies are still necessary (and are underway).
Therefore, it shall be emphasized that the conclusions
drawn herein have to be considered of limited range and applicability. Nevertheless, these results, together with the
experience acquired during the exercise, can be of high interest for researchers and foundation designers of this region and abroad. In many aspects, the presented data of this
paper can be readily used in practical design of equivalent
foundations on similar soil deposits as the one studied
herein, or, at least, be used as a start point for the project in
“non classical” tropical soil types.
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Understanding the Mechanism of Static Soil-Structure
Interaction - A Case Study
G. Savaris, P.H. Hallak, P.C.A. Maia
Abstract. During the construction of a building, a transfer of loads occurs from the columns which tend to settle more to
those that tend to settle less. This observable fact can be attributed to the mechanism called static soil-structure interaction
(SSI). In order to understand this mechanism, which is often not considered in designs, an experimental campaign and a
numerical simulation were carried out on a building which had its settlements monitored from the start of its construction.
For this purpose, linear tridimensional numerical models were constructed for each floor and numerical analysis was
performed, using the finite elements method. In this analysis, numerical models corresponding to the execution of each
floor were used, considering the settlements measured at each stage of the construction. Results show a change in reaction
forces which occurs when settlements are introduced into the model. It was also possible to verify that the spring
coefficients of the foundations change along the ground surface, which suggests that they are related to the structural
stiffness and with the foundation adopted. Furthermore, the analysis of the susceptibility of the structure to settlements
presents results which could justify a greater influence of settlements during the first stages of the construction, with lower
stiffness of the structure associated with greater load variation in columns.
Keywords: FEM analysis, static soil-structure interaction, settlements, soil-foundation spring coefficient, structural stiffness.

1. Introduction
Traditionally, building projects have been drawn up
presuming that the supports on the ground are non-displaceable, resulting in a set of loads (vertical, horizontal reactions and flexural moments) which are passed to the foundation engineer who, considering the results obtained in the
field trials, designs the foundations.
In reality, the performance of a building is governed
by the interaction between the superstructure, infrastructure and foundation soil, in a mechanism denominated
static soil-structure interaction (SSI). Through this mechanism, during the construction of a building, a transfer of
loads occurs from the columns which tend to settle more to
those that tend to settle less. Load transfer between the columns causes a trend towards uniformity of settlements, resulting in smaller displacements than those estimated. This
effect may be found when settlements of foundations are
monitored during construction, and throughout the lifetime
of the building.
Nonetheless, monitoring building during construction, observing the behaviour of the foundations as they are
being loaded, in addition to serving as a certification of
quality of the projects and execution of the construction, is
also a great contribution to the study of the mechanism of
interaction between the structure and the soil.

Following this trend of monitoring buildings during
their construction, this work intends to present the results
obtained with the numerical analysis of a construction
which had its settlements monitored from the beginning.
Actually, the main focus is concentrated on observing the
interaction between the structure and the foundations, by
measuring their displacements during the construction of
the building. The effects of this mechanism is analysed as
regards certain important aspects such as the load variation
in columns, the spring foundation coefficients and the stiffness of the structure.
Furthermore, this work contributes to the formation
of a database about the static SSI and makes this mechanism an important tool that should not be underestimated or
misunderstood in building design. Through this study, we
expect to help future research into the development of
methodologies for analysing the soil-structure interaction
in building projects.
In the next section the mechanism of the soil-structure interaction and its observed consequences in a number
of cases are presented. After that, a review of some models
found in the literature is presented as well as the description
of the building. Finally, the results and conclusions are presented.
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2. Static Soil-Structure Interaction (SSI)
Mechanism
The static soil-structure interaction mechanism can
be observed, for example, by the static analysis of a system
composed of a beam supported by three columns, subjected
to a uniformly distributed load, as presented in Fig. 1(a). In
this case, the load acting on the central column, determined
by conventional static analysis, corresponds to twice the
load on the lateral columns. Due to the higher load, the
foundation of the central column tends to suffer greater displacements; however, depending on the magnitude of the
beam rigidity, this displacement is restricted, causing transfer of loads to the lateral columns. Consequently, the displacement of the central column is less than expected, while
the displacement of the lateral columns will be greater.
In addition to the effects of rigidity of the structure on
the foundation displacements, these displacements will
also influence the deformation of the structure. This can be
observed when we compare the deformation of elements of
the structure in Fig. 1. In a linear analysis we observe that
the final conditions of deformation of a structure consist of
the sum of the deformations of the elements, due to the
loads and redistributions, and they can be obtained only by
an interactive analysis of the soil-foundation-structure system.
Thus, the study of settlements may be used as a tool
for the analysis of the static soil-structure interaction mechanisms. For this purpose, an initial prediction of the settlements is made, considering the isolated foundations, and
the settlements of the building are monitored during its construction and over its lifetime.
The performance of any building can be evaluated by
means of two models of analysis: in the first model
(Fig. 2(a)) the foundations are designed and the settlements
estimated considering only the loading coming from the
structure and in the second model (Fig. 2(b)) the stiffness of
the structure is considered in the estimate of settlements. It
can be verified that the deformation of settlements becomes
smaller due to the influence of the interaction of the soil and
structure, with the central supports tending to settle less
than predicted and the peripheral supports settling more.
The impediment of settlements caused by the rigidity
of the structure alters the maximum and minimum settlements, and consequently the differential settlements. Nevertheless, the total mean estimated settlements do not alter

Figure 1 - Soil-structure interaction model.
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significantly. Thus, the angular distortions caused by the
differential settlements are minimized, making it feasible to
use foundations solutions that would not be possible to
achieve by conventional studies (Gusmão & Calado, 2002).
The redistribution of forces on elements of the structure is a consequence of greater uniformity of the settlements. According to Goshy (1978), this occurs with greater
intensity on the lower floors of buildings, where the open
framed structure with panels behaves in the same way as
vertical planes, similarly to a deep beam. Thus, the lower
parts of the structure are more susceptible to flexural deformations, as shown in Fig. 3.
According to Gusmão & Calado Jr. (2002), the variation in the flexural moments, and torsional and cutting
forces, are negligible, in comparison with the axial forces.
Redistribution of load on the columns generates the transfer
of load from the supports that tend to settle more to those
that tend to settle less. These increases in load are signifi-

Figure 2 - Effect of SSI on settlements and support reactions
(adapted from Gusmão (1994)).

Figure 3 - Analogy with the Deep Beam (H’ ® is the influence
height).
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cant, and can attain variations of up to 30% in the load foreseen in the rigid model (Gusmão (2006) and Gusmão &
Calado Jr. (2002)). These increases in loads can cause pathologies in the structural elements, such as cracking of
beams and concrete slabs, and crushing of columns.
Determining the loads acting on the columns of buildings has been performed in two ways: by measuring the deformation of the columns, using defined concepts of
strength of material for load determination, or by estimation or measurement of settlements, using computer programs for structural analysis, in which the settlements
measured are applied as prescribed displacements on the
supports.
In modelling the structure, some simplifications are
generally made, directly related to the consequences on the
final product built. Some of these simplified hypotheses
and their respective consequences have been reported by
Gusmão (1994) and are presented in Table 1. Thus, we observe the need for considering the interaction between the
soil and the structure in designing buildings, with the goal,
above all, of minimizing pathologies.

3. Proposed Models for the Static SSI
Evaluation
A review of the main methods for static soil structure
analysis is presented in Table 2. It should be noted that all
methodologies aim to simplify the problem by transforming the superstructure into an equivalent stiffness element.
A more rigorous method allows for the superstructure and
the foundation working together as a whole body.
All methodologies have some limitations as regards
their numerical performance and the available computational capacity. Moreover, all methods are based on the
elasticity theory, which can narrow their applicability for
cases with large deformation of the superstructure or the
foundation.
It is important to note that, in these methodologies,
the calculation of settlements is usually done using theoret-

ical models based on the literature. However, optionally,
one can use settlements measured in situ, which allow a
better definition of the spring foundation coefficient. This
was the option adopted in the present work, in accordance
with the methodology proposed by Iwamoto (2000) and
Crespo (2004).
Illustrations of each model are as follows: Fig. 4
shows the equivalent beam proposed by Meyerhof (1953);
Fig. 5(a) is a representation of the model proposed by
Chamecki (1954) and used by Poulos (1975), Iwamoto
(2000) and Crespo (2004); Fig. 5(b) is a representation of
the model adopted by Colares (2006) and Mota et al.
(2007); and, finally, Fig. 5(c) is the model adopted by
Almeida (2003) and Ribeiro (2005)
The methodology adopted in this work uses the finite element method of a discretised building in order to
investigate its structural behaviour. The numerical model
does not consider the foundation and soil directly, but by
introducing the measured settlements of all columns and
for each stage of construction. This procedure is similar to
that adopted by Gonçalves (2004) and Gonçalves et al.
(2007).

4. Description of the Building Analysed and
Computational Modelling
The study was carried out in a residential building,
called Edifício Classic, located in the city of Campos dos
Goytacazes - RJ, Brazil. In Fig. 6 a photo of the building is
presented, in the final stages. Following the trend towards
verticalization of buildings in the city, this building has 12
floors, constructed above the surface of the ground. The
ground level has a social entrance and the garages, which
are also extended to the following two floors. After this,
there are nine floors with four residential units each, and the
top-floor apartment, with a party area, machinery rooms
and elevated reservoir.

Table 1 - Consequences of the hypotheses of projects with regard to SSI (Gusmão, 1994).
Calculation hypotheses

Consequence

Supports considered fixed

Redistribution of loads and forces on structural elements, especially beams and columns.
Load relief on most loaded columns and overload on less loaded columns.
There may be damage to structural elements.

Supports may settle in a manner
independent of one another

The connection between structural elements gives the structure a rigidity that restricts differential settlements.
The measured deformation of settlements is less than that conventionally estimated.
There is a tendency towards uniformity of settlements.

The loading of the building only
occurs at the end of construction

As the structure is being constructed there will be an increase in its load and in the absolute settlements.
There is, however, an increase in the rigidity of the structure, which causes a trend towards
uniformization of the settlements.
There is a limit height, corresponding to the first five floors, beyond which there is practically no
further increase in rigidity for the purposes of uniformity of settlements.
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The equivalent stiffness in each sup- Numerically determined
port is determined by dividing each
reaction of the structure by its respective settlements
The equivalent stiffness is determined as the force necessary to displace a point of the top surface of the
foundation in one unit of length

Each combination for one foundation
element with one type of soil presents a different equivalent stiffness
value

Methodology for computing The stiffness of the equivalent beam
the stiffness of the structure is equal to the sum of the flexural
stiffness of bars which compose the
building and the masonry panel

Large quantity of numerical operations and simplified computation of
the stiffness of the structure

Large quantity of data associated
with high number of numerical operations

Finite element method
Displacement method
Type of method for the solu- Analytical method
tion to the problem

Figure 4 - Beam with equivalent stiffness proposed by Meyerhof
(1953).

4.1. Features of the Structure and of the Monitoring
System

Disadvantage

Finite element method and/or boundary method

It is considered as a single body in
balance. The global system is formed
by the structure and the mass of soil
and the edge is limited by the fixed
soil mass
The superstructure and the foundation are isolated and in equilibrium
The foundation elements is part of
the superstructure
The superstructure and the foundation are considered as a separated
body in balance.
The elements of the foundation are
considered as part of the fixed soil
mass
The structure is replaced by a beam
with equivalent stiffness
Model conception

Almeida (2003); Ribeiro (2005)
Colares (2006); Mota et al. (2007)
Iwamoto (2000); Crespo (2004);
Chamecki (1954); Poulos (1975)
Meyerhof (1953)
Model

Table 2 - Methodologies normally used for static soil structure analysis (adapted from Aoki & Cintra (2004) and Savaris (2008)).
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The building structure is formed by columns, board
beams, ramps and stairs of conventional reinforced concrete, smooth concrete decks and two prestressed reinforced concrete transition beams, using a non-adherent
prestressed system with greased single cables. The building
has 35 columns in the first three floors, starting with the
foundations, and for each floor 18 columns follow, with the
transition of three columns occurring on prestressed beams.
Closure of the building and internal divisions was done
with brickwork using ceramic bricks with holes, and for
closing the stairs, concrete blocks were used.
Figure 7 shows important details of the position of the
foundations and the numbering of the columns. The columns in the central region (columns 1 to 20) have deep
foundations and continue along the typical floor, whereas
the columns in the external region (columns 21 to 37) are
supported on footing foundation and end on the 2nd or 3rd
floor. Also in Fig. 7 it is possible to see the foundation loads
obtained by conventional design, which means considering
fixed supports, range between 300 kN and 5200 kN.
The footing foundation is seated at 1.80 m from the
surface of the ground, on a compacted layer of soil, improved by the mixture of sand and cement. The piles were
made by continuously monitored helical equipment,
400 mm in diameter, and a mean depth of 12.5 m, reinforced in the first three metres.
In Fig. 7 it is also possible to see the network of the
hydraulic system for monitoring the settlements of all columns, which is based on the communicant pipe principle,
similar to the Terzaghi system. In this work, interconnected
silicon pipes, with water outlets in the base of all columns
and in the reference mark, were adopted. This scheme made
it possible to observe the level of water in all columns and
in the reference mark simultaneously.
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Figure 5 - Models for soil-structure interaction analysis (adapted from Mota et al., 2007).

Figure 6 - Front Elevation of Edifício Classic.

Figure 7 - Sketches of the foundations, location of columns with
respective design loads, level reference mark, pipe network and
project loads.

The reference mark level was installed in a region that
did not suffer any influence from the foundation elements.
It was made up of a deep foundation with 10 m of length to
which a graduated calibrated metallic bar was coupled. On
the edge of the tubulation network, located on each column
and on the reference mark, glass tubes were installed. On

the reference mark the glass tube was fixed on the lateral of
the graduated bar. The position of the level of water in relation to the top of the reference mark level was determined
by the distance of the meniscus to the graduation of the metallic bar, as shown in Fig. 8.
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Figure 8 - Metal post and water outlet on the reference mark.

On columns, the glass tube was fixed on their reference level. The position of the reference level in relation to
the reference level in the column is determined by the distance from the meniscus to the orifice of the metallic bars.
To circumvent the difficulties of reading the water
levels and ensure greater accuracy, a digital process was
adopted as a tool for determining the position of the meniscus. After obtaining a photograph of the meniscus in the
field, the image was treated and examined in the laboratory
using an image manipulation program.
Although we give only this short explanation about
the monitoring system, readers are invited to consult the
original dissertation of Savaris (2008) should they wish to
obtain more details about the settlement measuring system
used in the study.
4.2. Modelling of the structure
The Edifício Classic structure was modelled as finite
elements, allowing a static numerical and linear analysis to

be made, using a computer program for structural analysis.
The beams and columns were modelled as uniaxial bar elements, defined by two nodes located on the line that passes
through the centre of gravity of the section. These elements
have tension, compression, torsion and flexural capacities.
The elements have six degrees of freedom in each node,
three being rotations and three translations. On the columns, the eccentricities of the beams were disregarded, except for the columns of the lift shaft, in which rigid bar
elements were inserted. These rigid bars transfer the load
from the beams directly onto the axes of the columns.
The concrete slabs were considered as plate elements,
defined by four nodes, with six degrees of freedom in each
node, three being rotations and three translations. These
were discretised in quadrangular elements according to the
tracing of the prestressing cables.
The structural analysis took into consideration the
construction process of the building through the development of twelve tridimensional models, corresponding to the
execution of each of the concrete slabs of the building. Only
the stages of construction in which the settlements of all the
columns were monitored were considered.
As the measurements of the settlements had been
made at points located at the bottom extremity of the
ground floor columns, the tridimensional models did not
take into consideration the elements of foundation and soil.
In fact, this information was introduced by means of measured settlements.
By follow-up of the construction schedule, data was
obtained on the execution of the brickwork on each floor,
presented in Table 3, with the loads being entered because
of the brickwork in the models with reference to the respective stages of the construction process. The wall was considered to have a thickness of 12 cm for the internal divi-

Table 3 - Important construction data.
Model

Date

Time of construction (days) Stage of construction

I

15/08/2005

0

Execution of slab 1

II

22/09/2005

37

Execution of slab 2

III

27/10/2005

73

Execution of slab 3

IV

25/11/2005

101

Execution of slab 4 and masonry on slab 1

V

14/12/2005

120

Execution of slab 5

VI

29/12/2005

135

Execution of slab 6

VII

14/01/2006

151

Execution of slab 7 and masonry on slab 2

VIII

31/01/2006

167

Execution of slab 8 and masonry on slab 3

IX

17/02/2006

184

Execution of slab 9 and masonry on slab 4

X

16/03/2006

211

Execution of slab 10 and masonry on slab 5

XI

15/04/2006

240

Execution of slab 11 and masonry on slab 6

XII

17/07/2006

331

Execution of slab 12 and masonry on slab 7

*

04/10/2006

413

Completed structure and masonry on slab 10

XIV*

02/07/2007

681

Final stage of the construction.

XIII

*For these stages there is no numerical model.
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sions executed with ceramic bricks, and 15 cm for the stair
walls, constructed with mortar blocks.
The weight of the structure itself was automatically
calculated by the computer program from the dimensions
of the elements and the physical properties of the materials.
The accidental loadings were disregarded in the analyses.
The specifications of the materials used in the construction
were obtained from the architectural and structural projects, and, occasionally for the materials with non-specified
properties, the recommendations in the Brazilian Standards
NBR 6118 (ABNT, 2003) and NBR 6120 (ABNT, 1980)
were adopted, as presented in Table 4. In this table fck is the
characteristic compressive resistance of the concrete, fptk
is the characteristic tension of rupture to traction of the prestressed steel and fpyk is the characteristic leakage resistance of the prestressed steel.
The prestressing performed in the concrete slabs and
transition beams was considered as a set of Equivalent Concentrated Loads, as presented by Menegatti (2004). This
methodology was proposed for considering prestressing in
prestressed concrete elements. It aims to contribute to the
optimization of the task of modelling the structure, due to
the simplicity of obtaining the forces and the ease of application in commercial programs for structural analysis.

5. Performance of the Structure and the
Influence of Settlements on the Analysis
This work intends to understand the mechanism of
the interaction between the structure under construction
and the foundation, referred to here as the static SSI mechanism. This mechanism represents the static action and reaction between both parts of a building, considering the
experimental settlements obtained for each stage of construction. To accomplish this, a study about the variation of
loads on the supports during the time of construction is first
presented. Next, following certain tendencies which use
spring coefficients in order to represent the soil reaction in
the structures, we present an analysis of this parameter over
the time of construction. Finally, an analysis of the influ-

Table 4 - Physical parameters of construction materials used.
Material

Property

Adopted value
3

Reinforced concrete Specific weight (kN/m )

Pre-stressed cable

25

Poisson coefficient

0.2

fck(MPa)

30

Elasticity modulus (GPa)

30.67

Diameter (mm)

15.2

fptk(MPa)

1900

fpyk(MPa)

1710
3

18

3

22

Ceramic masonry

Specific weight (kN/m )

Blocks of cement

Specific weight (kN/m )
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ence of the stiffness of the structure on the behaviour of the
settlements is presented.
5.1. Variation of loads in columns
With the aim of quantifying the load variation on columns, considering the settlements or not, two hypotheses
for the supports were considered in the analysis. In the first
hypothesis the supports were considered as fixed, to obtain
the reactions on the supports as is done traditionally in
structural building projects. In the second hypothesis, the
settlements measured at each stage were imposed, as prescribed displacements on the supports, to obtain the effects
of the settlements on the reactions of the supports. By superimposing the effects of the weight of the structure itself
and brickwork, prestressing and the settlements, the effects
of the static SSI in the loads on columns were then analysed.
In order to quantify the influence of settlements on
the loads, a redistribution coefficient of loads factor (FR)
was employed. This factor is defined as:
æ R -Rö
FR = ç d
÷´ 100
è R ø

(1)

where R is the total reaction on column i without considering its vertical displacements and Rd is the total reaction on
column i taking into account its settlements. In these equations R and Rd are the total reactions obtained until the stage
of construction being considered. Actually, the coefficient
FR represents, in percentage terms, the increase or relief of
the load on the support due to the settlements.
By taking the values of FR obtained it was possible to
define two groups of columns with distinct behaviour. In
the first group we have columns which suffered an increase
in load when taking into account the settlement, and have
positive FR values. In the second group we have those
which suffered a decrease in load with negative FR values.
Considering the maximum and minimum values of each
group over the time of construction, it was possible to draw
the curves show in Fig. 9. In this figure we also indicate, for
each group, the columns which presented extreme values.
We find the highest load increases and reliefs in the
first stages of construction. It can be seen that as the number
of floors of the building increases, the amplitude between
the values of load increases and relief among the columns
tends to reduce. Symmetry of the curves is observed in relation to the horizontal axis that passes through the origin, indicating the redistribution of the forces that occurs, caused
by the structure-soil interaction.
In the first half of the construction higher variations
of loads are observed in deep foundations (columns P7, P8,
P9 e P11) while in the second half higher values are observed in footing foundations (columns P23, P24, P25 e
P30). This observation shows that, due to the stiffness of
the structure, a transfer of loads still continues, even for
foundations which end on the 2nd and 3rd floors.
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is incorporated in the computational design of structures as
an option dealing with a more realistic representation of the
behaviour of the structures.
In order to evaluate the magnitude of this parameter
and to verify the feasibility of this assumption, we back-calculate here the spring coefficient based on experimental
data. This spring coefficient of the soil-foundation set (Ksf)
represents the relationship between the foundation load and
the measured settlement and can be determined through
Eq. (2),
Rsf ( i ) =
Figure 9 - Variation in maximum load increase and relief during
the course of construction.

A worrying fact can be observed in this figure. For almost all monitoring stages the value of FR for pillars suffering an additional load is more than 30%. For the last stage
(the pouring of the 12th slab) this difference is about 43%.
Note that at this stage a uniformization of settlements is attained and this difference may persist for the life cycle of
the building. This increase is a cause for concern from a
structural point of view, and therefore deserves attention.
Uniformity of load distribution may be found when
we analyse the coefficient of variation (CV) of the redistribution factor (FR) for each stage of construction, as presented in Fig. 10. This coefficient of variation is defined by
the ratio between the standard deviation and the mean of the
FRs. It can be seen that with the increase in the number of
floors, the redistribution factor tends to decrease and stabilize. This fact, as observed previously, is a consequence of
making the settlements uniform due to the influence of the
stiffness of the structure.
5.2. Evaluation of spring foundation coefficient
To perform the analysis of structures considering the
foundation settlements, one of the simplifications adopted
in the computational modelling assumes the use of an ideal
spring, with a vertical degree of freedom, connected with
the support points of the structure on the soil. This resource

Figure 10 - Variation coefficient of the load redistribution during
the course of construction.
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Rd( i )
d(i)

(2)

where Ksf(i) is the spring coefficient of the support i, Rd is the
reaction of the support i of the structure, until the stage of
construction considered, when it is analysed considering
the measured settlements d(i) of the same support.
Figure 11 shows the contours of the coefficient referth
ring to the execution of the 12 slab. It is evident that the coefficient Ksf is not constant along the ground surface, as also
observed by Russo Neto et al. (2002) in their research carried out in a pre-cast concrete building. This can be explained by the fact that this coefficient is determined using
the reactions of the supports when the measured settlements are considered. In this way, the values of Ksf depend
not only on the type of soil and foundation but also on the
features of the structure of the building. Therefore, the hypothesis using the same spring coefficient for all foundations often used in design is not a feasible representation of
the actual problem.
In Fig. 11 it is possible to see the formation of four
distinct zones clustered according to the magnitude of Ksf.
The peripheral region, defined as Zone A, has the lowest
values of Ksf. Low values of Ksf are also found in the zone
near the lift shaft and stairs, defined as Zone B. The highest
values of Ksf are found in Zone D, in the neighbourhood of
the columns P2 and P19. There is also an intermediate region, Zone C, located in the peripheral projection of the
typical floor.
The average values of Ksf during construction for the
four zones described above are illustrated in Fig. 12. For
zones C and D, we observe an increase of Ksf values at the
beginning of construction, when the soil is receiving a significant amount of load. At the end of construction, these
zones present an increase of, approximately, 56% and 33%,
respectively, compared with the initial values. On the other
hand, zones A and B experience a decrease of this parameter of about 13% and 22%, respectively. In fact, both forces
and settlements tend to increase over the time of construction. As regards the definition of Ksf, which is the ratio of
these two quantities, regions A and B experience an increase in settlement higher than the increase in load, while
different behaviour is observed in regions C and D. Thus,
the redistribution of load as a function of settlement is also
observed in this analysis.
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(1953), who considered, for the static SSI analysis, the
frame of the structure as an equivalent beam. Thus, in order
to analyse the influence of the stiffness of the structure on
the redistribution of loads, another procedure was adopted.
In this procedure, a parameter, defined here as an equivalent stiffness of the structure on each support (Ke), was obtained by applying unit settlements for each support and for
each stage of construction. The necessary forces, that is, reaction values, to keep this displacement were interpreted as
a stiffness coefficient of the structure related to a unit settlement of each support. It is important to stress that this procedure is similar to the idea of the direct displacement
method for determination of the stiffness matrix of any kind
of structure.
The variation of this parameter along the ground surface, for the 12th stage, can be observed in Fig. 13, where
contours of Ke values are plotted. With regard to this figure,
three distinct zones can be recognized according to the
magnitude of the values of Ke. First, the zone called RA is
characterized by lower values of K, of about 40 MN/m.
This region corresponds to the periphery of the ground
where the columns end in the second slab. Along the radial
direction from the centre of the building, it is possible to observe a second region, called RB, with values of Ke between

Figure 11 - Contours of Ksf for the last stage of construction
(MN/m).

Figure 12 - Curves of average values of Ksf coefficient for zones
SFA, SFB, SFC and SFD during construction.

It is clear that we have, again, a great disparity in the
magnitude of this parameter among these four zones and
during the construction of the building.
5.3. Influence of the stiffness of the structure on the
static SSI mechanism
In this case study, the features of the structure make it
difficult to use the methodology proposed by Meyerhof
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Figure 13 - Contours of equivalent coefficient curves (Ke) for the
last stage of construction (MN/m).
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80 MN/m and 120 MN/m. Finally, the third zone, located in
the centre, called RC, has values of Ke over 160 MN/m.
In order to visualize the evolution of this parameter
during the time of construction, the curves of mean values
of Ke for regions RA, RB and RC are plotted in Fig. 14. It
can be observed that regions RB and RC show a significant
increase in the values of Ke during construction, but tend to
stabilize in the final stages. On the other hand, the mean
values in region RA stabilize just after the execution of the
third slab. It should be noted that the columns in this region
have shallow foundations and end at this stage of construction.
Another interesting result can be obtained if we compare Fig. 10 with Fig. 15 plotted below. The latter shows
the variation curves of Ke during the construction stage,
proportionally to the maximum values calculated for each
region. It can be seen that all regions reached almost half
the value of total stiffness after the third slab execution.
Analysing Fig. 10, we can see that, after the execution of
the fourth slab, the variation of the redistribution of load decreases. In other words, this confirms that significant effects of static SSI take place in the initial stages of construction. The same was observed by other researchers, like
Gusmão & Calado Jr. (2002), Gonçalves (2004), Barros
(2005), Danziger (2000) and Gusmão (2006).

Figure 14 - Variation of the equivalent stiffness coefficient (Ke)
for regions RA, RB and RC during construction.

Figure 15 - Proportional evolution of the equivalent stiffness coefficient (Ke) of the structure for regions RA, RB and RC.
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An analysis of the evolution of measured settlements
was performed for each stage of construction and the results are plotted in Fig. 16. The initial stage of construction
was characterized by a large displacement, generated by the
removal of the casting forms of the first slab and execution
of the second. It is possible to verify a uniform increase of
settlements over time, which could be justified by the constant velocity imposed on the construction.
Figure 16 can also provide significant information on
the static SSI mechanism. As observed, the average settlements in shallow foundations (region RA) have the same
magnitude as in deep foundations in the first stages of construction. After the execution of the third slab, they continue to grow slightly and stabilize in the last stages. The
increase of settlements in shallow foundations after the
third pour slab suggests that, due to the stiffness of the
structure, a transfer of loads from the central columns to the
edge columns occurred. This effect is typical of the static
SSI mechanism, as described in section 2.
Also in Fig. 16 the average loads for each stage of
construction and for each section is provided. Note that
there is a correlation between regions RA, RB and RC of
Fig. 13 and zones A, B, C and D of Fig. 11. In fact, zone A
corresponds to region RA, zone B corresponds to region
RC and zones C and D correspond to region RB. In this
way, we can observe the evolution of the stiffness coefficient in these regions by taking into account the evolution
of the stiffness coefficient Ksf of Fig. 12.
In Fig. 17 an iso-settlement curve is presented for the
stage related to the execution of the last slab. It is possible
to observe the formation of a settlement basin, with higher
depressions in the central region of the ground. This depression is due to the typical floors which generate the loads responsible for the increase of settlements in this region.
The influence of the stiffness of the structure on settlements can be verified using the variation coefficient of
settlements, which is plotted in Fig. 18, and using the information provided by Fig. 13. Figure 16 shows, especially
with regard to region RC, that the variation in settlement

Figure 16 - Evaluation of mean settlement and loads during construction.
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6. Conclusions

Figure 17 - Iso-settlement curve for stage 12.

This work aimed to investigate the static soil-structure interaction mechanism. To achieve this, the behaviour
of a structure which had its settlement monitored from the
beginning of construction was analysed. The importance of
this mechanism was demonstrated by analysing the behaviour of certain parameters, such as the redistribution of
loads among columns, the spring soil coefficient and the
stiffness of the structure. In general, it was found that:
• Numerical simulation of the building considering
the execution of each slab and the two hypotheses, one with
non-displaceable supports and other with the settlements
applied to each model, was useful for evaluating the effects
of settlements.
• The small settlements that occur in buildings, and
which are frequently disregarded, cause disturbances in the
structure, resulting in redistribution of loads among columns, with consequent greater uniformity of settlements.
• The hypothesis, often adopted in projects, which
considers the support of foundations by means of a constant
spring coefficient does not represent the real situation of the
structure. In fact, the use of a spring coefficient in foundations must take into account not only the rigidity of the soil
but also the rigidity of the structure because, according to
the results obtained, these coefficients vary among the
foundation elements.
• Due to the static SSI, a transfer of loads occurs from
the columns which tend to settle more to those that tend to
settle less. Load transfer among the columns causes a trend
towards uniformization of settlements, resulting in smaller
displacements than those estimated.
When observing the effects of the soil-structure interaction, it was concluded that it is of extreme importance to
consider the settlements in the analysis of the structure. It is
also important to include this procedure in drawing up projects in order to analyse their effects on the construction
process.
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Measurement of Drop Height and Impact Velocity
in the Brazilian SPT System
E.H. Cavalcante, B.R. Danziger, F.A.B. Danziger
Abstract. The energy efficiency in SPT is generally evaluated based on the nominal drop height. Measurements of the
drop height in systems different from those used in Brazil have shown that the drop height values can be significantly
different from the nominal ones, inclusively in those systems where lifting-releasing operations are automatically
performed. Measurements of the drop height have been carried out in a manual lifting-releasing pinweight hammer system
regularly used in Brazil. The average value of the drop height was 0.79 m, with a standard deviation of 0.03 m and a
coefficient of variation of 4%. Only 6 out of the 129 measured values provided drop height values smaller than 0.75 m,
which is an indication of the tendency the operator has to lift the hammer above the standard height. The average potential
energy error was only 5.1%. The obtained results may be attributed to the crew experience and cannot be considered typical
values of Brazilian practice. However, they do represent a condition that can be achieved in practice, provided a proper
operation is undertaken. Thus, it must be seen as a goal. The impact velocity of the hammer has also been evaluated from
the instrumentation. The average ratio between kinetic energy and potential nominal energy (or e1 value) was 0.74, and
0.70 if the measured potential energy is used instead of the nominal energy. An average value of 0.99 has been obtained for
the energy below the anvil and kinetic energy ratio (or e2 value).
Keywords: in situ testing, SPT, instrumentation, drop height, impact velocity, energy measurement.

1. Introduction
The Standard Penetration Test (SPT) is the most common in situ test performed all over the world (Décourt et al.,
1988). In foundation design in Brazil, it is in most cases the
only available geotechnical investigation. Despite its simplicity and robustness, it is perhaps the in situ test most dependent on the attitude of the operator. A number of factors
influencing the N value obtained from SPT has been discussed in a number of papers (e.g., Fletcher, 1965; Ireland
et al., 1970; De Mello, 1971; Serota & Lowther, 1973;
Kovacs et al., 1977, 1978; Palacios, 1977; Schmertmann &
Palacios, 1979; Kovacs, 1979, 1980, 1994; Kovacs & Salomone, 1982; Riggs et al., 1983; Belincanta, 1985, 1998;
Skempton, 1986; Belincanta & Cintra, 1998; Décourt et al.,
1988, 1989; Tokimatsu, 1988; Décourt, 1989; Clayton,
1990; Matsumoto et al., 1992; Morgano & Liang, 1992;
Teixeira, 1993; About-Matar & Goble, 1997; Aoki & Cintra, 2000; Fujita & Ohno, 2000; Cavalcante, 2002; Odebrechet, 2003; Daniel et al., 2005; Youd et al. 2008).
Among these papers, the one by Schmertmann &
Palacios (1979) has shown that the number of blows N varies inversely with the energy delivered to the rod stem, to N
equal at least 50. After some discussions concerning the
need of standardization and the choice of the proper energy
to be used as a reference to the N value (e.g., Kovacs &

Salomone, 1982; Robertson et al., 1983; Seed et al., 1985;
Skempton, 1986), ISSMFE (1989) has established 60% of
the theoretical free fall energy (or nominal potential energy) as the international reference. Therefore the corresponding N60 is obtained as:
N 60 = N

E
E 60

(1)

where N = measured number of blows, E = energy corresponding to N and E60 = 60% of the theoretical free fall energy E*, E* = 474 J.
It must be emphasized that the potential energy
E* = 474 J mentioned in the International Reference Procedure for SPT (ISSMFE, 1989) is related to a 63.5 kgf
weight hammer and a drop height of 0.76 m, while the nominal potential energy in the Brazilian Standard (ABNT,
2001) is 478.2 J, related to a 65 kg mass hammer and a drop
height of 0.75 m. The difference between the potential
nominal energies of the International Reference and that of
the Brazilian Standard is only 1%.
Décourt (1989) and Kulhawy & Mayne (1990) have
summarized the factors affecting the energy transmission
from the hammer to the rods. According to Décourt (1989),
the energy entering the rod stem (or enthru energy, Ei) can
be obtained as
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E i = e1 ´ e 2 ´ e 3 ´ E *

(2)

where e1, e2 and e3 are efficiency (or correction) factors. The
efficiency factor e1 relates the kinetic energy just before the
impact to the free fall energy and is mainly dependent on
the way the hammer is lifted and released. A number of researches have been carried out on this subject (e.g., Kovacs
et al., 1977, 1978; Kovacs, 1979, 1980; Kovacs & Salomone, 1982; Skempton, 1986; Tokimatsu, 1988; Décourt,
1989). Figure 1 summarizes the results obtained from different types of equipment.
The factor e2 is associated to the loss of energy due to
the presence of the anvil (Skempton, 1986). Décourt (1989)
summarizes the main existing results (Fig. 2).
The efficiency factor e3 is related to the rod length and
e3 values smaller than 1 have been proposed (e.g., Schmertmann & Palacios, 1979; Skempton, 1986) to take into account the separation between hammer and anvil for rod
lengths smaller than 10 m, due to the upcoming stress wave.
However, recent research (Cavalcante, 2002; Odebrecht,
2003; Daniel et al., 2005; Odebrecht et al., 2005; Danziger
et al., 2006) has shown that a number of impacts may occur
in a single blow, each impact being responsible for part of
the energy delivered to the rod stem. Thus, e3 should be
taken as 1 (Fig. 3).

Moreover, Odebrecht (2003) and Odebrecht et al.
(2004, 2005) have shown (Fig. 4) that the potential energy
resulting from the penetration (Dr) should be added to the
nominal potential energy, which is significant in the case of
soft (or loose) soils and small rod lengths.
Very few researches have measured the energy reaching the sampler, Es, and Cavalcante et al. (2008) have presented results from recent researches (Fig. 5).
As shown before, the efficiency factors are related to
the theoretical free fall energy, thus they are not the real
ones. However, the efficiency factors are influenced by the
errors associated with the non use of the real free fall energy
during the test. The present paper presents a research aimed
at the measurement of the potential energy of a pinweight
hammer, hand lifted system commonly used in Brazil. Additionally, the impact velocity of the hammer has also been
evaluated. The energy reaching the rod stem has been used
to evaluate the efficiency factors based both on the theoretical free fall energy and on the measured energy as well.

2. The Free Fall Energy
The potential energy in fact used in SPT has been investigated by few researches. Riggs et al. (1983) gathered
data from Goble & Ruchti (1981) and Kovacs et al. (1975)
for the cathead and rope system, where two turns of rope on
cathead were used. According to Riggs et al. (1983) the research from Goble & Ruchti (1981) involved the measurement of the impact velocity and the height of the hammer
fall in more than 1500 blows. Fifteen experienced operators
controlling various types of equipment participated in the

Figure 1 - Efficiency factor e1 (adapted by Décourt, 1989 from
Skempton, 1986).

Figure 2 - Efficiency factor e2 as a function of the anvil mass
(Décourt, 1989).
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Figure 3 - Efficiency vs. rod length (adapted from Cavalcante,
2002; Cavalcante et al., 2004).
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Figure 4 - Potential energy at different stages of the standard penetration test (Odebrecht, 2003; Odebrecht et al., 2004, 2005).

Figure 5 - Energy loss, (Ei - Es)/Ei, vs. rod length. (a) Cavalcante et al. (2008), data from Cavalcante (2002); (b) Cavalcante et al. (2008),
data from Odebrecht (2003) and general trend from Johnsen & Jagello (2007).

research. The results have shown that all the operators lifted
the hammer higher than the standard 0.762 m, the average
measured hammer fall being 0.817 m. The average efficiency taken from the measured impact velocity and the
nominal (standard) hammer fall height was 86%. If the average efficiency had been related to the measured hammer
fall height its value would have been naturally smaller. Fig-
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ure 6 summarizes data obtained from Goble & Ruchti
(1981) and Kovacs et al. (1975).
Even for the case of automatic hammers, some problems may arise on the mechanism of lifting and releasing
the hammer, so that significant variations on the fall height
may also occur. Kovacs (1979), for instance, presented
some data from a Borros automatic free fall hammer that re-
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Figure 7 - Increase in fall height with blow velocity for automatic
Borros free fall hammer (Kovacs, 1979).

Figure 6 - Hammer fall height vs. efficiency, data from Goble &
Ruchti (1981) and Kovacs et al. (1982) collected by Riggs et al.
(1983).

vealed an increase in fall height when submitted to blow velocities greater than 15 blows per minute (Fig. 7).
Farrar & Chitwood (1999) have also shown that the
hammer drop height is dependent on the blow count rate on
an automatic hammer manufactured by the Central Mine
Equipment Company (CME), as shown in Figure 8. In fact,
the hammer drop height increases with the blow count rate.
It must be pointed out that those authors have mentioned
that the rate required to develop a 760 mm (30-inch) drop
using the CME hammer is 50 to 55 blows per minute, and
all drills are adjusted at the factory to provide the recommended rate. However, with time, these settings may change and should be checked. Farrar & Chitwood (1999)
emphasized that if the operator fails to properly adjust the
mechanical system that provides the rate, the SPT will be
invalid unless the rate is recorded.
The first automatic SPT riggs have been recently introduced in Brazil (see e.g., Hachich et al., 2006), and a
proper check of the hammer drop height is therefore very
important.

of reflective light strips strategically positioned at the hammer (Kovacs et al., 1977, 1978; Kovacs, 1979; Kovacs et
al., 1981; Kovacs & Salomone, 1982); (ii) generation of an
electrical pulse in parallel wires spaced by a known distance that records the hammer passage and the elapsed time
during the known course (Matsumoto et al., 1992); (iii)
more recently, the use of radar technology with a record
system based on Doppler effect (Morgano & Liang, 1992;
Abou-Matar & Goble, 1997).
Figure 9 shows details of the hammer impact velocity
recording system with the use of scanners and reflective
light strips of contrasting colors (black and white) put on
donut hammer model (Kovacs et al., 1978, 1981).

3. Measurements of Hammer Impact
Velocity
The systems used for measuring impact velocity in
SPT hammers are based on: (i) scanners focalizing a series
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Figure 8 - Increase in fall height with blow velocity for automatic
CME hammer (Farrar & Chitwood, 1999).
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4. Tests Performed
SPTs have been instrumented at the district of Lapa,
Rio de Janeiro, aiming at the measurement of the SPT efficiency considering both the nominal drop height and the
measured values. Impact velocities have been measured in
addition to the drop height. The energy just below the anvil
(weight of 13 N) has been measured with a SPT Analyzer
system.
A very experienced sounding crew composed of a 50
year-experience chief-operator and 2 auxiliary-operators
were in charge of the SPT system.
A total of 129 hammer blows have been analyzed in 3
depths, ranging from nominal depths of 23 m to 25 m. Energy measurements below the anvil have been carried out in

Figure 9 - Details of the reflective light strips used for the scanners to record the hammer impact velocity (Kovacs et al., 1978).

96 blows. The soil nature at the tested depths consisted of a
residual sand from weathered gneiss. Table 1 summarizes
the measurements performed.
4.1. Drop height and impact velocity measurement system
The drop height has been measured by an equipment
consisting of:
(i) a wood ruler, fixed in the rods in a way that the beginning of the scale coincided with the anvil top (Fig. 10);
(ii) an Invar ruler, manually held during the tests;
(iii) a metallic pointer, fixed at the base of the hammer, to provide a better reference for the measurements
(Fig. 11);
(iv) a camera capable of filming at a speed of 30 pictures per second, placed at a level and at a distance able to
properly record the blows (Fig. 12);
(v) additionally, one of the accelerometers used in
connection with the energy measurements below the anvil
was fixed in the hammer (Fig. 11).

Figure 10 - Instrumentation used to measure drop height and impact velocity.

Table 1 - Measurements performed.
Nominal depth (m)

N

Rod length (m)

Number of filmed blows Energy measured below the anvil

23

27

25.39

22

No

24

46

25.67

57

Yes

25

-*

26.80

50

Yes

*50 blows have been able to penetrate only 26 cm.
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The blows have been filmed during both the operations of lifting and releasing the hammer (Figs. 13 and 14).
The images have been analyzed by means of a cassette
video and a video monitor. The speed of the camera has allowed an accurate definition of the drop height, i.e., with
the use of the commands “slow motion” and “pause” it has
been possible to properly define the maximum height the
hammer was lifted, following successive pictures with intervals of 0.033 s.
However, the camera speed did not allow to get the
proper definition of the impact velocity. In fact, at the beginning of the releasing process, it was possible to get sharp
images of successive pictures. However, as the rate increased, it was no longer possible to get the proper definition of 2 successive pictures, so from a certain time the drop
rate could not be properly measured. Another method was
then used to estimate the impact velocity. The drop height
was divided in 3 sections, and both elapsed time and length
in each section have been recorded. It has been assumed a
linear velocity in each section, which corresponds to a constant acceleration. The initial velocity of each interval was
taken as the final velocity of the previous interval, and the
impact velocity was taken as the final velocity of the third

section. An example of the obtained values is presented in
Table 2 (see also Fig. 15).
In order to check the errors due to the assumed hypothesis, hammer equilibrium has been considered
(Fig. 16), and Eq. (3) can be written

Figure 11 - Detail of the hammer, guide and part of instrumentation used to measure drop height and impact velocity.

Figure 12 - System used to evaluate drop height, impact velocity
and energy below the anvil.

mg - Fat = m

dv
d2s
=m 2
dt
dt

(3)

where m = hammer mass, g = gravity acceleration, v = hammer velocity, s = covered distance (from hammer release),
t = time (from hammer release) and Fat represents both the
friction between the hammer guide and the anvil/rod (F1)
and also the force acting at the hammer top due to friction at
the pulley (F2).
If any friction effect is disregarded, a free fall condition is achieved, and s = f (t) is a second degree equation. If
Fat is not constant then s = f (t) will be a polynomial with a
th
degree higher than 2, and a 4 degree polynomial has been
assumed as an approximation, according to Eq. (4).
s(t) = s 0 + s1 t + s 2 t 2 + s 3 t 3 + s 4 t 4

(4)

As doing so, one should arrive at a more approximate
response of the event. Using the boundary conditions s = 0

Figure 13 - Video frames during hammer lift.
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Figure 14 - Video frames during hammer fall.

Table 2 - Example of calculation of impact velocity.
Section

Length,
Dh (m)

Elapsed
time, Dt (s)

Initial
velocity
(m/s)

Final
velocity
(m/s)

1

0.15

0.23

0

1.30

2

0.21

0.13

1.30

1.93

3

0.44

0.17

1.93

3.25*

*Impact velocity.

for t = 0 and v = 0 for t = 0 the values so = 0 and s1 = 0 can be
respectively obtained. Thus, Eq. (4) can be simplified to
s(t) = s 2 t 2 + s 3 t 3 + s 4 t 4

(5)

The use of Eq. (5) for each one of the 3 sections provides a system of 3 equations and 3 unknowns. The values
included in Table 2 provide the equation
s(t) = 3175
. t 2 - 2141
. t 3 + 2.874t 4
The velocity can then be obtained as
v(t) = 6.350t - 6.422t 2 + 11.496t 3

Figure 16 - Friction during hammer fall.

(6)

(7)

Eq. (7) provides the values included in Table 3, which
also includes the values from the linear hypothesis (in each
interval) assumption. The differences between both hypotheses are also included in the table.
As expected, the difference between both hypotheses
decreases as time increases, i.e., the velocity is closer to a
linear behaviour approaching impact.
Table 3 - Hammer impact velocities.
t (s)

Figure 15 - Measured values used to evaluate the impact velocity.
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v (m/s)
th

Difference
(%)

Assuming linear
variation in each
interval

Assuming 4 degree
equation for s = f (t)

0.23

1.30

1.26

+3.2

0.36

1.93

1.99

-3.0

0.53

3.25*

3.27*

-0.6

*Impact velocity.
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The SPT Analyzer system used to measure the energy
just below the anvil has been tentatively used to measure
the impact velocity, by fixing one accelerometer in the
hammer, as mentioned in the previous section (see Fig. 11).
However, owing to the longer interval of the fall height,
nearly 400 ms, compared to the maximum time allowed by
the SPT Analyzer system, 102.4 ms, it has not been possible to record the impact hammer velocity.
4.2. Test results
The histograms of drop height measured values (h)
are shown in Figs. 17, 18 and 19, respectively for the 23 m,
24 m and 25 m nominal depths. The average values are included in Table 4. The corresponding values of potential
energy (Epot, meas) are also included in the table.
The average drop height for the 23 m nominal depth is
0.78 m, associated with a small standard deviation of
0.01 m and a coefficient of variation of 1.7%. In no case has
the hammer been released at a drop height lower than
0.75 m. It must be taken into account that the first series of
measurements deserved a very special attention of the crew
as far as the use of the correct drop height is concerned. Due
to the small difference of the drop height with respect to the
nominal one, the average potential energy error was only
4.5%.

Figure 17 - Drop height values measured at 23 m nominal depth.

Figure 18 - Drop height values measured at 24 m nominal depth.
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Figure 19 - Drop height values measured at 25 m nominal depth.

Similar results have been obtained for the other nominal depths (24 m and 25 m). However, the crew was asked
to behave more naturally during the second and third series
of measurements. As a consequence, the standard deviation
and the coefficient of variation were higher at those depths
(see Table 4).
If all data is now analyzed, the average value of the
drop height is 0.79 m, with a standard deviation of 0.03 m
and a coefficient of variation of 4%. Only 6 out of the 129
measured values provided drop height values smaller than
0.75 m, which is indeed an indication of the tendency the
operator has to lift the hammer above the standard height,
as shown previously for other SPT systems, as shown e.g.
by Riggs et al. (1983), see Fig. 6.
The average potential energy error was only 5.1%.
The very good results obtained may be attributed to the
crew experience and cannot be considered typical values of
Brazilian practice. However, they do represent a condition
that can be achieved in practice, provided a proper operation is undertaken. Thus, it must be seen as a goal.
The average values of impact velocity (vimp) and the
corresponding values of kinetic energy (Ekin) are included in
Table 5.
As a consequence of the smaller scatter of the drop
height at the nominal depth of 23 m, there was a smaller
scatter of the impact velocity data with respect to the other
depths, as can be seen in Table 5.
The average impact velocity was 3.29 m/s, indicating
a loss compared to the nominal value (v imp = 2gh ,
h = 0.75 m) of 14.2%. If one now considers the average
measured drop height value of 0.79 m, the loss in velocity is
16.4%. As the kinetic energy takes the square of the velocity, the average ratio between kinetic energy and potential
nominal energy, Epot, nom (or e1 value) is 0.74; if the measured
potential energy is used, the obtained value is even smaller,
about 0.70 (see Table 5). Those values are smaller than the
ones included in Fig. 1, suggested by Décourt (1989).
Besides the evaluation of drop height and impact velocity, the energy below the anvil has also been measured at
the nominal depths of 24 m and 25 m with a SPT Analyzer
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Table 4 - Summary of drop height measurements.
Number of blows

h (m)

Standard dev. (m)

Coef. var.

Epot, meas (J)

Epot, meas error*(%)

23

22

0.78

0.01

1.7%

499.69

4.5

24

57

0.78

0.04

4.5%

500.39

4.6

25

50

0.79

0.03

3.5%

506.29

5.9

Whole data

129

0.79

0.03

3.8%

502.56

5.1

Nominal depth (m)

*with respect to the nominal value of 478.24 J.

system, and accelerometers and force transducers (straingauge based) have been used. Details of the energy measurement have been presented by e.g., Cavalcante (2002),
Cavalcante et al. (2003; 2004). The average energy values
(EFV) are included in Table 6. Those values are lower than
the ones obtained in other places in the same research, although in smaller depths (Cavalcante, 2002; Cavalcante et
al., 2004). In fact, those values do represent an energy ratio
EFV/Epot,nom of 73%, smaller than the average of those other
depths (see Fig. 3), with an average ratio of 0.82.
If the measured potential energy is used rather than
the nominal one, i.e., if one considers the energy ratio
EFV/Epot,meas, an even smaller value, 0.70, is obtained (see
Table 6).
The most plausible explanation for the smaller energy
ratio in the data herein reported is that smaller drop height
values have been used only in the tests herein reported, due
to the crew experience. Since drop height values have not
been measured in the other mentioned tests, more research
is needed relating the average ratio with the potential energy indeed used in the tests.
When the EFV/Ekin average ratio is analyzed, it can be
observed that it is very close to 1, indicating a value of e2
around 1. This value is higher than the range suggested by
Décourt (1989), included in Fig. 2. In various blows the energy measured below the anvil was greater than the kinetic
energy, a fact that seems inconsistent, even considering any

increase of the potential energy suggested by Odebreht
(2003). This has been attributed to the scatter related to the
impact velocity measurements. However, the average values have shown clearly the trend of EFV/Ekin to be around 1,
as mentioned.

5. Conclusions
Drop height and impact velocity have been measured
in 129 blows in 3 nominal depths in SPTs performed in Rio
de Janeiro. The first series of measurements (23 m nominal
depth) deserved a very special attention of the crew as far as
the use of the correct drop height is concerned, and the average drop height was 0.78 m, associated with a small standard deviation of 0.01 m and a coefficient of variation of
1.7%. In no case has the hammer been released at a drop
height lower than the Brazilian standard 0.75 m. The average potential energy error was only 4.5%. The crew was
asked to behave more naturally during the second and third
series of measurements, and although the average drop
height was only 0.01 m greater (0.79 m), the standard deviation and the coefficient of variation were higher. If the
whole data is now analyzed, the average value of the drop
height was 0.79 m, with a standard deviation of 0.03 m and
a coefficient of variation of 4%. Only 6 out of the 129 measured values provided drop height values smaller than
0.75 m, which is indeed an indication of the tendency the
operator has to lift the hammer above the standard height,

Table 5 - Summary of impact velocity measurements.
Nominal depth (m) Number of blows vimpact (m/s) Standard dev. (m/s)

Coef. var.

Ekin (J)

Ekin/Epot, nom (%)

Ekin/Epot, meas (%)

23

21

3.29

0.24

7.4%

354.61

0.74

0.71

24

57

3.23

0.33

10.1%

342.44

0.72

0.68

25

50

3.35

0.29

8.7%

366.36

0.77

0.72

Whole data

128

3.29

0.30

9.3%

353.78

0.74

0.70

Table 6 - Summary of energy below the anvil measurements.
Nominal depth (m) Number of blows

EFV (J)

Standard dev. (J)

Coef. var.

EFV/Ekin*

EFV/Epot, nom

EFV/Epot, meas

24

53

348.96

26.54

7.6%

1.02

0.73

0.70

25

45

348.85

20.48

5.9%

0.95

0.73

0.70

Whole data

98

348.91

23.95

6.9%

0.99

0.73

0.70
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as shown for other SPT systems. The average potential energy error was only 5.1%. The very good results obtained
may be attributed to the crew experience and cannot be considered typical values of Brazilian practice. However, they
do represent a condition that can be achieved in practice,
provided a proper operation is undertaken. Thus, it must be
seen as a goal.
The average impact velocity was 3.29 m/s, indicating
a loss compared to the nominal value of 14.2%. If the average measured drop height value of 0.79 m is considered, the
loss in velocity is 16.4%. The average ratio between kinetic
energy and potential nominal energy (or e1 value) is 0.74; if
the measured potential energy is used, the obtained value is
even smaller, about 0.70.
The energy below the anvil has also been measured at
the nominal depths of 24 m and 25 m. An average energy
ratio of 73% has been obtained, if the potential nominal energy is considered (as the usual procedure). If the measured
energy is considered, instead of the nominal one, an average energy ratio of 70% is obtained. Those values are
smaller than the ones obtained in other places in the same
research (Cavalcante, 2002; Cavalcante et al., 2004). The
most plausible explanation for the smaller energy ratio in
the data herein reported is that smaller drop height values
have been used only in the tests herein reported, due to the
crew experience. Since drop height values have not been
measured in the other mentioned tests, more research is
needed in order to properly relate the average energy ratio
below the anvil to the potential energy indeed used in the
tests.
An average value very close to 1 (0.99) has been obtained for the EFV/Ekin ratio (or e2 value).
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On the Erosive Potential of Some Weathered Soils
from Southern Brazil
R.A.R. Higashi, M. Maccarini, R. Davison Dias
Abstract. This paper presents a parametric study on erodibility of soils which occurs in Southern Brazil. Different
methodologies were carried out and soils more vulnerable to these phenomena were identified. The research lays mainly on
erodibility criteria based on infiltrability tests, weight loss by immersion, direct shear tests and modified Inderbitzen tests.
Results obtained allowed a comparison and interpretation of the erosive potential of some soil units from the states of
Paraná, Santa Catarina and Rio Grande do Sul. By the applied methodologies and their respective criteria, it was observed
that Cambisols units present a high erosive potential compared to other soils studied, like Latosols and Red-Yellow
Podzolic soils. It was also observed that fine sandy soils were more vulnerable to erosion despite the fact of belonging to
the same group. This was due to the different degree of weathering of the stratum from where samples were obtained.
Finally, the results also showed that it seems to be possible to successfully correlate the erosive potential of soils with
simple indices, which may reflect the characteristics related to certain peculiarities of the soil, such as specific gravity.
Keywords: erosion, tropical soils, laboratory tests.

1. Introduction
Erosive processes caused by water are of great interest, especially in areas of high pluviometric indices and intense use and occupation, as occurs in the south region of
Brazil. The siltation mechanism, reflex of erosion phenomenon, tends to accelerate with the expansion of urban areas,
mainly due to the suppression of vegetation, exposing high
vulnerable soils to erosion. This process results on the decrease of the superficial thickness of soil horizons and on
the rising of river water levels during catastrophic climatic
events.
Although several studies have been carried out to analyze erosive potential of soils from other parts of Brazil, the
relationship between geotechnical parameters obtained by
laboratory tests and the tropical soil units have not usually
been done.
Due to this reason, a diagnostic study was carried out
between the erosive potential of soils determined by different mechanisms of evaluation of geotechnical parameters
involved in the process (Criterion of erodibility - Nogami &
Villibor, 1979; Modified Inderbitzen - Freire, 2001 and Direct Shear Tests - Bastos et al., 2002) and their pedologic
classification.

2. Soil Samples Location
All studied soil samples come from south Brazil,
which is formed by states of Paraná, Santa Catarina and Rio
Grande do Sul. Fig. 1 shows the map details.

Despite all three states of south Brazil are well away
from the equator line, they present soils with tropical characteristics, with thick residual soil layer showing intensive
weathering action. In this region, apart from sedimentary
soils, which are not the subject of this study, the more important units are formed by Latosols (Oxisols), Cambisols
and Red-Yellow Podzolic soils originated from several
geologic formations.
The main characteristics of Latosols from this region
are that, despite their high permeability (average of
-4
10 cm/s, mainly due to their structures formed by microaggregates - Davison Dias, 1987) they present a high percentage of clay size particles. They also show a deep and
relatively homogeneous B horizon with water table well
below from soil surface.
Cambisols and Red-Yellow Podzolic soils, which
tend to be developed in steep topographic areas, show some
similar geotechnical characteristics. Among them, they
present a deep C horizon containing low weathered minerals and high strength increasing with depth. They also show
deep water table and a significant variability of others
geotechnical properties as the matrix rock changes.
Lithologically, the studied areas are composed of basaltic rocks (Serra Geral Formation), granites (GraniteGneiss Complex) and sedimentary rocks (Guabirotuba Formation).

3. Tests Procedures
Laboratory erodibility tests have been carried out
more frequently from the sixties on. They allow to analyse
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Figure 1 - Studied area Location.

the influence of the several states the soils experiment, such
as humidity during erosion is taking place, the rain drops
impact energy or water percolation (Chamecki & Silva,
2004).
Several papers on erodibility have been published,
among them, Moore and Masch (1962), the Inderbitzen
tests (Inderbitzen, 1961), pinhole test and crumb test (Sherard et al., 1976a and 1976b), desegregation (Brazil, 1979;
Fonseca & Ferreira, 1981), the MCT erodibility criterion
(Nogami & Villibor, 1979) and the Modified Inderbitzen
criterion (Freire, 2001).
Due to the high variety of existing geotechnical tests,
only three different procedures have been chosen by this research to evaluate the mechanisms influencing soils erosive
potential, as follows:
• MCT erodibility criterion (Nogami & Villibor,
1979);
• Erodibility criterion based on Modified Inderbitzen
tests (Freire, 2001) and;
• Erodibility criterion based on direct shear tests
(Bastos et al., 2002).
The paper searched for relationship between results
obtained by the three methodologies and also between
physical indices, such specific gravity, taking account samples of Cambisols, Latosols and Red-Yellow Podzolic soils
from South Brazil.
3.1. MCT erodibility criterion
(Nogami & Villibor, 1979)
Erodibility criterion using the MCT methodology, as
been proposed by Nogami & Villibor (1979) is essentially
empirical and is based on correlations with the behaviour of
a great number of tropical soils observed in roads cuts.
Nogami & Villibor (1995) stress the complexity of
erodibility due to the great number of factors involved and
because they are generally interdependent. According to
these authors, erodibility depends mainly on the following
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characteristics: grain size distribution, structure and macro-fabric, permeability, infiltration rate and cohesion.
According to the authors, the prediction of the behaviour of tropical soils against hydric erosion can be obtained
by infiltrability tests which determines the water absorption
index (s) and the specific erodibility (modified loss of mass
by immersion) which indicates the percentage of dry
weight loss in relation to the total weight of the sample (pi).
From results of these two tests, the relationship called
erodibility index (E = 52s/pi) is obtained, which establishes
the limit of the erodibility criterion, based on field observations. This way, soils presenting pi/s > 52 are considered of
high erodibility and soils showing pi/s < 52 are classified as
medium to low erodibility.
Despite the erodibility criterion proposed by Nogami
& Villibor (1979) has been used for decades and by different studies, Pejon (1992) presented a criterion using as
boundary the value pi/s = 40 for some deep tropical soils
from southern Brazil. This condition is emphasized by this
paper for some tropical soils whose origin and formation
are similar to those studied by Pejon (1992), as for example,
Latosols.
3.2. Erodibility criterion by direct shear tests
(Bastos et al., 2002)
The methodology proposed by Bastos et al. (2002) is
based on considerations made by Nascimento and Castro
(1976). These authors consider that the most important parameters affecting the erosive processes of tropical soils
are: grain size distribution (for sandy soils), expansion and
petrification (the last one representing the ability of a
clayey soil to maintain its cohesion immediately after submersion). Therefore, Bastos et al. (2002), evaluate the potential erodibility of tropical soils by the analysis of the
decrease in cohesion due to submersion of the soil samples
during the stage of consolidation in the direct shear tests.
According to the authors, a change in cohesion (Dc), given
by Eq. (1), of at least 85%, classify soils as potentially erodible.
Dc =

( c nat - c inu )
c inu

(1)

where cnat and cinu are, respectively, the cohesion determined
by samples under natural water content and after submersion.
3.3. Erodibility criterion based on modified inderbitzen
tests (Freire, 2001)
The erodibility criteria of soils presented so far, evaluate with efficiency the erosive effects by loss of solid particles and modification of soil structure due to submersion.
Nevertheless, these tests are not able to simulate the soil
particles desegregation due to the impact of rain drops and
superficial running water after intensive rains.
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The importance of rain drops impact in the erosive
processes can be observed directly by laboratory tests developed by Laws (1940), Ellison (1947a-e), Musgrave
(1947), Guerra & Cunha (1995) and Chamecki & Silva
(2004).
In this way, Freire (2001) presents the modified
Inderbitzen test which adds to the superficial running water
effect (Inderbitzen, 1961), the rain drops impact effect. In
the authors opinion, the latest one is considered to be the
most representative of all the three methodologies presented.
The test apparatus is mainly composed of an inclined
plane structure which serves as a bed to set up undisturbed
samples on it. In addition, there are two parallel lines of
“showering” made of perforated tubes which lies, on average, 0,20 m above the undisturbed samples.
The samples, with dimensions 10.16 cm x 10.16 cm x
2 cm, are submitted to showering at constant water flow for
a period of 2 h, under different humidity conditions.
Water and sediments are collected under the inclined
plane structure in a first recipient. Afterward, they are oriented to a second recipient where sedimentation process
occurs. After the sediments are separated from water, it is
sieved to determine the grain size distribution of the eroded
soil.
Figure 2 presents the apparatus setup for infiltrability
tests, weight loss by immersion and modified Inderbitzen
tests.
Through field observations and laboratory tests, Higashi (2006) obtained a value of 6% loss of weight by water
dropping for residual samples that occur in some coastline

regions of south Brazil. According to the author, this value
should be considered the limiting value defining the erosive
potential of soils. Despite this, studies involving this type of
tests are recent and there is no agreement among researchers about the criteria which define erosive potential of soils.
Some variations are expected for soils from different
places.

4. Soil Erodibility Evaluation
A laboratory test program was conducted to study the
erodibility of typical tropical soils, such as Latosols, Cambisols and Red-Yellow Podzolic from southern Brazil by
several tests, as mentioned previously. The main geotechnical soil properties are presented in Table 1.
In this study, 898 samples were tested, from which,
380 specimens according to MCT methodology, 38 by
Inderbitzen Modified tests and 160 by Mohr-Coulomb failure envelope (with at least three specimens for each envelope), carried out by direct shear test.
The same criterion was applied for collecting all samples, that is, three sun shining days after the last rain
stopped.
4.1. Erodibility evaluation by MCT criterion
It was observed from results obtained by MCT testing
procedures that there is a tendency towards a relationship,
between pedologic evolution and the erosive potential of
soils.
Figure 3 shows the relationship between pi and s for
Cambisols and Red-Yellow Podzolic soils, based on pa-

Figure 2 - Apparatus setup for infiltrability tests, weight loss by immersion and modified Inderbitzen tests (Modified from Nogami &
Villibor, 1979 and Freire, 2001).
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Table 1 - Main geotechnical properties for soils such Latosols, Cambisols and Red-Yellow Podzolic soils from southern of Brazil.
Property

Medium grain size distribution (%)

Cambisols
(1)

Horizon sampling
Average specific gravity
Water content (%)
Optimum moisture content(2) (%)

Latosols
Dusk

Dark Red

Sand

48.51

36.43

6.52

48.83

Silt

42.39

23.21

29.73

19.62

Clay
Origin rock

Red-Yellow Podzolic

9.10

40.36

63.75

31.55

Granite

Granite

Basalt

Sandstone

C

B/C and C

B

B

2.67

2.77

2.83

2.74

14.23-15.31

19.24-25.18

29.42-49.61

7.50-24.25

10.5-32.7

13.7-35.4

32.3-36.9

10.9-16.5

Maximum dry density (kN/m3)

12.2-18.6

13.1-19.8

12.4-13.7

14-19.5

Natural cohesion (kPa)

8.1-104.1

22.3-74.1

17.4-57.0

8.0-54.0

36.5-0

17.5-6.4

6.3-37.9

2.5-17.5

Natural friction angle (degrees)

31.9-46.1

28.7-37.3

11.8-35.0

23.8-32.1

Submerged friction angle (degrees)

23.2-41.3

20.1-35.6

21.1-31.2

21.1-28.4

18

16

11

13

Submerged cohesion (kPa)

Average CBR(2) (%)

Notes: (1) With deflocculating agent; (2) Normal proctor energy.

rameters obtained by Nogami & Villibor (1979) and Pejon
(1992).
Soils with higher degree of weathering (Red-Yellow
Podzolic and mainly Latosols soils) showed lower values
of pi/s. This behaviour indicates a lower tendency to erodibility, especially based on criterion of pi = 52 s.
Despite this and the fact that the great majority of results obtained by Cambisols indicated a high erosive potential, most of the data obtained fell in between the interval
40 < pi/s <52. For these soil samples, the authors observed a
direct relationship between grain size distribution and erosive potential. More erodible soils presented a higher content of sand particles size.
Despite the high depths of C horizon in Cambisols
soils of Southern Brazil, even the top part of these strata
presents a low degree of weathering. In many cases, a sig-

nificant number of samples collected from different places
presented a significant percentage of quartz, a mineral
known to be more resistant to weathering. This aspect ensures to these soils a higher percentage of sand in their composition, with an unstable structure, which by its turn may
trigger the process of erosion.
Based on the data studied, it seems clear that the
weight loss by immersion is the main parameter separating
the erodibility of soils samples. More important than the
water absorption index.
Nevertheless, Pejon and Silveira (2007) emphasize
that there is a relationship between specific gravity of particles (rs) in the range between 25.1 to 27 kN/m3 and high
erodibility index.
Based on data presented by Fig. 4 and comparing results with those obtained by the MCT criterion, it was ob3
served that soils with rs in between 25.31 to 26.69 kN/m
show higher erodibility. This range was determined by a
statistical analysis.
4.2. Erodibility evaluation by direct shear tests

Figure 3 - Water absorption index (s) vs. loss of mass by immersion (pi).
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Fig. 5 shows the relationship between natural and
submerged cohesion, according to criterion presented by
Bastos et al. (2002) and Bastos et al. (1998).
The behaviour of cohesion, under these two conditions, is reflected on the desegregation of superficial particles, especially in less weathered soils, the Cambisols. As
already mentioned previously, though Cambisols and
Red-Yellow Podzolic soils do present a structure more similar to that of the origin rock, these soils also present their
superficial strata with considerable quantities of quartz,
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Related to variation in friction angles, one assume
that minor changes were due to new spatial arrangements of
particles after submersion and are not indicative of erosive
characteristics.
4.3. Erodibility evaluation by modified inderbitzen tests

which due to this aspect turn them more vulnerable to erosion. Even Cambisols, considered the most structured ones,
which present high natural cohesion, showed significant
decrease after being submerged. For these cases, in many
times the criterion proposed by Bastos et al. (2002), was
reached.
By the other hand, results obtained with samples collected from B horizon, formed by basaltic and sandstones
Latosols, showed low erodibility. Despite structural instability, typical to these types of soils, originated from a
structure formed by strongly bonded clayey micro-aggregates and weakly bonded micro-aggregates formed by
clay-bridges, the variation of cohesion intercept was considered low, especially when interpreted by criterion proposed by Bastos et al. (2002).
Nevertheless, it was noticed that samples collected
from very weathered soil strata, like sandstones, showed
lower values of natural cohesion and higher cohesion drops
after submersion, compared to results obtained from very
weathered Latosols derived from basaltic rocks. This characteristic is associated to the bigger amount of fine sand
particles present in the Latosol B horizon derived from the
sandstone. The fine sand fraction in this case, was above
40% in all samples, while in samples derived from basaltic
rocks this value was less than 25%.

Modified Inderbitzen tests were carried out on samples at natural water content and air dried for 72 h, as recommended by Freire (2001). Figure 6 shows the results.
The soil behaviour determined by this test, considered by Higashi (2006) the most representative method to
evaluate the erosive potential, confirms the results obtained
by other methodologies used in this research.
Besides the fact that the majority of the samples show
considerable weight loss, under a constant simulation of
dripping rain water, it was observed that for granitic Cambisols samples the loss of solid particles was more significant.
Though Latosols derived from basalt show structural
instability (Davison Dias, 1987), simulation under constant
dripping process on these samples has indicated a weight
loss considered low, compared to other soils studied. This
aspect emphasizes the necessity of some adjustment in the
criterion proposed by Higashi (2006). This author establishes as 6% the weight loss of solids as the limit between
low and high erodibility (Fig. 6).
Referring to grain size distribution of eroded soil,
though some samples did not present enough material for
the test, in order to comply with the standards, it was observed a tendency for the curves, under different conditions, to be somewhat parallel. This indicates that the
weight loss, during the tests, has occurred approximately
with the same intensity for the whole range of diameter particles, and for different soil types.
Figure 7 shows a comparison between grain size distribution for Red-Yellow Podzolic soils before Modified
Inderbitzen tests under conditions of natural water content
and for its respective eroded material. Figure 8 presents
this comparison for the same soil after being dried out for
72 h.

Figure 5 - Relationship between values of submerged and natural
cohesion.

Figure 6 - Weight loss of soils under different conditions of humidity.

Figure 4 - Relationship between specific gravity, loss of mass by
immersion and water absorption index.
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Figure 7 - Comparison of grain size distribution for soil and respective eroded material for Red-Yellow Podzolic soils under
Modified Inderbitzen tests - samples tested at natural water content.

ble to erosion, as for instance, the dusk and dark red Latosols. It is important to emphasize that in the field, these soils
present their structures in the form of micro-aggregates, in
the range of fine sand particles, strongly bonded. Despite
this characteristic, the micro-aggregates also present weak
bonding, especially in the B horizon of Latosols derived
from sandstones.
Finally, it was also observed that methods applied to
differentiate soils of high and low erodibility presented coherent results by their classifications. All methods classified Cambisols as highly erodible, Latosols as less erodible
and an erodibility medium to high to the Red-Yellow
Podzolic soils. Besides, this work has shown also that simple indices, as specific gravity, can be successfully used to
evaluate tropical soil erodibility and thus aid the prevention
of erosion and the losses of its entails.
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Mobility of Manganese in a Compacted Residual Gneissic Soil
Under Laboratory Conditions
R. Nascentes, I.C.D. Azevedo, A.T. Matos, M.P.F. Fontes, R.F. Azevedo, L.M. Guimarães

Abstract. Given the shortage of information available in the literature on transport parameters of heavy metals in Brazilian
tropical soils, the mobility of manganese (Mn2+) in a residual gneissic compacted soil is studied in this work. Manganese
can be found in toxic concentrations in landfill leachate, besides being one of the main contaminants from acid mine
drainage. Column tests were performed in two groups of compacted soil samples to determine the manganese retardation
factor. The sample groups presented slightly different soil compaction degrees and water contents. Soil samples were
initially saturated by upward percolation of distilled water without applied counter pressure. A multi-species contaminant
solution was then percolated through the soil columns. A different behavior of the hydraulic conductivity along time was
observed between the two groups, during water as well as solution percolation. Manganese mobility was observed to be
independent of soil hydraulic conductivity, k, for the range of k-values attained in this investigation, emphasizing the
importance in evaluating the mobility of this metal in compacted soil barriers. Even when these barriers present low
hydraulic conductivity values, this cation high mobility may cause it to reach soil layers below the compacted layer
resulting in groundwater contamination.
Keywords: adsorption, hydraulic conductivity, manganese, mobility, tropical soils, column tests.

1. Introduction
Municipal solid waste (MSW) dump sites and areas
surrounding mining activities are normally subjected to
heavy metal contamination. The leachate produced by
MSW generally contains high concentrations of metals, including manganese, while acid mine drainage exhibits low
pH and high concentrations of iron, aluminum and manganese.
Heavy metals are chemical elements frequently associated with contamination since they may accumulate and
cause disturbances in living organisms in a given environment. Studies concerning their behavior in soil have received considerable attention, and have helped to increase
our understanding of the phenomena related to mobility
and retention of these elements in the environment and their
inclusion in the food chain.
Concern over manganese is relatively recent. However, like other essential elements such as zinc and copper,
it can be responsible for soil and groundwater contamination when it is present above certain concentrations.
Groundwater pollution below contaminated areas is related

to contaminant mobility. When it is high, a greater risk exists.
Manganese, a plant and animal micronutrient, is a
transition element of the iron family. It is among the most
abundant elements (Group VII B), representing 0.09% of
the weight of the Earth’s crust (Wills, 1992). It is employed
in metallurgy as well as in the production of fertilizers,
electrolytic batteries, ceramics, varnish and paints, among
other uses. According to Barceloux (1999), manganese is
present in almost all types of soils in divalent and tetravalent forms and in concentrations varying between 40 and
900 mg kg-1. In mining areas its concentration can reach
-1
2+
levels of about 7000 mg kg . The formation of Mn complexes in the process of adsorption and the consequent mobility depend on the properties of that metal, the type and
amount of ligands, the composition of soil solution and soil
pH (Alleoni et al., 2005).
Therefore, the main objective of this work was to
2+
evaluate Mn mobility and determine its retardation factor
when percolating a multi-species contaminant solution
through compacted gneissic residual soil columns.
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in which the natural clay was packed in powder form; (ii)
oriented-aggregate, prepared with natural clay by the paste
method according to Theisen and Harward (1962) for better
mineral preferential orientation; and (iii) oriented-aggregate, prepared after treating the clay to remove the iron oxides, to enhance the preferential orientation of the silicate
layer species present (Fig. 1). Analysis of these three sam-

2. Material and Methods
2.1. Soil
The soil used in this study, extracted from a slope of
Visconde do Rio Branco, MG, sanitary landfill, was collected from the B horizon of a yellow red latosol classified,
according to Unified System of Soil Classification (USCS),
as inorganic silt of high compressibility (MH) and according to the Highway Research Board (HRB) system as A-7
soil with group index 12 (Azevedo et al., 2006). The soil
was characterized through geotechnical tests, clay fraction
mineralogical analysis and chemical and physicochemical
analyses. Soil characterization and compaction tests were
performed according to the Brazilian Standards ABNT
NBR-7181/84 for particle size; ABNT NBR-6459/84 and
NBR-7180/84 for consistency limits; ABNT NBR-6508/84
for specific weight of solids; and ABNT NBR-6457/86 for
compaction. The chemical and physicochemical analyses
were determined according to EMBRAPA (1987).
Geotechnical properties are presented in Tables 1 and
2 while the results of chemical and physicochemical analyses are listed in Table 3.
X-ray analysis was conducted with a Rigaku D-Max
diffractometer equipped with a cobalt tube (Co-Ka radiation) and a graphite curved crystal monochromator operated at 40 kV and 30 mA. The X-ray analysis of the soil clay
fraction was performed in three different types of samples:
(i) random-powder, prepared on a glass slide with a cavity
Table 1 - Soil grain size distribution and Atterberg limits.
Grain size distribution

Atterberg limits

Clay
(%)

Silt
(%)

Sand
(%)

Gravel
(%)

wL

1

wP

PI

42.0

10.0

47.1

0.9

52

30

22

1

2

2

3

Activity
0.52

3

wL - liquid limit; wP - plastic limit; PI - plasticity index.

Table 2 - Soil physical indexes.
gs0
-3
(kN m )
27

wopt1
gdmax1
gdmax2
gdmax3
-3
-3
-3
(kN m ) (kN m ) (kN m ) (%)
16.45

15.97

15.82

22.3

wopt2
(%)

wopt3
(%)

23.9

24.1

Figure 1 - Soil clay fraction X-ray: (a) random-powder, (b) oriented-aggregate, prepared with natural clay by the paste method,
and (c) oriented-aggregate, prepared with the clay after removal
of iron oxides. Ct - kaolinite, Gt - goethite, Si - silicon, Hm - hematite.

gs - solids unit weight; gdmax and wopt - soil maximum dry unit
weight and optimum moisture content for Standard Proctor; 2gdmax
2
3 3
3
3
and wopt - idem for 291 kJ/m ; gdmax and wopt - idem for 233 kJ/m .
0

1

1

Table 3 - Chemical and physicochemical analyses.
2+

Mn
-1
(cmolc kg )
0.046
1

Ca2+
Mg2+
K+
Al3+
H++Al3+
CECef1
CECpot2
-1
-1
-1
-1
-1
-1
-1
(cmolc kg ) (cmolc kg ) (cmolc kg ) (cmolc kg ) (cmolc kg ) (cmolc kg ) (cmolc kg )
1.23

0.11

0.026

0.0

0.7
2

1.37

2.07

OMC3
(%)

pH

0.0

6.01
3

CECef - Effective Cation Exchange Capacity for natural soil pH; CECpot - Potential Cation Exchange Capacity for pH = 7; OMC - organic matter content.
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ple types allowed definition of the soil clay fraction composition as kaolinite, goethite and a very small amount of
hematite (Nascentes, 2006).
The amount of iron was determined using the dithionite-citrate extraction method (Coffin, 1963) to quantify
the presence of iron oxides. Iron oxides content was 13.3%
in mass which was entirely allocated to goethite. It is important to determine the amount of iron oxides in the clay
fraction of the soil since these mineral constituents exhibit a
high energy retention capacity for heavy metals.
2.2. Heavy metals contaminant solution
An artificial contaminant solution (synthetic landfill
leachate) consisting of six heavy metals was used in the column tests. This solution was prepared by addition of nitrate
salts, available at the laboratory, which are water soluble, of
manganese, zinc, cadmium, copper, lead and chromium,
metals commonly encountered in landfill leachates (Azevedo et al., 2006). The pH and heavy metal concentrations
used (Table 4) are within the range of values for Brazilian
landfill leachate (Oliveira & Jucá, 1999).
2.3. Column tests
The flexible-walled permeameter used in the column
tests is similar to a triaxial cell and capable of simultaneously testing four soil samples of 0.05 m in diameter by
0.10 m in height. Each sample cell has an inlet for the percolating fluid and an outlet for effluent collection. Fluid
flows upward through the soil samples. Each inlet is connected, by a latex hose, to a Mariotte bottle containing the
contaminant fluid. The equipment also has an inlet for applying confining pressure that allows reproduction of in
situ horizontal stresses (Azevedo et al., 2003).
The tests were performed under controlled temperature conditions (17 to 21 °C). A confining pressure of
50 kPa was applied to the samples to simulate a 10 m deep
urban solid waste layer over the liner.
Tests were performed on two groups of samples, with
different compaction energies. Three samples from group I
and eight from group II were dynamically compacted in a
0.05 m diameter metallic cylinder at 21.9% (group I) and
22.5% (group II) water content, corresponding to 95% of
optimum specific dry density (15.63 kN m-3). The compaction energy was such that all samples were compacted until
they reached 0.10 m in height and 0.05 m in diameter. As
the water content varied slightly, the compaction energy
also varied, as shown in Fig. 2.
Tables 5 and 6 present a summary of molding and
testing conditions for groups I and II, respectively.
Table 4 - Chemical characteristics of the contaminant solution.
pH
5.2

3+
Cd2+
Pb2+
Cu2+
Mn2+
Zn2+
Cr
-1
-1
-1
-1
-1
-1
(mg L ) (mg L ) (mg L ) (mg L ) (mg L ) (mg L )

0.7

1.6

1.6

5.0

36.0
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62.0

Figure 2 - Soil compaction curves.

The different gradients and, consequently, different
percolation velocities, adopted for CP06, CP07, CP010
CP011 samples of group II, were adopted with the purpose
of evaluating the diffusion coefficient, which was not possible.
The procedure used in this type of test is similar to
that used in constant head permeability tests. The main differences are the need for measuring the effluent chemical
concentration (Ce) and the generation of several pore volumes of chemical solution.
During the tests, both affluent and effluent chemical
concentrations were determined at regular intervals. The
relationship Ce/C0 was calculated considering the value of
C0 read at the instant preceding the collection of the effluent.
The hydraulic gradient was maintained constant during the tests. Soil samples were initially saturated by upward percolation of distilled water, without applying counter pressure, prior to the percolation of the contaminant
solution. Soil columns were considered saturated when
constancy of flow was observed. The soil hydraulic conductivity coefficient was determined using Darcy’s law
(Lambe and Whitman, 1979).
Samples CP04 and CP09 from group II were percolated with distilled water to serve as reference for the other
group II samples which were saturated with distilled water
and then percolated with the contaminant solution.
Table 5 - Compaction tests - Sample characteristics: Group I - water content = 21.9% and compaction energy of 291 kJ/m3.

GC (%)

CP01

CP02

CP03

98.7

99.0

98.4

Gradient

13.4

13.4

13.4

Void ratio

0.713

0.706

0.718

Porosity

0.416

0.414

0,418

Void volume (mL)

80.0

79.7

80.4

Saturation degree (%)

82.9

83.7

82.3

Water content deviation (%)

-2.0

-2,0

-2.0
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Table 6 - Compaction tests - Sample characteristics: Group II - water content = 22.5% and compaction energy of 233 kJ/m .
CP04

CP05

CP06

CP07

GC (%)

98.7

98.6

98.9

98.3

Gradient

13.4

13.4

7.3

7.3

Void ratio

0.729

0.731

0.726

0.737

Porosity

0.422

0.422

0.421

0.424

Void volume (mL)

81.4

81.4

80.7

82.0

Saturation degree (%)

83.2

83.0

83.6

82.4

Water content deviation (%)

-1.6

-1.6

-1.6

-1.6

CP08

CP09

CP10

CP11

GC (%)

98.3

98.7

98.9

98.6

Gradient

13.4

13.4

7.3

7.3

Void ratio

0.737

0.729

0.726

0.731

Porosity

0.424

0.422

0.421

0.422

Void volume (mL)

81.7

81.5

81.0

81.3

Saturation degree (%)

82.4

83.3

83.6

83.0

Water content deviation (%)

-1.6

-1.6

-1.6

-1.6

Column effluents were collected daily from 50 mL
burettes fixed to the base of the equipment and stored in
bottles, previously washed with a solution of nitric acid, for
subsequent determination of metal concentrations in an
atomic absorption spectrophotometer. After measuring effluent concentrations of each metal (Ce), for each percolated pore volume (T), breakthrough curves (Ce/C0 vs. T)
were elaborated for manganese.
Two methods can be used for data analysis of the effluent concentration from column tests (traditional method
and the cumulative mass method). The traditional method
consists in measuring instantaneous concentrations vs.
time, determining the breakthrough curve and applying an
analytical model to determine the retardation factor and hydrodynamic dispersion coefficient. The concentration of
solutes in any point of the column is calculated using
Eq. (1) (Ogata & Banks, 1961), for the initial and boundary
conditions given in Eq. (2), as follow:
éæ R x - V t
C ìï
x
C r ( x, t) = 0 í erfc êç d
ç
2 ï
êëè 2 Dh Rd t
î
éæ R x + V t öù üï ù
x ÷
erfc êç d
úý ú
êëçè 2 Dh Rd t ÷øúû ïþ ú
û
C r ( x, 0) = 0

for x ³ 0

C r ( x, t ) = C 0

for t ³ 0

¶C r ( µ, t)
= 0 for x ³ 0
¶x
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where Cr is the solute resident concentration [ML-3]; C0 is
-3
the initial concentration [ML ]; Rd is the retardation factor;
x is the direction coordinate; t is the time [T]; Dh is the hy2 -1
drodynamic dispersion coefficient [L T ]; Vx is the percola-1
tion velocity in x direction [LT ] and erfc is the complementary error function.
When the length of the column is sufficiently long,
the second term in the right side of Eq. (1) is negligible
compared to the first, so that the effluent concentration at
x = L is given by (Shackelford, 1993):
C e ( L, t) =

(2)

ìï
æ Rd L - Vx t öüï
÷ý
í erfc çç
÷ï
2
D
R
t
ïî
h
d
è
øþ

(3)

or,
C
C e ( L, t) = 0
2
T =

(1)

C0
2

Vx t
L

PL =

Vx L
Dh

ì
æ
æ PL
ï
ç
í erfc ç ( Rd - T )çç
è 4 T Rd
ïî
è

1 /2

ö
÷
÷
ø

öüï
÷
÷ý
øþï

(4)

(5a)
(5b)

where Ce [ML-3] is the effluent concentration at x = L; T is
the number of pore volume; PL is the column Peclet number; and L [L] is the soil column height.
The derivative of Eq. (4) with relation to T, at the
point T = Rd, gives the value b = PL 4p Rd2 . If the tangent
to the experimental curve Ce/C0 vs. T at the point Ce/C0 = 0.5
is known and substituting PL by the value given in Eq. (5),
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then the hydrodynamic dispersion coefficient, Dh, is determined from Eq. (6) as:
Dh =

Vx L
2

b 4p Rd2

(6)

3. Results and Discussion
3.1. Percolation of distilled water

Percolation of group II samples with distilled water,
associated with colloidal dispersion and double layer expansion, lead to a decrease in soil solution ionic concentration (Na+, Ca2+, Mg2+), as shown in Fig. 4. An expansion of
this layer results in a narrower and more tortuous solution
percolation path and, consequently, in lower soil hydraulic
conductivity. In other words, there was more salt leaching
and as a consequence, a larger double layer thickness, for a

Soil hydraulic conductivity (k) vs. number of pore
volumes (T) curves obtained from distilled water percolation through groups I and II sample columns are presented
in Fig. 3. A significant variation in the hydraulic conductivity values for group II samples with time is evident, as
shown in Fig. 3b. Since these samples were compacted with
greater water content than those of group I, their structure
was slightly more dispersed. Therefore, saturation with distilled water promoted greater variations in hydraulic conductivity of group II samples, which reached constant flow
after percolation of almost ten times more number of pore
volumes, compared to samples of group I. For these last
samples, however, constant flow was reached more quickly
(for a smaller number of pore volumes) because of a more
flocculated soil structure after compaction, as compared to
samples of group II. More flocculated soil structures facilitate the exit of air which in turn allows constant flow values
to be reached for a smaller number of percolated pore volumes.

Figure 3 - Hydraulic conductivity for distilled water percolation
in samples: (a) Group I and (b) Group II.
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Figure 4 - Group II: Cation concentrations in effluent after distilled water percolation through soil columns. (a) Sodium, (b)
Calcium, and (c) Magnesium.
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greater number of distilled water pore volumes percolated
through the samples.
The average final values of hydraulic conductivity
were 1.5 x 10-8 m/s for group I and 5.0 x 10-9 m/s for group
II. The heterogeneity of the soil samples tested and something in this particular testing procedure probably contributed to a slight difference in the final values of k between
the two groups.
3.2. Percolation of contaminant solution
Soil hydraulic conductivity vs. number of pore volume curves for percolation of the contaminant solution
through the two soil sample groups are shown in Figs. 5 and
6. The significant difference observed in hydraulic conductivity behavior for the two groups is attributed to the distinct double layer thicknesses attained by each after the
saturation process. In other words, the soil hydraulic conductivity for contaminant solution percolation depended
mainly on the compacted soil structure and the previous
percolation with distilled water.
Group I samples exhibited an initial great increase in
hydraulic conductivity followed by a pronounced decrease,
while a monotonic significant decrease was observed for all
group II samples. However, this decrease occurred in a distinct way for each sample, possibly as a result of the different structures formed after the saturation process. The large
difference in number of distilled water pore volumes directly influenced the behavior of the hydraulic conductivity
by the time the contaminant solution was percolated.
The small difference in the numbers of percolated distilled water pore volumes in samples CP07 and CP08 from
group II (40.1 and 44.1, respectively), the approximate
amount of leached cations and the same Standard Proctor
compaction degree of 94.5% led to similar behaviors in hydraulic conductivity, when the contaminant solution was
percolated through these samples.
The introduction of chemical substances to soil generally produces variations in its hydraulic conductivity. The
contact between these substances and the soil may lead to
redistribution of pore spaces as a result of clay particle rearrangement (flocculation or dispersion) and chemical reac-

Figure 5 - Hydraulic conductivity for percolation of the contaminant solution through samples: Group I.
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Figure 6 - Hydraulic conductivity for percolation of the contaminant solution through samples: (a) Group II and (b) Samples CP07
and CP08.

tions, such as dissolution or precipitation of solids, between
these substances and clay minerals. As a result of this contact, ionic changes may occur that can cause double layer
contraction or expansion. The thickness of the double layer
and the magnitude of acting forces depend mainly on the dielectric constant, temperature, electrolytic concentration in
the interstitial fluid and cation valence, and to a lesser extent on cation size, fluid pH and anion adsorption on clay
particle surfaces (Boscov, 1997).
The samples in group I showed more flocculated
structures (thinner double layer) than those in group II after
percolation with distilled water. Thus, the initial increase in
hydraulic conductivity probably occurred as a result of exchange of monovalent ions, naturally found in the soil, with
divalent and trivalent cations present in the contaminant solution, leading to flocculation. Hydraulic conductivity
started to decrease when the soil exhausted its capacity to
retain zinc and manganese, precisely the metals present in
high concentrations in the contaminant solution.
In group II samples, the increase in pH could have
been a factor favouring metal precipitation and leading to a
decrease in hydraulic conductivity, as a consequence of the
obstruction of soil pores by metal precipitates. In this case
the soil structure was more dispersed and the duration of
contact between the contaminant solution and samples was
greater, which also favours precipitation.
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Effluent pH was measured for all samples and curves
of pH vs. T are shown in Fig. 7a. In Fig. 7b, for the sake of
clarity, only pH vs. T curves for soil columns CP10 and
CP11 (group II) are presented.
When heavy metal solutions percolate through the
soil columns, variations in the pH of the effluent, due to
sorption and desorption reactions, are common. In these
reactions, the cations naturally present in the soil are liberated and leached, usually associated to the hydroxyl
(OH-). In this way, the pH of the effluent varies according
to the type and the leached amount of the cation, which
could explain the oscillation of the pH value around the
one that would be reached when reactions of sorption and
desorption cease.
According to Fig. 6b, the hydraulic conductivity in
sample CP10 was lower than that of CP11 for values of T
between 13 and 50, approximately. In this range, effluent
pH in CP10 was greater than in CP11, indicating a possible
higher precipitation in the former sample. Both samples
showed similar pH values as well as hydraulic conductivities between T = 50 and T = 104. From T = 104 on, effluent
pH in sample CP11 increased in relation to that in sample
CP10 and hydraulic conductivity in CP11 consequently decreased more than in CP10.

Figure 7 - Effluent pH vs. number of pore volumes - Group II (a)
For all samples and (b) CP07 and CP08.
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3.3. Determination of transport parameters
Breakthrough curves (curves of relative concentration (Ce/C0) vs. number of percolated pore volumes) were
constructed for manganese for both sample groups and are
presented in Figs. 8 and 9.
Manganese is a metal that happens naturally in great
amount in tropical soils. The easily exchangeable concentration of this element in the studied soil is approximately
0.046 cmolc kg-1, obtained by sequential extraction method
2+
with CaCl2, which accounts for the total amount of Mn released into solution when in competition with other ions for
2+
adsorption sites. The largest Mn desorption in CP03 of
group I and in all samples of group II, as shown in Figs. 8c
and 9, may be explained by the greater time of contact between the solution and the soil particles, as indicated by the
hydraulic conductivity variations observed during the tests.
According to Azevedo et al. (2006) and Nascentes (2006),
2+
manganese (Mn ) was least sorbed by soil when compared
2+
2+
2+
2+
3+
to the other metals (Zn , Cd , Pb , Cu and Cr ) present in
the contaminant solution. The mobility sequence obtained
2+
from test column and soil sequential extraction was Mn >
2+
2+
2+
3+
2+
Zn > Cd > Cu > Cr > Pb .
2+
2+
2+
2+
3+
The behavior of Zn , Cd , Cu , Pb and Cr was
also studied and published in Nascentes et al. (2008). Their

Figure 8 - Breakthrough curves for manganese - Group I (a)
CP01; (b) CP02 and (c) CP03.
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Figure 9 - Breakthrough curves for manganese - Group II (a) CP05; (b) CP06; (c) CP07; (d) CP08; (e) CP10 and (f) CP11.

mobility differed from that of manganese and was shown to
depend on soil hydraulic conductivity.
The Peclet number is a parameter that helps in determining the predominant type of transport. This number for
each column was calculated using Eq. (5b), considering the
average percolation velocity of each test, up to Ce/C0 = 1, as
shown in Table 7. A mean value of 54.2 was determined for
group II samples implying, according to the classification
proposed by Sun (1995), that the predominant transport
processes in column tests were advection and mechanical
Table 7 - Peclet numbers for each column.
Sample

Vxm
(cm/min)

L
(cm)

Dh
2
(cm /min)

V/Dh
(1/cm)

PL

CP05

3.63E-03

10.00

6.55E-04

5.54

55.42

CP06

2.88E-03

10.00

5.21E-04

5.52

55.42

CP07

5.97E-03

10.00

1.08E-03

5.53

55.46

CP08

9.89E-03

10.20

2.10E-03

4.71

48.03

CP10

2.92E-03

10.00

5.27E-04

5.54

55.43

CP11

3.04E-03

10.00

5.49E-04

5.54

55.37

Vxm - average percolation velocity; L - column length; Dh - hydrodynamic dispersion coefficient.
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dispersion, since PL was higher than 10 and less than 100,
which depend on hydraulic conductivity.
The retardation factor (Rd) values shown in Table 8
were determined using the traditional method (Rowe et
al., 1995) with Rd given by the value of T for Ce/C0 equal to
0.5.
Korf et al. (2008) conducted column tests in an undisturbed clayey soil, which was percolated by a synthetic
multispecies solution composed of Cu2+ (20 mg/L), Cr3+
2+
2+
(20 mg/L), Mn (1 mg/L), and Zn (10 mg/L), and obtained an average value of 10.1 for the retardation factor.
It can be noted that the breakthrough curves for the
two sample groups shown in Figs. 7 and 8 are quite similar
as are the Rd values presented in Table 8. These similarities
2+
indicate that the mobility of manganese (Mn ) did not depend on hydraulic conductivity, for the range of k values of
this investigation, which was markedly different for the two
Table 8 - Retardation factor for manganese.
*

Group II

Group I
Test
Rd
*

01

02

03

19.5 18.0 18.5

04

06

07

08

10

11

20.0 20.0 18.0 20.0 20.5 20.4

Azevedo et al. (2006).
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groups when the contaminant solution was percolated
through the soil columns.
The importance of test duration must be emphasized
since the reactions between the soil and the contaminant solution did not occur in the same way for the manganese and
the remaining heavy metals. Long term tests allow the development of chemical interactions of each heavy metal in
competition with soil particles since a great number of pore
volumes of contaminant solution are allowed to percolate
through the soil column. In both sample groups, more than
60 pore volumes of the multi-species solution percolated
through the soil columns, but in spite of significant differences in the values of hydraulic conductivities, the mobility
of manganese in the soil was nearly the same in both
groups.

4. Conclusion
The main conclusions drawn from this study can be
summarized as follows.
Hydraulic conductivity behavior of a compacted clay
layer saturated with distilled water and subsequently
leached with a heavy metal solution is sensitive to the number of percolated pore volumes in the saturation process as
well as to the compaction energy which can promote significant alterations in the structure of the material.
A mean value of 54.2 for Peclet number was determined for group II samples implying that the predominant
transport processes in the column tests were advection and
mechanical dispersion.
The mobility of manganese in test columns was not
influenced by the compaction water content varying in the
range of ±0.5% around the optimum value, indicating the
potential of this metal to contaminate soil and groundwater,
even for low values of saturated hydraulic conductivity.
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Passive Earth Pressure on a Vertical Retaining Wall with
Horizontal Cohesionless Backfill
G.S. Kame, D.M. Dewaikar, D. Choudhury
Abstract. A method based on the application of Kötter’s equation is proposed for the complete analysis of passive earth
pressure on a vertical wall retaining horizontal cohesionless backfill. The unique failure surface consisting of log spiral and
its tangent is identified on the basis of force equilibrium conditions. One distinguishing feature of the proposed method is
its ability to compute the point of application of passive thrust using moment equilibrium. Another distinguishing feature is
the prediction of distribution of soil reaction on the failure surface. The results show a close agreement with some of the
available solutions.
Keywords: Kötter’s equation, passive earth pressure coefficient, cohesionless soil, log spiral, point of application, horizontal
backfill.

1. Introduction
Earth retaining structures such as sheet piles, retaining walls, wing walls, abutments and bulkheads are very
common in engineering practices. While retaining earth,
these structures are subjected to lateral earth pressures. Anchors of the bulkhead and vertical plate anchors are some of
the structures which are located very near to ground level
and subjected to passive earth pressure of the retained
cohesionless soil.
Coulomb (1776) and Rankine (1857) proposed methods for the estimation of earth pressure on retaining walls
based on the assumption of a plane failure surface. For the
limit equilibrium analysis of passive thrust on retaining
wall, Terzaghi (1943) proposed a failure mechanism, in
which, the failure surface consisted of a log spiral originating from the wall base, followed by a tangent, that met the
ground surface at an angle corresponding to Rankine’s passive state. Several other research workers have adopted this
failure mechanism.
Caquot & Kerisel (1948) and Kerisel & Absi (1990)
proposed a log spiral mechanism and presented their results
in the form of charts. Janbu (1957), Sheilds & Tolunay
(1973), Basudhar & Madhav (1980), and Kumar & Subba
Rao (1997) used method of slices for computing passive
pressure coefficients in respect of a cohesionless soil by
considering soil mass in a state of limit equilibrium.
Morgenstern & Eisenstein (1970) compared the values of passive earth pressure coefficient Kp calculated with
the theories proposed by Caquot & Kerisel (1948), BrinchHansen (1953), Janbu (1957) and Sokolovski (1965). They
concluded that with the assumption of a plane failure surface, Coulomb’s (1776) theory overestimated the passive
resistance.

Lancellotta (2002) provided an analytical solution for
the passive earth pressure coefficients, based on the lower
bound theorem of plasticity. Soubra & Macuh (2002) used
an approach based on rotational log-spiral failure mechanism with the upper-bound theorem of limit analysis for the
analysis of passive earth pressures.
In the recent past, Shiau et al. (2008) have reported
the values of passive earth pressure coefficient using upper
and lower bound theorems of limit analysis coupled with finite element formulation and nonlinear programming techniques.
From the review of literature, it is observed that,
Kötter’s (1903) equation has been employed (Balla, 1961
and Matsuo, 1967) to evaluate soil shearing resistance on a
curved failure surface. Dewaikar & Mohapatro (2003) used
Kötter’s (1903) equation for computation of bearing capacity factor, Ng for shallow foundations.
In the proposed investigations, a method is developed
using Kötter’s (1903) equation for the computation of passive thrust and its point of application for a vertical wall retaining horizontal cohesionless backfill, using the failure
mechanism suggested by Terzaghi (1943). The distribution
of soil reaction on the failure surface is also evaluated.

2. Proposed Method
The proposed method is an attempt to analyse the capacity of vertical plate anchors which are shallow or deep
laid in cohesionless soil. The basic case refers to the situation where the plate anchor is flushing with the ground surface and involves estimation of the passive thrust. The same
is analysed here.
Figure 1 shows a vertical retaining wall DE, with a
horizontal cohesionless backfill. The failure surface con-
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sists of log spiral EA, that originates from wall base, with
tangent, AB meeting the ground surface at an angle, (45° f/2), where, f is the angle of soil internal friction. At A,
there is a conjugate failure plane AD, passing through the
wall top. Thus, as seen from the figure, ABD is a passive
Rankine zone and pole of the log spiral lies on the line AD
or its extension and this is also shown in Figs. 2(a) and 2(b).
From Fig. 1, the following information is generated:
H = height of the retaining wall,
a = inclination of the tangent to the log spiral at point
G with the horizontal,
q = spiral angle measured from the starting radius,
r0 = starting radius of the log spiral at the wall base (at
q = 0),
r = radius of log spiral at point G corresponding to the
spiral angle q,
qm = maximum spiral angle,
r1 = radius of the maximum spiral angle at q = qm,
qv = angle between vertical face of the wall and the
starting radius r0.
Figures 2(a) and 2(b) show the location of pole of the
log spiral when it is located above and below the wall top
respectively. From Fig. 2(b), the following additional information is generated.
qA = angle between vertical face of the wall and line
OD when pole is located below the wall top.
qS = angle between the radius r0 and line OD when
pole is located below the* wall top.

From Figs. 3(a) and 3(b), which show free body diagrams of failure wedge EABCD, the following information
is generated.
PpH, PpV = horizontal and vertical components of resultant passive thrust, Pp,
RH, RV = horizontal and vertical components of resultant soil reaction acting on the curved part of the failure surface,
H1 = active thrust exerted by the backfill on the Rankine wall AC,
WACD = weight of soil in the failure wedge, forming a
part of the Rankine zone,
WADE = weight of soil in the zone, EAD of the failure
wedge, EABCD.
In Fig 3(a), line AC represents the Rankine wall and
force, H1 as described above, is the force exerted on this
wall by the backfill it retains. With this consideration and
also considering that pole of the log spiral lies above the
wall top on line AD, the dispositions of various forces are
shown in the same figure.
In Fig. 3(b), which refers to location of pole, O below
the wall top, in addition to forces mentioned earlier, forces,
WODE and WOEA together represent the weight of portion
EAD of the failure wedge, EACD, as shown in the same
figure.
2.1. Geometry of failure surface
This is dependent upon the location of pole of the log
spiral.
2.1.1. Pole above wall top
Referring to Fig. 2(a) and considering triangle, ODE,

Figure 1 - Retaining wall with a horizontal cohesionless backfill - failure mechanism.
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Figure 2 - (a) Failure surface adopted in the proposed analysis with pole located above the wall top. (b) Failure surface adopted in the
proposed analysis with pole located below the wall top.

OD
=
sin q v

OE
fü
ì
siní135 - ý
2
î
þ

=

DE
H
=
sin q m sin q m

(1)

In which, angles, qm and qv are as shown in the same
figure.
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From the above expression,
OD =

H sin q v
sin q m

The initial radius, OE = r0 of the log spiral is given as
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OD =

H sin q v
sin q S

Also, from the equation of the log spiral,
OA = r0 × e qm tan f
and
AD = OA + OD
2.2. Computation of soil reaction on the failure surface
Kötter’s (1903) equation basically refers to the distribution of reactive pressure on the failure surface, in a
cohesionless soil medium and for the passive state of equilibrium (Fig. 4), it is as given below:
dp
da
+ 2 p tan f
= g sin( a + f)
ds
ds

Figure 3 - (a) Free body diagram of failure wedge EACD with
pole above the wall top. (b) Free body diagram of failure wedge
EACD with pole below the wall top.

(3)

in which dp = differential reactive pressure on the failure
surface, ds = differential length of arc of failure surface,
f = angle of soil internal friction, da = differential angle,
g = unit weight of soil and, and a = inclination of the tangent at the point of interest with the horizontal.
The failure surface as shown in Fig.1 has two parts;
EA, which is curved and AB, which is a straight line.
Kötter’s (1903) equation is used to obtain the distribution
of reactive pressure on both these parts.
2.2.1. Computation of soil reaction on plane failure
surface AB
For a plane failure surface, da/ds = 0 and Eq. (3) takes
the following form:

fü
ì
H siní135 - ý
2
î
þ
OE = r0 =
sin q m

dp
= g sin( a + f)
ds

(4)

Integration of the above equation gives

Also, from the equation of the log spiral,

p = g sin( a + f) + C 1

OA = r0 × e qm tan f

(5)

Equation (5) gives distribution of reaction on the
plane failure surface, AB. The distance, s is measured from

and
AD = OA - OD
2.1.2. Pole below wall top
Referring to Fig. 2(b) and considering triangle ODE,
OD
OE
DE
H
=
=
=
sin q v sin q A sin q S sin q S

(2)

From which, the initial radius, OE = r0, of the log spiral is given as
OE = r0 =
and
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H sin q A
sin q S
Figure 4 - Reactive pressure distribution on the failure surface for
passive case.
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point B (Fig. 1). The integration constant, C1 is evaluated
from the boundary condition that, pressure, p is zero at
point B, which corresponds to s = 0. With this condition, C1
is zero and Eq. (5) becomes
p = g sin( a + f) s

p = g × r0 sec f e ( 3 qL - 2 q- 3 f ) tan f [ p1 + C 2 ]

(8)

2.2.2. Computation of vertical and horizontal components
of reaction on curved failure surface EA
Multiplying Eq. (3) throughout by ds/da and rearranging, the following equation is obtained:
(9)

é e ( 3 tan f)( q - q L + f) [ 3 tan f(q - qL + f) - cos(q - qL + f)] ù
p1 = ê
ú (19)
(1 + 9 tan 2 f)
ë
û

C2 is the constant of integration and it is obtained from the
boundary condition that, at Point A (Fig. 1) with , reaction
is as calculated from Eq. (8).
C2 =

é
æ p fö
p = êgr0 K sinç + ÷e tan f ( 3 qm - 2 q) +
è4 2ø
ë

(10)

gr0 sec fe q tan f
(1 + 9 tan 2 f)

(11)

(12)

From Eqs. (10) and (12), q is obtained as
q = t + qL - f

dp
ds
+ 2 p tan f = g sin t
dt
dq

(14)

Using Eq. (11), the above equation is written as
dp
+ 2 p tan f = g sin tr sec f
dt

(15)

With r = r0 eq tanf the above equation is transformed to
dp
+ 2 p tan f = g sin tr0 e q tan f sec f
dt
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(16)

(1 + 9 tan 2 f)

(21)
´

where K is the parameter indicating location of the pole of
the log spiral along line AO in terms of radius r0 measured
from point D (Fig. 1).
The expression for K is given as
é OD / r ù
K = ê1 - q tan f0 ú, for pole above wall top (Fig.2 (a))
û
ë em

(13)

After making necessary substitutions in Eq. (9) the
following equation is obtained.

gr0 sec fe tan f ( 3 qm - 2 q)

ù
(3 tan f sin( q m - q L + f) - cos( q m - q L + f)) ú
û

a = q - ( 90 - qV )
a = q - qL and da = dq

(3 tan f sin( q - q L + f) -

cos( q - q L + f)) -

From Fig. 1, the angle, a is evaluated in terms of log
spiral angle, q as given below:
with (90 - qV) = qL, a is written as

(20)

With the above value of C2, pressure distribution on
the curved surface is given as

From the geometry of log spiral,
ds
= r sec f
dq

e ( 3 tan f)( q m - q L + f) ì
æ p fö
2
íK cos f sin ç + ÷(1 + 9 tan f)
(1 + 9 tan 2 f) î
è 4 2ø

ü
- [ 3 tan f sin( qm - qL + f) - cos( qm - qL + f)]ý
þ

In which
t = (a + f), with da = dt

(18)

where

The distance, AB depends upon the location of pole
of log spiral, i.e., whether it lies below or above the wall
top.

dp
ds
+ 2 p tan f = g sin t
da
da

(17)

The solution of above differential equation is obtained as

(7)

At point A (Fig. 1), p is given as
p = g sin( a + f)AB

dp
+ 2 p tan f = g sec fr0 e ( t + qL -f )tanf sin t
dt

(6)

In the above equation, a = 45 -f/2 and with this substitution one obtains
p = g sin( 45 + f/ 2) s

Substitution of the value of q from Eq. (13), in
Eq. (16) gives the following equation.

and
é OD / r
K = ê1 + q tan f0
ë em

ù
ú, for pole below wall top (Fig.2 (b))
û

2.3. Components of resultant soil reaction on the failure
surface
The resultant soil reaction, R on the failure surface is
given as
R = ò p × ds

(22)
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The vertical component, RV (Fig. 3) of resultant soil
reaction is obtained as
qm

ò p cos( q - q

RV =

L

+ f) ds

(23)

0

qm

ò pr e

q tan f

0

cos( q - q L + f) sec fdq

(24)

0

After substituting the value of p from Eq. (21), RV is
obtained in the following form after carrying out integrations.
RV = RV1 + RV2 + RV3

(25a)

where
RV1

ì - tan f m
f öü ù
æ p fö
æp
sinç - ÷ - sin sinç - q m - ÷ý ú
íe
2 øþ û
è4
è4 2ø
î

(25b)

[

[

[

]

(

üù
ýú
þû

1
e 2 qm tan f cos 2f - cos 2f - 2 qm
sec f

ù
1
[ e 2 qm tan f cos( 2f) - cos( 2f - 2q m )]ú sec f
û
ü
1
e 2 tan f m sin( 2f) + sin( 2q m - 2f) ý
sec f
þ

(

)

and
RH3 =

gr02 sec 2 fe 3 tan fqm ì é
æ p fö
í ê3 tan f sinç + ÷ (1 + 9 tan 2 f) î ë
è4 2ø

)]

gr02 sec 2 fe 3 tan fq m éì - q m tan f æ p f ö
sin ç - ÷ ê íe
(1 + 9 tan 2 f) ëî
è 4 2ø

föü ì
æp
æ p fö
æ p f ö üù
sin ç - qm - ÷ ý ´ í3 tan f sin ç + ÷ - cosç + ÷ ýú
2 øþ î
è4
è 4 2ø
è 4 2 ø þû

In Fig. 3, the active Rankine thrust H1 acts at a distance 2/3 AC from point, C. Static equilibrium of wedge,
EACD is then considered.
Vertical force equilibrium condition gives
PpV = Pp sin d = Rv - WACD - WADE

qm

ò pr e
0

q tan f

sin( q - q L + f) sec fdq

Pp =

(25d)
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(29)

PpH = Pp cos d = RH + H1

(30)

From which, Pp is obtained as
Pp =

(26)

After substituting the value of p from Eq. (21), RH is
obtained in the following form after carrying out integrations.

where

Rv - WACD - WADE
sind

Horizontal force equilibrium condition gives

0

RH = RH1+ RH2+ RH3

(28)

From which, Pp is obtained as

Similarly, the horizontal component, RH (Fig. 3) of
soil reaction is given as
RH =

(27d)

æ p f öù ü
e - tan fqm cosç - ÷ú ý
è 4 2 øû þ

and
RV 3 = -

(27c)

2.4. Magnitude of passive thrust

gr sec f éì 3 tan f 2 tan fqm
sin 2f +
e
êí
4(1 + 9 tan 2 f) ëî sec f
ü ì 1
(25c)
e 2 f m tan f -1 +
sin 2(q m - f)]ý - í
f
tan
þ î

RV2 =

2

(27b)

gr02 sec 2 f ì
é 1
( e 2 qm tan f -1) í 3 tan fê
2
f
tan
4(1 + 9 tan f) î
ë

fö
æ p f öù é æ p
cosç + ÷ú ´ êcosç - q m - ÷ 4
2
4
2
è
øû ë è
ø

éì
æ p f öü
= gr K êí e 3 tan fqm sinç + ÷ý ´
è 4 2 øþ
ëî
2
0

2
0

ì æp
f öü - tan fqm
æ p f öù
cosç - ÷ú
í cosç - q m - ÷ý - e
2 øþ
è 4 2 øû
î è4
RH 2 =

Using Eq. (11),
RV =

éì
æ p f öü
RH1 = gr02 K êí e 3 tan fqm sinç + ÷ý ´
è 4 2 øþ
ëî

(27a)

RH + H1
cos d

(31)

It may be noted that, both Eqs. (29) and (31) give the
magnitude of unknown thrust, Pp. These two equations will
yield the same and unique value of Pp only when the equilibrium conditions correspond to those at failure, which are
uniquely defined by a characteristic value of qV and this
value can be determined by trial and error procedure.
2.5. Trial and error procedure
In this procedure, first a trial value of qV is assumed
and corresponding weight of trial failure wedge, EACD
(Fig. 3) is computed. Using Eqs. (25) and (27), magnitudes
of vertical and horizontal components of soil reaction (RV
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Figure 5 - Trial procedure for locating pole of the log spiral.

and RH) are computed and from Eqs. (29) and (31), values
of Pp are determined. If the trial value of qV is equal to its
characteristic value corresponding to the failure condition,
the two computed values of Pp will be the same; otherwise,
they will be different.

X0 =

For various trial values of qV, computations are carried out till the convergence is reached to a specified (third)
decimal accuracy.

Y0 =

Thus, in this method of analysis, the unique failure
surface (Fig. 5) is identified by locating the pole of log spiral in such a manner that, force equilibrium condition of
failure wedge, EACD is satisfied. This approach is different from other analyses in which, Pp is obtained from the
consideration of its minimum value.
The passive earth pressure coefficient, Kp is expressed
as
Kp =

2Pp
gH

2

(32)

Values of passive earth pressure coefficient, Kp are
obtained for different values of angles of soil internal friction, f and wall friction, d.
2.6. Centroid of log spiral
These calculation are performed with reference to
Fig. 2(a) (for pole of the log spiral above the wall top) and
Fig. 2(b) (for pole of the log spiral below the wall top) respectively. Axis, X0 is taken along the line that joins pole, O
of the log spiral to the wall base. Axis, Y0 is perpendicular to
the axis, X0 and passes through pole of the log spiral. With
respect to these axes, coordinates of the centroid of area inscribed in the log spiral are given as,
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-4r0
tan f
´
3 (1 + 9 tan 2 f)

é e 3 tan fqm (sin q m + 3 tan f cos q m ) - 3 tan fù
ê
ú
e 2 tan fqm -1
ë
û
-4r0
tan f
´
3 (1 + 9 tan 2 f)

é e 3 tan fqm (3 tan f sin q m - cos q m ) -1 ù
ê
ú
e 2 tan fqm -1
ë
û

(33)

(34)

where, r0 is radius of arc of log spiral at the base of retaining
wall, i.e. at q = 0°.
Axes, X and Y are another set of coordinate axes.
Axis, X passes through the pole of log spiral and is horizontal. Axis, Y is perpendicular to X axis and passes through the
pole, O. With reference to these axes, the coordinates, of
centroid of log spiral are given as
X = Y0 sin b + X 0 cos b

(35)

Y = Y0 cos b - X 0 sin b

(36)

where, b is the angle made by the axis, X0 with horizontal.
2.7. Point of application of passive thrust
Moment equilibrium condition is now used to compute the point of application of passive thrust by considering moments of forces and reactions about the pole of the
log spiral.
2.7.1. Pole above wall top
Referring to Fig. 3(a), the following moment equilibrium equation is obtained.
PpH (Ypp + FD) =

[(W

ACD

× (OF + 2 3 × DC) + WADE × X ) +

H 1( 2 3 × AC + FD) + PpV × OF]

(37)
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In which, the terms on the right hand side of the above
expression represent moment of weight of soil in the failure
wedge, EACD, moment of the force H1 and moment due to
vertical component of the resultant passive thrust, PpV about
the pole, O. The term on the left hand side of the above expression is the moment due to horizontal component of the
resultant passive thrust, PaH about the pole, O. From the
above equation, Ypp (which is the distance of point of application of Pp from the wall top), is obtained as
YPP =

1
PpH

[(W

ACD

)

× (OF + 2 3 × DC) + WADE × X +

(38)

]

H1 ( 2 3 × AC + FD) + PvP × OF - PpH × FD
2.7.2. Pole below wall top

Referring to Fig. 3(b), by taking moments of forces
and reactions about the pole, O the following equation is
obtained.
PpH (YPP - DF) = [(WACD × ( 2 3 × DC- OF) - WODE × 2 3 × OF

]

+WOEA X ) + H1 ( 2 3 × AC- DF) - PpV × OF

(39)

In which, the terms on the right hand side of the above
expression represent moment of weight of soil in the failure
wedge, EACD, moment of the force H1 and moment due to
vertical component of the resultant passive thrust, PpV about
the pole, O. The term on the left hand side of the above expression is the moment due to horizontal component of the
resultant passive thrust, PpH about the pole, O. From
Eq. (39), YPP (which is the distance of point of application of
PP from the wall top), is obtained as

YPP =

1
[(WACD × ( 2 3 × DC- OF) - WODE × 2 3 × OF +
PpH

(40)

]

+WOEA × X ) + H1 ( 2 3 × AC- DF) - PPV × OF + PpH × DF

The height, h of the passive thrust, Pp from the wall
base is obtained as
h = H - YPP

(41)

3. Discussion
The basic purpose of this analysis was to compute
passive pressure coefficient, Kp, location of point of application of passive thrust and study their variation with respect to the parameters involved in the analysis. It was
found convenient to express the height, h of point of application of passive thrust from the wall base in terms of its ratio with respect to height, H of the retaining wall, in a
non-dimensional form (Hr = h/H).
In Table 1, values of passive earth pressure coefficient, Kp along with angle qv (angle defining position of the
pole of the log spiral on line AD) are shown for various
combinations of soil friction angle, f and angle of wall friction, d. For f = 20°, pole of the log spiral is located below
the wall top for all the values of d. For f = 25° it goes below
the wall top for higher value of d.
3.1. Point of application of passive thrust
One distinguishing feature of the proposed method is
its ability to compute the point of application of passive
thrust using moment equilibrium. This has not been possible with other existing methods. In Table 2, computed values of Hr are shown. They vary over a very narrow range,
from 0.225 (for f = 20° and d = 5°) to 0.275 (for f = 40° and
d = 40°).

Table 1 - Passive earth pressure coefficients and location of pole of the log spiral.
Angle of soil friction f° (degrees)
20
25
30
35
40

Angle of wall friction d° (degrees)
5

10

15

20

25

Kp

2.780

2.967

3.142

3.298

fv°

-3.880

-9.264

-14.320

-19.065

Kp

3.404

3.705

4.001

4.287

4.560

fv°

6.568

1.254

-3.800

-8.622

-13.243

30

35

40

Kp

4.196

4.655

5.126

5.606

6.090

6.572

fv°

15.405

10.167

5.132

0.276

-4.427

-9.000

Kp

5.231

5.921

6.658

7.439

8.264

9.126

10.018

fv°

23.174

18.001

12.990

8.117

3.358

-1.303

-5.888

Kp

6.624

7.668

8.823

10.098

11.499

13.030

14.689

16.464

fv°

30.199

25.08

20.089

15.204

10.406

5.676

0.999

-3.639

Note: Negative sign of angle qv refers to pole location below the wall top (Fig. 2 (b)).
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Table 2 - Variation of Hr with f and d.
Angle of soil internal
friction, f (degrees)

Angle of wall friction, d (degrees)
5

10

15

20

25

30

35

20

0.225

0.226

0.229

0.234

25

0.235

0.235

0.237

0.241

0.248

30

.241

0.240

0.241

0.244

0.250

0.259

35

0.246

0.243

0.243

0.245

0.249

0.257

0.268

40

0.249

0.245

0.243

0.244

0.247

0.253

0.262

40

Hr = h/H

3.2. Distribution of reactive pressure over failure surface
Another distinguishing feature of the proposed analysis is its ability to predict the distribution of reactive pressure on the failure surface using Kötter’s (1903) equation.
This is shown in Fig. 6 for f = 40° and d = 30°. The pressure
distribution varies linearly over the straight part of the failure surface followed by curvilinear variation over the log
spiral part with a maximum ordinate at the wall base.
3.3. Comparison with other solutions
In Table 3, computed values of KP for f = 20°, 30° and
40° and d = f/2 and f are compared with other available solutions and in Table 4 percentage variations in the results
obtained by the proposed method in comparison with other
solutions are reported.
The values computed by Coulomb’s (1776) theory up
to f = 30° and d = f/2 are lower than the proposed values in

0.275

the range 2.69 to 2.92%, and up to f = 30° and d = f, they
are higher than the proposed values in the range 7.29 to
53.73%. For f = 40° and d = 40°, they tend to be very high
with no possible comparison.
The values reported by Chen (1975) are based on
limit analysis. Up to f = 40° and d = 20°, they are lower
than the proposed values in the range 0 to 13.13%, and for
f = 40° and d = 40°, they are higher than the proposed values by 26.97%.
Comparison with the values, which are based on rotational log spiral failure mechanism with the upper-bound
theorem of limit analysis reported by Soubra & Macuh
(2002) shows that, these values are lower than the proposed
values in the range 2.85 to 13.5% and higher in the range
5.48 to 22.11%.
The values reported by Caquot & Kerisel (1948) are
based on limit equilibrium of a log spiral mechanism. Up to
f = 40° and d = 20°, they are lower than the proposed values

Figure 6 - Reactive pressure distribution on the failure surface.
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Table 3 - Comparison of Kp values.
Parameters

Passive earth pressure coefficient, Kp

Angle of soil friction, f (degrees)

20

30

40

Angle of wall friction, d (degrees)

1/2f

f

1/2f

f

1/2f

Proposed Method

2.97

3.29

5.13

6.57

10.098

16.46

Coulomb (1776)

2.89

3.53

4.98

10.1

11.77

92.57

Caquot & Kerisel (1948)

2.60

3.01

4.50

6.42

10.36

17.5

Janbu (1957)

2.60

3.00

4.50

6.00

9.00

14.0

Sokolovski (1965)

2.55

3.04

4.62

6.55

9.69

18.2

Shield & Tolunay (1974)

2.43

2.70

4.13

5.02

7.86

11.00

Chen (1975)

2.58

3.14

4.71

7.11

10.07

20.90

Basudhar & Madhav (1980)

2.56

3.12

4.64

6.93

9.56

19.35

Kumar & Subba Rao (1997)

2.5

3.07

4.6

6.68

9.8

18.86

Soubra & Macuh (2002)

2.57

3.13

4.65

6.93

9.81

20.1

Lancellotta (2002)

2.48

2.70

4.29

5.03

8.38

11.03

Shiau et al. (2008) lower bound

2.50

3.02

4.38

6.58

8.79

18.64

Shiau et al. (2008) upper bound

2.62

3.21

4.46

7.14

10.03

20.10

in the range 2.28 to 12.45%, and for f = 40° and d = 40°,
they are higher than the proposed values by 6.32%.
The values reported by Kumar & Subba Rao (1997)
are based on the method of slices. Up to f = 40° and d = 20°,
they are lower than the proposed values in the range 2.95 to
15.83%, and for f = 40° and d = 40°, they are higher than
the proposed values by 14.58%.
The values reported by Sokolovski (1965) are based
on the method of characteristics. Up to f = 40° and d = 20°,
they are lower than the proposed values in the range 0.3 to
14.1% and for f = 40° and d = 40°, they are higher than the
proposed values 10.57%.
Comparison with the values, which are based on limit
equilibrium analysis and reported by Basudhar & Madhav
(1980) shows that, these values are lower than the proposed
values in the range 5.3 to 13.8% and higher in the range 5.4
to 17.5%.
With the analytical solution based on the lower bound
theorem of plasticity, the KP values as reported by
Lancellotta (2002) are lower than the proposed values in
the range 16.37 to 32.98%.
The KP values reported by Shiau et al. (2008) using
lower bound theorem coupled with finite element formulations of limit analysis and nonlinear programming techniques, are lower than the proposed values in the range 0.15
to 35.35% .The values obtained using upper bound theorem
are lower than the proposed values in the range, 0.67 to
13.06% up to f = 40° and d = 20°. For f and d = 30° and f
and d values of 40° and 40°, they are higher than the proposed values in the range, 8.67 to 22.11%. The possible reason for the proposed values being higher than the upper and
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f

lower bound values reported by Shiau et al. (2008) can be
explained with the observation that, the failure surface
changes from nearly a straight one to the one consisting of
curved part followed by a straight line in Shiau’s et al.
(2008) method whereas, it is always a log-spiral followed
by a tangent in the proposed analysis. Considering practical
situations with wall friction angle in the range of one half to
two third of the soil friction angle, the proposed value of Kp
for d = 1/2f (f = 40°) is higher by only 0.67% than the upper bound solution of Shiau et al. (2008). For for d = 2/3f,
the proposed Kp value is higher by 6.15% than the lower
bound solution and lower by 6.79% than the upper bound
solution of Shiau et al. (2008).
Similarly, the KP values as reported by Janbu (1957)
which are based on limit equilibrium analysis are lower
than the proposed values in the range 8.7 to 14.95%.
The values of KP as reported by Shields & Tolunay
(1973) are also based on limit equilibrium analysis. These
values are lower than the proposed values in the range,
17.93 to 33%.
The above comparison shows that proposed values
are fairly close to some of the available solutions, except
those of Shields & Tolunay (1973) and Lancellotta (2002).
In Table 4, more data giving Kp values computed by
Coulomb’s theory (1776), Caquot & Kerisel (1948), Kumar & Subba Rao (1997), Soubra & Macuh (2002), Lancellotta (2002) and by the proposed method is reported.
It may be noted that, for the failure mechanism consisting of log spiral and its tangent, which is adopted in the
proposed analysis, the Kp values are unique; since they are
evaluated from the identification of a unique failure surface
that satisfies force equilibrium conditions. This may be the
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Table 4 - Comparison of Kp values.
Angle of
friction
(degrees)
Soil f

Wall d

Passive earth pressure coefficient Kp
Coulomb
(1776)

Caquot & Kerisel
(1948)

Kumar & Subba
Rao (1997)

Soubra & Macuh
(2002)

Lancellotta
(2002)

Proposed
method

Kp

% diff.

Kp

% diff.

Kp

% diff.

Kp

% diff.

Kp

% diff.

Kp

20

2.04

-21.5

2.04

-21.5

2.04

-21.5

2.04

-21.5

2.04

-21.5

2.60

25

2.46

-20.5

2.46

-20.6

2.46

-20.6

2.46

-20.6

2.46

-20.5

3.10

3.00

-18.9

3.03

-18.1

3

-18.9

3.00

-18.9

3.00

-18.9

3.70

35

3.69

-19.8

3.69

-19.8

3.69

-19.8

3.69

-19.8

3.69

-19.8

4.60

40

4.60

-19.3

4.59

-19.5

4.6

-19.3

4.60

-19.3

4.60

-19.3

5.70

20

2.41

-15.1

2.35

-17.4

2.38

-16.3

2.39

-16.0

2.35

-17.4

2.84

25

3.12

-13.3

3.03

-16.0

3.06

-15.1

3.07

-14.8

2.99

-17.0

3.61

4.14

-11.0

4.00

-14.1

4.02

-13.6

4.03

-13.4

3.89

-16.5

4.66

35

5.68

-7.8

5.28

-14.3

5.42

-12.0

5.44

-11.7

5.17

-16.1

6.16

40

8.15

-3.3

7.25

-13.9

7.58

-10.0

7.62

-9.6

7.09

-15.9

8.43

20

2.64

-11.2

2.60

-12.4

2.5

-15.7

2.57

-13.4

2.48

-16.5

2.97

25

3.55

-7.8

3.40

-11.8

3.4

-11.8

3.41

-11.5

3.22

-16.4

3.85

4.98

-2.9

4.50

-12.2

4.6

-10.3

4.65

-9.3

4.29

-16.3

5.13

35

7.36

4.5

6.00

-14.8

6.6

-6.3

6.59

-6.4

5.88

-16.5

7.04

40

11.8

16.6

9.00

-10.9

9.8

-3.0

9.81

-2.9

8.38

-17.0

10.10

20

2.89

-6.4

2.65

-14.1

2.73

-11.5

2.75

-10.9

2.58

-16.3

3.09

25

4.08

-0.4

3.56

-13.1

3.72

-9.2

3.76

-8.2

3.41

-16.7

4.10

30

6.11

8.9

5.00

-10.8

5.26

-6.2

5.34

-4.7

4.63

-17.4

5.61

35

9.96

24.8

7.10

-11.1

7.78

-2.5

7.95

-0.4

6.51

-18.5

7.98

40

18.7

56.0

10.7

-10.6

12.24

2.0

12.6

5.0

9.57

-20.2

12.00

20

3.53

7.1

3.01

-8.5

3.07

-6.7

3.13

-4.9

2.70

-18.0

3.29

25

5.60

22.8

4.29

-5.9

4.42

-3.1

4.54

-0.4

3.63

-20.5

4.56

30

30

30

30

0

1/3f

1/2f

2/3f

f

10.1

53.6

6.42

-2.3

6.68

1.6

6.93

5.4

5.03

-23.5

6.57

35

22.9

129

10.2

1.8

10.76

7.4

11.3

12.8

7.25

-27.6

10.02

40

92.6

462

17.5

6.3

18.86

14.6

20.1

22.1

11.03

-33.0

16.46

Percentage difference = (100 x (value obtained by other solution-value obtained by proposed method)/value obtained by proposed
method).

possible reason for the variation in results obtained by the
proposed method when compared to the other available solutions. The proposed method also enables the computation
of point of application of passive thrust using moment equilibrium and reactive pressure distribution on the failure surface.

equilibrium method. Another advantage of the proposed
method is its ability to compute the point of application of
the passive thrust using moment equilibrium which. Thus
all the equations of equilibrium are effectively used in the
proposed method. The distribution of soil reactions on the
failure surface is also computed.

4. Conclusion
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The Use of Hydrophobic and Hydrophilic Tensiometers in the
Measurement of Water and NAPL Suctions and
Determination of SLRC
R.P. Sousa, I.B. Oliveira, S.L. Machado
Abstract. This technical note presents some preliminary results obtained with the use of hydrophobic and hydrophilic
tensiometers to measure liquid pressures in three-phase systems (air-NAPL-water). The porous tips of the hydrophobic
tensiometers underwent a surface treatment known as silanization. The silanized tensiometers demonstrated little influence
of the interstitial water in the measured values of NAPL suctions, the contrary occurring in the case of the standard ones.
Due to water preferential wetability, the water tensiometers with standard porous stone tips presented adequate hydrophilic
behavior, measuring water suctions satisfactorily. These tensiometers were also used to determine the soil-liquid retention
curves (SLRC) of an eolian sand by vaporization. Water and diesel were used in the performed tests. The performance of
the vaporization technique was satisfactory, reducing the time required for test accomplishment and presenting repeatable
results. In the case of diesel, due its low vapor pressure and the selective nature of its vaporization process, the use of this
technique was shown to be limited. Sample heating was used to accelerate the vaporization process.
Keywords: vaporization technique, soil-liquid retention curves, NAPL, multiphase flow.

1. Introduction
Multiphase flow normally involves several processes
that occur simultaneously in the soil during the transport of
a non aqueous phase liquid (NAPL) from the soil surface to
the water table. NAPLs are divided into two groups: Those
denser than water (DNAPL) and those lighter than water
(LNAPL). During LNAPL migration when the water table
is reached, there in an accumulation and posterior spreading of the liquid in the contact between the two phases.
Contrarily, DNAPL moves continuously down (below the
water table) until an impervious layer is found. The main
phenomena occurring during NAPL transport through the
subsoil are: free phase flow (NAPL flow as a separate liquid phase), NAPL free phase adsorption/desorption by the
soil solid particles, dissolution and transport of the NAPL
soluble part (which in its turn involves adsorption,
advection and diffusion) and volatilization and transport of
the NAPL vapor involving the same phenomena cited
above.
One of the most important aspects of NAPL transport
is the NAPL free phase flow from soil surface to water table
across the vadose zone or the unsaturated layer of soil. This
layer acts naturally protecting the water table from NAPL
contamination and the adoption of remediation techniques
before NAPL reaches the saturated zone always leads to
less expensive remediation procedures.

On the other hand, unfortunately, the simultaneous
transport of three or more liquid phases in unsaturated soils
is a complex matter. Liquid distribution inside soil pores
will be a function of their wettability order which in turn
can vary with the amount of organic matter in the soil as it is
a function of the ranking of the superficial tension values of
the liquids involved in the process. Water usually presents
the highest values of superficial tension when in contact
with most mineral surfaces whereas NAPL presents higher
values of superficial tension when in contact with organic
surfaces. In the case of unsaturated soils with a negligible
organic content, wettability order is water-NAPL-air (more
to less wettable). In the case of soils presenting high
amounts of organic matter the wettability order changes
and we have NAPL-water-air. As the water has the highest
wettability in most cases involving multiphase flow, it
tends to occupy the smaller pores of the soil. NAPL tends to
occupy the remaining spaces and the interstitial air fills
only the larger voids in the soil. As a consequence, the concept of suction must be extended in comparison to traditional unsaturated soil mechanics. At least two values of
suction can be adopted: one calculated as the difference between the pressures of NAPL and water and the other considering the pressures of air and NAPL.
As regards the suctions of water and NAPL due to
capillarity effects, not only is the water superficial tension
important but also the NAPL superficial tension and the

R.P. Sousa, PhD Student, Programa de Engenharia Industrial, Universidade Federal da Bahia, 2 Aristides Novis St. 40210-630 Salvador, BA, Brazil. e-mail:
riseuda.sousa@gmail.com.
I.B. Oliveira, PhD, Associate Professor III, Departamento de Engenharia Ambiental, Universidade Federal da Bahia, 02 Aristides Novis St. 40210-630 Salvador, BA, Brazil.
e-mail: oliveira@ufba.br.
S.L. Machado, PhD, Associate Professor III, Departamento de Tecnologia e Ciência de Materiais, Universidade Federal da Bahia, 2 Aristides Novis St. 40210-630 Salvador,
BA, Brazil. e-mail: smachado@ufba.br.
Submitted on September 29, 2010; Final Acceptance on February 14, 2011; Discussion open until April 30, 2012.

Soils and Rocks, São Paulo, 34(3): 251-258, September-December, 2011.

251

Sousa et al.

tension in the interface NAPL-Water. Besides this, NAPL
normally presents a low dielectric constant (er) or low polarity compared to water (erw = 80 and ernapl ~ 2). In this case,
the thickness of the NAPL double layer is smaller due to a
less pronounced electrical attraction between the solid particle surface in the NAPL molecules. Therefore it can be
said that the adsorption phenomena will be much more pronounced in the case of water than NAPL.
In order to model water unsaturated flow the hydraulic conductivity and soil-water retention curves of the soil
must be known. The model proposed by Van Genuchten
(1980) is most commonly used model to represent the
soil-water retention curve. Despite the fact that this model
does not address the possibility of completely dry soil, as in
the model of Fredlund & Xing (1994), it is simple and can
be used for the values of suction normally found in the
field. In the case of problems involving shallow depths in
dry and hot climates and/or very low water content values,
however, the use of the Fredlund & Xing (1994) equation
becomes more attractive.
q = qr +

qs - qr

[1 + (ay) ]
n

m

(1)

where q is the soil volumetric water content; qr (-) is the soil
residual volumetric water content; qs (-) is the soil saturated
volumetric water content, y is the water suction (kPa) and n
(-), m (-), and a (kPa-1) are soil parameters.
From a historical perspective, the physics of three
phase flow on porous media has appeared in the petroleum
reservoir literature. These models are used to model oil and
natural gas recovery from petroleum reservoirs (Collins,
1961; Corey, 1986, Aziz & Settari, 1979 and Marle, 1981).
Due to the arduous experimental procedures to determine
truly multiphase soil-liquid retention curves (SLRC), several attempts have been made to transform one curve obtained for a pair of liquids (mostly air-water) to a multiphase curve or to one of the possible two phase systems
(air-NAPL or NAPL-water). In many cases in such situations the Van Genuchten (1980) equation is employed.
Capillary scaling is the most common idea used to
transform one soil-liquid retention curves into another one.
Lenhard & Parker (1988) and USEPA (1997) present some
scaling rules to transform soil-liquid curves from one pair
of fluids to multiphase curves. In the case of USEPA
(1997), the main assumptions are listed below. Equations
(2) and (3) define the suctions involving the immiscible
phases of the system
y nw = y nw ( q w ) = u n - u w
y an = y an ( q tw ) = u a - u n

(2)
(3)

In these equations, the subscripts a, w and n stand for
the phases air, water and NAPL, respectively. qtw (-) means
the total volumetric content of liquids (water and NAPL) in
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the system. ua, uw and un (kPa) are the interstitial pressures
of air, water and NAPL, respectively. It can be noted from
Eq. (3) that the suction between the phases air and NAPL is
a function of qtw. This equation brings implicitly the idea of
wettability of the phases. As NAPL has intermediate wettability, in soil pores with water and NAPL, NAPL will be in
contact with the interstitial air. Water will preferentially occupy the inner part of the pore and/or the the smaller pores
of the soil. In this case, the radius of the air-NAPL meniscus
will be a function of the total amount of liquids, which is
represented by qtw.
The suction air-water is calculated using Eq. (4). Besides this, the values of suction between the immiscible
phases are scaled using the values of interfacial tensions
along the interfaces between the air and water phases (saw),
the NAPL and water phases (snw) and the air and NAPL
phases (san), according to Eq. (5) (Leverett, 1941).
y aw = y an + y nw

(4)

y aw y an y nw
=
+
s aw s an s nw

(5)

In order for Eqs. (4) and (5) to be compatible, another
assumption must be made which is represented by Eq. (6).
As can be seen, the interfacial tension air-water (or the water superficial tension) is assumed to be equal to the sum of
the interfacial tensions NAPL-water and air-NAPL.
s aw = s an + s nw

(6)

The wettability order used in this paper is controversial among some authors such as Bradford & Leij (1995 and
1996), mainly due to the fact that NAPL is a mixture of
many different chemicals and/or when the soil is mineralogically heterogeneous and contains a significant amount
of organic matter. In this case of the experiments performed
by the authors a 5% solution of octadecyltrichlorosilane,
OTS, in ethanol was added to a sand (25% fine, 50% medium and 25% coarse) to form a totally hydrophobic medium, which was mixed in different proportions with pure
sand in order to form a medium with fractional wettability.
The constraints of the Eqs. (4) to (7) are also questioned by
authors such as Wilson et al. (1990) and McBride et al.
(1992).
Using the aforementioned assumptions the equations
below summarize some of the possibilities of the use of the
capillary scaling to enable Eq. (1) to be used in the case of
multiphase flow.
q w = f ( y nw ) = q wr +

q s - q wr

[1 + (ay

q tw = f ( y an ) = q twr +

n
nw )

]

m

q s - q twr

[1 + (ay

an

)n

]

m

(7)

(8)
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where qw (-) is the volumetric content of water (the same of
q in Eq. (1)); qnw (-) is the volumetric content of NAPL; qtw
(-) is the volumetric content of liquids (water + NAPL); qwr
(-) is the residual volumetric content of water; and qtwr (-) is
the residual volumetric content of liquids (water + NAPL).
The value of the volumetric water content of air, qa (-)
is obtained using the equation below:
q a = n - q tw

(9)

where n (-) is the soil porosity.
Table 1 presents the values of interfacial tension of
some liquids. As can be noted the interfacial tension
air-liquid (also called superficial tension) of the NAPLS are
about one third of the value obtained for water. On the other
hand, comparing the values of interfacial tensions air-liquid
and NAPL-water the assumption embodied in Eq. (6) is
only fairly fulfilled in the case of benzene and toluene. In
the case of diesel which is a mixture of different chemicals
Eq. (6) can not be applied.
Several experimental methods have been proposed
and reported to determine the soil-water retention curves in
bi-phase systems (Machado & Dourado, 2001, Lenhard &
Parker, 1988; Mahler & Oliveira, 1998; Feuerharmel et al.
2004, Oliveira & Marinho, 2008, Fredlund & Rahardjo,
1993, etc.). Axis translation and its variations is still the
most widely spread technique used to determine the soilwater retention curve, however, some other techniques
such as osmotic devices, air relative humidity and temperature control, paper filter and vaporization techniques have
gained attention in recent years. Vaporization (or evaporation) are techniques where soil is left to evaporate its liquid
content in a controlled way. The attention of many researchers has focused on the case of the determination of
SLRC using materials with a high vapor pressure. According to Oliveira (1995), in sandy soils, the combination of
the vaporization technique and the use of contact tensiometers for soil suction measurements resulted in similar results to those obtained using tempe cells. In this case, only
bi-phase systems (air-NAPL and air-water) were used. The
interstitial liquids were water, ethylene glycol, 4-clorotoluene and n-hexanol. With the use of the vaporization technique the time required to finish the tests was reduced
substantially.
In the case of multiphase systems, however, using the
axis translation technique or otherwise, there is the need for
an additional medium to separate the interstitial pressures
of water and NAPL. This is normally achieved transform-

Table 1 - Values of interfacial tension of some liquids.
Liquid

Air-liquid interfacial
tension (dynes/cm)

NAPL-water interfacial
tension (dynes/cm)

Benzene

28.9 (20 °C)

35.0(25 °C)

Toluene

29.0 (20 °C)

36.1(25 °C)

Diesel

26.9 (25 °C)

22.3 (25 °C)

Water

71.97 (25 °C)

-

ing a standard (hydrophilic) porous medium, such as a high
entry value ceramic disk, into a hydrophobic one. The
silanization technique is one of the alternatives to perform
this conversion, as described by Lenhard & Parker (1988).
This paper presents the performance of hydrophilic
and hydrophobic contact tensiometers of small dimensions,
developed by the authors, used to measure interstitial pressures of water and NAPL (Diesel) in a multiphase flow system. Contact tensiometers, saturated with oil and water,
were also used in the vaporization technique in order to obtain SLRC in an eolian sand. The obtained results are compared with the results provided by Eqs. (4) to (8).

2. Materials and Methods
The soil used was a uniform eolian sand, typical of the
dunes found around Salvador, Bahia (coast material, quaternary age). The physical properties of the dune were obtained using the following Brazilian Standards: NBR
6457/1986, NBR 6502/1995, NBR 6508/1984, NBR
13292/1995 and NBR 7181/1984. Samples presented average values of porosity n = 0.37, 100% of sand fraction
(mainly fine to medium sand) and unit weight of solid particles rs = 2.68 g/cm3. Soil samples were classified as SP
(poor graded in the USCS). Liquids used in the performed
tests were water and diesel. Table 2 summarizes the main
properties of interest of the liquids used. Interfacial tensions are given in Table 1.
Average values of fluid conductivity (k) were k = 1.2
x 10-2 cm/s (water) and k = 4.34 x 10-3 cm/s (Diesel). These
values are compatible with the concept of intrinsic permeability of Nutting (1930).
k=

K ×r × g
m

(10)

where K is the soil intrinsic permeability [L ], r is the fluid
density [ML-3], m is the fluid dynamic viscosity [ML-1T-1]
-2
and g is the gravity acceleration [LT ].
2

Table 2 - Main liquid properties.
Liquid

r (g/cm )

m (cp)

Vapor pressure, 20 °C (mmHg)

e (-)

Water

1.00

1.00

17.535

80.0

¥

Diesel

0.83

3.75

<5

2,31

298

3
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Vaporization tests used two different types of vaporization cells. In the first set of tests a stainless vaporization
cell was used similar to that used by Oliveira (1995), with
nominal internal dimensions of 50 x 20 mm. Standard tensiometers, saturated with oil or water, were employed. The
pressure transducers used had a pressure range of
0-100 kPa (absolute pressure) and the porous stone tips of
the tensiometers had an air entry value of 100 kPa (Model
0604D04-B01M1, Soilmoisture Equipment Corp.). Tensi3
ometers had an internal chamber of about 200 mm . Due to
their relatively large inner chamber they are able to sustain
suctions only up to 70 kPa. Figure 1 presents the cell and
tensiometers used in the first set of tests. The maximum
time interval for suction measurement stabilization was
about 10 min (suctions of 8 and 16 kPa were applied to the
water reservoir containing the tensiometer porous tip). The
obtained time-response curves were considered satisfactory taking into account the vaporization rate of the experiments. All the tensiometers were saturated (with water or
Diesel) under vacuum before tests in a vacuum chamber designed specially for this purpose. Figure 2 presents details
of the developed tensiometers. The picture below shows the
coupling of the pressure transducer to the tensiometer tip
and its cross section, the ceramic tips used and the coupling
of the tensiometers to the flow channel (not used in this
technical note).
Soil samples were statically compacted in thin layers
of 2 mm in the vaporization chamber until desired dry density was reached (rd = 1.69 g/cm3). Sample saturation was
carried out by the use of vacuum pressure and a drip of the
desired liquid. This procedure was adopted to fully saturate

Figure 1 - Vaporization chamber used in the first set of tests,
tensiometer and porous tip.

the samples before the tests. During the performed tests
samples were exposed to the atmosphere in a chapel with
exhaustion, allowed to evaporate its liquid content for some
period, weighed and then closed using the cell cover. The
tensiometer was then placed in contact with the sample until the suction measurement stabilized. This process was repeated until the evaporation rate became negligible. As the
evaporation rate decreased during the test, the periodicity
of the readings at the beginning of the tests was higher.
Similar procedures were used for both water and diesel.
In the case of the diesel however, the evaporation rate
became negligible even with the sample clearly presenting
high values of saturation. A process of selective evapora-

Figure 2 - Details of the tensiometer tip and couplings with pressure transducer and flow channel.
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tion of the diesel components was observed in such a way
that this product changed its characteristics during the evaporation process, decreasing its vapor pressure drastically
and almost ceasing the evaporation process. In order to increase the vapor pressure of the remaining diesel components, soil samples were submitted to progressive heating
up to 220 °C. During this process, for each heating step,
samples were cooled and weighed and the suction measured as described above.
A second set of tests used the apparatus illustrated in
Fig. 3. In this case both standard and silanized tensiometers
were used. The silanization process modifies the surface of
silica and metal oxides with the introduction of a layer
chemically bonded to the substrate. There are many silanization techniques, however, the organic silanization in anhydrous conditions is the most commonly used for silica
modification. Although there is the possibility that some
parts of the porous stone surface are not accessible to the
silanization agent, this process is considered irreversible
and the hydrophobic nature of the transformed porous stone
is considered permanent (Lenhard & Parker, 1988 and
Kecharvazi et al. 2005)
In this paper, the silanization process was similar to
that proposed by Lenhard & Parker (1988). After heating
the porous stones for water removal (100 °C, 24 h), they
were cooled to environment temperature in a dissector and
then immersed in chloretrimetilsilane (PA; 98%), in an hermetic chamber for two hours. After this samples were
washed with toluene (PA; 99.5%) and methanol (PA;
99,9%).
The apparatus used to perform the multiphase tests is
composed of a Nylon cell with internal nominal dimensions

Figure 3 - Multiphase system suction measurement.
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of 50 mm x 6 mm, a balance and a pair of tensiometers, one
saturated with water and the other with oil, which was installed to measure the interstitial pressures. Two types of
tensiometers saturated with oil were used, with silanized
and standard tips. The idea was to observe the benefits of
the silanization technique in the tensiometers performance.
The compaction process was similar to that used in the first
set of tests, however, in the case of the second set of tests
the evaporation process was carried out continuously as
well as the suction and mass measurements.
Samples were first saturated by water and then submitted to vaporization. One experiment of the second set of
tests was performed keeping the room closed while the
other was performed with all the windows of the room open
(better ventilation conditions).
After the desired water suction was reached, samples
were saturated with oil and the changes in the interstitial
pressures were recorded. The water suction measurements
made during the water vaporization stage were also used to
obtain the soil-water retention curve of the samples.

3. Results and Discussion
Figure 4 presents the soil-water retention curves obtained using the two vaporization cells used in the tests. As
can be observed, all the samples presented similar results,
showing the equivalence of the techniques used. Figure 4
also shows the fitting of Eq. (1) to experimental results.
Minimum square method was used in the fitting process.
The obtained soil parameters were qs = 0.37, q = 0.25 kPa-1,
qr = 0.0004 , m = 0.77 and n = 4.38 (R2 = 0,99). Figure 5
presents soil-liquid retention curves obtained for water and
diesel.
As can be observed, diesel experimental points are located to the left of the average water curve. This had been
expected since according to Eq. (5) and data presented in
Table 1, due to the smaller air-diesel superficial tension
compared to water, smaller suction values are expected for
the same liquid content. Due to the nature of the soil used

Figure 4 - Soil water retention curves using the two vaporization
cells.
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Figure 5 - Soil-liquid retention curves for water and Diesel.

(an eolian medium to fine sand) the influence of the adsorption phenomena in the soil suction values is considered
negligible. Figure 5 also shows the fitting of Eq. (1) to experimental results. The obtained soil parameters were
qs = 0.37, q = 0.29 kPa-1, qr = 0.012 , m = 0.684 and n = 3.17
2
(R = 0,99). Figure 6 presents the fitted SLRC (diesel and
water) and the soil-diesel curve estimated using Eq. (5)
(capillary scaling).
As can be observed, the use of the capillary scaling
concept did not expected reasonable results. The observed
reduction in the interstitial suction was much less than previewed by the use of Eq. (5). It must be noted that the
capillarity scaling technique assumes suction as proportional to fluid superficial tension (air-liquid interfacial tension values shown in Table 1).
As the tested samples presented similar physical indexes and the soil structure is not a matter of concern because of the soil texture, other reasons must be found to
justify the observed experimental results. One possible explanation for such behavior is that diesel is a mixture of
compounds with varying vapor pressures. Therefore the
evaporation process is selective and only the compounds

with very low vapor pressures remain in the soil. After
about a 30% reduction in the initial degree of saturation, the
interstitial fluid of the soil becomes much more viscous
than the original diesel used for sample saturation and its
color is clearly changed. These findings are in accordance
with previous observations made by Bradford & Leij (1995
and 1996) concerning the use of capillary scaling.
Table 3 illustrates how the diesel interfacial tension
changes as a function of the amount of liquid already evaporated (ESTC, 1997). All the presented values refer to a
temperature of 25 °C. As can be observed from Table 3,
air-liquid interfacial tension tends to increase with the evaporation process, the opposite occurring with the NAPLwater interfacial tension. Furthermore, according to
(ESTC, 1997), diesel viscosity remained almost constant
for 25 °C. For values of temperature of 0 °C and 15 °C however, viscosity increased with the evaporation process. Volatile Organic Compounds decreased from 17793 ppm
(about 1.8%) to 272 ppm when the diesel evaporated 14%.
The data presented in Tables 1 and 3 help to understand why capillary scaling seems to fail in the case of diesel. Not only is Eq. (6) not satisfied, considering the fluid
with its original characteristics, but the liquid also changes
its interfacial tensions as the evaporation process progresses.
Despite these experimental aspects the evaporation
technique proved to be very useful and repeatable and reduced the time required to carry out the experiment accomplishment. This is particularly true in the case of fluids
having high vapor pressures. In the first set of tests, the average time required to carry out the tests was about 5 days
(soil water retention curve). In the second set of tests, the
experiment performed keeping the room closed lasted
about 90 h while the experiment performed with better ventilation conditions required about 24 h to complete. In the
case of clayey soils, however, due its lower fluid conductivity, the time required to finish the tests must be higher and
the replacement of the used tensiometers for micro-tensiometers, which are able to sustain values of suction higher
than 70 kPa without cavitation is mandatory. Figures 7 and
8 present the performance of the tensiometers used in the
second set of tests. As mentioned before, in this case samples were first saturated with water and then submitted to
continuous vaporization until the desired value of suction
was reached. After that, samples were saturated with diesel.
Table 3 - Changes in some diesel properties in function of the
progress of the evaporation process.
Air-liquid interfacial
tension (dynes/cm)

NAPL-water interfacial tension (dynes/cm)

0

26.9

22.3

8

27.2

20.9

14

27.4

19.8

Diesel evaporation (%)

Figure 6 - Fitted soil-liquid retention curves and soil-Diesel capillary scaling curve (use of Eq. (5)).
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In the case of Fig. 7, the tensiometer used had a standard porous tip. As can be observed, in the first phase of the
test (water evaporation), the oil tensiometer measured similar results of suction compared with the tensiometer saturated with water (the observed differences in the first part of
the experiment can be credited to the fact that tensiometers
are located in different parts of the samples and that the vaporization and sample compaction are not completely uniform). In other words, the tensiometer tip behaved hydrophilically. After oil injection in the system, the suction
values in the oil tensiometer drop immediately while the
suction recorded in the water tensiometer presented a decrease over time.
When the tensiometer with the silanized tip (saturated
with diesel) is used (Fig. 8), it is almost insensitive to water
suction, presenting only a slight increase in the suction (less
than 10% of the water suction) as the water evaporation
process progressed. This indicates that the silanization process used was not 100% efficient.
After diesel injection the suction in the silanized tensiometer reduced to zero, while the water suction reduced

from 47.2 kPa to 7 kPa. This reduction was higher than predicted by the use of Eq. (5) (NAPL-water interfacial tension
is about 22.3 dynes/cm, which should produce a NAPLwater suction of about 14.64 kPa after sample saturation
with oil).
Analyzing the results presented in Figs. 5, 6 and 8 and
considering the capillary scaling rule valid for this soil, the
diesel used in the tests behaves as if it has a higher superficial tension (air-diesel interfacial tension) and a lower diesel-water interfacial tension than values presented in Table
3. These differences can be related to the selective nature of
the diesel vaporization process which changes its interfacial tensions over time or simply to a different characteristic of Brazilian diesel.

4. Final Remarks
This technical note presents some preliminary results
obtained with the use of the vaporization technique to obtain soil-liquid retention curves. Despite some problems
due to the diesel selective evaporation process, the evaporation technique proved to be very useful and repeatable and
reduced the required time for SLRC determination. This
technique can be easily adapted for use in clayey soils, replacing the used tensiometers for micro-tensiometers,
which are able to sustain values of suction higher than
70 kPa without cavitation.
In the second set of tests, the silanized tensiometers
suffer little influence of the water suction, the contrary occurring in the case of the standard tips. Due to the water
preferential wettability, water tensiometers presented satisfactory hydrophilic behavior in measuring water suction.
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