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Abstract. Compacted earth embankments are routinely used in dams and many others infrastructure projects in Brazil. It is
common to use fine-grained soils for these embankments, which are placed and compacted in the field at specific values of
unit weight and water content. Their design is usually performed using geotechnical parameters from laboratory tests on
compacted samples, although in situ tests could emerge as an alternative for determining specific parameters, as such tests
can be conducted reasonably rapidly and can somewhat account for local inherent conditions of the soil such as confining
stress levels, water content and mineralogical variations. Therefore, this paper explores the application of Ménard-type
pressuremeter tests to determine the Young’s modulus of compacted soil layers from the side flank of a large-scale earth
embankment constructed in the city of Goiânia in the Midwest Region of Brazil. The embankment was compacted under
controlled conditions, permitting the extraction of undisturbed soil blocks at distinct levels during its erection. Laboratory
tests, such as consolidated isotropic triaxial and oedometer tests, were performed on samples at their natural water content.
Young’s moduli were derived from these laboratory tests and compared with the elastic moduli measured using the
pressuremeter, either directly under different (external) conditions or at normalized levels of the effective confining
octahedral stress. This comparison of results enabled the establishment of preliminary statistical correlations between the
average (in situ and laboratory) moduli, which will be useful when using the Ménard pressuremeter for a preliminary
design or a post-construction check of compacted earth embankments.
Keywords: earth embankment, compacted soil, Ménard pressuremeter, laboratory test, Young’s modulus.

1. Introduction
The conventional geotechnical properties of compacted soils fundamentally depend on their mineralogy and
physical characteristics. The latter are inherently associated
with the local placement conditions (i.e., water content and
density) of the compacted layers. In the case of earth embankments, the choice of which soil type to use is restricted
to those available from borrowing areas near the site. Compaction tests in the laboratory, and the specifications derived from them, are thus key elements in guiding the
design and ensuring that appropriate geotechnical parameters are achieved in the field. Generally speaking, compaction control is adopted as a means of quality assurance
during the construction of an embankment, in which the
best performance is sought in terms of shearing, compression, seepage and filtering.
In such jobs, quality control is ensured by accounting
for the level of compaction energy and uniformity of the
earth mass, for instance, by releasing each compacted layer
based on the deviation of the soil’s moisture content from
optimal values and by checking the wet and dry densities. If

the construction is well controlled, it is, in principle, assumed that the design values of deformability, strength and
permeability will be met.
The presumption that achieving the “desired” range
of physical properties during the construction stage of an
embankment is sufficient to guarantee its structural stability unfortunately discourages the complementary performance of post-construction field investigations. For instance, in situ testing could be conducted to check the
originally estimated geotechnical values or when poorly
controlled circumstances are identified.
One additional problem also arises, particularly in
Brazil. Several earth dams that have been constructed during the last century for energy generation have never been
checked with regard to their actual safety conditions or
tested against the newest security standards. The original
design parameters from these dams are rarely known, but
they could certainly be reestablished through on-site investigations.
This paper advocates one particular method of doing
so, at least in regard to the soil stiffness. This method has
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the ability to determine the deformability parameters of an
existing compacted earth embankment solely via on-site investigation, specifically through the Ménard pressuremeter
test (PMT). The PMT is an attractive approach in addressing this challenge because it can be used to test large volumes of soil, when compared with standard soil samples,
and can enable the establishment of parameters already influenced by local placement conditions. The use of the
PMT during the initial construction phase can eventually be
adopted to guide routine modifications to compaction procedures, thus truly serving as a quality assurance/control
mechanism.
The PMT research presented here is related to a real
construction case of an earth embankment located at the lateral edge of a roller-compacted concrete dam, with 389 m
of extension and erected to a maximum height of 52 m. This
dam, named Ribeirão João Leite, was built close to the city
of Goiânia, Brazil, and forms the João Leite reservoir that
serves this same city.
In a zone within one of the lateral compacted earth
embankments, an experimental testing area was established, where pressuremeter tests (along with tests using
other in situ devices) were performed together with the retrieval of undisturbed block samples. This was done as the
embankment was raised, at specific layers and levels. The
entire testing program was part of a thesis (Angelim, 2011)
supervised by the Universities of Brasília and Goiás, the
major geotechnical institutions of the Brazilian Midwest.
This paper thus provides an overall picture of the
earth embankment and its testing site, presenting its main
geotechnical characteristics and describing several of the
reference laboratory tests conducted on the retrieved samples. It also fully addresses the PMT investigation program.
The deformation modulus derived from each laboratory
technique was calculated and converted into the corresponding Young’s modulus, enabling a cross-comparison
with the elastic modulus typically derived through the
PMT.
This study is innovative in the sense that the comparative relationship between in situ and laboratory data on real
compacted earth structures has rarely been investigated or
reported on.

2. Site Location and Details
The city of Goiânia is the capital of the state of Goiás,
a large crop-raising frontier (for soybeans, among other
grains) with vast flat areas of farmland. A cattle meat industry for export is also well established there. Its metropolitan
area has a total population of approximately 2.4 million, being the second largest city in this central region of Brazil
and the 12th largest in the country. The Ribeirão João Leite
dam was constructed to supply water to this city through the
2
formation of a 10.4 km reservoir, as depicted in Fig. 1.
The crest of the dam lies at an elevation of 752.55 m
above sea level, with two laterally confined flank embank-
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Figure 1 - Location of embankment within Brazilian Midwest.

ments made of compacted soil. In one of them, in a flat zone
near the downstream slope (el. 746.00 m), an experimental
testing area was established where several in situ tests were
conducted. These tests were performed approximately
30 m downstream from the embankment axis, as part of the
same doctoral research program. Figure 2 depicts the testing area in the context of the embankment.
The embankment was erected in successive layers of
approximately 200 mm compacted to the standard Proctor
energy, by means of 6 to 8 passages of vibratory sheep foot
compaction rollers. Figure 3 presents cross section AA
from the testing area. Orientation points A to H can be seen,
as well as depth levels. Undisturbed 300 x 300 x 300 mm
blocks were retrieved from alternating positions in each
representative layer of 1 m in thickness.
For the retrieval of 2 blocks per layer, a trench of approximately 600 mm in depth and dimensions of 2 x 4 m
was excavated using a tractor backhoe as each meter of the
embankment was completed. The reference level for each
sample refers to the depth of the mid-height section of the
extracted blocks, as shown in Fig. 3. Once extraction was
complete, the trench was manually recompacted, and the
erection of the embankment continued.
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Figure 2 - Sampling and testing location close to the embankment’s axis.

After finishing the block extraction, in situ tests were
conducted near the center of the testing area, as shown in
Fig. 4. Several types of tests were performed, including
plate load and cone penetration tests. This paper, however,
focuses on the results of 24 pressuremeter tests performed
in three pre-bored holes (PMT 1 to 3). As depicted in this
and the previous figure, PMTs were performed in all representative layers, at horizontal distances that were less than
2 m from the corresponding undisturbed blocks. The reference level of each pressuremeter test refers to the depth of
the mid-height section of the central expanding membrane.

3. Sampling and Laboratory Program
3.1. Characterization and compaction
Three samples retrieved from each undisturbed block
were investigated in the laboratory to determine the physical characteristics of the soil. Figure 5 presents the results
along the depth direction for the water content (w), degree
of saturation (S), unit weight (g), dry unit weight (gd) and
void ratio (e). Note the existence of three data points per
representative layer and the over all average value for the
entire profile (considering all points). As a general rule,
layers with above-average water content had a unit weight
below the respective average, and the converse was also
true.

Figure 3 - Cross section AA from testing area.
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Table1 extends the physical properties along the
depth direction based on additional tests performed on samples from the undisturbed blocks. Compaction tests yielded
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Figure 4 - Detailed location of in situ tests in testing area.

knowledge of the optimum water content (wopt) and maximum dry unit weight (gdmax) of each layer. On-site control of
the embankment using the Hilf (1959) methodology
yielded knowledge of the water content and the relative
compaction (RC) of the layers. Quality control during construction demanded that each layer had a minimum RC of
96% and a maximum deviation of wopt of -1 to +2% by
means of either on-site or laboratory control. The Atterberg

limits and indices were determined at each layer, indicating
an inactive soil of medium plasticity. The unified classification system (D2487-11 ASTM, 2011a) indicated clay
layers intermingled with clayey silt layers of low plasticity.
These results can be explained in terms of the mineralogy of the material, as extracted from a nearby borrowing
area. X-ray tests, presented in Angelim (2011), indicate a
major presence of gibbsite with minor traces of caulinite
minerals in this soil. Oxides and hydroxides of aluminum
and iron are present. These minerals are typical of superficial, highly weathered tropical soils. They also explain the
observed low values of activity and plasticity.
Tropical soils also have another intrinsic feature: their
granulometric composition tends to change depending on
whether tests are performed with or without a dispersing
agent. Figure 6 presents the results obtained with and without such a component (sodium metaphosphate, based on
the Brazilian standard (NBR 7181- ABNT, 1988). According to Table1, with the dispersing agent, the average content of clay particles is 36.6%. Without it (not shown in this
table), this content drops to 0.0%. The agent promotes the
breakage of particle aggregates into micro- and macroconcretions, thereby changing the grain size. For instance,
based on granulometry tests in the presence of the dispersing agent, the soil can be classified as sandy clay. In tests
without the agent, the classification changes to silty sand.
3.2. Oedometertests
Oedometer tests were also performed on undisturbed
samples at their natural water content. One sample with dimensions of 100 x 30 mm (diameter x height) was tested
per layer, following the Brazilian standard (NBR 12007 -

Figure 5 - Main physical indices for the compacted soil along depth (levels 738.85 to 745.70 m).
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Table 1 - General physical indices for the compacted embankment along depth.
*

*
†
Clay content Laboratory compaction tests
(%)
3
wopt(%)
gdmax(kN/m )

Depth
level
(m)

USCS

745.70

CL

40.1

20.4

744.85

ML

36.6

743.55

ML - CL

742.85

ML - CL

741.85

Field on-site tests

‡

Atterberg Limits and soil indices

§

w(%)

RC(%)

wL(%)

wP(%)

IP(%)

Ia(%)

16.6

19.6

98.7

45

26

19

0.47

20.6

16.5

21.1

100.4

47

29

18

0.49

35.7

21.1

16.3

20.7

100.9

46

28

18

0.50

37.8

20.5

16.4

19.1

98.2

46

28

18

0.48

CL - ML

27.5

20.8

16.2

18.3

98.6

46

27

19

0.69

740.85

ML - CL

39.0

19.9

16.5

19.5

96.3

46

28

18

0.46

739.85

CL

37.5

18.6

17.0

19.7

96.7

43

25

18

0.48

738.85

CL

38.7

18.8

16.7

19.1

99.3

44

25

19

0.49

36.6

20.0

16.5

19.6

98.6

45.3

27

18.3

0.50

Average
*

†

Note: USCS = Unified Soil Classification System and clay content from grain size analyses with dispersing agent; Tests performed on
disturbed soil samples retrieved in the embankment after its construction (wopt = optimum water content,gdmax = maximum dry unit
weight); ‡Tests performed with undisturbed samples retrieved in the embankment just after each layer construction (w = water content of
the soil, RC = relative compaction); §Standard characterization tests with disturbed soil samples retrieved in the embankment (wL = liquid
limit, wP = plastic limit, IP = plastic index, Ia = soil activity).

Table 2 presents these variables together with the interpreted values of the soil constrained modulus (M) and
Young’s modulus (EYO) at four distinct pressure levels. M
and EYO are defined in accordance with Eqs. 1 and 2:
M=

DsV
DeV

EYO =

Figure 6 - Grain size curves of soil along depth.

ABNT, 1990). Figure 7 presents plots of the logarithm of
the vertical pressure (sV) vs. the void ratio. Pressure was applied from 12.5 to 1600 kPa, in both the increasing and decreasing directions. Measurements were acquired from 6
sec to 8 h at each pressure level. A humid rag on top of the
sample maintained a constant water content throughout the
loading sequence. The values of the (virtual) preconsolidation pressure (sP), effective overburden pressure (s’V0),
compression index (Cc) and overconsolidation ratio (OCR)
were determined. The s’V0 values were calculated considering the final height of the embankment, assuming average
values of unit weight. The value of sP was determined using
the empirical technique proposed by Pacheco Silva (1970)
based on a simple graphical method.
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M (1 + n)(1 - 2n)
(1 - n)

(1)

(2)

where eV and n are the volumetric strain and the Poisson’s
ratio, respectively. Note that EYO is the Young’s modulus
derived by applying an elastic equation to raw oedometer
values. The average value and the corresponding coefficient of variation (CV) are also given for the series of EYO
values.
The pressure intervals were chosen in accordance
with the typical behavior of oedometric curves. Two intervals were in the preconsolidated range (0-200 and
200-400 kPa), and two were in the normally consolidated
range (400-800 and 800-1600 kPa). The values in the final
stages of the curve were considered to be truly in the virgin
state (OCR = 1) based on estimations of sP and the shape of
the oedometric curves.
The values of the preconsolidation pressure were well
above those of the overburden pressure at each layer, yielding the conclusion that they were indeed a direct result of
the applied compaction energy. Queiroz (2008) also
reached a similar conclusion based on dilatometer tests performed on this same earth embankment.
Figures 8 to 10 present the relationship between the
Young’s modulus derived from constrained modulus and
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Figure 8 - Relationship between initial void ratio and Young’s
modulus calculated from oedometric test results at the stage of
800-1600 kPa.

Figure 7 - Oedometric curves of soil along depth.

the initial e, g, and RC values of the samples. A clear nonlinear behavior was observed in all curves.

ing pressure (sC). This latter pressure was varied from 49 to
392 kPa in the tests, in accordance with the previously presented ranges of preconsolidation and vertical overburden
pressures.

3.3. Triaxial tests

Triaxial tests were also performed on undisturbed
samples at their natural water content. One sample with dimensions of 50 x 100 mm (diameter x height) was tested
per layer, following the D7181-11 standard (ASTM,
2011b). Figure 11 presents plots of the deviatoric stress
(sD) vs. the axial strain (ea) for a particular isotropic confin-

All triaxial tests were performed in two successive
stages, i.e., isotropic consolidation followed by drained
shear. The shear velocity was taken to be 0.009 mm/min to
avoid any eventual build-up of pore pressure. An external
load cell was used to measure the applied load. The vertical

Table 2 - Results from oedometer tests on undisturbed samples at natural water content.
‡

s’v0 ( )
(kPa)

sP( )
(kPa)

CC ( )

745.70

5

295

0.103

744.85

23

440

0.140

743.55

49

300

742.85

63

380

Depth
level (m)

*

†

OCR

§

#

Constrained modulus (MPa)

Young’s modulus (MPa)

M1
(MPa)

M2
(MPa)

M3
(MPa)

M4
(MPa)

EYO1
(MPa)

EYO2
(MPa)

EYO3
(MPa)

EYO4
(MPa)

59

8

20

30

41

6

13

20

28

19

12

22

25

31

8

15

17

21

0.382

6

7

7

7

14

5

5

5

9

0.090

6

12

31

35

47

8

21

24

31

741.85

83

475

0.120

6

13

33

33

36

9

22

22

24

740.85

103

435

0.209

4

10

15

14

21

7

10

10

14

739.85

123

600

0.249

5

13

28

24

19

9

19

16

13

738.85

143

455

0.143

3

10

22

30

31

7

15

21

21

-

423

0.179

-

11

22

25

30

7

15

17

20

19

38

38

38

Average
CV (%)
*

†

‡

Note: Effective vertical pressure at the center of the undisturbed block at depth level; Preconsolidation pressure; Compression index at
the virgin compression zone of the curve; §Constrained modulus directly from oedometer (DsV/DeV) inclinations at distinct ranges of vertical pressuresV (M1@0-200 kPa, M2@200-400 kPa, M3@400-800 kPa, M4@800-1600 kPa); #Young’s modulus derived with constrained
values at same pressure levels (EYO = M(1+n)(1-2n)/(1-n), where n = 0.33, Poisson’sratio).
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Figure 11 - Typical CID triaxial curves (sC = 392 kPa).

Figure 9 - Relationship between unit weight and Young’s modulus calculated from oedometric test results at the stage of
800-1600 kPa.

Table 3 presents the results of the consolidation stage
for four distinct sC intervals chosen to represent the entire
spectrum of pressures. The directly measured values of the
bulk modulus (B) and the interpreted values of the Young’s
modulus (EIST) are defined in accordance with Eqs. 3 and 4:
B=

Ds C
DeV

E IST = 3B(1 - 2n)

(3)
(4)

As expected, the modulus values increased with increasing confining pressure because of the simple fact that
a higher pressure resulted in a lower void ratio of the sample, thereby increasing the contact between particles and
the stiffness of the soil structure.
Table 4 presents the results for the subsequent shearing stage, at the same confining pressures as before. Three
levels of deviatoric stress were used to define the Young’s
modulus, which was directly calculated in accordance with
Eq. 5:
ET =

Figure 10 - Relationship between relative compaction and
Young’s modulus calculated from oedometric test results at the
stage of 800-1600 kPa.

and horizontal strains were obtained using a mechanic
deflectometer and the water volume control into the chamber, respectively.
As a general rule, it was observed that the stress-strain
curves for low confining pressures exhibited behavior characteristic of a strain-softening mode, typical of overconsolidated clays and dense sands. As the sC value approached
the virgin state of the soil (upper range of values), as seen in
Fig. 11, there was a tendency toward homogenization of the
results in a strain-hardening mode.

Soils and Rocks, São Paulo, 39(3): 285-300, September-December, 2016.

Ds D
De a

(5)

The tangent modulus (ETI) in the initial stage (2 to 3
initial data points) and the secant moduli at 25 and 50% of
the maximum sD value (ET25 and ET50, respectively) were determined at each layer, as seen in this table. The tangent
modulus was easier to determine and less subject to variations among the data points at each level. Nevertheless, as
observed by Angelim (2011), the tangent and secant moduli
tended to be quite similar.
The Young’s modulus decreased as the level of deviatoric stress at which it was determined increased. The values at 50% (ET50) were consistently lower than those at 25%
(ET25) or in the initial stage (ETI). This table also presents the
effective cohesion intercept and the angle of internal friction derived from the drained failure envelope in the triaxial
test.
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Table 3 - Results from consolidated isotropic triaxial drained tests (CID) at natural water content – shearing stage.
Depth level
(m)

*

†

Bulk modulus (MPa)

Young’s modulus (MPa)

B1 (MPa)

B2 (MPa)

B3 (MPa)

B4 (MPa)

EIST1 (MPa)

EIST2 (MPa)

EIST3 (MPa)

EIST4 (MPa)

745.70

3

4

25

21

3

4

26

21

744.85

3

5

5

7

3

5

5

7

743.55

2

4

4

6

2

4

5

7

742.85

3

4

7

14

3

4

8

15

741.85

2

3

5

8

2

3

5

8

740.85

4

5

9

27

4

5

9

28

739.85

4

6

10

16

5

6

10

17

738.85

6

7

7

14

6

7

7

15

Average

4

5

9

14

CV (%)

3

5

9

15

32

25

72

49

*

Note: Bulk modulus directly from isotropic compression curve (DsC/DeV) inclinations at distinct values of isotropic confining pressure
sC (B1@49 kPa, B2@98 kPa, B3@196 kPa, B4@392 kPa); †Young’s modulus derived with bulk values at same pressure levels
(EIST = 3B(1 - 2n), where n = 0.33, Poisson’s ratio).

By comparing Tables3 and 4, one observes that in regard to the Young’s modulus alone, there was a mild tendency for the value to increase along the depth direction.
This behavior was perhaps more pronounced for the moduli
in the isotropically consolidated case. This behavior can, in
some sense, be attributed to the levels of pressure adopted
in the laboratory, which were well below the estimated values of sP (Table 2) and overlapped with the range of the effective overburden pressures.
The tables also show the average Young’s modulus
and the corresponding coefficient of variation (CV) for
each series. The shear-derived values were distinctly more
erratic (with higher CVs) than those obtained in the isotropically consolidated case. By comparing these data with
those presented in Table 2, one also observes that the
oedometer-derived Young’s moduli were less subject to
variations, i.e., exhibited slightly less sensitive values
(lower scatter).
The extent of variability along the depth direction for
all deformation moduli can be attributed to a combination
of factors. Minor effects of disturbances during sampling
and typical experimental errors (trimming, assembling, and
position of load cell and techniques of strain measurements
for triaxial tests) may contribute to scatter results. However, the effects of soil heterogeneity into each compacted
layer seems to be the key point for these results, since the
sample height was less than half of layer thickness
(200 mm).
Tables 2 to 4 indicate a highly overconsolidated profile (with an OCR of approximately 60 at the surface), in
which the OCR decreases with increasing depth. The layers
behave as cohesive-frictional materials, with very high cohesion intercepts and friction angles typical of mediumdense silty sands (as classified according to grain size dis-
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tribution without a dispersing agent). Depending on the laboratory test, the derived Young’s moduli are typical of
loose or medium-dense sands (with the exception of the ETI
values). These results appear to be consistent with the
amount of applied compaction energy and the nature of the
material in its local state.

4. Pressuremeter Testing Program
The major attraction of the PMT is the fact that it constitutes a simple boundary-value problem of soil mechanics, being the only in situ test that can be theoretically
modeled as an expansion of an infinitely long cylindrical
cavity. This offers the possibility of simultaneously deriving both the in situ deformation and strength parameters
when applying any of the several available cavity expansion models.
Cunha (1994) has demonstrated the potential use of
this tool for deriving parameters from alluvial deposits.
Nevertheless, the Brazilian experience is still nascent and is
restricted to the validation of international experience under local conditions.
With regard to tropical or compacted soils, previous
work is rather limited. Ortigão et al. (1996) performed one
of the first PMT in the Midwest Region of Brazil for the underground project of the city of Brasília. This successful experience has encouraged further tests for the design of
Goiânia’s metro line (Cunha et al., 2004), this time using
traditional interpretation methods, such as those presented
by Baguelin et al. (1978).
For the present embankment, Ménard pressuremeter
tests (PMT 1 to 3) of the G-BX type were performed, as
shown in Figs. 3 and 4. They were performed in pre-bored
holes excavated to the testing depth using a 63.5 mm diam-
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Note: *Eff. cohesion intercept from failure envelope; †Eff. angle of internal friction – inclination from failure envelope; ‡Tangent Young’s modulus directly from triaxial (DsD/Dea) inclination of deviatoric stress vs. axial strain at initial stage of the curve; §Similar modulus but derived with sD @ 25% of max. value; #Similar modulus but derived with sD @ 50% of max. value.

20

50
63

20
21

72
83

21
39

45
63

39
33

66
64

35
138

64
41

188
237

34
69

181
30
107
Average

CV (%)

13

15
14

13
15

36
40

7
17

56
51

32
41

57
69

45
67

316
68

310
191

130
72

58

72
738.85

32

142
739.85

29

7

28
42
39
9
40
89
58
29
83
162
263
112
134
740.85

30

35
35

15
5

39
53

28
16

55
47

22
15

398
422

308
51

134
149

188
163

398
422

308
30
741.85

30
93

114

742.85

10

23
6

12
11

4
3

20
40

27
9

36
257

5
11

44
191

187
226

135
257

243
178

195

69
743.55

33

80
744.85

30

28

392
196

20
16

98
49

10
60

392
196

25
24

98
49

11
77

392
196

268
251

98
49

107
148
745.70

27

Conf. pressuresC (kPa)
Conf. pressuresC (kPa)
Conf. pressuresC (kPa)

‡

§

25% Tangent Young’s Modulus ET25 (MPa)
Initial Tangent Young’s Modulus ETI (MPa)

†

f’( )
(°)
*

c’( )
(kPa)
Depth
level (m)

Table 4 - Results from consolidated isotropic triaxial drained tests (CID) at natural water content - shearing stage.

#

50% Tangent Young’s Modulus ET50 (MPa)
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eter auger that resulted in good quality holes. Figure 12
presents some views of the used auger.
The tests were performed in equal pressure increments at each representative layer once the entire embankment was completed. All of these tests were performed in
accordance with the procedures prescribed by the French
standard (XP P94-110-2- AFNOR, 1999). The initial data
reduction also followed this standard; it was performed by
applying calibration-related corrections regarding the
membrane resistance and system compliance to the raw
data and by removing the initial recompression stage of the
PMT curve (up to the in situ horizontal stress).
Figure 13, for instance, presents the cavity pressure
vs. volume curves at all testing depths for the PMT1 test. It
is evident that the linear “pseudo elastic” phase was followed by a plastic regime, in which the limit pressure was
approached.
For each PMT, two unload-reload cycles were performed. Figure 14 presents a typical corrected curve in
which the pseudo elastic phase and the first unload-reload
loop are well defined by pressure points (p1-p2 and p3-p4, respectively).

Figure 12 - Auger used to excavate pre-bored holes to perform
PMT tests.
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Figure 13 - Pressure vs. volume curves – PMT1 tests.
Figure 15 - Elastic moduli from PMT along depth.

Although they are not shown, the CVs from the PMT
series corresponding to this latter figure varied from 10.5 to
26.2% (valid only for the average EM), i.e., lower than the
equivalent values obtained using the laboratory techniques.

5. Results and Discussion
5.1. Direct comparison of moduli

Figure 14 - Definition of pressure points and moduli from Ménard
PMT curves.

Using the defined pressures (p1 to p4) and the corresponding volumes (v1 to v4), it was possible to derive the
elastic moduli of the PMT in both the pseudo elastic phase
(elastic modulus EM) and the first loop cycle (ER). For instance, according to Baguelin et al. (1978), Eq. 6 can be
used to derive the pressuremeter modulus:
v + v 2 ö ( p 2 - p1 )
æ
E M = 2(1 + v)ç v s + 1
÷
2 ø (v 2 - v 1 )
è

(6)

where vs is the initial volume of the expanding membrane
5
3
(5.077 x 10 mm ). This same equation can be used to derive
ER by simply replacing vs with the appropriate pressure and
volume variables.
Figure 15 presents plots of the pressuremeter moduli
EM and the loop moduli ER along the depth direction for the
three PMT tests. It also shows the average trend (thick line)
calculated based on all results. As is typical, the loop
moduli tended to be considerably higher than the standard
PMT moduli as a result of several factors, including disturbance effects and the average applied pressure level (Cunha, 1994).
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The average value of the elastic pressuremeter modulus EM (Fig. 15) was adopted as the reference against which
all of the results from the laboratory tests were compared.
This stiffness calculated using this in situ device is the
value that is generally used in design or to evaluate empirical correlations.
In fact, EM was originally defined as a Menárd modulus, according to Baguelin et al. (1978), being “something
roughly equivalent to a Young’s modulus”. It is certainly an
elastic property of the soil, is directly used by these and
other authors, and is sometimes corrected using an empirical (a) factor in settlement equations in the framework of
the theory of elasticity.
Figures 16 to 18 present direct comparisons of the reference modulus with the values derived from the oedometer measurements and from the triaxial tests (both the
consolidation and shearing stages). It is clearly apparent
that there is no clear trend among the comparisons, i.e., either the PMT EM modulus fits better with the upper range of
the laboratory results (in the case of the consolidation stage
of the triaxial tests) or it lies within the derived spectrum of
the data (in the case of the oedometer tests). At certain specific depths, it falls into the lower range of the results, such
as at depths of 742/743 m in the shearing stage of the
triaxial tests.
Direct comparisons between pressuremeter results
and the soil properties deduced from laboratory tests are inevitably misleading. As stated by Mair & Wood (1987),
“exact equality of aspects of stress-strain behavior such as
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Figure 18 - Comparison of Young’s moduli from PMT and
triaxial tests – shearing stage.
Figure 16 - Comparison of Young’s moduli from PMT and oedometer tests.

Figure 17 - Comparison of Young’s moduli from PMT and
triaxial tests – consolidation stage.

stiffness or strength deduced from tests which subject soils
to different modes of deformation should not be expected,
as most soils are anisotropic in their stress-strain behavior
as a result of their depositional and subsequent history”.
Indeed, the deformation around the pressuremeter
corresponds to the deformation that could be imposed in a
plane-strain compression or extension test on a horizontal
sample, as previously noted by Mair & Wood (1987) and
experimentally demonstrated by Cunha (1994) by means of
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comparable results for a sedimentary granular deposit in
Canada.
The deformation mode of the PMT clearly deviates
from typical modes imposed on soil samples in oedometer
tests or the compression and shearing stages of triaxial
tests, as graphically illustrated by Wood & Wroth (1977). It
also shears the soil at rather different stress and strain rates
compared with those in the laboratory. Moreover, the compacted layers of an earth embankment are truly anisotropic
in nature, given their rather peculiar mode of execution.
According to Ortigão et al. (1996), for PMT tests in a tropical soil, the PMT moduli are an “index” of the soil stiffness
under shearing in a pseudo elastic manner with strains below 0.1% in the horizontal direction.
In essence, there are several factors that hamper the
direct comparisons presented in Figs. 16 to 18, such as the
inherent anisotropy and heterogeneity of the soil, the distinct deformation modes, and the stress and strain levels associated with each testing technique. The aforementioned
comparisons are included to illustrate the difficulties one
would typically encounter in practice when benchmarking
field data. They clearly expose the average differences and
variations exhibited by the in situ (elastic) moduli derived
using a pressuremeter with respect to the results of the
“known” techniques applied in the laboratory to undisturbed samples. In this sense, these comparisons are didactically illustrative of a practical problem.
The influence of the levels of stress and strain under
the same test and soil conditions can also be observed when
comparing the pressuremeter ER and EM values, as done previously in Fig. 15. Such a comparison clearly highlights the
difficulties expressed above, indicating that any comparison of soil moduli obtained using different techniques
should attempt to account, whenever possible, for inherent
differences in the tests (stress and strain levels, representa-
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tiveness of samples) and the soil (anisotropy, structure, in
situ stresses).
In average terms, however, these differences are not
striking, perhaps because different influences may tend to
“cancel out” the disparities in the data. For instance, Fig. 19
presents a direct comparison between the average Young’s
moduli determined using the tested techniques (pressuremeter EM or E(PMT), oedometer EYO or E(OED), and triaxial EIST and ET50) together with the corresponding ranges of
the results. This figure also presents the coefficient of variation (CV) for each series.
The presented averages include all data for each test,
regardless of the depth or strain/stress levels. The differences in the average results among the PMT and the other
laboratory tests are not large.
Because the PMT also tests a large volume of soil surrounding the probe, it appears to yield a more homogeneous
(average) modulus, with lesser differences between the
maximum and minimum results. Consequently, its coefficient of variation was the smallest among all derived CVs,
possibly indicating a beneficial feature of this test despite
the difficulties in referencing its data to known levels of
stress or strain. The triaxial data, on the other hand, tended
to exhibit a large scatter in the results. This is reflected in
CVs above 50%, as presented in the same figure.

To further investigate the influence of a given external variable on the derived modulus, an additional set of
analyses was performed.
In this case, the stress level associated with each
modulus was defined and compared with respect to a unique reference value. This value was the octahedral stress,
which is defined in accordance with Eq. 7 (Smith, 2013):
s1 + s 2 + s 3
3

(7)

Figure 19 - Overall comparison of range and average values of
Young’s modulus.
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s¢OCT =
pm =

( s¢v 0 + 2 p m )
3

( p1 + p 2 )
2

(8)
(9)

where p1 and p2 are the limits of the pseudo elastic phase of
the PMT and pm is the related average cavity pressure.
Values in the range of 234 to 451 kPa were calculated for all
test levels.
Likewise, the Young’s modulus values derived from
the triaxial tests in the shearing stage were also associated
with their respective s’OCT levels, using Eq. 10:
s¢OCT =

5.2. Comparison at a reference stress level

s OCT =

where s1, s2 and s3 are the principal stresses in an element
of soil. The octahedral stress represents the normal stress on
the octahedral plane, a plane that represents the stress space
formed by the three principal stress axes. sOCT is also the
mean value of the three principal stresses in the applied (external) stress system (Smith, 2013) and thus is a true benchmark variable.
The results of the pressuremeter test at each depth
were then related to the corresponding values of the effective octahedral stress (s’OCT) in the absence of a saturated
medium. This was done using Eqs. 8 and 9:

( Ds D + 3s C )
3

(10)

where sD and sC are the deviatoric and isotropic confining
stresses, respectively. This calculation was performed
solely for the ET50 modulus.
In the case of the results from the consolidation stage
of the triaxial tests, the values of EIST4 for a confining pressure of 392 kPa (see Table 3) were used directly, as this
pressure lies within the field range of the octahedral stresses. For this reason, one also could expect less scatter in the
comparison between this variable and the PMT results.
This is apparent, for instance, in Fig. 17, where a reasonable
comparison between EIST4 and the average EM is observed.
Once the corresponding s’OCT was established for
each test (PMT and triaxial), a simple calculation procedure
was performed at each depth level. In the case of the PMT,
the average EM value for PMT 1 to 3 was determined along
with the normalized modulus EM/s’OCT. In the case of the
shearing stage of the triaxial tests, the normalized modulus
ET50/s’OCT was determined for each considered level of sC. In
the case of the consolidation stage of the triaxial tests, the
values of EIST4 for a sC of 392 kPa were used directly.
Thus, for each depth level, the normalized values of
EM/s’OCT were plotted together with ET50/s’OCT, including the
best fit (or tendency) determined from the triaxial data. This
direct comparison enabled the determination of the values
of ET50 that were closer to or within the range of the field levels of the PMT s’OCT values. For instance, Fig. 20 shows the
comparison for a depth level of 738.85 m, where one ob-
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By comparing Figs. 20 and 19, one observes that in
general, the average Young’s modulus values derived from
the triaxial tests using both approaches tend to approximate
the average PMT elastic modulus EM when the stress level
effect is taken into account. Nevertheless, the individual series of triaxial moduli ET50 or EIST continue to exhibit high
variations (or scatter) in the results because the CV values
do not change considerably when the data are corrected to
enable the comparison at the same stress level (in fact, the
CV for ET50 increases instead of decreasing). This observation clearly indicates that other phenomena, such as differences in the testing modes and soil characteristics, continue
to play a role in influencing the results.

Figure 20 - Normalized moduli from triaxial and PMT data
(738.85 m).

serves that only one value of ET50 could be considered for
further comparison (in this case, the value relative to a sC of
196 kPa, i.e., 14 MPa, according to Table 4). This procedure enabled the selection of the 12 data points in Table 4
from among the 32 total results or ET50.
With respect to the consolidation stage, all 8 data
points for EIST4 in Table 3 were used in the following calculations, as previously noted.
With the knowledge of the triaxial EIST and ET50 moduli
and the PMT modulus EM that were related to similar (but
not equal) values of the effective octahedral stress at each
depth, it was possible to derive an “overall” average value
for the profile as a whole. Figure 21 presents the corresponding comparison between the data, presented in a similar fashion as in Fig. 19 for the direct, non-corrected results.
The former figure also highlights the minimum and maximum values and the coefficient of variation (CV) for each
series.

Figure 21 - Overall comparison of range and average values of
Young’s modulus.
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Another source of variability might also be related to
the size of the tested samples. Given the heterogeneity inherently associated with thin layers of an earth embankment (differences in anisotropy, compaction energies,
water content, void ratio, mineralogy, and so on), the testing of small samples along the depth direction will certainly
lead to more scatter in the results than would the testing of
larger samples. This is exactly what the pressuremeter accomplishes with its expanding central membrane, 210 mm
in height (compared to laboratory samples of no more than
100 mm in height).
5.3. Empirical relationships among the data
The amount of data, or the data population, considered in this research was rather limited for any attempt to
extract reliable relationships among the results. Nevertheless, several prospective empirical trends among the average results can be identified, as a simple means of deriving
useful design parameters for a preliminary design.
Table 5 therefore summarizes the relationships between the average values of the triaxial moduli EIST and ET50
in regard to the pressuremeter modulus EM, both under different conditions and at similar reference stress levels. The
CVs are also shown.
As previously noted, these relationships tend to exhibit a high variability in the results, as indicated by high
CV values. For instance, for the most common practical
case, the average ET50/EM ratio can vary from 0.26 to 3.24 (a
high CV of approximately 64%). However, these data allow
the practitioner to be aware beforehand of the range of variation to expect when adopting this procedure.
In essence, these correlations will invariably assist in
calculating various design variables of interest (such as settlement) based solely on PMT results. Of course, care must
be taken given the restricted scope (and associated errors)
of these data. In certain special cases, however, such as existing dams where soil sampling is difficult or impossible,
the use of post-construction PMT data coupled via relationships similar to those presented in this table can be convenient, at least for a preliminary performance evaluation or
to check the original design parameters.
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Table 5 - Summary of empirical relationships between Young’s modulus and average EM.
Number of data
*
points ( )

Stress
†
level ( )

Isotropic consolidation

8

Shearing
Shearing

Stageof triaxial CID
test

Relationship ET50/EM

Relationship EIST/EM

Avg.

Min.

Max.

CV (%)

Avg.

Min.

Max.

CV (%)

Similar

-

-

-

-

0.98

0.5

1.83

43.7

12

Similar

1.05

0.36

2.8

67.6

-

-

-

-

32

Distinct

1.33

0.26

3.24

63.6

-

-

-

-

*

Note: Number of triaxial testing points at different levels used to establish the relationship. The average elastic EM modulus was determined with 24 PMT values; †Either at similar eff. octahedral stress level (s’OCT) or at regular levels referenced for each particular test. In
the case of the isotropic consolidation stage, values of EIST are related to a sC of 392 kPa.

6. Conclusions
According to Giacheti & Cunha (2013), site characterization using in situ testing techniques has changed considerably over the last two decades with the rapid transformation of and advances in the relevant technology.
According to these authors, it is clear that in the 21st century, proper investigation and soil behavior prediction for
geotechnical design cannot rely solely on one isolated test
but must rather take advantage of a combination of techniques.
This paper has emphasized the potential use of the
pressuremeter as a complementary field investigation tool
to derive elastic parameters from existing compacted earth
embankments, thereby enabling an independent check on a
geotechnical variable that is typically defined based on
conventional laboratory tests of undisturbed soil samples.
The approach proposed in the present paper also extends the significance of field surveys, especially for existing embankments, enabling a post-construction check on
their construction quality, original design parameters (especially stiffness), and safety conditions.
Specially devised laboratory tests were performed on
undisturbed samples from a real earth embankment acquired from representative layers of 1 m in thickness. These
tests enabled the establishment of conventional Young’s
moduli against which the field PMT data could be compared. Nevertheless, the obtained results clearly reflected
the extent of variability along the depth direction that one
can observe using the employed laboratory techniques.
This variability is undoubtedly caused by a combination of
factors, such as the effects of soil heterogeneity (different
compaction energies, water contents and mineralogy), disturbances during soil sampling, typical experimental errors
during trimming and assembly, and data reduction.
Direct comparisons between the laboratory-derived
Young’s moduli and the elastic pressuremeter modulus
were performed under two conditions, i.e., directly along
the compacted layers and between selected data from similar ranges of levels of the effective (confining) octahedral
stress. These comparisons yielded several major conclusions:
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• Differences in the elastic moduli at equivalent depths expose the external influence of several factors on the derived stiffness of the soil, such as different deformation
modes, stress or strain rates, confining stress levels,
strain ranges, soil anisotropy and sample volumes,
among other factors. Indeed, the variability in the derived data, as quantified by the coefficient of variation of
the average modulus, was quite high for all techniques.
• In average terms, however, the differences among the
elastic moduli obtained using the considered techniques
were not striking, perhaps because the different external
factors tended to “cancel out” the disparities in the data.
• By further readjusting the data to similar levels of octahedral stress, an approximate equivalence of the average
elastic moduli obtained from both the PMT and triaxial
testing techniques could be clearly observed.
• Independently of the stress level, it appears that for earth
embankments, the PMT can yield more homogeneous
results, i.e., values with lesser differences between the
maximum and minimum values, and hence a lower statistical variability in the average modulus. This conclusion can be explained by the fact that the PMT tests a
rather large volume of soil compared with standard laboratory techniques, which seems to be advantageous for
the analysis of earth embankments constructed in successive layers.
• Empirical correlations for a preliminary estimation of
the Young’s modulus of the soil, benchmarked by the results of the triaxial tests and the elastic PMT modulus,
were established. Although limited by the restrictions of
the data population and many other factors, as previously
discussed, such correlations can assist in the definition of
design variables of interest based solely on PMT data. As
previously noted, this approach can serve as a preliminary means of checking the design of an embankment or
assessing the quality of its construction.
As a final note, the procedure proposed in the present
paper may be a quite good technique available, for many
existing dams in Brazil that is capable of providing, at least,
a partial check of their actual safety conditions.
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List of Symbols
B: Bulk modulus
c’: Effective cohesion intercept from failure envelope
CC: Compression index
CID: Isotropically consolidated drained
CV: Statistical coefficient of variation
e: Void ratio
E: Young’s modulus
EIST: Young’s modulus determined via the consolidation
stage of a triaxial test
EM: Elastic or pressuremeter modulus
EYO: E(OED):Young’s modulus determined via an oedometer test
ER: Elastic modulus determined from a pressuremeter loop
ET25, ET50: Secant Young’s moduli determined via the shearing stage of a triaxial test
ETI: Tangent Young’s modulus determined via the shearing
stage of a triaxial test
Ia: Soil activity
IP: Plastic index
M: Constrained modulus
Max.: Maximum
Min.: Minimum
OCR: Overconsolidation ratio
p1 to p4: Pressure points from a pressuremeter curve
pm: Average pressuremeter cavity pressure
PMT: Ménard pressuremeter test
RC: Relative compaction
S: Degree of saturation
USCS: Unified Soil Classification System
v1 to v4: Volume points from a pressuremeter curve

299

Angelim et al.

vs: Initial volume of the expanding membrane
w: Water content
wL: Liquid limit
wopt: Optimum water content
wP: Plastic limit
a: Empirical pressuremeter factor
g: Unit weight
gd: Dry unit weight
gdmax: Maximum dry unit weight
ea: Axial strain
eV: Volumetric strain
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n: Poisson’s ratio
s1 to s3: Principal stresses in an element of soil
sC: Isotropically applied confining pressure
sD: Deviatoric stress
sOCT: Total octahedral stress
s’OCT: Effective octahedral stress
sP: Virtual preconsolidation pressure
sV: Total applied vertical pressure
s’V0: Effective overburden pressure
f’: Effective angle of internal friction
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