Behaviour of Three Test Embankments Taken to Failure
on Soft Clay
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Abstract. This article compares and analyses the behaviour of three test embankments. The soil foundation consisted of
normally consolidated clay overlain by a thick sand surface layer. The embankments were rapidly constructed until failure,
which occurred after approximately 50 days. Two of the embankments were reinforced, one including prefabricated
vertical drains (PVD), while the third had neither reinforcement nor PVDs. The two reinforced embankments presented
similar net embankment heights (fill thickness minus average settlement) at failure, owing to the similarity in the undrained
strength values of the two clay layers. The test embankment with PVDs showed that this drainage feature improved overall
behaviour but the benefit was less than suggested in the literature, owing to the low coefficient of consolidation of the
normally consolidated clay, rapid construction and drain disturbance effects. Numerical analyses of the test embankment
with PVDs showed good overall agreement between measured and computed values and confirmed overall field
observations. The embankment without reinforcement and PVDs reached a greater embankment height than the two
reinforced embankments, owing to its greater clay strength.
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1. Introduction

The construction of embankments on very soft soils
requires careful control of settlement and stability
(Bergado et al., 1994; Rowe & Leroueil, 2001). Prefabri-
cated vertical drains (PVD) are commonly adopted for the
acceleration of settlement by providing short horizontal
drainage paths (Holtz, 1987; Almeida et al., 2001, Almeida
et al., 2005; Lo et al., 2008) and geosynthetic reinforce-
ment (Humphrey & Holtz, 1989; Rowe et al., 1995, 1996;
Chai et al., 2002; Kelln et al., 2007) has been used to im-
prove the stability of these soil structures. The combined
use of PVDs and geosynthetic reinforcement may allow for
higher embankments and short construction times in com-
parison with conventional construction methods (e.g., Li &
Rowe, 2001; Rowe & Li, 2005). Most of the literature stud-
ies are related to embankments placed directly on soft clays
or placed on top of shallow surface sand layers, which is not
the present case.

This article compares the behaviour of three instru-
mented test embankments constructed until failure on
normally consolidated very soft clay layers overlain by
working platforms 1.7 to 2.1 m thick. Usually, working
platforms are constructed immediately before the actual
embankment but in the present case they were constructed
six years before embankment construction. Two of the em-

bankments were reinforced, one had PVDs and the other
did not have PVDs. A third embankment was constructed
without reinforcement and without PVDs.

Horizontal and vertical displacements and pore pres-
sure measurements are presented and compared. The three
embankments were loaded until foundation failure oc-
curred also for the reinforced embankments as failure of the
reinforcement did not take place. Numerical analyses of the
test embankment provided with PVDs were also carried out
to clarify the influence of the PVDs on short term construc-
tion to failure.

2. The Test Embankments

The test embankments and the motorway are located
on Santa Catarina Island in the city of Florianépolis, on the
southern coast of Brazil, as shown in Fig. 1. In the southern
part of the island, a very soft clay deposit 4 to 22 m thick is
found.

Around 1996 a sand hydraulic fill was constructed in
a bay where the motorway was planned to pass in order to
raise the ground level above sea level, because the area used
to be flooded at various times during the year. Although the
surface sand layer generally worked well, a number of fail-
ures occurred. As a result, three test embankments, TE1,
TE2 and TE3, were planned and completed (Magnani,
2006) by late 2002 on the Floriandpolis clay, with the aim
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Test embankments

State of
Santa Catarina

Figure 1 - Location of the test embankments.

of providing relevant data for the construction of the motor-
way. The motorway embankment would have a thick sand
surface layer and be reinforced and provided with PVDs in
the clay layer. Therefore, it was decided that the three test
embankments should be constructed in areas with
pre-existing surface sand layers. Embankments TE1 and
TE2 were provided with 200 kN/m x 45 kN/m Stabilenka®
polyester reinforcement with a modulus J,, = 1700 kN/m
for 5% strain. Prefabricated Colbonddrain® CX 1000 drains
(10 cm x 0.5 cm) in a triangular mesh with 1.30 m spacing
were placed in section TE1. Embankment TE3 was con-
structed without reinforcement and PVDs. The test em-
bankments were raised until failure occurred after around
50 days.

The three test embankments had essentially the same
geometry and instrumentation, although their foundations
had different clay thicknesses, as explained below. Figure 2
shows the geometry and instrumentation used in embank-
ment TE1. The transverse section of embankment TE1 (be-
fore and after failure) is shown in Fig. 2a with slopes 1(V):
1.5(H). The three embankments also had the same plan ge-
ometry (see Fig. 2b), platform width 20 m by 30 m and lat-
eral berms 1.0 m high and 12 m long aimed at inducing
failure in the intended transverse direction. Given that the
base of the embankment had a slight inclination, the direc-
tion of the failure was naturally defined by this inclination.

The test embankments were instrumented as exempli-
fied in Fig. 2 for embankment TE1. The embankments were
monitored in terms of vertical displacements (eight settle-
ment plates; three verticals of magnetic extensometers and
three lines, each with six surface marks), horizontal dis-
placements (three vertical inclinometers) and pore pressure
(three electric vibrating wire piezometers) near the em-
bankment centre line. Four specially designed load cells
(Almeida et al., 2010) were used to measure the tensile
force mobilised in the reinforcement. With the exception of
the load cell, all the instruments used are commonly applied
in geotechnical engineering (Dunnicliff, 1988).
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The measured tensile forces in the reinforcement
(Magnani et al., 2009) were relatively small in the present
case, owing to the existence of the surface sand layer. Mea-
sured tensile forces at the two reinforced embankments for
failure conditions were in the range 40-50 kN/m but at ser-
vice state conditions (factor of safety around 1.4) much
lower values, of the order of 4 to 7 kN/m, were developed.
Stability analyses (Magnani et al., 2010) using tensile
forces measured in the reinforcement indicate that the rein-
forcement made a very small contribution to the increase in
the factors of safety, i.e., at failure conditions the reinforce-
ment increased the factors of safety by 2.4% and 3.6% re-
spectively for embankments TE1 and TE2 with respect to
the same (hypothetically) unreinforced embankments. Sta-
bility analyses also showed that the surface sand layers con-
tributed by increasing the factors of safety by 43% to 60%
with respect to the same (hypothetical) embankments with-
out the surface sand layers, unreinforced in both cases.

This article assesses the behaviour until failure of the
three embankments with respect to the importance of rein-
forcement and PVDs, with emphasis on displacement and
pore pressure data. The analysis of the forces measured by
the reinforcement load cells, discussed in detail by Mag-
nani et al. (2009), is outside the scope of this article. The re-
sults of stability analyses are also considered for the overall
understanding of the performances of the three embank-
ments. Numerical analyses of the embankment provided
with PVDs complemented field observations and clarified
the importance of the PVDs in the present cases.

3. Foundation Soils and Fill Materials

Geotechnical investigations were carried out under
the auspices of the motorway engineering project and
included vane and piezocone tests as well as triaxial and
consolidation tests. Table 1 summarises the geotechnical
characteristics of the Florianopolis clay, obtained from var-
ious investigation projects carried out between 1979 and
2002, the later date referring to the year of the test embank-
ment construction. Florianopolis clay is very soft, with low
organic content and medium sensitivity. The results of the
present investigation are consistent with the behaviour of
clays located along the south and south-east coast of Brazil
(Almeida & Marques, 2002; Almeida et al., 2008; Massad,
1994; Pinto, 1994).

Figure 3 shows the continuous undrained strength
profiles S, in the centre of each test embankment ob-
tained from piezocone tests. The §,,, values shown in
Fig. 3 make use of the equation:

-c

ey
kt

where ¢, is the corrected point resistance measured in pie-
zocone tests, ¢, is the total in situ vertical stress and N, the
empirical cone factor equal to 12.0, as obtained by local
correlations between vane and piezocone tests, and which
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Figure 2 - Test embankment TE-1, with drains and reinforcement: (a) cross-section; (b) plan view.

is also a typical value for Brazilian very soft clays (Schnaid,
2009).

Owing to the local geological variations, the thick-
ness of the soft clay was different for each section of the
embankment, as shown in Fig. 3 and Table 2. Thicknesses
of the surface sand layer in the three embankments are also
indicated in Table 2.

The higher values of S, measured under embankment
TE3 (see Fig. 3) are due to the existence of the sand lens in a
less thick clay layer and a thicker surface sand layer acting
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on the clay surface over a period of six years. Owing to the
action of the sand layer surcharge, most of the soft clay
layer was close to normally consolidated condition, which
was confirmed by oedometer tests and piezocone tests car-
ried out in this clay (Magnani, 2006).

Uniform fine silica sand (95% of the material passing
through # 40 sieve and less than 5% passing through # 200
sieve) was used in both the surface sand layer and the em-
bankment. The bulk weight of this sand was y = 17.5 kN/m’,
void ratio e = 0.60 and degree of saturation S = 34%. Direct
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Table 1 - Geotechnical parameters of Floriandpolis soft clay.

Parameter Value
Water content w (%) 100-170
Liquidity index w, (%) 105-165
Average plasticity index 7, (%) 80
Organic matter content, average percentage 3.8

in weight (%)

Bulk weight y (kN/m) 13.2-14.2
Voids ratio e 2.9-45
Compression ratio C. /(1 +¢,) 0.30-0.45
Ratio of compression indices C,/ C, 0.08-0.14
Vertical coefficient of corlsolidation c, - 0.7-1.0x 10°
normally consolidated (m”/s)

Vertical coefficient of permeability &, - (m/s) 1.0x 10"
Vane uncorrected undrained strength S, (kPa) 5-28
Sensitivity (vane) 3-6
Effective friction angle ¢* (degrees) 30.0
Effective cohesion ¢ (kPa) 0.0
Rigidity Index I = G, /S, - obtained from CIU 50
triaxial tests

Cone factor N, (average) 12.0
Pore pressure ratio B, 0.4-0.6

shear tests indicated a friction angle ¢ = 33.8°. In embank-
ment TE1 with PVDs, a drainage blanket (medium-to-
coarse sand) layer with an average thickness of 0.40 m was
used.

4. Vertical Displacements

4.1. Vertical displacements at the embankment bases

Vertical displacements at the base of the test embank-
ments were measured by settlement plates under the em-
bankments and surface marks in front of the embankments
(see Fig. 2). Figure 4 compares the vertical displacement
data for the three embankments and it is noted that the max-
imum settlement values are closer to the slope than to the
central region (embankment axis), particularly in the final
loading stages. This sagged pattern of displacements has
been found in some embankments (Almeida et al., 1985;
Indraratna et al., 1992) and may be attributed to low factors
of safety and the shearing yield of the soft clay foundation
under the slope (Almeida et al., 1986) as well as to the large
width of the embankment compared to its height (Zhang,
1999).

Figure 4 shows that embankment TE1 has the highest
settlement values, followed by embankment TE2 and then
embankment TE3. Although for the test embankments con-
structed to failure, the rotational shear movement may con-
trol settlements, the fact that the magnitude of settlement is
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Figure 3 - Undrained strength measured at the three instrumented
sections: (a) piezocone S, profiles (and depth of the clay layers);
(b) vane strength S, vs. piezocone measurements.
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Figure 4 - Vertical displacements of the three test embankments.

proportional to the thickness of the clay layer suggests that
consolidation settlements were also relevant in the present
case. From the results of the TE2 embankment, the em-
bankment at the centreline was about 0.15 m at the 10th lift
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Table 2 - Main features of the three test embankments.

Embankment

TE1

TE2 TE3

Reinforcement

Polyester Stabilenka -200 x 45 kN/m; J = 1700 kN/m

No reinforcement

Vertical drains

Clay thickness (m) 8.2

Working platform thickness 1.7
(sand hydraulic fill) (m)

Colbondrain CX 1000, 10 cm x 0.5 cm, No drains
triangular array, 1.30 m spacing

No drains
5.6 4.5 (sand layer from 2.8 to 3.5 m)
1.8 2.1

of the embankment fill, corresponding to 2.7% vertical
strain (i.e. soft clay thickness was 5.6 m). For the case of
TE1 test embankment, whose soft clay foundation thick-
ness was 8.2 m, 2.7% vertical strain would be equal to only
0.22 m of settlement while the field measurements show
about 0.5 m of settlement, which implies that more than
55% of the settlement was caused by consolidation. This
suggests that PVDs had some effect in accelerating consoli-
dation during construction. This topic is further discussed
later in this paper using results of numerical analyses.

4.2. Settlements of the frontal plates

Figure 5 compares vertical settlements d, in the four
frontal plates (located between the failure surface and fron-
tal slope) of embankments TE1 and TE2. The data shown in
Fig. 5 represent the average values of settlement plates
PB6, PB7, PB8 and PB9 for embankment TEI (see Fig. 2)
as well as the corresponding data for the four settlement
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Figure 5 - Average settlement of the frontal settlement plates vs.
time for embankments TE1 and TE2.
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plates for embankment TE2. The instant of the increase in
settlement rates indicates the start of the process of em-
bankment failure. This instant is indicated in Fig. 5 by verti-
cal lines and corresponds to the placement of the ninth
layer, coincidently for the two embankments. It can be
noted that the load histories of the two reinforced embank-
ments were quite similar until failure.

Figure 6 compares the fill thickness vs. average fron-
tal settlements for the three embankments. The points cor-
responding to the onset of failure (first crest cracks) and
total collapse are indicated in Fig. 6a. It may be observed
that embankment TE3 presents smaller settlements and
greater fill thickness compared with embankments TE1 and
TE2. The comparison of the two reinforced embankments
shows that TE1 presents greater thickness and larger settle-
ments than embankment TE2. These data have also been
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Figure 6 - Average frontal settlement data for embankments TE1,
TE2 and TE3.
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plotted with respect to net embankment height ~2* defined
by the embankment thickness minus the average settlement
(Rowe & Soderman, 1987; Hinchberger & Rowe, 2003) vs.
normalised settlement (normalised by the thickness of the
clay layer), as shown in Fig. 6b, where the curves of the two
reinforced embankments are closer than in Fig. 6a. Thus,
the greater thickness in embankment TE1 is compensated
by larger settlements and the values of i* are quite close,
particularly at the start of failure and at total collapse.
Therefore, the PVDs have increased settlements but not the
net embankment height #*. However, the PVDs may have
promoted some gain in strength for two reasons: a) the S,
profile for TE1 showed somewhat lower undrained shear
strength than for TE2 (see Fig. 1); b) at failure, both em-
bankments had the same net embankment heights while
TE1 had larger settlement (about 0.3 m larger) which
means TE1 had higher embankment fill thickness (i.e. ex-
perienced higher overburden pressure at failure). These two
reasons would suggest that PVDs had improved the em-
bankment stability and increased the undrained shear
strength of the clay.

Itis seen in Fig. 6 that embankment TE3 without rein-
forcement reaches greater fill thickness and net embank-
ment height than the two reinforced embankments. This is
attributed (Magnani, 2006; Magnani et al., 2010) to the
greater strength of clay in an undrained state, and also to the
presence of the sand lenses under embankment TE3 (see
Fig. 3a). For these reasons embankment TE3 may not be
considered, in the present cases studied, as a reference
unreinforced embankment with respect to the two rein-
forced embankments.

4.3. Vertical displacements at the embankment toe

The monitoring of vertical displacements at the em-
bankment toe or slightly beyond the toe is an efficient pro-
cedure (Hunter & Fell, 2003) to assess the impending
failure of embankments on soft clays. Figure 7 shows the
results of the vertical magnetic extensometers MTV1 lo-
cated about 2 m beyond the toe of embankment TE1 (analo-
gous to MTV4 in embankment TE2 — see Fig. 2). It is noted
that the extensometers located above the failure surface (in-
dicated by the inclinometers, see item below) experienced
upward displacements and the two extensometers located
below the failure surface had downward displacements and
smaller displacement variations than those above the fail-
ure surface.

It can be noted that the displacements of the exten-
someters closer to the ground surface increased substan-
tially shortly after the placement of the ninth layer, during
which cracks at the embankment surface were noted. Data
on the frontal plates shown in Fig. 5 support this conclu-
sion. The ninth layer, for that reason, is considered to be the
point at which the embankments TE1 and TE2 failed. The
results of the inclinometers, discussed at greater length by
Magnani et al. (2009), support these findings. Similarly,
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the twelfth layer was considered (Magnani, 2006) to be the
moment of failure for the unreinforced embankment TE3.

5. Central Settlements, Pore Pressure and
Consolidation

5.1. Central settlements data

Data on the central settlement plates of embankments
TE1 and TE2 with thicker clay layers are analysed here.
The three embankments had central plates in similar posi-
tions and for TE1 these were PB7, PBS, PB9 and P10, as
shown in Fig. 2. These central plates are less influenced by
shear-induced settlements and are useful for assessing the
consolidation of these two embankments.

Fig. 8 shows the average settlements in the central re-
gion normalised by the clay thickness, before failure, plot-
ted against the net applied embankment vertical stress Ac,,
i.e., the embankment stress less the embankment submer-
gence owing to settlements. Best linear fit lines through the
data are also presented. Normalised settlements of embank-
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Figure 8 - Central settlements normalised by the clay thickness
vs. vertical applied stress for embankments TE1 and TE2.
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ment TE1 are 1.62 times higher (the ratio between the incli-
nations of the two best fit lines) than normalised
settlements for embankment TE2. TE1 settled more due to
its greater clay thickness and the presence of PVDs.

Measured settlements include immediate (undrained)
and consolidation settlements. In simple terms, consolida-
tion settlements in Fig. 8 are represented by the settlements
under quasi-constant Ac, values and immediate settlements
are represented by the settlements owing to the increase in
Ao, values; thus the consolidation settlements for embank-
ment TE1 with PVDs in a thicker clay layer are greater than

the consolidation settlements for embankment TE2.
Despite greater consolidation of embankment TE1 (em-
bankment fill thickness is higher for TE1), however, the net
embankment height 2* for embankments TE1 and TE2 was
quite similar (see Fig. 6b).

5.2. Excess pore pressures

Measured values of excess pore pressure Au and the
average applied embankment vertical stress Ac, are shown
in Fig. 9 for embankments TE1 and TE2. The positions of
piezometers under the embankment centre lines are indi-
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Figure 9 - Excess pore pressure and average vertical stress in clay layers: (a) embankment TE1; (b) embankment TE2.
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cated on the right-hand side of Fig. 9 together with piezo-
cone data. Values of Ac, include the vertical stress corre-
sponding to the surface sand layer, as consolidation was
still under development. Therefore part of the measured
pore pressure (generated and dissipated) was due to the
placement of the surface sand layer. The vertical lines indi-
cate the placement of the ninth layer when cracks in the em-
bankment were observed.

The values for Au and Ac, shown in Fig. 9 are quite
close for both embankments, i.e., the ratio Au/Ac, is close
to unity, an expected behaviour for normally consolidated
clays, which is the present case. Values of Au/Ac, described
in the literature are related to lightly over-consolidated
clays and lie in the range 0.38 to 0.75 (Leroueil et al.,
1978), particularly at the early loading stages, owing to the
relatively high value of the coefficient of consolidation of
the over-consolidated soil.

The results presented in Fig. 9a suggest that the influ-
ence of the PVDs on the dissipation of pore pressures dur-
ing the construction phase of embankment TEI was
apparently quite small. With regard to the post-construction
phase, the data on the two piezometers near the mid-clay
depth (see circles and squares in Fig. 9) show, as expected,
that the pore pressures under embankment TE1 (Fig. 9a)
with PVDs dissipate faster than pore pressures under em-
bankment TE2 (Fig. 9b) without PVDs.

6. Horizontal Displacements

Three inclinometers were installed in each test em-
bankment, one close to the embankment toe, another at the
crest of the embankment and a third near the centre of the
embankment, namely inclinometers 14, 15 and 16 in em-
bankment TE2 (corresponding to I1, 12 and I3 of TEI -
Fig. 2).

Monitoring of horizontal displacements using incli-
nometers at the embankment toe is one of the most efficient
procedures for assessing impending failure of embank-
ments on soft clays (e.g., Hunter & Fell, 2003; Magnani et
al., 2008). For the three embankments studied by Magnani
(2006), the inclinometers located at the embankment toe
showed the highest values compared with the other incli-
nometers. The patterns of the inclinometer measurements
of the two reinforced embankments TE1 and TE2 are quite
similar (Magnani, 2006). Figure 10 shows measurements
of the inclinometers in the foundation layers (sand surface
layer and clay layer) located at the embankment toe for re-
inforced test embankment TE2 and unreinforced test em-
bankment TE3. The data shown are horizontal displace-
ments vs. depth (Fig. 10a) and vertical deviation vs. depth
(Fig. 10b). Vertical deviation or vertical inclination angle
0, = AJ,/Az is defined by the ratio between the increment in
horizontal displacements AJ, and the distance Az between
the measured points. Both curves kept their shape as em-
bankment loading progressed, which confirms the observa-
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tions of Tavenas et al. (1979) for unreinforced embank-
ments on lightly over-consolidated clays. The depth at
which the maximum vertical deviation value 0, _occurs re-
mains constant during the raising of the embankment and
corresponds approximately to the depth of the maximum
shear strains, thus indicating the depth of the failure (e.g.,
Hunter & Fell, 2003). The observed depths of the failure z,
are 5.0 m, 3.8 m and 1.8 m, respectively for embankments
TE1, TE2 and TE3, and thus Z increases with the increase
in the thickness of the clay layer.

The depth of maximum horizontal displacements
J,... (6, =0) is shallower for the unreinforced embankment
TE3 owing to the less thick clay layer and no reinforcement
adopted.

More comprehensive data on horizontal displace-
ments and the correlation of these with the forces measured
in the reinforcement have been presented by Magnani et al.
(2009).

7. Applied Embankment Stresses and Soft
Clay Response

The response of foundation layers to the applied em-
bankment vertical stress is shown in Fig. 11. Figure 11a
shows the vertical embankment applied vertical stress Ac,
(submersion effects discounted) vs. the maximum vertical
deviation values 0, _measured in the inclinometers located
at the toe of the embankments (I1 for embankment TE1, 14
for embankment TE2 and I7 for embankment TE3). Similar
results were obtained (Magnani, 2006) for the inclinom-
eters located at the crests of the embankments.

It should be noted from Fig. 11a that the two rein-
forced embankments showed similar behaviour despite the
fact that clay under embankment TE1 had PVDs. Figure
11a also shows that embankment TE3 reaches a higher Ac,
value than the reinforced embankments. This fact may be
explained by the higher strength S, of the clay layer (see
Fig. 3), the smaller thickness of the clay layer and the pres-
ence of the sand lens within the clay layer. For these rea-
sons, embankment TE3 cannot be considered as a reference
(unreinforced) embankment in relation to the reinforced
embankments TE1 and TE2.

Figure 11b shows the data of Fig. 11a normalised by
the maximum applied embankment vertical stress Ac,_ . It
is noted that curves of the three embankments get close.
This is of great interest as it indicates that the shearing re-
sponses of the three clay layers were similar and, in the
present case, valid for both reinforced and unreinforced
embankments. Therefore, the maximum vertical deviations
can be expressed solely by the failure factor of safety and
by the clay strain characteristics. For a factor of safety of
1.4 (Ao /Ac, , =0.71), for example, the maximum vertical
deviation value O _ for the present case is between 3% and

vmax

4% for the data contained in Fig. 11b.
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The results of Fig. 11b indicate that, despite the fact
that the unreinforced embankment TE3 is a not a reference
embankment in relation to the reinforced embankments
TE1 and TE2, the results of the three embankments can be
analysed together, thereby allowing an overall analysis of
the behaviour of the clay foundation when subjected to
loading. Therefore, the stability and deformation of the
present test embankments on thick surface sand layers were
governed by the soft clay whether the embankment was re-
inforced or not.

8. Stability of the Embankments

Stability analyses of the three test embankments car-
ried out for each loading stage (Magnani et al., 2009;
Magnani et al., 2010) produced the variation of the factor of
safety vs. the applied vertical stress Ac, shown in Fig. 12.
These analyses were based on: (a) the measured S, profiles
shown in Fig. 2 (the small gains in strength were disre-
garded); (b) the measured reinforcement forces for each
loading stage; (c) the Bjerrum correction factor (1 = 0.60)
applied to the vane strength; (d) the correction for
three-dimensional effects of the failure surface (Azzouz et
al., 1983), which increased the conventional 2-D factors of
safety by 10 to 14% depending on the test embankment;
and (e) Bishop’s limit equilibrium method, as the observed
failure surfaces were consistent with the points of maxi-
mum vertical deviation and had circular shapes, as shown
in Fig. 12 for TE2. Similar agreement was obtained for TE1
and TE3 (Magnani, 2006).

Figure 12 shows that the variation of the factors of
safety F_with applied vertical stress of embankments TE1
and TE2 are quite close. For the same applied vertical

9th layer F¢=1.098 N

32

2.8 \

2.44 \\ T
[E 2.0 \\

1.6

: i
0.8 T T v g v : T T+ T
0 10 20 30 40 50 60 70 80 90 100
Aoy, (kPa)

Figure 12 - Factors of safety for the three test embankments for

each loading stage considering Bjerrum correction factor p = 0.60
and 3-D effects.

stress, unreinforced embankment TE3 shows higher factors
of safety than reinforced embankments. Thus, the results
shown in Fig. 12 are consistent with the stress-strain curves
shown in Fig. 11a.

The overall behaviour of the three embankments can
also be observed in the photos of the three embankments
shown in Fig. 14. The cracks developed in embankment
TE1 with PVDs and reinforcement (Fig. 14a) can hardly be
seen in the picture. Embankment TE2 (Fig. 14b), also rein-
forced but without PVDs, developed slightly bigger cracks
at the crest. The unreinforced embankment TE3 (Fig. 14c),
however, presented a clear failure at the embankment crest,
the step between the two platforms being around 0.70 m.

Irrespective of the fact that TE3 is not a reference em-
bankment, since it was constructed on a thinner clay layer
with higher strength and reached a higher elevation, the
photos presented in Fig. 14 indicate that the use of rein-
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Figure 13 - Theoretical critical failure surface (stability analysis) vs. observed failure surface (points of maximum vertical deviation).
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forcement as for embankments TE1 and TE2 resulted in
better overall performance.

9. Numerical Analyses and the Relevance of
PVDs

Literature recommendations (Saye, 2001) regarding
PVD installation to minimize smear are drain spacing /
greater than 1.50 m and a mandrel area A smaller than
65 cm’, but values used for TE1 were / = 1.30 m and
A = 180 cm’. Therefore it appears that smear may have
played an important role in the performance of test em-

.

Loy 2 8 -;ﬁ?'.(‘!!“'f".‘l Fwd ",'.‘\:'."v'. g

_.-,‘-rj"p-ew-“k";_' - i ol A

Figure 14 - Photos of the crest of the test embankments at failure.
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bankment TE1. Therefore, numerical 2-D finite element
analyses of TE1 were carried out using the Plaxis program
(Brinkgreve, 2010) to assess the importance of the PVDs in
this test embankment loaded quickly to failure.

9.1. Material parameters

For these analyses elasto-plastic soil models available
in the Plaxis program were used; the Soft Soil model, a
Cam-clay type model for the soft clay and the Hardening
Soil model for the sand materials (embankment and sand
fill). Parameters for sand layers and soft clay are presented
in Tables 3 and 4, respectively.

The geosynthetic reinforcement was modelled as an
elastic material with stiffness J = 1,700 kN/m with 15-node
soil finite elements adopted for this 2-D analysis. The
geosynthetic layer was modelled using structural finite ele-
ments.

9.2. Modelling of PVDs in FE analysis

For test embankment TE1 provided with PVDs, an
equivalent 2-D plane strain multi-drain analysis (Indraratna
& Redana, 2000; Indraratna, 2009) was carried out.

To perform a multidrain analysis, it is necessary to
adopt a coefficient of horizontal permeability for plane
strain conditions k, , different from the horizontal coeffi-
cient of permeability used for axi-symmetric unit cell con-
ditions k, . This correspondence uses geometric data and

h,ax*

may also assume drain smear as explained below.

Table 3 - Parameters for sand materials — Hardening Soil model.

Parameter Value
Effective friction angle 35°
Dilatance angle 0°
Effective cohesion (kPa) 0(*)
Stiffness Modulus E,* = E, " (kN/m’) 18,000
Stiffness Modulus Ew”r (kN/m’) 52,000
Poisson ratio 0.3
Bulk weight (kN/m’) 17.5

(*) for the unsaturated embankment ¢ = 1 kPa was adopted.

Table 4 - Parameters for the soft clay layer — Soft Soil model.

Parameter Value
Effective friction angle (°) 30
Effective cohesion (kPa) 5.0
C/(1+e) 0.36
C/(l+e) 0.039
Over-consolidation ratio — OCR 1.1
Ko 0.53
Bulk weight (kN/m?) 13.7
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As far as drain smear is concerned, a typical literature
value equal to 3.0 was adopted for the ratio k, , /k , between
the coefficient of horizontal permeability in the intact soil
(k,,) and the smeared soil (k ,).The equivalent coefficient

,ax:

of horizontal permeability in plane strain &, , and the equiv-
alent horizontal permeability to the smear zone k , can be
computed based on the horizontal soil intrinsic coefficient

of horizontal permeability &,  and geometric data using the

Lax

equations (Indraratna & Redana, 2000).

2 (n-1°
Ky e 3 n’

_ @)
Ko [ _3}
[n(n) 2
k, §
b 3)
kh’ps kh,pj l:'{nj kh,ax 3}
Inf = |+ -~ |-a
kol \s) k. 4
_2 (-9 “4)
3n’(m-1
=2(s_1)[n(n s i(s? +S+1)} ©)
n’(n-1) 3

where n=d /d  is the ratio of the diameter of the unit cell d,
to the equivalent drain diameter d, and s = d/d  relates the
diameter of the smear zone d, with d,.

For the triangular drain mesh spaced 1.3 md, =1.3 x
1.05 = 1.365 m. Considering PVD dimensions a = 10 cm
and b = 0.5 cm, then d, = 2(a + b)/n = 0.067 m. Therefore,
n=d/d, =20.42 m.

The diameter of the smear zone d, is assumed equal to
2.5 times the equivalent mandrel diameter d,, which in turn
is a function of the adopted mandrel area equal to 180 cm’,
thus d, = (0.018*4/n)” = 0.0874 m and d = 2.5 x
d =022m,and s =d/d, =327 m.

The adopted value of the vertical coefficient of per-
meability k, was 10” m/s. Then, if we assume isotropy in
terms of the horizontal coefficient of permeability of the in-

-48.00  -40.00  -32.00  -24.00

8.00

0.00

(m)

-8.00

-16.00

Figure 15 - Finite element mesh adopted for the PVD analyses.
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-16.00

tact soil is k,, = 10” m/s. As k,,/k, . = 3, then the horizontal
coefficient of permeability of the smeared soil is k, = 3.33
x10"" m/s. Then, substituting these values and the values of
n and s obtained above into Egs. (2) to (5), one obtains for
the intact soil k,  =2.66 x10"" m/s and for the smeared zone

k., =0.71 x10™ m/s, which were the values used in the
plane strain finite element analyses.

9.3. Numerical results vs. measured data

Three finite element analyses were carried out for test
embankment TE1: (a) “PVD” which is expected to be the
condition closest to the actual conditions of test embank-
ment TE1; (b) “PVD no-smear” assuming that PVDs instal-
lation caused no smear, to compare this with “PVD analy-
sis” in which smear is considered; (¢) “no-PVD” for a
virtual condition for TE1 without PVDs, to assess the influ-
ence of the PVDs. The main features of these analyses are
summarized in Table 5, which also presents the values of
vertical and horizontal coefficients of permeability adopted
in these 2-D FE analyses.

The PVDs multi-drain analysis (Indraratna & Re-
dana, 2000) assumes the width of the unit cell in plane
strain conditions to be the same as the diameter d, of the
axi-symmetric unit cell. It also assumes that the drain width
in plane strain is equal to the equivalent drain diameter d,
and similarly with respect to the smear zone. The finite ele-
ment mesh adopted following these features is shown in
Fig. 15 for the “PVD analysis” and “PVD no-smear analy-
sis” (around 19,000 elements). The “no PVD analysis”
used a similar FE mesh (around 8400 elements), obviously
without PVDs.

The actual TE1 test embankment loading history was
adopted for the three analyses, thus consolidation was al-
lowed during the whole period of about two months of em-
bankment construction, during both loading and waiting
periods between each layer placement.

Computed and measured settlements, with and with-
out PVDs, for the settlement plate PB7 (see Fig. 2) are
shown in Fig. 16 for the three analyses. Good overall agree-
ment between measured and “PVD analysis” is observed,
which suggests that the multidrain analysis and the adopted

(m)

-8.00 0.00 8.00 16.00

24.00

32.00
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Table 5 - Main features of the 2D multidrain FE analyses performed.

Analysis PVDs smear Region k, (10" m/s) k, (10" m/s)
“PVD” yes yes Drain region (smear) 3.33 0.71
Drain region 10 2.66
Outside the drain region 10 10.0
“PVD no-smear” yes no Drain region 10 2.66
Outside the drain region 10 10
“no-PVD” no - - 10 10

model parameters are adequate. Agreement is quite good
until 20 November, but for subsequent times the numerical
analysis slightly under-predicts measured settlements.

Figure 16 shows also that settlements of “no-PVD
analysis” are smaller than settlements of “PVD analysis”
(and measured settlements), thus showing that PVDs had a
beneficial effect in accelerating settlements. The influence
of smear is also noticed in Fig. 16 by comparing results of
“PVD analysis” and “PVD no-smear analysis”, the latter
presenting larger settlements, as expected.

The three time-settlement curves showed a change in
slope, indicating large yield zones and the start of the fail-
ure process. The time corresponding to these changes in
slope roughly coincides with the time of the actual failure
process in test embankment TE1 (layers 9 and 10). It may
be observed that this time for the “no PVD analysis” starts
slightly earlier than for the two PVD analyses. It may also
be observed that FE analysis could not continue much fur-
ther due to lack of numerical convergence.

Results of computed and measured maximum hori-
zontal displacement are shown in Fig. 17 for the inclinome-
ter I1 located at the embankment toe. It is observed that the
computed values are quite close to and slightly larger than
the measured values until 10 November. Better agreement
is observed for intermediate times, particularly for the
“PVD analysis”.

For dates after 10 November, differences between the
numerical analyses increase. The differences between these
analyses follow the same trend observed for vertical dis-
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-1.30 %o
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Date

Figure 16 - FE results x field measurements — Vertical displace-
ment (PB7).
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placements, with displacements becoming larger as drain-
age conditions improve, i.e., smaller horizontal displace-
ments for “no-PVD analysis” which increase for the “PVD
analysis” and increase further for the “PVD no-smear anal-
ysis”.

Results of the computed and measured total pore
pressures for piezometer PZ1 are shown in Fig. 18. The
measured results increase continuously with time with neg-
ligible pore pressure dissipation. A similar pattern is ob-
served for “PVD analysis” which also compares well with
the measured results, suggesting that smear was well simu-
lated in this multidrain analysis. Results of “PVD no-smear
analysis”, also shown in Fig. 18, are close to “PVD analy-
sis” up to 20 November and then show smaller values.
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Figure 17 - FE results x field measurements — Maximum horizon-
tal displacement (I1).
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Figure 18 - FE results x field measurements — Excess of pore pres-
sure for PZ1.
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These results show more pronounced pore pressure dissipa-
tion following loading, thus indicating better drain perfor-
mance when no smear occurs, as expected.

Overall assessment of the numerical analyses shows
that PVDs influenced the performance of TEI but this in-
fluence appears to be smaller than shown in the literature
(e.g., Li & Rowe, 2001). The reasons for this appear to be
the very low value of the coefficient of consolidation of
Florianopolis clay, disturbance effects due to drain installa-
tion and the short construction time.

10. Conclusions

Three test embankments (two reinforced and one
unreinforced) were rapidly constructed to failure on nor-
mally consolidated clay layers overlain by pre-constructed
surface sand layers. The foundation of one of the reinforced
embankments (TE1) was provided with PVDs.

The embankment without reinforcement and PVDs
(TE3) reached a higher vertical stress (or net embankment
height) at failure than the two reinforced embankments ow-
ing to its greater clay strength. The two reinforced embank-
ments (TE1 and TE2) presented similar maximum vertical
stress at failure. This was because of the similarity in the
undrained strength values of the two clay layers. Owing to
the low coefficient of consolidation of the normally consol-
idated clay, the rapid construction of the test embankments
and drain disturbance (close drain spacing and large man-
drel used) the PVDs had, in the present case, a relatively
small effect on the behaviour of the reinforced embank-
ment provided with vertical drains. These conclusions are
supported by the results obtained by finite element analy-
ses. Numerical analyses showed that the PVD had a greater
influence on settlement and on horizontal displacements
than on pore pressure results and that smear appears to play
an important role in this particular case history.

The curves of variation of factors of safety vs. applied
embankment stress showed very close values for reinforced
embankments TE1 and TE2 and higher factors of safety in
general were obtained for unreinforced embankment TE3.

The normalisation of the applied embankment stress
by the maximum applied stress vs. the clay shearing strains
produced close stress-strain curves for the three embank-
ments. Thus the responses of the embankments to the nor-
malised embankment stresses are independent of the
thickness of the soft layer and are valid, in the present case,
for both reinforced and unreinforced embankments.

The photos of the failures show that the reinforcement
was effective in controlling large cracks at failure, and the
unreinforced embankment presented a clear failure surface
with a step at the crest of the embankment.
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List of Symbols

¢ = cohesion (kPa)

C_ = compression index

C, = swelling index

¢, = coefficient of vertical consolidation (m/s”)
e = void ratio (dimensionless)

F_ = factor of safety (dimensionless)
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G = shear modulus (kPa)

h = embankment height (m)

h* = embankment thickness less measured settlement (m)
1, = plasticity index (%)

J = reinforcement modulus = T/e, (kN/m)
N, = empirical cone factor (dimensionless)
q, = corrected point resistance (kPa)

S, =undrained clay strength (kPa)

z = depth (m)

z,= depth of the failure (m)

w = water content (%)

w, = liquidity index (%)

9, = horizontal displacement (m)

d, = vertical displacement (m)

¢, = reinforcement strain (%)

Au = excess pore pressure (kPa)
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Ao, = applied embankment vertical stress (kPa)
Ac, =maximum applied (submersion effects discounted)

vmax

embankment vertical stress (kPa)

¢ = friction angle (°)

v = bulk weight (kN/m")

p = Bjerrum correction factor (dimensionless)
0, = vertical deviation (dimensionless)

0,,.. = maximum vertical deviation (dimensionless)

o, = total vertical stress (kPa)

k,, = equivalent coefficient of horizontal permeability in
plane strain (m/s)

k.= equivalent coefficient of horizontal permeability to

5.ps

the smear zone in plane strain (m/s)
k,,. = coefficient of horizontal permeability (m/s)
k, = vertical coefficient of permeability
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