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The performance of a single barrette subjected to lateral load applied at its top is presented in this paper using
three-dimensional finite element analyses based on Midas GTS program. Nonlinear behaviors of the barrettes
buried in clayey and sandy soils were monitored using Mohr-Coulomb soil model. Performances of the barrettes
with lateral loads applied in both longitudinal and transverse directions were examined. Displacements of the
barrettes affected by stiffness and strength of the soils were obtained and normalized with the nominal length
of the barrette. The criteria for long and rigid barrettes with loads in different directions were suggested. For
the barrettes with loads in the transverse direction, the conventional analytical solution suggested by Chang
for a single pile was found applicable to the predictions. In such case, the equivalent diameter calculated from
moment of inertia of the barrette was found more adequate to be used in the analytical solution. Results of this
study can help the engineers to understand more about the barrette performance under lateral loads.
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1. Introduction

Barrette (or Barrette pile) has been used as one of the
deep foundation structures in geotechnical engineering
for decades [1-6]. In comparison with the single piles, the
barrettes are known for higher resistances to sustain the
loads applied in either vertical or horizontal directions.

The use of barrettes has been considered as an eco-
solution that can provide economic benefits to foundation
design. The performance of the barrette, including both
capacity and serviceability, has been studied extensively
in the past decades. Load capacities and deformations of
the barrettes have been monitored by a number of stud-
ies [7-15]. It was learned that the conventional design for

piles need special attentions to the barrettes. The behav-
ior of barrette subjected to lateral loads is particularly of
interest since the barrettes will be affected significantly by
surrounding soils and load directions.

For lateral performance of the barrette, it has been
pointed out that the load direction is an important factor
[16]. It was indicated that if the load was applied at the
longitudinal direction (i.e., x-axis) or at the transverse di-
rection (i.e., y-axis) of the barrette, the barrette will respond
differently. The load capacity and mobilized deformations
of the barrette will be significantly increased if the load
was applied in the longitudinal direction. For good lateral
performance of the barrette, the designer must take into
account the load direction.
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Fig. 1. Layout of the barrette and its dimensional
parameters

Using the physical model of the barrettes in sandy soils,
it has been shown that the increase of relatively density
of sands will help to increase the lateral load capacity of
barrette [17]. The effects of relative density of sands will
decrease when the load was applied in the longitudinal
direction of the barrette.

The ultimate capacity of a barrette loaded in transverse
direction, whose cross-section ratio is around 2 3, would
be approximately 40% of its ultimate capacity yielded by
the same load in longitudinal direction. Fig. 1 reveals the
longitudinal and transverse directions of a barrette and its
dimensional parameters Iy, I, and I, defined in this study.

The numerical study on a concrete barrette (with cross
section Iy x [;=2.8m x 1.2m) using FLAC3D analysis can
be found in [18]. Nonlinear behaviors of the concrete bar-
rette were monitored using Mohr-Coulomb soil model. It
was reported that horizontal load of 2.2MN will make the
barrette to crack.

When the load reached 5MN, the barrette will be yielded.
Using the PLAXIS 3D analysis, it has been recently shown
that the Mohr-Coulomb model and the hardening soil
model can provide similar nonlinear results on the load-
displacement curve of the barrette [19]. Again the load
resistance of the barrette in the x-axis is much higher than
that in the y-axis. In this study, the lateral performance of
the barrette is examined again by three-dimensional Finite
Element (FE) analysis.

The lateral behaviors of a concrete barrette embedded
in homogeneous soil grounds of clays or sands are pre-
sented. The study intends to investigate the effects of
barrette length combined with the load direction on de-
formations and internal stresses of the barrette.

2. 3D FE Analysis

Three-dimensional (3D) FE modelling has been known as
the most rigorous computer-based method in the analysis

of piled raft foundation [20]. It was popularly used in
geotechnical engineering practice in the past decades.

The complexities and continuity of the structural ge-
ometry as well as the macroscopic material behaviors can
be captured by 3D FE analysis. In simulating the barrette
behaviors under vertically static loads, the authors [15] has
pointed out that the 3D FE solutions and the 1D APILE
analysis [20] can be different owing to discrete nature of
the analysis. The simplified 1D analysis generally provides
more conservative predictions rather than the 3D FE anal-
ysis. The FE analysis however would give more realistic
results providing that the material parameters were cali-
brated adequately.

The FE analysis conducted in this study was made by
Midas GTS NX package [21]. The Midas analysis has been
used in many civil engineering projects in the past years. It
can provide agreeable solutions with other well-known FE
packages such as PLAXIS and ABAQUS. Essential bound-
aries (e.g., rollers and hinges) were generally used to model
the FE boundaries. Fig. 2 depicts the boundaries used in
the FE modeling.

Linear 8-node solid elements were used to discretize
the zone of soils whereas a single barrette was located at
its center. Verifications of the solutions were conducted
by changing the length (Ly) and width (Ly) as well as the
thickness (L) of the FE zone. The analyses in this study had
been verified to yield stable solutions without influences
of the boundaries and the discrete mesh (see Fig. 3). Fig. 4
depicts the comparison of Midas analysis [22] with those
from ABAQUS analysis [23] using the Mohr-Coulomb soil
model.

3. Numerical Model and Material Parameters

In this study, the width (I;) and thickness (I;) of the barrette
were kept as 2.8m x 1.2m. The length (I,) of the barrette
was assumed at 50m and 20m, respectively. Young’s modu-
lus (E.) and v Poisson’s ratio of the concrete barrette were
assumed to be 3.5 x 10* MPa and 0.13. With the concern
that the foundation structure should perform within the
elastic range, the barrette was assumed linearly elastic.

Nonlinearities of the barrette were limited to the soils
only. 8-node solid elements were used to model the bar-
rette. A 4.5MN horizontal load was applied to the lat-
eral side of the barrette at Im height from the ground sur-
face. The effects of applying either uniform load or con-
centrated load were examined, results indicated that the
load-displacement curve of the barrette will be the same as
long as the total load magnitude was the same.

The clayey and sandy soil profiles considered in this
study are assumed homogeneous. Shear wave velocity
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Fig. 2. Geometry and boundaries of FE analysis in this
study
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(Vs) of the soils was assumed at 120, 150 and 180m/s to
simulate the soft soil sites (Type-III ground) specified in
seismic design code in Taiwan [24]. For clays, the soils
were assumed having the Poisson’s ratio (i) of 0.4 and unit
weight (7s) of 20kN/ m3.

The corresponding Young’s modulus (E;) of the soil can
be calculated by 2 x V2ps(1 + p), where p is mass den-
sity (=ys/g) of the soil and g is the acceleration of grav-
ity. Since the Mohr-Coulomb model was used, empirical
equation [25, 26] as shown in Eq. (1) was used to compute
the undrained shear strength (S,) of the clays. The corre-
sponding undrained shear strength (S,) of the clays was
computed as 32, 52 and 76kPa, respectively.

Vs = 2359475 (V; inm/s; S, in kPa) 1)

For sands, the Poisson’s ratio of 0.3 and unit weight of
19kN/m? was assumed. The empirical formula expressed
in Eq. (2) [24] was used to compute the corresponding
SPT-N values. With the SPT-N values obtained, the em-
pirical formulas for medium dense sand shown in Eq. (3)
[27] was used to obtain the friction angle (¢) of the sands.
Corresponding drained friction angles of the sands were
obtained as 28°, 31°, 34°, respectively. Table 1 summarizes
the structural geometry and material parameters used in
the study.

Vs =80 x (N)*3 (V; inm/s) A

¢ =35x (N)%3 421 (degrees) 3)

In order to interpret the barrette displacements affected
by the relative stiffness between the barrette and the soils,
the nominal lengths of a single pile in clays [28] and those
in sands [29] were adopted. For clayey soils, the nominal
length (R) of the barrette (treated as a pile) can be calculated
using Eq. (4).

4 EC IC
- @

Where Ic is the moment of inertia of the pile, k is the

R =

relative stiffness between pile and soil (units in F/ L2) which
can be denoted by Eq. (5),

|EsD# E
k: . 12 stie S
0.65 | 511 — )

In above equation, D, is the equivalent diameter of the

barrette. For a pile with length L, it was suggested that
when L/R > 5, the pile is long pile. If L/R < 2, the pile
became rigid pile [28]. Because the load can be applied at
the transverse direction (y-axis) and the longitudinal direc-
tion (x-axis), the corresponding moment of inertia of the
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Table 1. Structural geometries and material parameters of the numerical model

Structural Barrette: Ly x Ly X [;=2.8m X 1.2m x 50m(or 20m)
geometries Zone of the soils: Ly x Ly X L;=50m X 50m x 80m
Concrete barrette: E.=35000 MPa;v, =0.13; y.=24kN/ m3
Material Clayey soils: V5=120, 150, 180m/s; i=0.4; 7s=20kN/ m3
parameters Es=82,128,185 MPa; S, = 32,52, 76 kPa

Sandy soils: Vs=120, 150, 180m/s; #=0.3; 75:19kN/m3
Es=73, 113,163 MPa; ¢ = 28°, 31°, 34°

Table 2. Nominal length of the barrette used in this study

Vi Clay Sand
(m/s) Ry(m) Ry(m) Ty(m) T,(m)
120 4.04 6.41 5.11 7.19
150 3.58 5.68 4.72 6.63
180 3.24 5.14 4.45 6.26

barrette are expressed by Iy and Iy, respectively. There-
fore, for load applied in transverse direction, the nominal
length is termed as Ry. In contrast, the nominal length is
termed as Ry, for load applied in the longitudinal direction.

For sandy soils, the nominal length T was calculated
using Eq. (6). The long pile and rigid pile criteria were
suggested similarly as those for the clays, i.e., L/T > 5 for
long piles and L/T < 2 for rigid piles [29].

5 EC IC
ny

T= (6)

In above equation, 1y, is the coefficient of subgrade re-
action (units in F/L3). The correlation suggested by [30]
was adopted to estimate the subgrade reaction coefficients
(ny,) for sands. The coefficient of subgrade reaction, nh was
approximated by knowing the shear wave velocities of the
soils.

The resulted n, was computed as 4000, 6000 and
8000KN /m3. Again, Ty and Ty can be found for loads ap-
plied in different directions. Table 2 reveals the nominal
lengths of the barrette used in this study with the depen-
dence of clays and sands varying the shear wave velocities
and loads in different directions.

4. Lateral Performance of Barrette

The barrette model was subjected to a horizontal load of
4. 5MN. To obtain nonlinear behaviors of the barrette, the
load was divided into 40 steps with the load increment of
112.5kN. The convergences of the solutions were ensured
to yield the barrette displacements.

The lateral load was applied in the transverse direction
and the longitudinal direction aside the barrette. Load-
displacement curves of the barrette at where the load was
applied, and the lateral displacements, internal bending

moments and shear forces along the barrette were moni-
tored. The moments and shears along the barrette were
further computed with the displacements and rigidity term
EI from the analytical equations.

4.1. Load in transverse direction
4.1.1. Barrette in clays

Fig. 5 presents the behaviors of a 50m barrette in clays,
which comprises the load-displacement curve recorded
at the ground surface, and displacements, moments and
shears along the barrette subjected to lateral load in the
transverse direction. Fig. 6 shows similar behaviors of a
barrette with 20m length.

Since the displacements at the bottom of the barrette
were not vanished, the last two meters of the barrette was
presumed to compute the bending moment and shear at
20m. The effects of soil stiffness in terms of the shear wave
velocity of the soil are clearly revealed in Figs. 5 and 6. It
can be found that maximum displacements of the barrette
are in similar scale (40~100mm) regardless of the length
of barrette. Shorter barrette was more rigid while longer
barrette showed more flexural deflections.

The displacements will decrease with the increase of soil
stiffness. The influences of soil stiffness are more significant
to the bending moments compared to the shear forces. For
the shorter barrette, moments and shears were found along
the whole barrette. For longer barrette, the moments and
shears will vanish below the length at 0.5L (where L=[,).

4.1.2. Barrette in sands

Fig. 7 presents the behaviors of the 50m barrette in sands
under horizontal load applied in the transverse direction.
Fig. 8 shows the behaviors of the barrette with length of
20m. It can be found that the soil stiffness become less
significant compared to those found in clays.

Similar displacements were found in the maximum
rages of 80~130mm for both long and short barrettes.
Shorter barrettes will deform without showing the inflec-
tion point. Again, the influences of the soil stiffness are
relatively insignificant to the shear forces in comparison
with the bending moments. Again for the longer barrette,
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most of the deflections, moments and shears were found
within the length of 0.5L of the barrette.

4.2. Load in longitudinal direction
4.2.1. Barrette in clays

For load in longitudinal direction, Fig. 9 and Fig. 10 depict
the behaviors of the barrettes in clays with its length at 50m
and 20m respectively. Now the effects of soil stiffness are
becoming smaller.

The maximum displacements (30~ 60mm) of the bar-
rette are smaller than those caused by the loads in trans-
verse direction. Comparing with those found in Figs. 5
and 6 , the increase of structural stiffness will affect the
performance of barrette significantly. For load applied in
longitudinal direction of the longer barrette, the influences
of the displacements, moments and shears were then ap-
pearing in 0.8L of the barrette.

4.2.2. Barrette in sands

Fig. 11 and Fig. 12 show the corresponding behaviors of
the barrettes in sands with 50m and 20m length. The maxi-
mum displacements in this case became 60~125mm for the
shorter barrettes and 50~90mm for the longer barrettes.

The longer barrette in sands can provide much greater
resistance than the shorted barrette if the load was applied
at the longitudinal directions. The observation on displace-
ments, moments and shears along the length of 0.8L of the
barrette was again clearly shown for the longer barrette in
sands.

5. Flexibility of Barrette

The criteria to determine long barrette and rigid barrette are
helpful to design engineers. A rigid short barrette would
react similarly as a rigid underground wall against the
lateral loadings. A long barrette would behave more like a
flexible underground structure against the lateral loads.

Following discussions were made for barrettes in clays
and sands. Knowing that u and v are the corresponding
displacements of the barrette in x- and y- directions, the
normalized displacements v/Ry and v/ Ty were monitored
for loads in transverse direction, and u/R, and u/T, were
used for loads in longitudinal direction.

5.1. Barrette in clays

Varying the shear wave velocities of the soils (V5) at 120, 150
and 180m/s of the clays, and mounting the horizontal loads
of 4.5MN in the transverse or the longitudinal directions
onto the barrette, the normalized displacements can be
shown in Figs. 13 to 15. Table 3 depicts the corresponding
values of the ratios of L/Rx and L/Ry.

From the plots, one can conclude that L/Ry > 5 can
be used as the criterion of long barrette when the load is
applied in transverse direction. It was found that for the
barrettes with length of 20 ~ 50m in clays and where the
load is in transverse direction, the barrettes will all react in
flexible manner.

Thus the study did not reduce the length to yield rigid
barrette. On the other hand if the load was applied in
longitudinal direction, it was found that L/R, > 7 can be
used for criterion of long barrette, and L/Ry < 3 can be
used to define rigid barrette.

5.2. Barrette in sands

Varying the shear wave velocities of the soils (Vs) at 120,
150 and 180m/s of the sands, and mounting the horizontal
loads 4.5MN in the transverse or the longitudinal directions
onto the barrette, Figs. 16 to 18 and Table 4 depict the
corresponding results.

From the plots, one can conclude that L/ Ty > 6 can be
the criterion for long barrette when the load is applied in
transverse direction, and when L/T, < 2 it can be used
for rigid barrette. When the load is applied in longitudinal
direction, it can be also found that L/Ty > 6 and L/ T,
< 2 are working well for long barrette and rigid barrette,
respectively.

The above studies indicate that the barrette in clayey
strata and in sandy strata can be very different. The de-
signer needs to be aware of such performance when con-
sider the barrette resistance in different directions.

6. Comparisons with Chang'’s Formulas

In order to learn the applicability of mathematic equations
suggested by Chang [31] to the barrettes, the displacements,
moments and shears along the barrette in clays and sands
(where V;=150m/s) were obtained from corresponding
equations. Because the mathematic functions were pro-
posed for the round pile, so the equivalent diameter (D)
was calculated prior to the computations.

This study computed the values D, from both the area
(A) and the moment of inertia (I.) respectively. For load
applied in various directions, Icx and Iry need to be distin-
guished. The values of the equivalent diameter De with
respect to the area A, Icx and Icy are obtained as 2.06m,
1.69m and 2.59m in this study.

Figs. 19 and 20 depict the comparisons of the barrette
performances in clays when the loads were applied in trans-
verse and longitudinal directions respectively. It can be
found that the prediction from Chang’s formulas using
D, from area of the cross section would provide smaller
maximum displacements compared to the 3D FE solutions.
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Table 3. Normalized length of barrettes
in assessing the flexibility of barrette in clays

Vs 120m/s 150m/s 180m/s
L(m) L/Ry L/R, L/Ry L/Ry L/Ry L/Ry
20 4.95 3.12 5.59 3.52 6.17 3.89
30 743 4.68 8.37 5.28 9.26 5.84
40 9.9 6.24 11.17  7.58 12.35 7.78
50 12.38 7.8 13.97 8.8 1543 9.73
Table 4. Normalized length of barrettes
in assessing the flexibility of barrette in sands
Vs 120m/s 150m/s 180m/s
L(m) L/T. L/T, L/T. L/T, L/Tx L/Ty
10 1.96 1.39 2.12 1.51 2.24 1.59
15 2.94 2.09 3.18 2.26 3.37 24
20 3.91 2.78 424 3.02 4.49 3.19
25 4.59 3.47 5.3 3.77 5.62 3.99
40 7.83 5.56 8.47 6.03 8.98 6.39
50 9.78 6.95 10.6 754 1123 7.99
V/R, (1x10%) u/R, (1x10%) V/R, (1x10%) u/R, (1x10%)
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Fig. 13. Normalized deflections of the barrette in clays
(vs=120m/s)
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Fig. 15. Normalized deflections of the barrette in clays
(vs=180m/s)
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Fig. 18. Normalized deflections of the barrette in sands
(vs=180m/s)

Despite that the maximum displacements were found com-
patible for loads applied at different directions, the deflec-
tions along the barrette were found quite different from the
analytical solutions.

The maximum bending moments and the shapes of mo-
ments along the barrette were found similar when the load
was applied in the transverse direction. In such case, the
maximum shear forces would be overestimated in shallow
parts of the barrette.

If the load was applied in the longitudinal direction,
the maximum bending moments from the analytical solu-
tions will be significantly underestimated. The associated
maximum shear forces along the barrette would be overes-
timated, and they seemed to remain at the depths between
0~10m from the ground surface of the barrette.

Figs. 21 and 22 reveal the results for barrettes in sands.
Similar observations can be found for barrette in sands. It
can be concluded that the Chang’s formulas for the piles are
applicable to barrettes in sands when the load is applied to
the transverse direction at the barrette with the equivalent
diameter, D, of the barrette obtained from the moment of
inertia.

However, if the load is applied in the longitudinal direc-

tion of the barrette, the applications of the Chang’s formu-
las will need special attentions since the bending moments
of the barrette could be significantly underestimated.

7. Concluding Remarks

The performance of a single barrette subjected to lateral
load above the ground surface was studied using three-
dimensional finite element modeling of Midas package.
The numerical model of barrette was assumed in clayey
and sandy soils respectively. Mohr-Coulomb model of the
soil was adopted for undrained clays and drained sands.

The horizontal load with a magnitude of 4.5MN was ap-
plied to the barrette at one-meter height above the ground
surface, thus a bending moment of 4. 5MN-m was resulted
at the ground surface to the barrette. Loads were applied
respectively in transverse and longitudinal directions to
the barrettes with different length at 50m and 20m. Results
of this study are summarized as follows.

1. For the numerical model of the barrette (2.8m x 1.2m),
if the load is applied in the transverse direction, the
50m barrette will exert bending moments and shear
forces up to a depth of 0.4L (i.e., 20m), where L stands
for length of the barrette (=50m). Similar phenomenon
was observed for barrettes in both clays and sands.
However if the load was applied in longitudinal di-
rection, the affected length of the moments and shears
will increase to least 0.6L (i.e., 30m) of the longer bar-
rette in clays and sands. The shorter barrettes were
found to yield relatively larger maximum displace-
ments than the longer barrette especially in the cases
of sands.

Such phenomenon is caused by the rigidity of the bar-
rette and the relative stiffness between the barrette and
the soils. The observation implies that the modelled
barrettes at soft sites (V; < 180m/s should be least
30m long to resist the applied horizontal loads.

2. For barrettes installed in clays, if the load was applied
in transverse direction, L/R, > 5 can be used as the
criterion for long barrette (no moment and shear at the
bottom of barrette), where Ry is the nominal length of
the barrette when moment of inertia computed across
the x-axis. If the load was applied at longitudinal
direction, it was found that L/ Ry, > 7 can be used for
long barrette, and L/R, < 3 can be used to determine
the rigid barrette. Similarly, Ry is the nominal length
of the barrette with respect to the y-axis.

3. If the barrette is installed in sands, it was found that
L/T>6and L/T < 2 can be used to determine long
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Fig. 19. Performance of barrette in clays with load applied in transverse direction
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Fig. 22. Comparative solutions for barrette in sands with load in longitudinal direction
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barrette and rigid barrette, respectively. The criteria
are applicable regardless of the direction of load. The
nominal length T needs to be computed accordingly
with respect to the loading direction.

. Analytical formulas suggested by Chang [31] on single

piles subjected to lateral loads were found adequate
for barrette in the cases where the load is applied in
transverse direction and the equivalent pile diameter
is obtained from the moment of inertia of the barrette.
In any case if the load was applied in longitudinal
direction, the bending moments along the barrette
would be significantly underestimated using the ana-
lytical formulas.

. Solid finite elements were adopted only in this study

to simulate the barrette responses. The hybrid element
model where both solid concrete elements and beam
elements of steel bars are considered could receive
further attentions for advanced research work.

. The study was made assuming that the concrete bar-

rette remains linearly elastic. For considerable hori-
zontal loads which may cause the barrette to crack and
damage further, the conclusions should be cautioned.
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