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LOAD SHARING MECHANISM OF BAMBOO PILE MATTRESS
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ABSTRACT: In Indonesia, bamboo pile mattress is commonly utilized for reinforced embankments over deep
soft soil, especially for shallow ground water table or even over the ground surface as the water functions as
timeless preservation for the bamboo. However hardly any articles have been published for design references.
This work intends to evaluate bamboo pile mattress for embankment reinforcement numerically by means of
Plaxis 2D. A parametric analysis was conducted to assess the effect of both piles spacing s and length L on
embankment settlement, stability, and pile load ratio a,. A ratio s/L is introduced to evaluate the combination
of s and L effects. Furthermore, normalized settlement S/S., and normalized factor of safety SF/SF. are
proposed to facilitate the assessment, in which S, and SF.. are ones at s/L = co (bamboo mattress with no pile
condition). The results show that S/S., increases with increasing s/L. Inversely, SF/SF. and «, decrease with
decreasing s/L. When s and L are increased independently, S/S.. and SF/SF.. curves initially follow different
paths. When s/L > 0.1 the curves merge into a line. Meanwhile, o, curves blend into a line and separate with a
different slope when s/L > 0.1. s/L = 0.1 becomes an onset point to show that L provides more significant
effects than s for S/S.. and SF/SF., at s/L < 0.1. However, L produces less influence on a, than s at s/L > 0.1.
Furthermore, the findings may provide insight and direction for reinforced embankment design using bamboo
pile mattress.

Keywords: Bamboo pile mattress, Reinforced embankment, Settlement, Load transfer

1. INTRODUCTION form the net system generate buoyant force to
reduce the embankment settlement.

The demand for embankment construction on [6] also confirmed that the effect of bamboo net
soft soil has risen over recent years. It becomes truly and geotextile composite on increasing bearing
challenging for geotechnical engineers due to the capacity. When bamboo net is used to support
probability of soil foundation failures and excessive geotextile, the bearing capacity is significantly
settlements. The use of bamboo pile mattress is higher than when geotextile is used alone.
common practice in Indonesia to support Prof. Masyhur Irsyam might have been the first
embankments constructed over soft soil. Even person to use a bamboo pile mattress as a support
though utilizing bamboo for construction is still in embankment [7]. In the discharge canal
debate due to the short depletion time of bamboo embankment project, he changed the high-strength
compared with the construction lifetime. However, geotextile reinforcement into three layers of
embankment reinforcement is critical during the bamboo mattress and low-strength geotextile. The
construction stage or in the short term when soil main reason for the alteration was simply to
strength has yet to be mobilized to gain strength overcome construction difficulties and avoid a lack
improvement [1]. After the end of construction, of high strength geotextile.
gradually the soil strength increases due to the After the first bamboo mattress project went
consolidation process, and the embankment’s well, more clusters of bamboo poles were added to
stability increases as well. the mattress to make a bamboo pile mattress [8]. [1].

The application of bamboo for field soil The full-scale test showed that the bamboo pile
reinforcement was highlighted in [2, 3]. Bamboo mattress system could keep highway embankments
may be used for retaining walls, slope stabilization, stable even on very soft soils. The bamboo pile
soil stabilization, reinforced embankment support, mattress was also successfully applied for a double
and even for vertical drain [4]. track railway project constructed over submerged

For building a road in a muddy area, a bamboo soft soil [9, 10]. The reinforcement system provided
net system was used to support geotextile [5]. The better  stability compared with limestone
geotextile was put on top of the bamboo net to avoid reinforcement for the embankment over the
stress concentration and also to make the road submerged soft soil layer.
embankment more stable. The bamboo poles that Similar reinforcement was used for container
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yard reclamation and railway embankments near
shore areas [11], as well as the recent Semarang-
Demak toll road built over coastal areas [12]. The
toll road was also functioning as a sea embankment
to prevent tidal flooding.

Bamboo pile mattress have been widely applied
in a number of projects in Indonesia, including
lifeline infrastructure projects. However, only a few
articles are available for design references. This
study intends to evaluate the behavior of bamboo
pile mattress for embankment reinforcement with
various pile spacings s and lengths L. The
evaluation is conducted numerically by utilizing the
commercial software Plaxis2D to simulate various
scenarios. The study's findings should look into the
effects of s and L on embankment settlement,
stability, and load sharing of bamboo piles.
Furthermore, the findings should enrich the
knowledge of reinforced embankment technology
and could help guide the design of embankment
reinforcement on soft soil using bamboo pile
mattress.

2. ON THE BAMBOO PILE MATTRESS

Bamboo pile mattresses are made by combining
bamboo pole mattresses with pile-like bamboo pole
clusters (Fig.1). The mattress is made of bamboo
poles, which are arranged in a row and tied with
palm fiber. It is composed of 3—-7 mattress layers.
The pile, on the other hand, is made up of 3-7
bamboo poles that are joined together.

Bamboo s g
mattress “IF

Bamboo || - ! L
pile

Fig.1 Bamboo pile mattress system (modified from

[11])

According to [11], bamboo pile mattress is
suitable for low-rise embankments and soft soil
with a high ground water table, or when the water
table is above the ground surface. The bamboo

134

mattress should be put on the ground surface. The
mattress would be pushed down by subsoil
settlement until it was submerged. The water table
could act as timeless preservation for bamboo.

However, the embankment is subjected to
consolidation settlement but not differential
settlement.

Fig.2 Load distribution of bamboo pile mattress
system

The Terzaghi theory of 1D consolidation is
applicable to bamboo pile mattress for settlement
prediction. The load distribution moves downward
about 2/3L into the base of an equivalent mattress
(Fig.2). It changes the subsoil that is subjected to
consolidation into a deeper layer and the stability of
the embankment system as well.

Fig.3 Embankment cross section [8]
3. 2D MODEL DEVELOPMENT

This study used the results of the full-scale
instrumented reinforced trial embankment test,
which was described in [8]. Figure 3 depicts the
cross section of the embankment, and Table 1
describes the soil properties. The data required for
numerical modeling but unavailable in [8] was
determined with the assistance of the soil
correlation table [13, pp. 127-132].
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Table 1 Field soil properties [8]

Depth . c Y
Soil type
(m) (kN/m?)  (kN/m°)
0-23 Very soft clay 6-15 14 2
23-25 Soft clay 15-35 15 1,8
25-30 Medium clay 35-55 16 1
>30 Stiff toverystiffclay 55— 150 16

To create a bamboo piled mattress, four layers
of bamboo mattress were joined together with
bamboo cluster piles (Fig.1). Each pile contains
three bamboo poles. The piles were arranged with
distance s among others.

Fig.4 Generated mesh for Plaxis modeling

The reinforced embankment was numerically
analyzed by means of Plaxis 2D. The generated
mesh of the model is presented in Fig.4. The soil
was simply modeled using the Mohr Coulomb
model.

The mattress is represented as a beam structure,
and the bamboo pile is a node to node anchor. Node
to node anchor is preferred over beam because, as
shown in Fig.5, beam is actually a representation of
beam wall and requires beam parameter adjustment
to represent piles [14]. Modeling bamboo piles as
beam structures in 2D plane strain may
overestimate pile strength support.

Cross section area and the length of bamboo pile
are represented into spring constant k to determine
pile’s modulus of elasticity EA as follows:

Pyt
E = Wit
max SF

@
Where Fnax is maximum load capacity of pile;
Put is ultimate pile bearing capacity; and SF is
safety factor. It is assumed that F should be
mobilized when the bamboo pile deforms about
0.1d, where d is the bamboo pile diameter.
Following Fig.6, EA can be determined as follows:

k = Fmax
da

@
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EA =kL 3)

2D to 3D

Bamboo piles as
beams

(b)

VMV
VMV
VMV
VMV

Bamboo piles as node to
node anchors

@

Fig.5 Bamboo pile model in 2D plane: (a) Node to
node anchor, (b) Beam structure

F(kN)

Frmax

5 (m)

Fig.6 Fmax mobilization
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Fig.7 Calibration of simulation results with

measurement settlement.

4. RESULT

4.1 Model
Settlement

Calibration with Embankment

Figure 7 presents how the settlement of the
embankment was used to verify the simulation
results. It shows that the trial embankment stage
was initiated with 2 m of fill for 20 days and
followed by additional fill consisting of 2.5 m for
the first 20 days and additional fill up to 3.25 m at
day 80. The consolidation process was applied once
after the first stage for 55 days and again following
the final backfill until day 260.

Figure 7 clearly shows that Plaxis 2D simulation
result slightly underestimates the settlement but is
acceptable. However, elastic settlement during the
backfilling process on days 20 and 75 is higher than
measured settlement. The simulation earns a safety
factor of 1.81, which is clarified by [8], where the
reinforced embankment system was stable and no
failure was reported. Fig.7 verifies that the 2D
model provides results that are in good agreement
with the measured trial embankment settlement.

4.2 Parametric Analysis

Using a similar model, a parametric sensitivity
analysis was done to look at the effects of bamboo
pile distance s, length L, and number of mattress
layers n. The load transferred from the mattress to
the soil and bamboo piles beneath is evaluated to

determine the portion of the load carried by the piles.

The setup for parametric analysis is as follows:

a. s=1mn=4,L=3m,4m,5m,6.5m, 10 m,
15m, 20 m.

b. L=10m;n=4;5s=05m,1.0m,1.5m, 2.0 m,
25m,3.0m.

c. L=10m;s=1m;n=3,4,5,6,7.
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For the control condition (s/L = ), a reinforced
embankment with four layers (n = 4) of bamboo
mattress without bamboo pile was also simulated.
Normalized settlement S/S.. and normalized factor
of safety SF/ SF. are introduced to aid in the
assessment. S, and SF., are associated parameters at
s/L = o (bamboo mattress with no pile condition).

15
o125
£ Bamboo mattress without pile (s/L=h )
E > -l
I /._..s/'—'—é
2 075
= 051K
£ ¥ |-=--constant s, various L
S oo ——various s, constant L

0
0 0.1 0.2 0.3 0.4 0.5
s/L

Fig.8 Settlement for various s/L

4.2.1 The effect of s/L on settlement

Figure 8 depicts S/S.. for various s/L. It clearly
shows that the settlement increases proportionally
with an increase in s/L. Bamboo piles added to
bamboo mattress reduces embankment settlement.
Closer rows of the piles reduce settlement by up to
0.7 times when s/L = 0.1. Further lowering of s/L <
1, increasing L causes less settlement than lowering
s.

This result is in line with [15], the used of more
piles decreased embankment settlement [16-18].
However, increasing pile spacing with the same
number of piles and raft area should expand the pile
coverage area [19]. The wider the pile coverage area,
the smaller the settlement. The settlement began to
increase when s surpassed 5 m.

4.2.2 The effect of s/L on safety factor

In contrast to settlement, SF/ SF. decreases
proportionally with increasing s/L (Fig. 9). The
larger the embankment settlement, the smaller the
factor of safety. s/lL = 0.1 becomes a threshold
below which changes in s and L provide different
safety factor behaviors. Changing L results in a
larger SF than changing s. SF/ SF at s/L = 0.1 is
approximately 1.2 times SF/ SF.. The increasing
stability of the embankment due to reinforcement
has already been identified by [20-22]. Their results
showed that the pile arrangement and the distance
from the embankment’s edge may affect the factor
of safety, especially when the pile raft was
constructed on sloping ground [15, 22].
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4.2.3 The effect of s/L on load sharing ratio
The bamboo pile mattress reinforced

embankment system is made up of the embankment,
the mattress, the piles, and the subsoil. The total
load due to the soil embankment Q is equal to the
contact pressure between the bamboo mattress and
the underneath soil Qm and the load carried by piles
Qp. The pile load sharing ratio o, can be represented
as a ratio between Qp and Q; as follows:

=%
4 =%, 4
When a, = 0, it means only bamboo mattress
without pile, which can be represented as s/L = oo.
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S
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Fig.10 Portion of load carried by bamboo piles for
various s/L

The influence of s/L on a, be assessed in Fig.10
in which op decreases with increasing s/L. Unlike
settlement and factor of safety, load sharing ratios
that vary with s and L are merged in a single line
when s/L < 0.1. The lines then separate for
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additional s/L increments, demonstrating that
increasing s has a greater influence than increasing
L. Moreover, the number of piles is more significant
than the length of piles.

The trend of load sharing shown in Fig.10
agrees with previous work reported by [16, 17, 23,
24]. In contrast, [25] reported that pile load sharing
increased with increasing pile spacing. It was likely
due to the increasing pile spacing without an
increase in the number of piles. It increased the load
transferred to bamboo piles by expanding the pile
coverage area.

4.2.2 The effect of bamboo mattress layer number n

Variations of bamboo mattress layer n could be
evaluated in Fig.11. In general, the number of
mattress layers has less significant effects on
settlement, factor of safety, and pile load sharing
ratio.
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Fig.11 The effects of mattress layer number n

More mattress layers imply more bamboo
mattress thickness. The less significant effects of
thickness are supported by previous reports in [18,
26, 27]. They published both experimental and
numerical results to show that raft thickness and
rigidity had an insignificant influence on pile raft
foundation systems. Instead, raft thickness and
rigidity may reduce differential embankment
settlement [28].

4.3 Discussion

The bamboo pile mattress embankment system
functions more like a pile raft than an ordinary piled
embankment. Based on raft and pile dimensions, the
piled raft system can be categorized into two groups,
namely, small and large pile raft [29]. Piled raft is
classified as small if the ratio between raft width B
and pile length L is less than unity (B/L <1). Piles
must be added to the raft to provide adequate
bearing capacity and achieve a tolerable average
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settlement. large piled raft requires pile to reduce
settlement and raft bending moment. Whereas large
piled raft requires piles to reduce settlement and the
raft’s bending moment. Large raft foundations on
deep clay deposits are typically designed with
adequate bearing capacity but still produce
excessive settlement [30].

The parametric analysis results show that s/L =
0.1 is the onset point of the shifting of the curves for
settlement, factor of safety, and pile load sharing
ratio. For settlement and the factor of safety, at the
beginning the curves show a different trend and
become merged into a line when s/L is more than
0.1. The variation of s causes the curves to slope
gradually for all s/L conditions. When L varies,
however, the curves have a significant slope at first
and then move gradually when s/L > 0.1.

This full-scale embankment test was conducted
in deep, very soft soil layers. The bamboo piles can
be classified as friction piles. Lengthening the
bamboo piles will increase the pile surface area. The
larger the surface area of the bamboo piles, the
greater their friction bearing capacity, and
consequently, the lower the settlement. It supports
the study in [31] that addressed the reduction of the
pile raft system due to pile length being more
significant than that of pile addition and reducing
pile spacing. For softer soil, the effects of pile
addition and decreasing pile spacing became less
significant. The effect of pile length was more
significant for softer soil.

Terzaghi's consolidation theory, illustrated in
Fig.1, could be used to examine the decrease in
settlement caused by increasing L. The longer the
pile length, the deeper the equivalence mattress
moves downward. It thins the soil layer that is
subjected to consolidation, resulting in less
settlement. It is clarified by Fig.12 to show that the
area affected by high excess pore pressure
significantly decreases when the length of the pile
increases. A smaller excess pore pressure area
implies a smaller soil layer that was subjected to
consolidation to prevent more settlement.

The factor of safety behaves in the opposite way
as settlement. It is clearly clarified by Fig.13. in
which the factor of safety is inversely proportional
to settlement. Increasing s/L, which increases the
settlement, implies a decrease in the factor of safety.

In a piled embankment system, load transfer
from embankment loads to subsoil may be
complicated. Without a load transfer platform, the
embankment only puts a small amount of weight on
the piles. When pre-tension geotextiles were
installed, they caused arching effects, which
transferred more weight to the piles [32]. If there
were more geotextiles in place and the pre-tension
was higher, they could work like a load transfer
platform. Furthermore, higher geotextile tension
reduced differential settlement. Similar findings
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were reported by [33], demonstrating that the pile
load ratio increased proportionally with increasing
geotextile tension.

Fig.12 Excess pore pressure distribution: (a) Long
piles, (b) Short piles

1.5

SF/SFh

0.6

04 05

Fig.13 SF/SF. vs S/S., relationships

Bamboo mattress might act as a load transfer
platform to transmit embankment load to piles and
subsoil. The addition of bamboo piles, combined
with a reduction in pile spacing, should increase the
amount of load carried by piles. In addition,
bamboo mattress performs as a beam that works in
synergy with bamboo piles to reduce lateral
movement of the pile group and embankment
system [34]. The bending moment applied to the
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pile should be reduced and equalized, implying an
increase in the vertical load distributed to piles. The
greater the load carried by piles, the lower the
contact stress between the mattress and subsoil,
preventing further settlement.

5. CONCLUSIONS

A numerical simulation was conducted to assess
the effects of bamboo pile spacing and length on
reinforced embankments using bamboo pile
mattress. A normalized settlement and a normalized
factor of safety are introduced to evaluate the
behavior of the embankment system. The results
show that increasing s/L should increase the
settlement and pile load sharing ratio but decrease
the factor of safety. Comparing with bamboo
mattress without piles, the settlement decreases by
0.7 times while the factor of safety increases by 1.2
times when s/L = 0.1. s/L = 0.1 becomes the onset
point for settlement, factor of safety, and the load
sharing ratio. Initially, S/S. and SF/SF. curves
changed differently as s and L increased
independently. The curves blended into a line when
s/L > 0.1 and then blend into a line. &, curves
blended into a line and separate with a different
slope when s/L > 0.1. Ats/L < 0.1, L provides more
significant effects than s for S/S. and SF/SF..
Meanwhile, L produces less influence on ap than s
at s/L > 0.1. Furthermore, the findings may provide
insight and guidance for reinforced embankment
design using bamboo pile mattress.
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