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ABSTRACT: The development of railway double track infrastructure does not always pass through section 

with good soil carrying capacity, some also pass through existing soil layers with soft - very soft consistency. 

More than 10% of the land area in Indonesia or around 20 million hectares is soft land consisting of soft clay 

and peat soils. Taking into account the problems in soft clay which is quite influential in the success of 

infrastructure development, soil improvement must be carried out so that the infrastructure is not damaged 

before the planned age. Soil improvement with a bamboo mattress system provides a cost-effective and 

reliable solution to maintain the landfill stability and reduce the differential settlement. The Finite Element 

Model is a numerical way of solving problems in physical science and mathematics. This numerical method 
provides approximate values of unknown parameters at a number of discrete system nodal structures. The 

standard Hardening Soil Model (HS) is an advanced model for modeling soil behavior. However, the value of 

the soil stiffness is described more accurately by using three different input stiffnesses namely triaxial 

loading stiffness (E50), triaxial unloading stiffness (Eur) and one-way loading stiffness (Eoed). For certain cases, 

the Hardening Soil Model (HS) method is more accurate and approaches the field conditions. This can be 

seen from several previous studies which show that the Hardening Soil Model (HS) approach is very typical 

with the results of field testing. The value of the safety factor (SF) from the analysis of slope stability in soft 

soil using hardening soil modeling and strengthening of bamboo mattress analysis is 2.10. 
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1. INTRODUCTION 

 

The majority of soft soils in Indonesia may 

consist of deposits of Holocene clay. This material 

is from the ejecta of volcanoes and include a 

potentially significant content of volcanic ash [1]. 

The properties of soft soils are different from those 

found on the coastal plains and inland, as a result 

of freshwater leaching [2]. also identify that the 

presence of volcanic-derived soils has a significant 

effect on the soil’s properties. In many cases, the 

deposit is geologically very young [3]. provides a 
relationship between deposition rate and degree of 

consolidation, as shown in Fig. 1. The average 

degrees of consolidation for deltaic clays in 

Southeast Asia may be from 20–100% depending 

on their location. For sediments in Indonesia, for 

instance, the degree of consolidation is predicted 

(from Fig. 1) to be 70–80%. This means that the 

soft clays in a marine environment are 

underconsolidated. 

One of the main problems of embankment 

activities on soft soils is the occurrence of 

landslides. There are still difficulties often faced 
on road constructions that are built on soft soil in 

swampy areas, even more so if there is no material 

for strengthener purposes on the road itself [4]. 

Backfills materials often drowned into the softer 

ground soil since it is not strong enough to bear the 
embankment soil [5]. Basically, soil improvement 

has a general objective, namely to increase the 

bearing capacity and shear strength of the soil, 

increase soil modulus, reduce soil compressibility, 

control soil stability (shrinkage and swelling), 

improve the quality of materials for construction 

materials, and minimize the effect of damage to 

work in the surrounding area. One of the 

treatments for this problem is to gradually 

accumulate soil and increase the carrying capacity 

of the soil using bamboo mattresses [6].  
The bamboo piles are generally provided with 

a mattress made of woven bamboo or geotextile. In 

this case, the main role of the piles and the 

mattress is to reinforce the soft soil and form a 

cluster to support the load of the embankment and 

to reduce differential settlement; thus, this 

minimizes damage to the road pavement and 

increases stability during construction. 

In practice, this system works very well. The 

reduction of settlement does not significantly 

depend on the spacing of the bamboo piles and, 

based on the full-scale experimental study in 
Jakarta, it is reported that compared to untreated 

ground, the use of a bamboo pile–raft system 

reduced settlement of the soft ground to 30% [7]. 
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The calculation analysis above will be carried 

out with Hardening Soil (HS) model approach. 

The popularity of the elasto-plastic Hardening Soil 

(HS) model is based on simple parameter 

identification from standard testing and empirical 

formulas. The HS model is implemented in many 

commercial FE codes designed to analyse 

geotechnical problems [8]. The basic version of the 

elasto-plastic Hardening Soil (HS) model was 

developed by Schanz, Vermeer, and Bonnier [9] 
and implemented into the Plaxis FE code [10]. The 

main framework of the HS model may be 

explained by drawing the contours of yield 

surfaces on the plane of Roscoe’s stress invariants 

p-q. It is shown in Fig. 2. The Mohr–Coulomb 

shear strength criterion limits shear stress levels, 

whereas the volumetric and pre-failure deviatoric 

hardening is controlled by two yield surfaces. The 

HS model is entirely isotropic in both the elastic 

and elasto-plastic ranges. Hence, no inherent and 

stress induced anisotropy is available contrary to 
the experimental evidence especially in fine 

grained deposits, e.g. [11, 12]. 

In the initial HS version, the hypoelastic 

stress–strain relation is used within the elastic 

range with the stress-dependent Young’s modulus 

Eur (Eur
ref ,σ) via power law and constant Poisson’s 

ratio ʋur. In the HSS version, the small strain 
stiffness depends on both stress and accumulated 

shear strain, while in the hypoelastic relation the 

actual reference shear modulus Gt
ref changes 

between the values Gur
ref and G0

ref 

2. GENERAL PROJECT INFORMATION 

 

2.1 Description of the Experimental Site 

The experimental site is located at the railway 

cross-section KM 103+00 – KM 107+100 between 

the Jombang city and the Madiun city, East Java, 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 2. Yield surfaces and elastic range in  the 

basic HS model [8]. 

Indonesia. The embankment is 3.5 m high, with a 

crown width of 6.3 m. Details about installing 

Bamboo mattress shown in Fig 3 and  The 

construction of the embankment is described by 

seven sublayers (0.5 m high each) and with 

respective side slopes shown in Fig. 4 and applied 

in 90 days. The filling material consists mainly of 
plain fill with a cohesion of 7 kPa, a friction angle 

of 40°, and an average unit weight of 17 kN/m3. 

 

2.2 Method of Construction 

Method of installation of bamboo piles varies 

depending on the available equipment. For a 

bamboo pile of 3- 4 m in length, a backhoe can be 

used to push the pile into soft ground. In certain 

areas where heavy equipment is not available, a 

drop hammer is common, as this technology is 

often locally available. The hammer weight is 
usually in the range of 300–700 kg [13]. Figure 5-

7 shows the sequence of construction of an 

embankment on soft soil with a bamboo pile–raft 

system for a railway project. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

Fig 1. Relationship between rate of  sedimentation and degree of consolidation [3] 
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 The bamboo piles were driven and bamboo 

mattresses bound in two layers, as shown in Fig. 6 

were then laid on the ground surface before 

spreading the fill material. The fill placement was 

followed by compaction, as shown in Fig. 7 This 

system was successfully applied. 

 

 

Fig 3. Bamboo mattress installing [24] 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
Fig 5. Driving bamboo piles [14] 

 
Fig 6. Installation of bamboo mattresses [14] 

 

 
Fig 7. Spreading the fill material and compaction 

[14] 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Geosynthetic reinforcement is sometimes 

required to provide additional stability in the 
construction of embankment on soft soil. 

However, it can only help stability to a certain 

extent. Geosynthetic reinforcement cannot reduce 

pore water pressure during fill placement and, 

thus, settlement is still a big issue [14]. Figure 8 

shows the Geosynthetic reinforcement applied. 

Fig 4. Typical of railway cross-section KM 103+00 – KM 107+100 [14] 
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Fig 8. The Geosynthetic reinforcement applied 

[14] 

 

3. APPROACHES FOR ANALYSIS 

 

3.1 Conservative Methods 

 

 Consideration in the stability of 
embankment on soft soil is most critical during 

construction. This is due to low permeability of the 

soft clay, which does not allow drainage and 

consolidation during loading, so that very little or 

no shearing resistance of the foundation soil may 

be developed. However, after consolidation takes 

place, the resulting shearing resistance in the 

foundation soil will completely remove the need 

for reinforcement. This situation is explained in 

Fig. 9. 

The use of piles as a foundation improves 
stability and reduces settlement. It also enables an 

embankment to be constructed to any height at an 

unrestricted rate [15]. Conventionally, the bearing 

capacity of the pile should be sufficient to carry 

the weight of the fill above it with an equivalent 

area of s2 , where s is the distance between piles. 

Figure 10. illustrates the method. This approach is 

too conservative because, in practice, the mattress 

or pile cap also carries the embankment load and 

acts interactively with the pile. 

 

 
 

Fig 9. Influence of reinforcement on stability 

of embankment on soft soils [16]. 

 

 
 

 

 

 

 
 

 

 

 

 

 

Fig 10. Determination of maximum pile spacing 

[15]. 

 

3.2 Review of the Basic HS Model 

 

The first small strain stiffness extension to the 
HS formulation was proposed Benz and co-

workers [17, 18], and the new model is called 

Hardening Soil Small (HSS). The new formulation 

introduces a special algorithm of controlling the 

current hypoelastic stiffness within the elastic 

range of the basic HS model. Additional 

parameters can be obtained from extended 

standard tests or empirical formulas. 

The basic HS model belongs to the class of 

multi-surface elasto-plastic models. The deviatoric 

and the volumetric cap yield surfaces, with the 
corresponding plastic flow rules, and hardening 

laws, are the two major plastic mechanisms 

introduced to represent the nonlinear soil 

behaviour. The ultimate limit states are controlled 

by the Mohr–Coulomb and Rankine strength 

criteria. The main model equations and theoretical 
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assumptions are systematized in [9]. Since the HS 

model is implemented in several FE codes, so this 

only emphasize the main characteristic aspects of 

the formulation in the currently developed version 

of ZSoil FE code [19]. This version of the basic 

HS model is refined to account for the small strain 

stiffness and used in the calculations presented in 

the article. 

The extended HSS model is also implemented 

in commercial geotechnical FE codes available for 
researchers and practitioners. However, the HSS 

formulation exhibits serious fault known in the 

literature as overshooting, i.e. uncontrolled reset of 

the loading memory and regain of high initial 

stiffness after tiny unloading–reloading cycles. It is 

illustrated schematically in Fig. 11. The 

overshooting problem in the HSS model is 

critically reviewed in details in [20]. Small loading 

reversal continued by reloading causes unexpected 

irregularity in the hysteresis. 

 
 

Fig 12. Example of overshooting as a fault in the 

modelling of hysteretic behaviour during cyclic 

shearing [20]. 

 

3.2.1. Deviatoric Plastic Mechanism 

 

The yield surface controlling the deviatoric 

hardening mechanism is expressed as follows [9]: 

 

𝑓1 =  
𝑞𝑎

𝐸50

𝜎1− 𝜎3 

𝑞𝑎−𝜎1− 𝜎3 
− 2

𝜎1− 𝜎3 

𝐸𝑢𝑟
− 𝑃 = 0 for 

 

q < qf,      (1) 

 

where the asymptotic and ultimate deviatoric 
stresses qa, qf  are defined as:  

 

𝑞𝑓 =  
2sin (Ø)

1−sin (Ø)
− (𝜎3 + 𝑐 𝑐𝑜𝑡Ø),        (2) 

 

𝑞𝑎 =  
𝑞𝑓

𝑅𝑓
 ,          (3) 

 

and Rf < 1.0 is the failure ratio. We also assume 

that the minimum initial value of the hardening 

parameter 
𝟎
𝑷 ≥ 10-6 and σ1 ≥ σ2 ≥ σ3 . 

The plastic flow rule is derived from the 

following plastic potential function: 
 

𝑔1 =  
𝜎1− 𝜎3 

2
−

𝜎1+ 𝜎3 

2
𝑠𝑖𝑛𝜓𝑚        (4) 

 

The mobilized dilatacy angle ψm is defined after 

Rowe [21] as: 

 

𝑠𝑖𝑛𝜓𝑚 = 𝐷 
sin Ø𝑚 −sin Ø𝑐𝑠 

1−sin Ø𝑚 sin Ø𝑐𝑠 
,       (5) 

 

where mobilized and critical state friction angles 

Øm, Øcs are calculated from: 

 
sinØm =  

σ1− σ3 

σ1+ σ3+ 2 c cotØ 
,         (6) 

 

sinØcs =  
sin Ø − sin ψ

1− sin Ø  sin ψ
.         (7) 

 

It is worth noting that D = 1 in the reference 

Rowe’s formula [20]. In general, when sin Øm < 
sin Øcs, the contractancy cut-off condition is 

assumed and sin ψm value is scaled by the 

parameter D ≤ 1.0. In the basic HS model D = 0, 

whereas in the extended version with small strain 

stiffness refinement D ≈ 0.25. 

The hardening law in the deviatoric 

mechanism is given by: 

 

𝑑𝑃 = 𝑑1  (
𝜕𝑔1  

𝜕𝜎1  

−
𝜕𝑔1  

𝜕𝜎3  

 ) =  𝑑1 ,         (8) 

 

3.2.2. Volumetric Plastic Mechanism 

 

The smooth cap yield surface is described by 

the following equation: 

 

𝑓2 =  
𝑞2

𝑀2 𝑟2(𝜃)
+ 𝑝2 −  p0

2 = 0,        (9) 

 

In the above expression r(θ)is defined after van 

Ekelen’s [22] formula: 

 

𝑟(𝜃) =  (
1− 𝛼 sin(3𝜃) 

1− 𝛼
)

𝑛

,        (10) 

 

where 

 

𝑠𝑖𝑛(3𝜃) = −
3√3

2

𝐽3

J2

3
2

,        (11) 

𝛼 =
𝑘

1

𝑛
−1

𝑘
1

𝑛
+1

       (12) 

 

𝑘 =
3−𝑠𝑖𝑛Ø

3+𝑠𝑖𝑛Ø
       (13) 

 

small loading 
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The power exponent n = - 0.229 and the parameter 

α ≤ 0.7925. 
A non-associated plastic flow rule is derived 

from the following potential function: 

 

𝑔2 =  
𝑞2

𝑀2 + 𝑝2.        (14) 

 

The above form is crucial for the efficient 

implementation scheme in which the stress return 

algorithm is executed in the principal stress space. 

It is worth noting that the plastic potential is 

obtained from the yield function f2 (Eq. 9) by 

fixing r(θ) = 1. One can set the r(θ) to any fixed 

value in 
the range k...1 (Eq. 13) 

The volumetric hardening law is expressed in 

the following form: 

 

𝑑𝑝𝑐 = 𝐻( 
𝑝𝑐

𝑝𝑟𝑒𝑓
)𝑚  𝑑𝜀𝑣2

𝑃 ,       (15) 

 

𝑑𝜀𝑣2
𝑃 = 𝑑2  

𝜕𝑔2  

𝜕𝑝  

,        (16) 

 

where the volumetric plastic strain increment 𝑑𝜀𝑣2
𝑃  

is generated entirely by the cap mechanism. The 
internal model parameters M and H are derived 

taking into account the assumed 𝐾0
𝑁𝐶value and the 

reference tangent oedometric modulus 𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 

defined at a given vertical stress assuming the 

normal consolidation. 

 

3.2.3. Stiffness Barotropy 
 

In the basic HS model [9], the unloading–

reloading Eur and secant E50 stiffness moduli are 

stress dependent by the following power laws and 

the corresponding empirical barotropy function fσ: 
 

𝐸𝑢𝑟(𝜎) =  𝐸𝑢𝑟
𝑟𝑒𝑓

 𝑓𝜎(𝜎),        (17) 

 

𝐸50(𝜎) =  𝐸50
𝑟𝑒𝑓

 𝑓𝜎(𝜎),        (18) 

 

𝑓𝜎(𝜎), =  (
𝜎3 + 𝑐 cot Ø 

𝑃𝑟𝑒𝑓 + 𝑐 cot Ø 
)

𝑚

.       (19) 

 
However, the above form exhibits certain 

drawbacks, e.g. when deep excavations or highly 

overconsolidated soil layers are analysed. In such 

conditions, horizontal stresses are usually larger 

than the vertical ones. Therefore, we prefer to use 

the following barotropy function based on the 

mean effective stress: 

𝑓𝜎(𝜎), =  (
𝑃

𝑃𝑟𝑒𝑓  

)
𝑚

.        (20) 

In both cases, a certain cut-off condition has to be 

applied for the minimum value of stress invariants 

σ3 or p to avoid too low stiffness modul. 

4. THE FACTOR OF SAFETY (FS) 

CALCULATION 

 

The factor of safety (FS) is commonly used to 

quantify slope stability in geotechnical engineering. 

In this study, finite element analysis was used to 

obtain the vertical settlement and the embankment 

factor of safety that happens on the slope. 

Embankments were modeled using Plaxis 2D, as 

shown in Fig. 13. The train load was applied on 
the embankment as a distributed load of 43.75 

kN/m2. This program including construction 

sequence simulation [4]. Material data used for the 

full-scale model of Embankment summarized in 

Tables 1. Hardening Soil (HS) model was used in 

this analysis. 

 

5. RESULTS AND DISSCUSSIONS 

 

No large settlement for the foundation soil 

(Bamboo mattress) in any of the analytical 
conditions occurred, this is due to the contribution 

of the Bamboo mattress. Figure 14 shows the 

typical of vertical displacement embankment with 

final construction conditions, and Figure 15 shows 

the value of  vertical displacement. Whereas, the 

field observations show that vertical displacement 

embankment is 0.02 meters.  

 

 
Fig 14. Typical of vertical displacement stress 

 

 
Fig 15. The value of vertical displacement is 0.01 

meters 
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Table 1. Full scale soil data 

 
The value of FS embankment is 2.10. Changes 

in the value of the FS along with the stages of the 

implementation of embankment, as shown in Fig. 

16 about changes of FS. 

 Figure 17 shows the deformation stress of 

Embankment. Whereas, the minimum FS limit 

based on geotechnical code for slopes is 1.50. That 

is, the embankment is both reviewed based on the 

implementation stage and the material used is safe. 

 
 

 

Fig 16. Changes of FS. 

 

For certain cases, the Hardening Soil (HS) 

model is more accurate and approaches the field 

conditions. This can be seen from several previous 

studies which show that the Hardening Soil (HS) 

model approach is very typical with the results of 

field testing [23], as shown in Fig. 18 the result of 

experiment and HS calculation. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
Fig 17. The deformation stress of Embankment 

 

 

 

Fig 18. The result of experiment and HS 

calculation [23] 
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Fig 13. Finite element model for the embankment 
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6. CONCLUSIONS 

This work focuses on the study of Hardening 

Soil (HS) model analysis approaches and actual 

conditions in the field. The results of the analysis 

have the same typical results of the field 

investigation. The following conclusions can be 

drawn: 

a. The vertical displacement or settlement based on 

the results of the analysis using the Hardening Soil 

(HS) method is 0.01 meters while the field 
observation data is 0.02 meters. The consolidation 

time based on the Finite Element analysis is 90 

days. 

b. The factor of safety (FS) of embankment with 

HS approach is 2.10. 

c. The use of bamboo mattresses greatly 

contributes to increasing the carrying capacity of 

soils. 
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