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embedded in soft ground.

Chollada Kanjanakull', Thaksakorn Pornbunyanon®’, Tanan Chub-Uppakarn?, Piyapong Suwanne?
and Chaiwat Yaibolc®

1243 The research unit of technology and innovation on civil engineering (RICE), College of Industrial
Technology and Management, Rajamangala University of Technology Srivijaya, Nakhon Si Thammarat, 80210,
Thailand
# Department of Civil Engineering, Prince of Songkla University, Hatyai, 90110, Thailand

*Corresponding author. Tel.: +66-9269-39791; Email address: Thaksakom. p@monutsv.ac.th

Abstract. This paper aims to create a set of design charts that present the relationship’ betWeen the
allowable bearing capacity and several parameters, such as the depth and cross-sectional area of wooden
and concrete piles. These charts will be highly useful for site engineers and users of community building
in Mangrove forest, Ranong provinces, Andaman coastal. The study begins by collecting laboratory test
data from the field boring log. Soil strength parameters such as unit welght (y) the effective cohesion
("), standard penetration test (SPT-N), and internal friction angle () from the borehole log were used
to calculate bearing capacity, section and depth of piles. Moreover, laboratory test data from the boring
log were calculated by empirical method and used in terms of mput,parameters (Young’s modulus, E/,
Adhesion factor, o and Poisson’s ratio, v') for the finite element program (PLAXIS 2D). These two-
dimensional plane strain FEM was used to analyze the settlement and consohidation behaviors of piles
in the case study. Results for the Ranong case study show that iricreasing 988 kN of axial load (2.5 times
the allowable bearing capacity) leads to reduced pile stablhty and increased pile settlement (12.50 mm
of total settlement). PLAXIS’s model predictions arg satisfactorily compared with the p}le load test
result. In addition, the pile failure does not occur because the total settlement (12.5 mm) is less than
10% of the pile diameter (30 mm). -

Keywords: Bearing capacity, Pile foundatmns Design charts, Finite element method, Static pile load
test

" .J'

1. Introduction " L

In designing the structures in the community along the shoreline at inaccessible sites (Ranong
provinces), Friction plles are suitable for coastal areas when the bearing stratum is not hard,
such as a firm clay: These piles also transfer their load to the ground through skin friction. A
set of design charts along the shoreline should present the relationship between the suitable
bearing capaczty for building and varying depths from shallow to deep soil layers. These charts
are descnbed in more detail in the “Design charts for plies embedded in soft ground” section.
The soil’ ‘classification from Boring-log mn coastal areas is commonly medium to soft clay. A
soft. clay layer has relatively low strength, high compressibility, and high volumetric changes
(Hosseinpour et al., 2017; Weitao et al., 2023). Therefore, most buildings are supported by pile
.. -foundations to reduce seftlements. The approach was to ensure that the piles could carry the
" structural load and analyze the ultimate bearing capacity, an essential consideration in
geotechnical engineering (Randolph., 1994; Boonyatee ¢t al., 2015).

Several theoretical studies have been developed to find better methods for designing parameters
of piles embedded in soft ground. Ren et al. (2008), for example, investigated a set of nine piles
supporting a 12-story concrete frame building with finite difference analysis. The soil model
was a silty clay layer over a saturated sand layer. The Finn and the clastoplastic constitutive
models were used to simulate the soil. Pore pressure ratio and soil-pile interaction were taken
into account. The numerical analysis result agreed well with the data from shaking table tests,




while Choudhury et al. (2014) evaluated a finite difference model (FLAC3D) of a single pile

embedded in a homagenous and liquefied soil under dynamic loading. A two-layered soil system

composed of loose sand (a liquefiable layer) underlain by stiff clay (a non-liquefiable fayer) was

considered. The linear elastic perfectly plastic and Finn models represented the sand and clay soils.

The analysis exposed that the maximum bending moment occurs in the interface of the liquefiable

and non-liquefiable fayers. In addition, the results were compared against a combined pile raft

foundation with a group of four piles. Wonglert et al. (2018) determined the effectiveness of the

stiffened deep cement mixing (SDCM) core on the behaviors of the floating colurans and the

potential of using wood as a core. For a parametric study on the full-scale field pile load tests,.
physical model tests, and numerical analyses (Finite element method from PLAXIS 2D}. The results ™
from the numerical parametric study were used to establish a guideline chart for suggesting the
appropriate length of the core in the DCM socket of the floating SDCM columns. Furthermore, the
pile load test results also confirm that core materials with eucalyptus wood could potentially be
used as a reinforced core.

Static and dynamic Joad tests on a pile are thus one of the most significant methods for determining
the load-settlement behavior of a pile under vertical load. Many studies on numierical modeling of
pile load tests have been conducted from an early age. El-Mosallamy et al. (2013) analyzed the
negative skin friction during the consolidation of piles in soft clay. The nuinerjcal analyses were
based on an axisymmetric finite element model to predict the pile-soil interaction problem of
negative skin friction. At the same time, Michal and Jakub (2014) compared numerical analyses
based on the Finite element method calculation with a static load test of a Continuous Flight Auger
(CFA) pile. The geological condition of the tested area was cast ih situ piles with a diameter of 0.63
m and a penetration length equal to 15 m. The circular piles were installed in silt sand, and the
numerical analyses were executed using Ansys and Plaxis software. The load-settlement curve
calculated using numerical analyses agrees well with the results of a static load test. Yang et al.
(2021) presented a parametric study on the consélidation behavior of the multi-pile composite
ground. The results show that the increase in the afea replacement ratio and the constrained modulus
of the loag piles raised the conselidation rate of the composite ground.

This paper aimed to create a set of design charts that present the suitable bearing capacity of wooden
and concrete piles for the buildings along the shoreline in Ranong provinces. The bearing capacity
analysis using the Terzaghi equation-{Mohr-coulomb model). However, the traditional Molr-
coulomb model is unable to pre_,difcft‘ deformation. Then, the Finite element method from PLAXIS
2D was used to analyze the setflement of piles. The field boring log, geotechnical laboratory results,
and loading step data concefning the outcome of calculated total settlement using PLAXIS 2D
versus the actual total settlement from the static load test were carried out and analyzed to verify
the use of the correct depth and size of piles for the community building in the tested area. Moreover,
the process in this research proves the best confidence result for developing the design charts of pile
foundations for practicing users and engineers.

2. Descripjgiﬁﬁ- of the Ranong case study

The rf.oéus of this research is community building in the Mangrove forest; the village of Kam-Puan
(population: 1,236) is located i Ranong Province in the southern part of Thatland (Fig.1). This
figire includes the borehole investigations (BH1) of the tested area. The primary soil properties

*“from BHI for analyzed pile foundation using of the Plaxis 2D are described in more detail in the

“Finite element modeling” section. The primary source of income for the local people from Kam-
Puan villages is fishery, The construction industry is beginning to accept the local people and tourist
situation. Before the construction of buildings, where piles are used as foundations, boring logs and
soil sampling tests are required. The borehole (BH1) location, as depicted in Fig.1, is used for
collecting soil samples. Table | displays soil formations, water content, plastic, and liquid limits
from Atterberg’s limit test and the standard penetration test (SPT) at 0-16.5 m depths. The SPT
blow count profiles were used to evaluate the stiffness and density characteristics of the soil layers
(Indhanu et al., 2023). The SPT resuits revealed that the Ny values for the in-situ soil sample ranged




from 3 to 7 at depths of 0-3.5 m (ML~CL)), the Ny values for the in-situ soil ranged from 7 to 13 at
depths of 3.5-9.5 m (SP-SM). Between 9.5-16.5 m, the Ny, values of CL increased to a range of 13-
55, indicating higher soil strength,

Figure 1. The study site (The village of Kam-Puan) was taken by Google Earth and UAV, (Drone).

The liquid and plastic limits of soil and its water content ¢an be used to express its relative
consistency or liquidity index. The plastic limit (PL) vahi¢ obtained from Atterberg limits
laboratory testing (ASTM D 4318-04) for the in-situ soil i527.8 at depths of 0-3.5 m, and the values
decreased to a range of 27.8-15.3 at depths of 3.5-10,5 m. Between 10.5-16.5 m, the plastic limit
values Increased to 15.3-23.2. The liquid limit (LL) value for the in-situ soil is 35.7 at 0-3.5 m
depths, and the values decreased fo a range of 35,7-29.2 at depths of 3.5-10.5 m. Between 10.5-16.5
m, the liquid limit values increased to 29.2-47.7. The water content values for the disturbed soil
ranged from 55.37 to 62.5 at depths of 0 3 5 m. Between 3.5-16.5 m, the water content values
decreased to 62.5-30.39. :

Table 1. Soil proﬂlé_‘éﬁ'iﬁ physicat properties of seil at the test location.
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3. Methodology

The research methodology involved the ultimate bearing capacity analysis of pile foundation
based on a borehole log, finite element modeling, and comparison of a static load test of
concrete pile and static load-settlement curve obtained by Plaxis2D model. These are described
in more detail as follows:

3.1 The ultimate bearing capacity analysis of pile

Ultimate bearing capac;ty analysis was the sum of the skin friction analysis and the end bearmg :

resistance, It was given by :
Qu= zfsiAsi + qendAcnd - Wp ) i . (})

=Y [(kso'votand} + (. Su)Asi]+ [(6'vo.NG) + (9.Su)Aend] - Wi

Where Q is the ultimate bearing capacity of the pile (kN), ;i is friction force (KN/m?), Asi is

friction area {m%), gend is end bearing force (kN/m?), Acad is end bearing area (m*), and Wy is a

weight of pile (kN), ks is coefficient of lateral earth pressure, o'vo is gffective overburden

pressure (kN/m?), § is the angle of pile friction, ¢ is the adhesion factor; S, is undrained shear

strength of soil (kN/m?), and Ngq is bearing capacity factor coefficierit'depend on ¢ (angle of

shearing resistance).

3.2 The allowable bearing capacity analysis of pile foundatlon based on a borehole log

The allowable bearing capacity equation for pile foundahon 18 as follows:

Qa“ = Qu/ F.S. ’ (2)
Where Qun Is the allowable bearing capaczty of the: pﬂe foundation (kN), Qu is the ultimate
bearing capacity of the pile (kN), and F.S. is a factor of safety for the pile foundation.
The properties of so1l based on a borehole log s should be corrected as follows:

Su=1.225N72 (3)
Where S, is the corrected undrained _‘s_];ear strength of soil (kN/m?), N is the standard
penetration number (Blows/ft). s

Neorr 15+ (N-15/2) 4)
Where Newr is the corrected ,s‘fréndard penetration number (Blows/ft), N is the standard
penetration number (Blows/ff)..
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Figure 2. The model finite element mesh for the Ranong case study




3.3 Finite element modeling

As earlier described, the limitation of Mohr-coulomb theory is that it was unable to predict
deformation. Then, the PLAXIS 2D was used to analyze the settlement of piles. In numerical
analysis, Young’s modulus, Adhesion factor, and Poisson’s ratio acquired from the field boring
log were used in the PLAXIS 2D program to compute the settlement and consolidation
behaviors of the pile in a case study. As shown in Fig. 2(A), the pile is 0.3 m in diameter and
13.5 m in length. The PLAXIS 2D model consists of 3 layers of soil: silty sand and sandy lean
clay, ML-CL (up to 3.5 m), poorly graded sand with silt, SP-SM (3.5 m t0 9.5 m) and lean clay
with sand, CL (9.5 m to 16.5 m). Table 2. shows the physical and mechanical properties (Uit '
weight (y), Young’s modulus (E'), Poisson’s ratio {v'), the cohesion of soil {¢), internal friction
angle (), and adhesion factor ()} of the soil layers and pile used in the PLAXIS 2D model.
The axial loads have been applied in the model, and the settlements are estimated forsimulated
consolidation behaviors of the pile (Naveen et al., 2014). The PLAXIS 2D results are compared
with the static load-settlement curve obtained using the field pile load test. "+

Table 2. Physical and mechanical properties for numerical medels, -

Linear Elastic Pile Soil Soil | Soil
Concrete | (ML-CL) | (SP-SM)- (CL)
Type | Tndrained | Dibined | Undrained
Vonege | DENAO] |25 17.5 179 20.9
" W] | 25 195 [ 199 229
B [T | 30 | 16675 | 22,000 20,000
N : 02 |7030 035 0.5
c Nme] | -o ol 3l4 - 2622
? (] - 26.5 -
o B R 0.78 ; 035

3.3.1 Model parameters for PLAXIS 2D

Vertical pile in soil hds béen modeled as a plane strain problem, The 15-noded triangle element
has been chosen to-1nodel the soil, which results in a two-dimensional finite element model.
Fig. 2(B) shows the problem’s geometry and a pile in a plane strain problem. The model consists
ofa 0011crqucfl.';’5‘fle with a diameter of 0.3 m and a depth of 13.5 m and a geometry dimension of
the soil madel with 16.5 m x 18 m was found to be optimum. The pile’s behavior is assumed to
be linear-elastic. The Mohr-Coulomb describes the soil’s behavior. The model adopted requires
5.};5‘3&5 input parameters: Young’s modulus (E7), Adhesion factor (o), Poisson’s ratio ('), the
sohesion of soil (¢), and internal friction angle (¢).

" Boundary conditions utilized for finite element analysis are rigid for the lower bed boundary

(Horizontal and vertical displacement are zero); The left and right boundaries of the mode] are
fixed; and there are interface elements between the pile and the soil.

The load applied on the model (Fy, f) is applied in load increments of 395-988 IeN at the pile
head. This approach is used to model the process of an in-situ static pile load test. The observed
settlement for the corresponding loads is noted in Fig 4.




4, Results and discussion

As earlier described, parameters affecting the allowable bearing capacity of pile foundation, such
as a typical geometry of a Ranong case study, geotechnical and laboratory data based on a borehole
log, and basic input parameters of PLAXIS 2D model with B and ' for analyzing settlement and
consolidation behaviors of the pile are usually needed in analytical processes.

4.1 Design charts for piles embedded in soft ground

A set of design charts (Fig. 3) was plotted, showing the relationship between the allowable bearing -
capacity and the developments of the depth and sectional area of piles. Fig. 3(A) shows the squaré: -
sectional area of wooden (TP) and concrete (CP) piles with widths of 0.22, 0.26, 0.30, 0.35; and
0.40 m and varying depths (4.5, 6, 7.5,13.5,15, and 16.5 m). Results presented in Fig. 3(A) reveal
that increasing the depth and the sectional area of piles increased the allowable bearing capacity. In
addition, increasing the depth of the soil layer for wooden and concrete piles led to.an‘increase of
the cumulative skin friction (Qsn) based on the ultimate bearing capacity analysis equation of pile
(Eq.]). For example, a wooden pile with 0.22x0.22 m” sectional area and a depth of 7.5 m leading
to the allowable bearing capacity of 98.24 kN. However, increasing the depth-from 7.5 to 16.5 m
for a 0.22x0.22 m* sectional area of a wooden pile increased the allowable bearing capacity from
68.24 kN to 402.03 kN.
Fig. 3(B) shows the circular sectional area of wooden (TF) and ¢oncrete (CP) with diameters of
0.25, 0.3, 0.35, 0.40, and 0.45 m. and varying depths (4.5, 6, ?-;S;i3.5,1 5, and 16.5 m). Results for
the Ranong case study (Fig. 3(B)) show that increasing the depth and the sectional area of piles led
to an increase in the allowable bearing capacity. For exainple, a concrete pile with a diameter of
0.30 m and a depth of 15 m leads to the allowable, ‘bearing capacity of 38.64 kN. However,
increasing the diameter from 0.3 to 0.45 m for a concrete pile with a depth of 15 m led to an increase
in the allowable bearing capacity from 38.64 kN to 63.56 kKN.
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Figure 3. The relationship between the allowable bearing capacity and the several depth and cross-
sectional area of weoden and concrete piles.
4,2 Comparison of static pile load test and load-settlement curve obtained by PLAXIS 2D

The results of the PLAXIS 2D model of the pile are compared with the results of the static pile load
test. Fig 4 shows the deformed mesh of the pile model at the end of the numerical simulation.
Increasing {he maximum load increments of 988 kIN at the pile head (Fig. 4(A}) led to an increase
of 12.54 mm settlement (Fig. 4(B)) and led to the maximum stress on the bottom of a pile (Fig.




4{C)) of 600.8 KN/m? cartesian total siress (cyy) for a concrete pile. As shown in Fig. S, the result
of the static pile load test (PLT Cycle 1,2 Loading and Unleading line) along with the static load
settlement curve estimated from the PLAXIS 2D model (FEM TLoading and Unloading line).

(‘ﬁ-).“";’go E 8= =]

Figure 4, Deformed mesh. <
This static pile load test result (988 kN of the maximum load inicrements led to 12.50 of the total
settlement for concrete pile) agrees well with the PLAXIS 2D model (988 kN of the maximum load
increments led to 12.54 of the tota] settlement for concrete pile). Furthermore, the failure of the pile
doesn not occur because the total settlement is less thian 30 mm (10% of the pile diameter).
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Ay Fig. 5. Load ~Settlement curve from pile load test and finite element method (PLAXIS 2D).

5.Conclusions

An analysis of a case study site at Ranong in southern Thailand, introduced a set of design charts

for wooden (TP) and concrete (CP) piles using Terzaghi’s equation. The' results reveal that
increasing the depth and the sectional area of piles increased the allowable bearing capacity.
Moreover, the depth of the soil layer for wooden and concrete piles was significant in the cumulative
skin friction (Qsxn) and played an important role in the bearing capacity of piles. The computed
total settlement from the static pile load test with the finite element method (PLAXIS 2D) was
presented. The result of this finite element method agreed well with the static Joad test results. The
above findings suggested that the axial load on the pile head reduces the pile’s bearing capacity and
increases settlement in the soil mass.
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