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ABSTRACT: This study explains the settlement characteristics of the Prebored and Precast pile (PP pile) system constructed in clay 
soil.  The PP pile is a method that facilitates the installation of precast concrete spun piles by inserting them into soil-cement mixture 
(SCM) columns.   The PP pile foundation was studied through a full-scale static load test, with the test loads focused on the spun pile.  
The diameter of the spun pile was smaller than the borehole diameter of the SCM column were 500 mm and 750 mm, respectively.  
The length of the spun pile sample was 15 m with the pile tip “floating” 75 cm above the borehole base.  This construction results in 
the PP pile having two interfaces: the spun pile–SCM column and the SCM column–soil.  The static load test was conducted in two 
loading-unloading cycles because of unknown maximum load in the first cycle.  The spun pile and SCM column were equipped with 
tell-tales and strain gauges, whereas spider magnetic extensometers were in the soils. Settlement occurred in both the spun pile and 
SCM column structures, but settlement in the spun pile was more dominant, indicating that the two structures did not act compositely. 
Linear elastic settlement and bilinear plastic settlement occurred in the 1st Cycle. A unique behavior observed in the linear plastic 
settlement phase was bilinear plastic settlement.  The linear plastic settlement behavior resembles a case reported in literature.  The 
bilinear plastic settlement behavior is comparable to a case in literature, where the pile tip rested on weak, porous rock.  In the 2nd 
Cycle, the settlement behavior exhibited an elastic–plastic response.   

KEYWORDS: Hyper-Straight method, Pile settlement, Prebored and precast pile, Precast concrete spun pile installation. 

 
1 INTRODUCTION 

The installation of precast concrete spun piles typically 
employs either pile driving or pile jacking methods. However, 
both techniques have certain limitations. For instance, pile 
driving may lead to overdriving, which can damage the pile 
head, especially in hard soil conditions. Additionally, the pile 
driving process generates significant noise and vibration, which 
can be disruptive. 

The Prebored and Precast pile (PP pile) foundation system 
is one method to facilitate the installation of precast concrete 
piles.  The borehole filled with a soil–cement mixture (SCM) is 
constructed to strengthen the surrounding soils.  Subsequently, 
a spun pile is installed into the borehole to the planned depth. 

In this research, the installation procedures and bearing 
capacity equation for PP pile were adopted from the Hyper-
Straight pile (HS pile) guidelines, which is intended for a 
foundation system designed to achieve high end-bearing 
capacity.  To achieve this, the pile tip is positioned 1.5 times the 
outer diameter of the pile (D) above the bottom of the drill hole 
(floating) to ensure the pile tip rests on the SCM, which is 
described as “root protection” or “root solidifying” part in 
Japan.   

Although this technique, which is recognized by The 
Ministry of Land, Infrastructure, Transport and Tourism of 
Japan (MLIT Japan), has demonstrated encouraging outcomes 
in argillaceous, sand, and gravel soils, nothing is known about 
how well it works in clay soil.  For areas like Indonesia, where 
clay soil is common, this information gap is especially 
important. 

The specific shape of the PP pile structure causes a more 
complex load transfer mechanism along its body compared to 
traditional deep foundations such as driven piles or bored piles 
because it has two important interface layers: the pile-SCM 
interface and the SCM-soil interface. The "root protection" 
structure made of clay soil can also cause issues because clay 

soil cannot be disaggregated into uniformly fine particles, 
leaving chunks of clay behind.  These clay chunks tend to settle 
at the base of the borehole, which can reduce the bearing 
capacity. 

The settlement behavior of PP piles in clay soil was 
studied through a full-scale field axial compression load test 
with the Quick Load (QL) test method as stated in the ASTM 
D1143/D1143M-07 standard (Reapproved 2013).   Additional 
instruments in the form of strain gauges and telltales were 
installed inside the spun pile and the SCM column, along with 
spider magnetic extensometers installed in the surrounding 
soils to obtain accurate strain and settlement measurement data. 

This article briefly discusses the settlement behavior of PP 
piles, investigated through a full-scale static load test with 
additional instrumentation installed in the soils, the SCM 
column, and the spun pile.  Interested readers are suggested to 
read Beyruni et al. (2024) for the details of this static axial 
testing. 

2 LITERATURE REVIEW 

2.1 Bearing Capacity Equation for Prebored and Precast 
Pile 

The PP pile's bearing capacity mechanism is comparable to that 
of deep foundations generally, which combines end-bearing 
(Qb) capacity and skin friction (Qs).  Through a succession of 
Technical Assessment and Certification Program (TACP) 
certifications, the MLIT of Japan (2012) acknowledged the 
empirical ultimate bearing capacity equation of the HS piles or 
PP piles., Equation (1).  The bearing capacity equation for 
gravel was regulated in TACP-0405, sandy soil in TACP-0404, 
and argillaceous soils in TACP-0465.   

𝑅௨ ൌ 𝑄௕ ൅ 𝑄௦  

𝑅௨ ൌ 𝑁ഥ௧௜௣𝐴௕ ൅௜ୀ1
௠  𝑁ഥ௦௞௜௡,௜𝐿௦,௜

൅ ௝ୀ1
௠  𝑞ത௨,௝𝐿௖,௝ 

(1) 
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Ru is the ultimate bearing capacity of the PP pile in kN 
units, which is the total of end-bearing (Qb) and skin friction 
(Qs) capacity. 

 According to Equation (1), the soil parameter used to 
calculate the ultimate bearing capacity are SPT value (N-SPT 
dan unconfined compression strength (qu).  𝑁ഥ௧௜௣ is average of 
SPT value, calculated over a depth of 1 D above to 1 D below 
the pile tip, where D is the outside diameter of the spun pile, 
and the SPT range is limited to 20 ≤ 𝑁ഥ௧௜௣ ≤ 60 blows / 30 cm.  
𝑁ഥ௦௞௜௡ is average of SPT used for calculating skin friction 
capacity of cohesionless soils along the pile shaft length (ls) 
with the applicable SPT value range of 0 ≤ 𝑁ഥ௦௞௜௡ ≤ 30 blows / 
30 cm.  Skin friction capacity of cohesive soils is calculated 
using the average value of 𝑞ത௨ (unconfined compressive 
strength) along the pile shaft length (lc) with the range of the qu 
value being 0 ≤ 𝑞ത௨ ≤ 200 kN/m2.   

The coefficient of unit end-bearing of PP pile is  and skin 
friction is  for cohesionless soils, while for cohesive soils is .  
The value of  is 363 for gravel, 363 for sandy soil, and 341 for 
argillaceous soils. The value of  is 0.62 and the range of  
values is 6 to 6.93. 

Other notation, Ab is cross sectional area of the pile tip (m2) 
and  is outer perimeter of the pile (m).  

The comparison of the unit bearing capacity equation for 
PP piles, bored piles, and driven piles is presented in Table 1.  

Table 1.  Comparison of unit end-bearing and skin friction for pp pile, 
bored, and driven piles (Beyruni et al. 2024).  

 Unit End-Bearing, 𝑞௕ 
(kPa) 

Unit Skin Friction, 𝑓௦ 
(kPa) 

Pile 
Types 

Cohesive 
Soils 

Cohesionless 
Soils 

Cohesive 
Soils 

Cohesion-
less Soils 

PP pile 341 N (1) 363 N 1.24-1.42 cu 
(1) 

6.2-6.93 N 
(2) 

Bored 
pile 

9 cu (3) 70 N (4)  cu (5) 3.1 N (4) 

Driven 
pile 

9 cu (3) 300-400 N (3)  cu (6) 2 N (2) (7) 

 Notes: (1) Argillaceous soils; (2) N<30 blows/30cm; (3) Meyerhof 
(1976); (4) Reese and Wright (1977); (5) Kulhawy (1986); 
Reese (1986); (6) API (1986); (7) Meyerhof (1983) 

Meanwhile, the calculation of the ultimate bearing 
capacity of PP piles for research purposes referred to the TACP-
0465 certificate because argillaceous soils were assumed to be 
closer to the characteristics of clay soil.   

The unit end-bearing capacity of a PP pile in argillaceous 
soils is 341 N, while for bored and driven piles in clay it is ± 45 
N (using cu ~ 5 N).  This shows that PP piles have a much higher 
end-bearing capacity than bored or driven piles in similar soils. 

2.2 PP Pile Load Transfer Mechanism 

Figure 1 a is a detailed illustration of the PP pile structure.  The 
PP pile consists of two structural components: The spun pile 
and the SCM column with diameter of the SCM column is 1.5 
times larger than the diameter of the spun pile.  This 
configuration creates two interface layers along the PP pile: the 
pile–SCM interface and the SCM–soil interface, which control 
where the load is transferred along the pile. 

Figure 1 b is the PP pile load transfer mechanism.  Q 
represents the external load applied to the spun pile.   Q′ and Q″ 
are the frictional loads carried by the SCM column and the 
surrounding soil, respectively.  These loads are mobilized from 
the external load through the two interface layers: the pile–SCM 
interface and the SCM–soil interface.  These friction loads can 
be determined using Equations (2) and (3). 

 

 
(a) 

 
(b) 

Figure 1.  (a) Detail of the PP pile Foundation System (b) PP pile load 
transfer mechanism.  

𝑄ʹ  ൌ  ௦1.𝐴௦ ௣௜௟௘ ௦௛௔௙௧    

𝑄ʹ  ൌ ௢௨௧௘௥ ௣௜௟௘ .
௝ୀ1
௠ 𝑅௜௡௧௘௥1,௝ . 𝑐௨ ௌ஼ெ,௝ . 𝐿௣௜௟௘ିௌ஼ெ,௝ (2) 

𝑄ʹʹ ൌ  ௦2.𝐴௦ ௌ஼ெ ௖௢௟௨௠௡ ௦௛௔௙௧ 

𝑄ʹʹ ൌ ௢௨௧௘௥ ௌ஼ெ . ௜ୀ1
௠ 𝐾0.௩. tan ௜ . 𝐿ௌ஼ெି௦,௜ ൅  

          ௜ୀ1
௠ 𝑅௜௡௧௘௥2,௜ . 𝑐௨,௜ . 𝐿ௌ஼ெି௖,௜ (3) 

 
௦1 is mobilized shear stress along the spun pile shaft 

(kN/m2), ௦2 is mobilized shear stress along the SCM column 
shaft (kN/m2), 𝐴௦ ௣௜௟௘ ௦௛௔௙௧  is surface area of outer spun pile 
(m2),  𝐴௦ ௌ஼ெ ௖௢௟௨௠௡ ௦௛௔௙௧ is surface area of outer SCM column 
(m2), ௢௨௧௘௥ ௣௜௟௘ is outer perimeter of the spun pile (m), 
௢௨௧௘௥ ௌ஼ெ is outer perimeter of the SCM column (m), Lpile-SCM 
is length of the pile segments contact with SCM (m), LSCM-s is 
length of the SCM column segments contact with cohesionless 
soils (m), LSCM-c is length of the SCM column segments contact 
with cohesive soils (m), K0 is soils at-rest coefficient, ௩ is soil 
vertical stress and 𝑅௜௡௧௘௥ is a strength reduction factor which is 
calculated using Equation (4). 

𝑅௜௡௧௘௥ ൌ
௦
௨

 (4) 

 
௨ is ultimate shear stress of soil (kN/m2). 

SCM column inside the spun pile does not affect skin 
friction capacity of the PP pile, but its self-weight contributes 
to the tensile capacity.   

3 METHODOLOGY 

The settlement behavior of PP piles was investigated through a 
full-scale field axial compression load test.  The tip of the PP 
pile was placed on hard soil with a strength ≥ that of the soil–
cement mixture (SCM).  This placement ensures that the spun 
pile, with its tip effectively “floating,” is fully supported by the 
underlying SCM, allowing the hypothesis concerning the 
potential presence of clay deposits at the borehole base to be 
properly examined. 

The spun pile, produced by PT Wijaya Karya (WIKA) 
Beton Tbk, had a concrete compressive strength of 72 MPa, an 
outer diameter of 500 mm, a wall thickness of 140 mm, and a 
planned length of 15 m.  The SCM column is 750 mm in 
diameter and 15.75 m deep. The test was conducted at the 
Subang concrete factory of PT WIKA. 
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3.1 Installation method 

PP pile installation method followed the provisions in the 
TACP – 0465 certification, which consists of 3 stages of work 
that can be seen in Figure 2: 
1. Drilling: This process aimed to break up or loosen the soils 

using a specialized PP pile auger. 
2. Soil-cement mixing: the water to cement ratio (w/c) of the 

cement paste was 0.6, and the proportion of cement used is 
300 kg per cubic meter of soils. The cement paste flowed 
through drilling rod and sprayed out from the tip of the drill 
bit.   

3. Pile insertion: The spun pile was lowered through the 
borehole filled with SCM slurry under its own weight. If it 
encounters obstacles, the spun pile can be slowly rotated 
until it reaches the planned depth.  

  

Figure 2.  Step-by-step installation process of prebored and precast pile 
which refers to the provisions of the hyper-straight pile method: (a) 
Drilling, (b) Soil-cement mixing, and (c) Lowering the precast spun pile 
(Beyruni et al. 2024). 

3.2 Soil Investigation 

Extensive geotechnical investigations provided the analysis's 
supporting data. Three meters east of the pile load test site was 
where the soil study was conducted.  The field tests undertaken 
included: continuous coring borehole drilling, Standard 
Penetration Test (SPT), Cone Penetration Test with water 
pressure measurement (CPTu), and Pressuremeter Test (PMT) 
at a depth of 15 meters.  The following laboratory experiments 
were also carried out: consolidation, unconfined compressive 
strength (UCS) test, direct shear test, consolidated undrained 
triaxial (CU triaxial) test, and soil index properties. 

To evaluate the strength of the SCM material, a full-scale 
SCM column without spun pile was constructed in the field for 
UCS test core sampling, located 3 meters south of the soil 
investigation site, Figure 3 d.  Core samples were taken from 
the SCM column by drilling after 28 days of curing, and UCS 
tests were conducted in the laboratory the following day.  The 
core samples were taken at depths of 4.5 m, 7.5 m, 9.5 m, 12.5 
m, 13.5 m, and 14.5 m. 

3.3 Instrumentation and Test Pile Installation 

The static load test was equipped with additional instruments to 
fully observe the performance of the PP pile, as shown in Figure 
3 a to c.  Strain gauges were installed at the same level in both 
the spun pile and SCM column at the following depths: 1.50 m, 
5.00 m, 8.55 m, 9.55 m, 11.00 m, 12.00 m, 13.00 m, and 14.55 
m (Figure 3 a).  Tell-tales were installed inside the spun pile 
and SCM column to directly observe the settlement. Tell-tales 
were installed in the spun pile at depths of 9.00 m, 11.50 m, and 
15 m (at the pile tip) (Figure 3 b), while in the SCM column at 
depths of 1.50 m, 9 m, and 15 m (Figure 3 c).   Spider magnetic 

extensometers were installed in the soils at the same depths as 
the strain gauges, and located 0.5 m from the test pile.  

In the SCM column, the instruments were temporarily 
attached to the spun pile so that their installation could occur 
simultaneously with the spun pile installation. Once the process 
was finished, the instruments were released, Figure 4. 

Strain gauges inside the SCM column were attached to a 
¾ inch PVC pipe with an outer diameter of 26 mm and a 
thickness of 1.8 mm, following the method that was used by 
Duan et al. (1994), Liu et al. (2010), and Zhou (2015).   This 
method is suitable if the rigidity modulus of the PVC pipe 
(EAPVC) is smaller than the SCM column modulus (E50ASCM).  
In this test, the value of EAPVC was 4.11x102 kN and E50ASCM 
was 2.35x104 kN.  (APVC = cross-section area of PVC pipe, ASCM 

= Cross-section area of outer SCM column, E = Modulus of 
elasticity, and E50 = Modulus elasticity at 50% of the peak 
stress). 

 

 
Figure 3.  PP pile instrumentation: (a) Position of strain gauges inside 
the spun pile and SCM column; spider magnetic extensometers inside 
the soils, (b) Position of tell-tales inside the SCM column, (c) Position 
of tell-tales inside the spun pile and at the pile tip, and (d) SCM column 
for UCS test core samples (Beyruni et al. 2024). 

 
Figure 4.  Method of installing strain gauges and tell-tales into SCM 
column (Beyruni et al. 2024). 
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3.4  Static Load Test Procedures 

The static axial compression load test was conducted using a 
Quick Load Test (QL test) method, employing a kentledge 
system for load application in accordance with ASTM 
D1143/D1143M-07 (Reapproved 2013).  The spun pile head 
was directly subjected to the test load, which was progressively 
raised.  Additionally, a load cell was employed to guarantee 
precise load transmission to the PP pile sample.  The test setup 
can be seen in Figure 5. 

To ensure that the test load is distributed uniformly 
throughout the spun pile's cross-section, a pile cap measuring 
0.8 m x 0.8 m x 0.65 m was built at the spun pile head.  

The loads were applied in increments of 5% of the target 
load to accurately measure pile displacement and load-bearing 
capacity.  After completing each loading cycle, the pile was 
unloaded, with displacement readings taken at 5 to 10 load 
intervals.  During both the loading and unloading Cycles, the 
loads were held for 0.5, 1, 2, 4, 8, and 15 minutes to record 
measurements from the strain gauges, tell-tales, and spider 
magnetic extensometers.   

The target load was calculated using the PP pile bearing 
capacity (6467 kN) and compared with the bored pile capacity 
(2184 kN). Since the bored pile capacity was lower, the load 
increments during testing were based on it to ensure safety if 
the target load was not achieved.  

 
Figure 5.  Full-scale static axial compression load test setup (Beyruni 
et al. 2024). 

4 TEST RESULTS 

4.1 Soil Investigation 

The soil profile can be seen in Figure 6.  Based on the soil 
investigation, the soil profile to a depth of 15 m exhibited a 
Plasticity Index (PI) of 25–30% and a Liquid Limit (LL) of 50–
60%, Table 2.  According to the Unified Soil Classification 
System (USCS) (ASTM D248, 2017), the PI and LL values 
indicated that the soil type was inorganic clay of high plasticity.  

A Pressuremeter Test (PMT) was conducted at a depth of 
15 m below ground level, corresponding to the tip of the PP pile 
sample. At this depth, the soil was classified as very dense gray 
clayey sand with an N-SPT value is greater than 60.  The 
pressuremeter test results indicated a Menard modulus (EM) of 
1.19 × 10⁵ kPa and a limit pressure (PL) of 4.89 × 10³ kPa. 

4.2 SCM Cores Strength and Stiffness 

Three connected charts outlining the characteristics of soil-
cement mixture (SCM) core samples are shown in Figure 7.  In 
Figure 7 a, stress–strain curves from unconfined compressive 
strength (UCS) tests show two behaviors: five samples display 
typical brittle failure with peak UCS values (qu) of  ± 2.5 - 4.5 
MPa, while one sample from 14.5 m depth (red curve) shows 

the lowest yield stress at 1.47 MPa but continues strain 
hardening to 2.53 MPa.  This indicates the structure of SCM 
material yielding without complete disintegration.  For 
analysis, 1.47 MPa is taken as its compressive strength. 

 
Figure 6.  Geotechnical soil profile of the study site versus depth: (a) 
SPT N-Values and CPTu cone end resistance (qT), (b) Fines content, 
and (c) Natural water content (wn) and Atterberg Limits (LL and PL) 
(Beyruni et al. 2024).  

Table 2.  Summary of soil laboratory test results per layer according to 
depth: undrained shear stress (cu), Fines content, and Atterberg limits 
(LL and PL). 

Layer cu Fines LL PL PI 
(m) (MPa) (%) (%) (%) (%) 
0 - 5 0.05 – 0.1 > 70 60 30 30 

5 - 8.55 0.1 – 0.15 > 70 60 30 30 
8.55 - 11 0.15 – 0.25     
11 - 13 > 0.25     

13 - 14.5  50 50 25 25 
14.5 - 16.5      

Figure 7 b shows unconfined compressive strength (qu) 
decreasing from ± 4 MPa at the surface to ± 1 MPa at 14.5 m 
depth, with strength classifications of “very weak rock” (1 - 5 
MPa) according to Hawkins and Pinches (1992). 

Figure 7 c illustrates how the modulus of elasticity (E₅₀) 
varies with depth.  Similar to the strength profile, E₅₀ generally 
decreases as depth increases, ranging from approximately 500 
MPa near the surface to around 100 MPa at a depth of 15 m.  

The strength of the SCM material at the root protection 
zone is reflected in the UCS test core sample at a depth of 14.5 
meters.  

The average unconfined compressive strength (qu) of the 
SCM material from 0 - 10 m depth is 4.61 × 10³ kN/m², similar 
to the 4.7 × 10³ kN/m² reported by Taki and Bell (1998) after 
Hibino (1989), for SCM with 300 kg/m³ cement. However, the 
qu decreases steadily with depth, reaching 1.47 × 10³ kN/m² at 
15 m, likely due to clay deposits in the lower part of the column. 

 
(a)  Stress and strain curves of SCM material at various depths of 

SCM column 
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(b)  Unconfined compressive strength (qu) versus SCM column 

depth 

 
(c)  Modulus of elasticity at 50% of the peak stress (E50) versus 

SCM column depth 

Figure 7.  Mechanical properties and depth-dependent Characteristics 
of soil-cement mixture (SCM) core samples (Beyruni et al. 2024). 

4.3 Settlement of Pile and SCM column 

Settlement was indicated to occur only within the pile and the 
SCM column (Figure 8 a).  The extensometer measurements in 
the surrounding soils exhibited fluctuations of approximately ± 
5 mm.   However, this variation is still close to the instrument’s 
accuracy limit of ± 3 mm, it is assumed that no significant 
settlement occurred in the surrounding soils (Figure 8 b). 

The pile head load–settlement curve (Figure 9 a) was 
obtained from load cell and tell-tale readings.  In the 1st Cycle, 
the pile reached a maximum load of 3627 kN with a settlement 
of 75.52 mm, which is about 15% of the pile diameter greater 
than Terzaghi’s 10% failure limit.  After unloading, 67.80 mm 
of settlement remained. In the 2nd Cycle, the maximum load was 
4412 kN at 91.55 mm settlement, but the test was stopped when 
the load dropped to 4184 kN while settlement increased to 
118.04 mm, indicating failure. 

In the 1st Cycle, the SCM column settlement could be 
classified into four load range stages, as illustrated in Figure 9 
b. The first stage (at load range 0 - 500 kN), a considerable 
amount of settlement was recorded. The second stage (at load 
range 500 - 1594 kN), settlement occurred in the upper segment 
of the SCM column (0 - 11 m depth), while the lower segment 
(12 - 15 m depth) exhibited a slight upward movement, with its 
settlement remaining almost unchanged during the loading 
process.  The third stage (at load range 1594 - 2000 kN), the 
SCM column head and toe settled simultaneously.  A sharp 
decline in settlement was noted in 2000 kN.  Up to the end of 
the 1st Cycle, the SCM displayed upward movement in the 
fourth stage fourth stage (at load range 2000 - 3627 kN).   

At a test load of 2000 kN in the 1st Cycle, the SCM column 
moved upward, and the bilinear-plastic settlement curve 
changed slope (Figure 9 a). 

 
(a)  Pile and SCM column settlement 

 
(b)  Settlement in soil 

Figure 8.  Comparison of vertical displacement between the spun pile, 
SCM column, and soils in the 1st Cycle (Beyruni et al. 2024).   

5 DISCUSSION 

The bilinear-plastic settlement behavior in the pile head curve 
(A–C line in Figure 9 a) is similar to that described by 
Tomlinson (1994) for piles on weak porous rock.  The change 
in the curve is due to the breakdown of the weak rock.  

In the 1st Cycle, the pile head showed linear plastic 
settlement without a distinct ultimate load, resembling the “soft 
base” condition at a bored pile tip reported by Woo and Moh 
(1990).  Such behavior is often linked to soil deposits from 
inadequate base cleaning.  In this study, the settlement–load 
curve shape and the reduction in qu and E₅₀ of the SCM from 9.5 
m to 14.55 m (Figure 7 b and c) indicate the presence of clay 
lumps at the borehole base that may not have fully mixed with 
the cement paste. 

The SCM below the spun pile tip settled and compacted 
because it was confined by a very dense grey clayey sand layer 
(N-SPT > 60) acting as a strong base.  Consequently, the SCM 
was displaced upward along the outer surface of the PP pile 
shaft.   

Settlement that only occurred in the SCM material below 
the spun pile can be judged by comparing the stiffness of the 
SCM at the tip (E₅₀ SCM toe) with that of the original soil at the 
base (E₅₀ soil base).  If E₅₀ SCM toe is equal to or less than E₅₀ soil base, 
most settlement occurs in the SCM. The relationship between 
soil stiffness and pile load-bearing capacity was examined in 
the research by Zahedi and Soltani-Jigheh (2022).  Here, the 
SCM layer was thin (0.75 m) compared with the 5.75 m-thick 
dense layer below (15.75–20 m depth; Table 3), consistent with 
the “Perloff approximation” (U.S. Army Engineering Manual, 
1990) over stiff or dense soil.  Based on Baguelin et al. (1978), 
for soil at 15 m depth with EM = 1.19 × 10⁵ kN/m² and limit 
pressure PL = 4.89 × 10³ kN/m², the equivalent E50 soil base is 
1.19 × 10⁵ kN/m². 
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(a)  Pile head versus toe settlement 

 
(b)  SCM column settlement 

Figure 9.  Settlement of the spun pile and SCM column (Beyruni et al. 
2024). 

Table 3.  Modulus of elasticity of the soil below the PP pile tip 
Depth Soil desc. N PI cu E50, x105 
(m)   (%) (kN/m2) (kN/m2) 

14.5-16.5 Clayey Sand 100   1.19 
16.5-17.5 Claystone 48 30 288 1.44* 
17.5-18.5 Claystone 81 30 486 2.43* 
18.5-21.5 Claystone 100 30 600 3.00* 

*E50 / cu = 15000 / PI (Duncan and Buchignani, 1976) 
 

 
Figure 10.  Stress on pile tip (Beyruni et al. 2024). 

From Figure 9 b, during the first cycle, settlement at the 
SCM column toe that had been constant at load ranges of 500 
kN to1594 kN, began to settle when the pile head load increased 
from 1594 kN to 2000 kN.  Beyond 2000 kN, the SCM column 
moved upward.  If the relationship between pile-tip stress (σtoe) 
and pile head load is plotted as in Figure 10, for qu of the SCM 
material at the borehole base of 1470 kN/m², the estimated load-
bearing capacity is approximately 1400 kN.   Since the load is 
nearly equal to 1594 kN, it can be said that at pile head, the 
SCM capacity below the pile tip was surpassed at load ranges 
between 1400 kN and 1594 kN. 

6 SUMMARY AND CONCLUSION 

A distinct phenomenon occurred in the PP pile compared to 
conventional foundations: dynamic load transfer through the 

double interface layers.  During the elastic settlement phase, 
displacement along the PP pile shaft occurred at the SCM–soil 
interface, meaning that the load was shared simultaneously by 
both the spun pile and the SCM column.  In the linear plastic 
settlement phase, however, significant strain developed in the 
spun pile, causing the displacement location to shift to the pile–
SCM interface. 

The reduction of the SCM material strength at the bottom 
of the SCM column indicates that sedimentation has occurred 
at the borehole base due to clay deposits.  To address this, the 
spun pile can be seated directly on the borehole base. Beyruni 
et al. (2024) presents this static axial testing and results in 
greater details. 
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