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ABSTRACT

This study presents an experimental investigation into the industrial foundation piles. The research carried
out employed both destructive and non-destructive testing methods to evaluate the concrete compressive
strength and flexural strength capacity of the piles under monotonic loading. The Destructive Test (DT)
involves a 28-day cylinder concrete compressive test, while the Non-Destructive Test (NDT) utilizes the
Ultrasonic Pulse Velocity (UPV) and Rebound Hammer (RH) tests. The flexural strength test is conducted
using a loading frame, and the results are compared to the GeoPIV-RG, which measures the displacement
during the test. The experimental investigations provide insights into the behavior of pile joints when
subjected to monotonic load in soft and loose soil. The results indicate a significant difference between the
compressive strength obtained from the DT and NDT, with a ratio of 0.64-0.74. Furthermore, the failure
occurred at the joints, rather than the welded area, with the ratio of the initial stiffness of the piles with
joints to the monolithic pile being 0.15 for zig-zag welded and 0.30 for circular welded, and reaching an
average value of 0.225. According to the GeoPIV-RG result, the displacement is similar to the flexural
strength test result.

Keywords-monolithic; welded; industrial pile; destructive test; non-destructive test; compressive strength;
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I. INTRODUCTION

Indonesia is situated in an earthquake-prone region.
Structures in this area are subjected to substantial cyclical
lateral forces as well as vertical loads emerging from the
structure itself during a major seismic event. Furthermore, soft
ground structures can amplify shaking, as the soft soil response
is doubled from a distant earthquake epicenter. Pile
foundations, a deep foundation type widely employed in
construction, are utilized when the surface soil is unable to
support the building or structure weight. The flexural strength
performance of concrete pile foundations has been
internationally investigated [1-5]. Based on geotechnical
assessments, a pile foundation is necessary to support a heavily
loaded building column. Several factors, including soil
conditions, the superstructure's high inertia force, improper pile
design, and inadequate pile jointing, can result in pile
foundation damage during an earthquake. Despite their
widespread use and technical maturity, typical prestressed
concrete pipe piles have certain drawbacks, such as the
potential for joint failure. Numerous studies have been
conducted to examine the impact of seismic events on pile
foundation behavior. For instance, the findings of the Loma
Prieta and Northridge earthquakes revealed that significant
damage had been caused to the pile foundation or substructure
[6, 7-13].

Reinforced concrete piles are commonly utilized as
foundations for land buildings requiring high-quality cement
and seaside structures [14]. The installation of lengthy precast
concrete piles can be problematic, possibly leading to certain
issues, such as carrying costs, considerable pile weights, and
cracking during handling. To address these challenges, shorter
pile lengths are spliced together. Furthermore, precast concrete
joint piles exceeding 12 meters are necessary in construction
due to the growing number of floors and the extensive
employment of pile foundations in soft soil conditions. Various
connection methods can be applied to piles, including
mechanical splices, welded splices, epoxy-bonded splices,
grouted splices, and bolted splices, each presenting unique
considerations [15-17]. Several factors influence the overall
effectiveness of a given splice, such as the size range, field
splicing time, approximate cost, accessibility, construction use,
structural performance, and structural integrity [18]. It is worth
mentioning that the splicing of pile foundations must meet the
requirements for compressive, tensile, and moment forces, as
well as those for lateral forces resulting from external loads and
the weight of the superstructure, to prevent connection failures
[16,17,19].

Previous studies have shown that reinforced concrete piles
with inadequate splicing details, particularly at the pile-to-pile
cap connection, can lead to poor performance of the pile
foundation system [10]. Furthermore, many piles appear to
have failed due to insufficient core concrete confinement and a
lack of careful detailing in the splicing process. The effect of
welded splices was investigated with a predetermined gap on
concrete spun piles using Pile Integrity Testing (PIT) [15]. The
ability of the entire welded splice to transmit stress wave
velocity was demonstrated. Despite the development of a

reflecting wave at the splice, the reflecting wave at the pile toe
can serve as an indicator of a well-executed welded splice.

Prior research has typically focused on the mechanical
characteristics of precast piles, while splicing has received less
attention. The pile material type, required splice strength, and
project-specific requirements all influence the various existing
pile splicing techniques [20]. Welded splices are widely used in
Indonesia due to their cost-effectiveness and versatility. The
key performance indicators for precast piles in deep foundation
pits are their flexural and shear behaviors [21]. Furthermore,
former research has outlined that the primary cause of pile
failure is often their flexural behavior [22. 23]. This study aims
to investigate concrete quality using DT and NDT, flexural
capacity utilizing flexural strength tests, and the failure
mechanism of two types of concrete pile foundations, namely
monolithic piles without joint connections and welded piles.
The experimental investigations provide insights into the
behavior of the joint when subjected to monotonic loads,
particularly in soft soil conditions.

II. MATERIALS AND METHODS

This study employed an experimental research design
involving multiple components, like a survey to gather data on
typical industrial foundation piles, manufacturing of the piles in
a dedicated concrete pile factory, compressive strength testing
of the concrete using both DT and NDT, flexural strength
testing of the piles, and the subsequent data analysis.

A. Industrial Concrete Pile Specimen

Industrial concrete piles are manufactured based on the
specifications of a foundation concrete pile in a factory setting.
There are three types of specimens: monolithic, with zig-zag
welding connection, and with circular welding connection.
Each type consists of two specimens. The monolithic
specimens have dimensions of 40 x 40 x 250 cm, while the zig-
zag and circular welding connection specimens have
dimensions of 40 x 40 x 125 cm. The zig-zag and circular
welding connection specimens are characterized by male and
female parts, as shown in Figure 1. These male and female
parts are connected and welded using zig-zag and circular
welding styles, as depicted in Figure 2, resulting in a total pile
length of 2.5 m. Concrete compressive strength is 40 MPa. The
piles utilized four seven-wire prestressed strands of Grade 270,
with a diameter of 12.7 mm, as longitudinal reinforcement, and
6 mm steel bars with a yield strength of 240 MPa as circular
transverse reinforcement. The specification of the piles is
presented in Table L.

40 40 40
250 250
250 40
40 40
Unit: cm
(a) (b) (c)
Fig. 1. Industrial concrete pile specimen: (a) Monolithic, (b) female, and (c)

male.
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Fig. 2. Welding type: (a) Circular and (b) zig-zag.

TABLE L. SPECIFICATION OF PILES
Specification of pile
Concrete Compressive Strngth (f;) 41.5 MPa
Yield strength of steel bar (f,) 240 MPa
Ultimate strength of 7-wire strand (f;,) 1860 MPa
Cracking Moment 16.32 t.m
Ultimate Moment 7.55tm

B. Compressive Strength: DT and NDT

The compressive strength of concrete is evaluated through
the adoption of two methods: the DT using 28-day cylinder
concrete compressive testing and the NDT employing UPV and
RH techniques. The UPV test, an NDT approach, estimates the
hardness of concrete by measuring the velocity of UPV waves
propagating through the material. This provides insights into
the concrete's uniformity, quality, and the potential presence of
voids or cracks, which is crucial for determining the
effectiveness of crack repair. The UPV testing procedure
involves identifying the object to be tested, calibrating the
equipment, measuring the travel time, and calculating the wave
propagation speed. The results are expressed as a propagation
speed index, demonstrating the concrete's quality as a building
material. The UPV testing was carried out in compliance with
the codes for testing concrete in structures [24-27]. The non-
destructive UPV test utilizes a receiving transducer to
accurately detect the arrival of an earlier pulse component. An
electro-acoustic transducer generates a robust longitudinal
vibration pulse that propagates through the concrete, eliciting a
complex stress wave system comprising longitudinal and shear
waves. The transit time (7) of the pulse is precisely measured
using an electronic timing circuit, and the wave propagation
velocity (v) of longitudinal waves in the concrete can be
confidently calculated based on its elasticity and density
properties, as described by:

} E(1-p)
= _— 1
v p(1+u)(1-2p) M

The modulus of elasticity, denoted as E and a value of
4700\/fc’, represent concrete resistance to deformation. The
density, p, is obtained by calculating the ratio of the concrete's
mass to its volume, having a value of 2200 kg/m3. The UPV, V,
is determined by dividing concrete thickness by the travel time
of the UPV. The Poisson's ratio, u, typically ranges from 0.15
to 0.20 for normal concrete. Concrete quality is assessed based
on the guidelines established in IS 516, while its uniformity is
evaluated in accordance with SNI 03-6825-2002 [26-28]. In
this study, the UPV test was performed following the indirect
transmission method.

The RH test tool is employed to assess the consistency of
concrete hardness, which is linked to its compressive strength.
In accordance with ASTM C805, the device should be utilized

to acquire ten measurement points within each test area,
maintaining a minimum spacing of 25 mm between each point.
After the experienced impact, the concrete surface must be
inspected, and if the impact compromises or damages the
surface due to air voids, the reading should be invalidated, and
an additional measurement point should be taken. Readings
that deviate by more than six units from the average of the 10
measurement points should be disregarded, and the average
value should be calculated based on the remaining valid data
points [29]. If more than two measurement points differ by
more than six units from the average value, the entire set of
readings should be canceled, and the rebound number should
be determined for ten new measurement points in the test area.

TABLE II. CONCRETE QUALITY BASED ON IS 516
Pulse velocity (m/s) Concrete Conditions
>4500 Excellent
Concrete quality 3500-4500 Good
3000-3500 Medium
<3000 Doubtful

C. Flexural Strength Test

Pile foundation flexural strength testing is carried out using a
loading frame, load cell, data logger, and hydraulic pump.
Flexural strength testing is for/addresses to monolithic, zig-zag
welded, and circular welded specimens. The setting for flexural
strength testing is presented in Figure 3.

D. GeoPIV-RG

The GeoPIV-RG system employs a MATLAB-based image
analysis module to provide sub-pixel measurement precision,
making it well-suited for examining problems involving
significant displacements and deformations. This technique is
commonly deployed to quantify deformation in granular
materials, such as soil or sand, through the application of
Particle Image Velocimetry (PIV). PIV relies on image
processing, whereby measurements are obtained by analyzing
flow recordings. In this study, the GeoPIV-RG software was
utilized to capture a series of images of the test material sample
and then track the movement of particles between the images
using an algorithmic approach. The material sample was
marked with random dots, representing the granular particles,
which were subsequently captured by the camera and
processed applying the GeoPIV-RG software.

III. RESULTS AND DISCUSSION

A. Compressive Strength: DT and NDT Results

NDT testing is performed to assess concrete quality without
compromising the sample's structure. The primary methods
utilized were the RH and UPV tests. The test result data are
presented in Tables IIT and IV. Based on the RH test results, the
average concrete compressive strength is 60.27 MPa for all
specimens with 80% reliability, while the average UPV
compressive strength test result is 52.41 MPa. The average
velocity is 3867.66 m/s, which, according to Table IV, exhibits
that concrete quality is good, with uniformity ranging from fair
to excellent.
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Fig. 3. Flexural strength test set up.
TABLE IIL RH TEST RESULTS Figure 4 illustrates the ratio of concrete compressive
strength derived from NDT methods compared to DT results.
Estimation of Concrete Reliability This ratio constitutes a crucial piece of information to obtain
No. | Average of RH Compreiswe Strength results similar to those attained from DT. It can be also inferred
kg/cm MPa % that the UPV test results are higher than the RH test results, and
1 48 581.75 57.05 80.00 closely approximate the DT results. It is recommended that the
2 50 631.86 61.97 80.00 ratio shown in Figure 4 be applied to multiply the compressive
3 50 624.70 61.26 80.00 strength derived from the NDT methods.
4 49 606.80 59.51 80.00
5 50 631.86 61.97 80.00 o
6 49 610.39 59.86 80.00 ) B 28-days Cylinder to RH Test
0.9 28-days Cylinder to UVP Test
TABLEIV.  UTLTRASONIC PULSE VELOCITY TEST RESULTS 08 | mias o tbato KL Test
2
iformi Z5 o
Average Concrete Quality Uniformity (l)ft Concrete : 2 0.7
Concrete Quality E2 06
No C . Average Std. S &=
ompressive . — .. » R
Velocity Description Dev. Description L& 05
Strength (MPa) £2°
(m/s) (%) 2 o4
1 49.80 3819.2 Good 31.22 Good < E ’
2 52.71 3874.2 Good 24.53 Very Good Ewn 03
3 5241 3867.6 Good 44.39 Fair = .
4 49.46 3812.6 Good 942 Excellent
5 54.71 3908.7 Good 53.30 Fair o
6 53.67 3891.8 Good 22.60 Very Good 0.0
7 54.13 3899.5 Good 35.19 Good Fig. 4. Ratio of concrete compressive strength based on NDT to DT
comparison.
In contrast, the 28-day Cylinder Concrete Compressive

Strength Test Results, shown in Table V, reveal an average
compressive strength of 38.68 MPa, lower than the RH and
UPV test results. These findings align with similar research
endeavors suggesting that the discrepancy between DT and
NDT tests may be influenced by concrete age and the presence
of reinforcement, which can enhance the estimated concrete
compressive strength [30-32].

TABLE V. 28-DAY CYLINDER CONCRETE COMPRESSIVE
STRENGTH TEST RESULTS
28-days Weight Load Concrete Compressive
Sample [€3) (kN) Strength (MPa)
1 11536 885 42.33
2 11720 755 3544
3 11602 800 38.26

B. Flexural Strength Test Results

The flexural strength test results portrayed in Table VI
reveal that the monolithic pile type in the experiment withstood
significantly higher loads compared to the piles with welded
joints, or remained in the crack phase without reaching ultimate
failure. In contrast, both the zig-zag and circular welded piles
exhibited similar maximum force capacities, averaging 20.25
tons and 21.78 tons, respectively. The average maximum
deformation for the zig-zag and circular welded piles was
18.785 mm and 20.51 mm, respectively. The flexural strength
test evidenced in Figure 5 indicates that the failure mechanism
of monolithic specimens may involve concrete and
reinforcement failure or flexural failure, whereas the welded
specimens experienced a separation of the concrete and pile
joints, rather than failure in the welding area. As illustrated in
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Figure 6, the relationship between load and deformation
highlights the superior load capacity and initial stiffness of the
monolithic piles compared to the welded piles. These findings
underscore the potential challenges encountered when the pile
is subjected to lateral loads and utilizes joints instead of a
monolithic design, emphasizing the need for careful
engineering to mitigate the risk of failure at the joints. In Figure
6, M denotes monolithic flexural capacity, ZZ the zig-zag
welded, CR the circular welded, V, the yield force, A, the
yield deformation, V},, the maximum force, A, the maximum
deformation, V; is the ultimate force, and A; is the ultimate
deformation. During testing, the monolithic piles were unable
to achieve/reach the yield stage until reaching the ultimate
stage because of a limitation of the test setup. Only a first/an
initial cracking is observed and based on these data, the initial
stiffness of the monolithic pile will be derived and utilized.

60
— : L, eeee. M-1
50 | S e
s | o
g 40| — 772
o
S i —==-CR-1
2 30 " ..... CR-2
g i
520 ] P Sug
! 24 ot
10 {57
)/ A L NP PP
J
0
0 10 20 30 40 50 60
Deformation (mm)
Fig. 6. Monolithic pile and welded pile flexural capacity under monotonic
load.
TABLE VL.  FLEXURAL STRENGTH TEST RESULTS
Pile | V, A, [ v | Am v, A,
Phase
type (t) (mm) (t) (mm) (t) | (mm)
M1 | NJA | NJ/A | N/A | N/A | N/A | N/A Crack
M2 | NJA | N/A | N/A | N/A | N/A | N/A Crack
7z-1| 18 | 95 | 1926 | 2665 | 18.74 | 28.06 | Crack, Yield,
Ultimate
772 | 195 | 79 | 2124 | 1092 | 19.80 | 20.10 | Crack, Yield,
Ultimate
CR-1| 203 | 64 | 2166 | 1434 | 185 | 3151 | Crack Yield,
Ultimate
CR2 | 175 | 45 | 2190 | 2668 | 18.97 | 3265 | Crack Yield,
Ultimate

Table VII demonstrates the initial cracking and failure
mechanisms of piles. Monolithic piles exhibit an initial
cracking in the middle of the beam, consistent with the
characteristic of beams exhibiting flexural failure. All welded
specimens displayed analogous behavior, since the piles

separated precisely at the joints but not at the welded
connections. These findings highlight the importance of
focusing on the strength of the joints, as this can enhance the
capacity of industrial piles subjected to lateral loads. In
situations where the soil is classified as loose and soft, lateral
loads can pose a significant challenge for piles, as they may
have multiple joints to penetrate the hard soil. Consequently,
the flexural strength test results were analyzed using idealized
force-deformation relationships to gain insights into the
stiffness characteristics, as displayed in Table VIII.

TABLE VII.  FIRST CRACKING AND FAILURE MECHANISM
Load in first
No| Specimens cracking Description
phase (t)
First Crack in the
! M-l 4561 middle of beam
First Crack in the
2 M-2 4002 middle of beam
Separation of
3 77Z-1 12.20 concrete and pile
joints
Separation of
4 77-2 12.40 concrete and pile
joints
Separation of
5 CR-1 15.55 concrete and pile
joints
Separation of
6 CR-2 12.34 concrete and pile
joints
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In Table VIII, K; refers to the initial stiffness, K, to the
effective stiffness, and @K, to the post-yielding stiffness. K; is
approximated from the secant of the force and deformation
before yielding, K, is estimated at a base shear force that is
60% of the effective yield strength of the structure, and lastly
regarding aK,, it is the secant of the force and deformation
after the yield stage. According to Table VIII, the zig-zag
specimens exhibit positive aK,, while the circular specimens
display both positive and negative aK,. The aK, of the welded
specimens varies, but the differences are not highly significant
due to the similar failure mechanism.

TABLE VIII.  STIFENESS BASED ON IDEALIZED FORCE-
DEFORMATION [33]
. K; K, aK
No Specimens ( t/mlm) ( t/mem) ( t/mr(;l)
1 M-1 10.17 N/A N/A
2 M-2 19.94 N/A N/A
3 77-1 2.33 1.89 0.04
4 772 2.17 247 0.02
5 CR-1 3.75 3.17 -0.07
6 CR-2 5.32 3.89 0.05

Table IX provides recommendations for designing and
calculating the capacity of piles subjected to soft soil
conditions. Based on the information provided in Table IX, the
coefficients for all-welded and monolithic piles can be used as
general guidelines when designing the capacity of piles.

TABLE IX. AVERAGE INITIAL STIFENESS RATIO OF
WELDED PILE TO MONOLITHIC PILE
No. Description Ratio of K;
1 Xzig—zag welded 0.15
_ an-nnh'rhir
Xcircular welded
2 —_—_— 0.30
)imn'nnh’rhl'r‘
3 )_(all welded 0.225
an-nnh'rhir
C. GeoPIV-RG

The GeoPIV-RG software is programmed to accurately
calculate the displacement of regularly spaced grid subsets.
Consequently, it requires an interpolation method to determine
the displacement of user-specified subset locations from the
regularly gridded output. Figures 7 and 8 illustrate the particle
image processing of the welded piles, ZZ-2 and CR-2.

The analysis demonstrates that the GeoPIV-RG
successfully captured the position and the contours of
displacement based on the sequence of images captured by the
camera until the specimen's failure. According to the GeoPIV-
RG results, the displacement of ZZ-2 was approximately 26
mm, while for CR-2, it was around 30 mm. This result is
consistent with the flexural strength test findings presented in
Table VI

IV. CONCLUSION

Numerous studies have examined the flexural capacity of
diverse structures, but less attention has been paid to the
flexural behavior and failure mechanisms of concrete

foundation piles, particularly to the comparative analyses of
monolithic piles and those featuring welded joints. These
experimental investigations offer insights into the response of
such joints when subjected to monotonic loading in soft, loose
soil conditions. Furthermore, limited research has explored the
concrete quality of factory-produced piles, especially by
comparing the Destructive Test (DT) and Non-Destructive Test
(NDT) methods. The present study aims to address these gaps
and provide comprehensive information on these topics. The
novel contributions of this research include the provision of
ratios derived from comparing DT and NDT techniques, the
ratio of initial stiffness between welded-joint and monolithic
piles, and the potential utilization of GeoPIV-RG to measure
displacement during the flexural testing of piles.

Vectorial Displacements
X (mm) X (mm)

Resultant Contours

100 80 -60 40 -0 O 20 40 &0 .o

-

0

Vectorial Displacements
X (mm)

Resultant Contours
X (mm)
60 &0 20 0 2 40 60 80

60 -0 20 0 20 40 60 80
| N 40 - {
40 il |
20 ‘ 25
20 ) } |
%
i o
© 1 20
20 b1 22 |
Sw
40 > 15
60 \ | =0
| i 10
~ 80
100 ¥ SRR 100 .
§ ! ek

120

Y (mm)

v

Fig. 8. Particle image processing of CR-2 using GeoPIV-RG.

The present study examined industrial piles deploying both
the DT and NDT compressive strength testing methods. The

www.etasr.com

Effendi et al.: An Experimental Study on Industrial Concete Pile Foundation in Soft Soil: Comparison ...



Engineering, Technology & Applied Science Research

Vol. 14, No. 6, 2024, 18608-18615 18614

results indicate that the NDT approach tends to yield higher
values compared to the DT method. Based on the DT to NDT
finding ratio, which ranged from 0.64 to 0.74, it is
recommended that a modification factor be applied to the
concrete compressive strength measurements.

The flexural strength tests on the piles revealed that the
failure occurred at the joints rather than the welded areas. The
ratio of the initial stiffness of the piles with joints to the
monolithic piles was 0.15 for zig-zag welded and 0.30 for
circular welded, with an average value of 0.225. It is
recommended that this initial stiffness ratio be incorporated in
the capacity calculation of piles subjected to lateral loads in
soft and loose soil with pile joints. Furthermore, the use of
GoePIV-RG in the flexural strength test or other structural
testing is suggested for the displacement to be obtained, as it
provides results similar to those of the flexural strength test.
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