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IDENTIFICATION OF DEFECTS OF THE PILES
WITH REFLECTED WAVES

Abstract. Using current mathematical models of wave processes does not allow
diagnosing defects in piles with sufficient accuracy. The necessity of creating of a
pile generalized dynamic model which would allow to receive more reliable signals
of wave processes in reinforced concrete piles has been substantiated. For
numerical simulation of dynamic processes, a flat scheme for an axisymmetric pile
based on the finite element method of “deep beam" within LIRA software complex
was used. Sand was chosen as the soil around the pile due to the fact that sand and
concrete characteristic impedance is very different, which provides a good echo
from the pile toe (from the interface of the media). A comparative analysis of the
results of mathematical modeling has made it possible to state that the most
informative (in terms of differences in the comparison of graphs from one another),
both for time signals and amplitude spectra, is the application of a horizontal impact
on the lateral surface near the border with the pile base and the signal recording
that comes to the speed sensors located in the vertical direction on the pile head
near the border with the lateral surface. This option will be thoroughly tested
numerically and experimentally in subsequent authors' studies.
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Introduction

The determinants of possibility of construction of high-rise residential and public
buildings on the allocated site are the soil composition and its bearing capacity. This
influences the choice of the footing type. According to the world practice, three basic
variants of footings are used in the high-rise buildings construction, such as: slab,
pile and slab-pile [1]. Solutions for many high-rise buildings in Moscow have been
implemented and are implemented on a slab basis with significant subsidence — up
to 20 cm and more. But the ratio of height to the width of the smallest base on these
objects does not exceed 4. If the value of this ratio is more than 6 in high-rise
buildings due to increasing of settlements and tilt, it can cause serious problems [2].
The prevention of the above problems is facilitated by the use of pile and slab-pile
footings, as well as technical means for supervision (monitoring) the house and its
separate elements [3] for timely management decisions making. German experience
suggests that before the 80s the high-rise buildings in Frankfurt am Main had been
built on a slab footing, and after the 80s years — on a slab-pile one [2, 4].

In Ukraine, for high-rise buildings, which are characterized by large loads on a
soil basis, in order to reduce settlement and tilts, the following variants of footings
are recommended: pile, deep supports of high bearing capacity (such as "barrettes",
etc.), slabs, including increased stiffness (boxed), combined slab-pile according to
the standards [5]. The above facts show that the higher and the more complex the
building is, the more appropriate is the use of footings based on piles. At the same
time, as for the high-rise buildings, the standards [6] do not allow to use those types
of piles in which it is impossible to control the quality of their arrangement and
reinforcement throughout the depth. Let us consider the existing methods of
technical condition of reinforced concrete structures and feasibility analysis of their
use for the piles diagnostics.

Reinforced concrete piles, unlike other reinforced concrete structures, have
several features. At first, access to grounded piles is limited to one free end and a
lateral surface, the total area of which, as a rule, does not exceed 5-10% of the total
area of the pile surface. Secondly, in the process of reinforced concrete piles placing
in the soil, defects such as bugholes, weakening of neck intersection, breaks of the
bearing, thickening of the bearing or cambers for drill piles; may appear in the soil
not characteristic of other types of reinforced concrete structures; scratching, slant
fractures and breaking piles with the displacement of their pieces into the ground —
for the spud piles. Thirdly, solidifying of the concrete mixture of piles in its upright
position leads to unevenness of the impact of its own weight of the pile along its
length. As a result, the heterogeneity of the design is possible — the physical and
mechanical properties of the concrete along the length of the pallets can vary
significantly, which directly affects the stiffness of the building [7].

Main part

The methods for reinforced concrete piles technical condition assessment in terms
of the above features are subject to certain limitations compared with standard
diagnostic methods developed and applied for most types of reinforced concrete
structures. Let's consider some of them:

Mechanical methods of non-destructive control of reinforced concrete structures
are based on the connection between the strength of the concrete and the indirect
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strength characteristics (the value of hammer rebound resiliency; the value of local
failure effort of concrete during removal of anchor device from it; the value of the
effort necessary for the local destruction of concrete during a break of a glued metal
disk from it; the size of the impression on the concrete when the indenter is pushed
into the concrete surface, etc.) according to the predefined grading dependencies.
However, the above methods give an idea just of the technical condition of concrete
areas of reinforced concrete structures which were tested. The quality of concrete
mixture laying in the pile is also checked using radioisotope and ultrasonic methods
(pulsed and echo method).

Radioisotope methods. There are three schemes for concrete mixture solidity
monitoring in the well, based on the radioisotope method:

e The investigated medium (concrete) is located between the radiator (usually
radioactive isotopes C$%nd C237) and the receiver (gas discharge and scintillation
counters). At the same time the pile bearing axis in the diametrically opposite points bore
two test wells are drilled. In one of them the radiator is put, and in the second — the
receiver. In the course of concreting, the bearing shines in its fixed points along its height;

e Instead of two or three longitudinal bars of the armature frame the gas pipes
are installed. One of the tubes down the emitter, in the second — the receiver;

e The radiator and receiver are in the same capsule — radio sounder. This method
is based on the Compton effect.

The described methods have a number of shortcomings; in particular, there is no
continuous control over the continuity of the concrete mixture, which is checked
only in part of the cross section of the pile.

Ultrasonic pulse method. Ultrasonic pulse method has been widely used since the
70s of the last century in order to control the piles quality [7, 8]. This method is based
on the relationship between the speed of ultrasonic vibrations spread in concrete and
its strength. It is most often used for solving problems of determining the strength
characteristics of non-metallic building materials and concrete materials test.
Measurement of informative parameters is performed by the through sonic test
method, when the converters are placed coaxially from the opposite sides of the
controlled product, or by the surface sounding method — when the transducers are
placed at a fixed distance (sounding base) on the surface of the product [8].

The basic document regulating the definition of the concrete strength on
compression by the ultrasonic method is GOST 17624-87 [9]. The ultrasonic pulse
method is standardized and widely used in other countries (DIN 1048 p.2, ISO / DIS
8045, EN 124398, BS 1881-201: 1986, etc.).

The main advantage of this method is that testing a large number of sites doesn’t
take much time. Its essential limitation is that it is used mainly to control the strength
of concrete structures with open access. However, access to reinforced concrete piles
immersed in the soil is minimal, that greatly limits the possibilities of this method in
determining the strength of concrete in piles, in the conditions of their heterogeneity.

Echo method. According to the classical scheme of the method, an electrically
acoustic transducer radiating placed on an accessible surface excites a compression
wave in the object. Distributing through the product, it is reflected from defects,
heterogeneities, boundaries of the construction. The receiving transducer, mounted
on the same surface near the transmitter, receives reflection, converts it into electrical
signals that enter the recording equipment. For the registration and analysis of wave
processes in the control object in most of the serial defect detector an oscillographic
method is used [10].
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However, reinforced concrete as a material for control by acoustic methods has
its own characteristics, in particular heterogeneity. Concrete-bonded fillers and
steels create heterogeneity in the size up to several tens of millimeters, on which a
short ultrasonic wave will disperse (the dispersion of the wave energy), and as a
result — extinguish intensively. The experimental analyses of the frequency
dependence of ultrasonic oscillations extinction coefficient on the concrete
composition have demonstrated that the main energy of the probing signal should be
concentrated in the frequency band below this range. At such frequencies, the
wavelength of the signal is several centimeters. Such waves correspond to
frequencies of 25-100 kHz.

There are devices for working with concrete that use frequencies of the above
order. Their practical tests demonstrate that accurate results with their help can be
obtained only for piles, the length of which does not exceed 6 m. It is practically
impossible to increase the power of the probing pulse by increasing the amplitude of
the electric impulse that is excited by the piezo-radiator. This amplitude limits the
intensity of the alternating electric field, which can be sustained by a piezoceramics
without breakdown.

Summing up the abovementioned, one can conclude that any of the standard
methods of quality control of reinforced concrete constructions does not meet the
requirements for conducting technical control of piles immersed in soil to the full
extend. The only promising way out of the situation is a development of new
diagnostic methods that would take into account all the specifics of the complexity
of work with concrete piles in the soil. These are methods that use low-strain
integrity testing: impact-echo, pile driving analysis, dynamic testing, parallel seismic
test, impedance log test, etc. The most common modification of this method is the
impact echo method (in the terminology [10]), known in the world under the name
impact-echo. This method proved to be the most suitable for wide application in
assessing the technical condition of reinforced concrete piles constructed in the soil.

Impact echo method is the improved ultrasonic pulse echo-method. Its main
difference is that the pulse excitation is performed not with a piezo radiator, but with
a special impact device. Typically, such a device is conventional hammers weighing
from several hundred grams to several kilograms with replaceable caps [11]. The
diagram of the impact echo-method is shown in Fig. 1.

Dynamic analyzer of signal

Signal conditioner (prior to data
transfer for processing)

Impact l Converter

Concrete ¥~ Vertical transfer of reflected
stress wave

Fig. 1 — Impact echo method outline diagram
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Works by Sansalone, M.J. and her co-authors [12] subsequently contributed in
making up of regulatory documents by the American Society for Testing and
Materials (ASTM) [13, 14]. Further research on this topic is reflected in the works
of Liao [15]. They aimed to explore the possibility of different approaches to their
excitation using the theoretical model of wave processes transfer in the piles:
dynamic testing, parallel seismic test, impedance log test. All these approaches, like
impact echo method, have been tested in practice. The use of impact echo method in
order to determine the continuity of long concrete piles was theoretically and
practically proved in Argentina under the supervision of Ambrosini D. [16]. As the
theoretical model, Ambrosini used the same model of wave processes transfer as
Liao, but summarized it by substantiating the possibility of using this model together
with the apparatus of impact echo method for flaw detection of piles having a relation
between length and diameter of about 40.

According to the State Construction Standards of Ukraine DBN B.2.2-24: 2009
[6], the diameter of the piles should be at least 620 mm while the length is up to 25 m
and not less than 820 mm while the length is over 25 m. This means that the ratio
between the length and diameter of piles for high buildings varies from 30 to 40. It
was previously thought that the echo method can be useful only in the case when the
relationship between the length and diameter of the pile does not exceed 20 [16],
therefore the results obtained by Ambrosini are of great significance for the
diagnostics of reinforced concrete piles of high buildings foundations. There are also
devices in Ukraine that implement impact echo method, although they are not in full-
scale production. This is TKS-1, developed by the State Enterprise "State Research
Institute of Building Constructions”(SRIBC) and KSDK-3.3, developed by the Kyiv
National University of Civil Engineering and Architecture (KNUCEA) [17]. The
disadvantage of the TKS-1 device, as well as its Russian analog, is the lack of
theoretically valid criteria for the identification and classification of defects in the
surveyed reinforced concrete piles. Decision making as for the quantitative and
gualitative characteristics of defects in a pile is a responsibility of the operator whose
input information is only for the time and spectral characteristics of the signal
received by the device. The essence of the spectral processing is to determine the
fundamental frequency of oscillations, which corresponds to resonance along the
entire length of the pile. If there are defects in concrete, additional frequencies are
determined. They correspond to resonances along the length of the pile relative to
these defects. The theoretical models used by researchers of piles diagnostics are
represented in Table 1.

Insufficient efficiency of the piles integrity express test on the basis of time
processing of the impact pulse due to the difficulty of obtaining the echo signal from
its base is shown on the example of composite piles [20]. Fig. 2, a, Fig. 2, b shows
the results of time and spectral processing of the composite piles signals using the
TKS-1 device. The time signal (Fig. 2, a) allows to detect the reflection only from
the piles junction (4.1 ms), whereas the frequency peaks of 120 Hz and 260 Hz which
correspond to reflection from the base and from the junction were reliably recorded
in the spectra of the signal (Fig. 2, b).
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Table Ne 1 — Wave processes modeling in state-of-art and world technologies
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Fig. 2 — Results a) time domain and b) spectral processing of composite pile

using TKC-1 Device, SE «SRIBC»
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Summarizing the analysis of the works by principal local and foreign researchers
in the field of evaluation of the technical condition of reinforced concrete piles for
the foundations of high-rise buildings and structures, the following conclusions can
be made:

1. Today, the technology of ground-based reinforced concrete piles control is
based on the excitation of the low-frequency pulse wave with the subsequent
recording of the time characteristics of its distortion by receivers installed on the
surface of the pile. The results by Kim [19], Liao [15] Ambrosini [16] and other
researchers have shown that the impact echo method can be used for diagnostic
operation of reinforced concrete piles with a ratio of length and diameter of about
40, that is typical for piles of high-rise buildings foundations.

2. The theoretical models of wave processes (Table 1) used by Liao [15],
Ambrosini [16] and Kim [19] are the same, and the results obtained by them are not
fundamentally different. In order to raise the level of technology of control of
ground-based reinforced concrete piles to a fundamentally new level, it is absolutely
necessary to improve existing models.

3. In order to identify and classify defects in piles, a new theoretical basis must
be developed [21-24] and corresponding well-founded criteria as well; otherwise the
decision on the availability of these defects and their characteristics completely
depends on the qualification of the operator — the "human factor”. That is, when
using the same equipment and test instrumentation on the same pile case, it is
possible to obtain different, sometimes opposite, conclusions that will directly affect
the reliability of the building that will be erected on this pile field.

Mathematical and numerical simulation

To simulate the processes taking place in the pile, we use a flat circuit for an
axisymmetric pile. The flat model we build on the basis of finite elements of the
"deep beam" type. We assign the number and size of the elements of the model. We
select the dimension of the elements due to the following considerations: the
elements of the model that correspond to the soil may be larger in size, since the
accuracy of the calculation of the inner processes is not important; the elements of
the model corresponding to the pile, on the contrary, are small enough to provide a
rather high accuracy of calculations and an easy remodeling. The length of the piles
will be equal to 12 m, the diameter will be 0.8 m. The piles consistency is equal to
2500 kg/m, elastic module is 3x108 t/m?. Sand was chosen as the ground around the
pile; it is typical for modern high-rise buildings in Kiev, being built on hydraulic fill.
Such soil choice is also due to the fact that the sand and concrete characteristic
impedance is very different, which ensures a good echo from the pile toe (from the
interface of the media). The soil consistency is 1.66 t / m3, and the elastic modulus is
2.4 x 10° t/m?. Based on these considerations, we select the size of the elements of the
soil mass, place them in such a way that they together form the soil mass 3 m-15m
on both sides of the pile, as well as to the depths 3 m below the pile. We choose
smaller dimensions of the pile elements 0.1 m - 0.1 m in particular. The general view
of reinforced concrete pile model in the soil is shown on Fig. 3. The elements of the
pile are marked in blue; the elements of the soil are brown. Since the load in the
program code "LIRA" [23, 24] is transmitted through the elements nodes the
breakdown of the soil mass elements directly contacting pile elements was performed
to fulfill the above condition (Fig. 3). Elements of the soil mass are depicted in yellow.
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Fig. 3 — General view of pile free
from defects

The soil mass elements located right below
the pile are also divided into elements that are
equal 0.1m - 0.1m. This will allow changing
the "length" of the pile, thereby expanding the
capabilities of the calculation scheme. To
simulate defects in a pile (at a depth of
7 meters) the graphic models have been
developed (Fig. 4), where the pile elements are
marked in blue, the soil elements are brown.
An initial displacement of the concrete
particles of the pile free end surface as a result
of the impact was calculated (Fig. 5, a, b). The
impact parameters are designed for a hammer
with a total weight of 700 g with a spherical

fluoroplastic tip with diameter of 40 mm. Broken line with an unspecified step was
built on 11 points, selected unevenly on a sinusoidal arc with a half-period of 1.2 ms.
Step by time — 2 - 10~>s; Signal length is 0.1 s.
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Fig. 4 — Graphic models of the pile defects

simulation (on 7 m depth)

Fig. 5 — Initial displacement of concrete
particles on the surface of pile free end
caused by an impact
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Research results

A comparative analysis of the results possible to establish that the most informative
for both time signals and amplitude spectra is the application of a horizontal impact
on the lateral surface near the base with the base and the registration of the signal
coming to the speed sensors located vertically to the head of the pile near the
boundary with a lateral surface (Fig. 6).
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Fig. 6 — Modeled signals coming to speed sensors arranged in a vertical direction on
the pile head near the border with the lateral surface, during a horizontal impact on
the lateral surface near the border with the pile base: a) with no defects; b) with
crack; ¢) with bug hole; d) with neck; e) with bearing thickness
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For further confirmation or simplification of these findings, further experiments
of the piles on soil with different defects will be conducted. of mathematical
modeling has made it. Table 2 integrates variants simulated multiply. The following
pile graphic models were calculated within all the variants: a) with no defects;
b) with asymmetric crack; ¢) with neck; d) with bearing thickness. The location of
the receiver (speed sensor) is marked in grey in Tab. 2, bold text is the place of the
impact on the pile is highlighted in bold text.

Table 2 — Variants of numerical simulations

Ne Simulations using LIRA 9.6 application software

1 | Simulated signals coming at speed sensors located vertically in the middle of the pile
base, as well as their amplitude spectra during a vertical impact on the pile head.

2 | Simulated signals coming at speed sensors arranged in a vertical direction in the
middle of the pile head, during a horizontal impact on the side surface near the
border with the pile base.

3 | Simulated signals coming at speed sensors, arranged horizontally in the middle of the
pile head, during a horizontal impact on the side surface near the border with the
pile base.

4 | Simulated signals coming at speed sensors arranged in a vertical direction on the pile
head of near the border with a lateral surface, during a horizontal impact on the side
surface near the border with the pile base.

5 | Simulated signals coming at speed sensors arranged horizontally on the pile head near
the border with the lateral surface, during a horizontal impact on the side surface
near the border with the pile base.

Conclusions

1. The theoretical models of wave processes used by Sansalone, M.J. [12], Liao [15],
Ambrosini [16] and Kim [19] are identical, and their results do not fundamentally
differ in any way. In order to improve the control technology of reinforced concrete
piles built in the ground, it is extremely necessary to generalize and refine the existing
models.

2. For the simulation of the processes taking place in the pile, a flat scheme for the
axis of the symmetric pile is used based on finite elements of the "dee beam" within
LIRA software complex. The length of the piles in mathematical modeling was taken
at 12 m, the diameter — 0.8 m. The pile consistency is 2500 kg/m, the elastic module —
3x10° t/m2. Sand was selected as the ground around the pile, which is typical for
modern multistory buildings in Kiev. This choice of soil is also due to the fact that the
characteristic impedance of sand and concrete is very different, which ensures a good
echo from the pile toe (from the interface of the media).

3. A comparative analysis of the results of mathematical modeling has made it
possible to state that the most informative (in terms of differences in the comparison
of graphs from one another), both for time signals and amplitude spectra, is the
application of a horizontal impact on the lateral surface near the border with the pile
base and the signal recording that comes to the speed sensors located in the vertical
direction on the pile head near the border with the lateral surface (Fig. 6). This option
will be thoroughly tested numerically and experimentally in subsequent authors'
studies.
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JIe6igs O.I'., Kamtox 1O.1., bepuyn 5.0., Yepnuues /1.0.
IAEHTU®IKALIA JE®EKTIB ITAJIb BIIOBPA’JKEHUMU XBUJISIMU

AHoTanisi. BukoprucTaHHA iCHYIOUMX Ha CHOTONHIIIHIN NICHP MaTEeMAaTUYHHUX MOeei
XBUJIbOBHX TIPOLECIB HE O3BOJISIE AIATHOCTYBATH AC(PEKTH B MAIAX 3 JOCTATHHOIO TOYHICTIO.
OOrpyHTOBaHa HEOOXITHICTh CTBOPEHHS y3araJIbHEHOT TMHAMIYHOT MOJIENII TTalli, 0 JO3BOJISLIA
0 oTpuMyBaTH OUTBII MPABAOIONIOHI CHTHAIIOTPAMHU XBHJIBOBHX IIPOIIECIB Y 3aIII300€TOHHUX
nasrsax. JJist 9ucesbHOro MOJICIIFOBAHHS! AMHAMIYHHX MPOIIECiB BUKOPUCTAHO IUIACKY CXEMY JUIs
BICECHMETPHYHOI TaJi HAa OCHOBI METOAy CKIHUCHHHX CJIEMCHTIB THITy «0ajKa-CTiHKa» B
nporpamHomy komiutekci JIIPA. Y sikocTi rpyHTy HaBKOJIO maji Oys10 00paHo ITicoK Y 3B SI3KY 3
TUM, [0 XapaKTePUCTUYHUI IMIIEAAHC MICKY Ta OETOHY Jy)KE€ BIAPI3HAIOTHCS, M0 3a0e3nedye
SIKICHE BIUTYHHSI BiJ| MiIOIIBM maii (Bix Mexi po3ainy cepenoBwii). [TopiBHsIbHMIT aHaI3
pe3yJIbTaTiB  MaTeMaTHYHOTO MOJICJIOBaHHS  JI03BOJMB  BCTAHOBHMTH, 110  HAHOLIbII
iHQOPMATHBHUAM SIK JUISi 4acCOBMX CHUTHANIB, TaK 1 aMIUNTYJHHMX CIEKTPIB € HaHECeHHS
TOPHU3OHTAIILHOTO yapy 10 Oi4HIM MOBEpXHi OiNIsi MEXKI 3 OCHOBOIO Ta PEECTPALlisi CUTHAITY, IO
HaJIXOJIUTh JI0 IATYMKIB MIBUJIKOCTI, PO3TAIIIOBAHNX Y BEPTHUKAILHOMY HAPSIMKY Ha OrOJIOBKY
mayi Outst Mexi 3 OiuHOIO ToBepxHeto. Llelt BapiaHT Oy/ae peTenbHO IepeBipeHUA YUCEITBHO Ta
€KCIEPUMEHTAIBLHO B OJIAJIBIINX JOCHIDKSHHSX aBTOPIB.

KarouoBi caoBa: imeHtudikamis, aedektn, mami, BigoOpakeHi XBWJI, YHCEIBHE
MO/ICTIFOBAHHS.

YJIK 620.179.1.001.5

JIe6inp O.T'., Kamrox FO.1., Bepuyn .0., Yepaumes J1.O. Inentudikaunis nedexriB naan
BimoOpaxxennmMu xBuJjsimu // Exosoriuna Oe3meka ta npupogokopuctyBanus. — 2018. —
Bum. 1 (25). — C. 64-76.

Jns  pmiarHOCTyBaHHA JAe(EKTiB B TalsiX 3 JIOCTaTHHOIO TOYHICTIO OOIpyHTOBaHA
HEOOXIJTHICTh CTBOPEHHS Yy3arajbHEHOi JIWHaMi4HOI Mojemi mnam. J[ius dwcenbHOro
MOJICITFOBAHHS JIMHAMIYHUX TPOIECIB BUKOPUCTAHO IDIACKY CXEMY ISl BICECHMETPUYHOT
maji Ha OCHOBI METOAY CKIHYEHHHX EJIEMEHTIB THIy «0Oajika-CTiHKa» B IPOrPaMHOMY
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komruiekci JIIPA. TlopiBHsiIBHME aHadi3 pe3ysbTaTiB MaTEeMaTHYHOT'O MOJEIIOBAHHS
JI03BOJIMB BCTAHOBMTH, 110 HAMOLNbII iHOPMATHBHUM SIK ISl YaCOBHX CUTHAIIB, Tak i
aMIUTITYJTHAX CIIEKTPIiB € HAHECEHHS TOPU30HTAJILHOTO yAapy 1o OiuHiil HoBepXHi OiyIst Mexi
3 OCHOBOIO Ta PEECTpallisi CUTHAIY, 10 HaJXOJUTh J0 JATYHKIB IIBUIKOCTI, PO3TAIIOBAHUX
y BEPTHKaJIbHOMY HalpsIMKY Ha OTOJIOBKY Iasii Oiyist Mexi 3 O14HOIO0 OBEPXHEIO.

V]IK 620.179.1.001.5

Lebid O., Kaliukh I., Berchun Y., Chernyshev D. Identification of defects of the piles with
reflected waves // Environmental safety and natural resources. — 2018. — Issue 1 (25). —
P. 64-76.

The necessity of creating of a pile generalized dynamic model which would allow to receive
more reliable signals of wave processes in reinforced concrete piles has been substantiated. For
numerical simulation of dynamic processes, a flat scheme for an axisymmetric pile based on
the finite element method of "deep beam" within LIRA software complex was used. A
comparative analysis of the results of mathematical modeling has made it possible to state that
the most informative (in terms of differences in the comparison of graphs from one another),
both for time signals and amplitude spectra, is the application of a horizontal impact on the
lateral surface near the border with the pile base and the signal recording that comes to the speed
sensors located in the vertical direction on the pile head near the border with the lateral surface.
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