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Abstract
E——

Low strain integrity tests in piles are relatively cheap, of quick execution and nondestructive. Despite all these advantages, several variables are
involved and the influence of external factors can complicate the interpretation of the results. Between them, the influence of the pile reinforcement
can be high lighted. In piles partially reinforced, the difference in density and elastic modulus of the concrete in different parts of the pile and the
influence of the process of introducing the reinforcement bars can induce some reflections in the test that can be confused with damage in the
pile and, therefore, should be taken into account to analyze the tests results. In this research, the influence of the reinforcement embedded in the
piles is analyzed using numerical (FEM) simulations and comparing them with tests made in the field. A new classification of possible damages is
proposed based on the analysis of the reflections observed at the end of the reinforcement cage embedded in a pile partially reinforced.

Keywords: piles, PIT, reinforcement effects.

Resumo

Os ensaios PIT para avaliagédo de integridade em estacas tém um custo relativamente baixo, sdo de rapida execugao e nao destrutivos. Apesar
dessas vantagens, as inimeras variaveis envolvidas e a influéncia de fatores externos podem tornar a interpretagéo dos resultados complicada.
Dentre elas, destacam-se as armaduras das estacas. Em estacas parcialmente armadas, a variagéo de densidade e de médulo de elasticidade
entre o trecho armado e ndo armado e eventuais alteragdes na interface decorrentes do processo de introducdo da armadura podem gerar
reflexdes que podem ser confundidas com danos nas estacas e devem ser levadas em conta na analise dos resultados. Neste trabalho a in-
fluéncia da armadura inserida nas estacas é avaliada com auxilio de simulagées numéricas por elementos finitos e comparagao com resultados
de ensaios PIT executados em campo. Um novo sistema de classificagdo de possiveis danos é proposto para analise de reflexdes nos sinais de
ensaios PIT gerados na ponta da armadura inserida em estacas parcialmente armadas.

Palavras-chave: estacas, PIT, influéncia da armadura..
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1. Introduction

[

The risks associated with integrity problems in deep foun-
dations led Brazilian and international standards to include
the theme in their texts. Specifically for cast-in-place piles,
the Brazilian standard determines visual inspections in 1%
of the piles to verify the quality and integrity of the shaft. Al-
though not required by the Brazilian standard, some com-
panies have demanded from their suppliers the execution
of low strain integrity tests in up to 100% of the piles [1].
The speed of execution and the relatively low cost are pointed
out as main advantages of the test. However, interpretation of
the results of these tests is often difficult especially when there
are changes in the cross section of the piles or when there is
influence of the surrounding soil [2].

The reinforcement exposed above the top of the pile and par-
tially reinforced piles can generate changes in the signals ob-
tained in the test and make it difficult to identify a damage [3].
One option to evaluate the results obtained in low strain integ-
rity tests and the influence of these factors on the results is to
simulate the test numerically or analytically and compare the
theoretical result obtained with the result obtained in the field.
Ordéiiez e Botero [4] for example, using an analytical solution
for the wave propagation equations, simulated the results that
would be obtained in intact piles and in piles with cross section
variations under various conditions. Ambrosini and Ezeberry
[5] and Chai, Wei, Phoon and Yang [6] published results ob-
tained in numerical simulations by modeling the pile as a bar
and the ground as springs and dampers obtaining a good cor-
respondence between the simulation and practical results in
the field. Some papers have recently been published simulat-
ing the test in three-dimensional numerical models with differ-
ent objectives such as [2], [8], [9], [10], [11] and [12].

In this paper, finite elements numerical models developed
by the author are used to evaluate the influence of the em-
bedded reinforcement on partially reinforced piles in the low
strain integrity test results. Comparisons are performed with
field results. A new classification system of possible damages
in the transition between reinforced and unreinforced parts of
the piles is proposed different from those currently used as
published by Liang and Rausche [13], Webster, Rausche and
Webster [14] and Cunha, Camapum de Carvalho and Silva
[15].

2. Theoretical references
E——

In this item it is presented a brief summary of the theoretical
background that supports the analyzes carried out in this pa-
per with special emphasis on numerical simulations and the
theoretical influence of pile reinforcement in the test.

2.1 One-dimensional finite element simulation
of the low strain integrity test

Considering that the low strain integrity test can be approxi-
mated in a one-dimensional problem, some papers have been

published simulating the test using finite elements method in
a similar way to that originally proposed by Smith [16]. In this
solution the pile is considered as a bar and the ground as a
system of springs and dampers. The load applied in the top
of the pile in the model (hammer impact simulation) cannot be
considered as static since there is a variation of the force ap-
plied during the time in which the hammer remains in contact
with the pile. Generally, it is considered a sine function consid-
ering only half of the waveform defined by Equation (1).

F(t) = Fpax sen(m) t_tc (1)

Where:

F(t) — Force in the instant “t”;

F e — Maximum force applied;

t,— Time in which hammer stays in contact with the top of the pile.
The soil is simulated by assigning a spring and damper at the
toe and shaft of the pile with properties calculated according to

Equations (2) to (5).

k, = 275G, @
€y = 2P CsTy ®
085K, 1,
C, = . @
4Gy Tp
K= ®)
Where:

k, — Elastic stiffness of the spring that represents the soil in
the pile shaft;

G, — Soil shear modulus [as the low strain integrity test gener-
ates low displacements it is recommended to use GO (shear
modulus in low strains)];

¢, — damping coefficient in the pile shaft (lateral);

p, — Specific mass of the soil,

c, — the “S” waves speed in the soil;

r, — radius of the pile (in m);

C, — damping coefficient in the pile toe.

K, — Elastic stiffness of the spring that represents the soil in
the pile toe;

v, — Soil Poisson’s ratio.

Equations (2) to (5), based on the studies of Lysmer and Rich-
art [17], Novak [18] and Simons and Randolph [19], are derived
assuming a hard disk in an elastic plane. According to Yu and
Liao [20] the errors introduced by this simplification are small.
The problem is then solved by subdividing the domain into
smaller parts (finite elements) each one represented by a set
of equations. According to Hetland [11], the response of each
element is characterized by its degrees of freedom and defined
by equations whose solutions can be obtained by methods of
direct integration in the time domain such as those of Newmark
and Hilber, Hughes and Taylor [22]. For each defined time in-
terval, using the methods described, the displacement, veloc-
ity and acceleration at the points that define the finite elements
are obtained. The velocity variation (particle velocity) over time
at the point defining the top of the pile can then be obtained
and compared to the reflectograms obtained in the field tests.
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2.2 Tri-dimensional finite element simulation
of the low strain integrity test

Theoretically, in one-dimensional simulations of low strain integrity
tests, the load is considered applied at the top of the pile and the
effects resulting from the location of the impact at the top of the pile
are not taken into account, nor the effects resulting from the rela-
tion between the contact area of the hammer and the area of the
top of the pile neither the effects arising from the radiation of the
waves near the top of the pile.

In addition, it is necessary: the assignment of boundary conditions
(the representation of the soil in the model is limited representing
just a part of a mass that has continuity in practice), the constitutive
model of the soil and contact conditions in the soil-pile interface.
All these are relevant issues in 3-D models that are not taken into
account in 1-D models.

In 3-D simulations, the soil can also be modeled by finite elements
rather than replaced by springs and dampers. This makes even
more important the care with discretization of the finite elements.
According to Hetland [11] in dynamic analysis a division into very
large elements can result in imprecision of the results with filtration
of the higher frequencies and a division into very small elements
increases the computational processing time significantly.

With the numerical model defined, in a similar way to what occurs
in the one-dimensional model, the displacements, velocities and
accelerations in each point of the model are obtained with the so-
lution of the general equation of structural dynamics derived from
Newton’s second law using one of the known integration methods.
Liao and Roesset [23] compared the results obtained by the finite
element method in 1-D and 3-D models, concluding that, in general
terms, the results are similar. In the 3-D models, however, there
is a tendency of more high-frequency oscillations in the velocity
reflectograms. A pile can be considered by approximation a one-
dimensional elastic bar in low strain integrity test simulations if it
satisfies two conditions: the wavelength is greater than the diam-
eter and smaller than the length of the pile [7].

2.3 The influence of the reinforcement
in the results interpretation

At the moment that a hammer blow is applied in the top of the pile
in the test, a transient tension pulse is generated, and its effect is
propagated along the pile. Due to the inertia of the element, the
strain and deformations caused by the force radiate from the point

Table 1
Summary of the piles characteristics

of application to all directions. Any point in the pile will be in com-
plete rest before and after all effects of the generated impact are
dissipated. This phenomenon is called the propagation of a tension
wave. There are generally three types of tension waves generated
when some sudden movement in an elastic body and a physical
distortion in the medium are caused (as occurs in the low strain in-
tegrity test): compression waves (“P” or longitudinal waves), shear
waves (“S” or transverse waves) and waves that propagate on the
surface and penetrate relatively little in the pile (Rayleigh waves or
“R” waves) [24].

Considering the pile as a bar, the compression wave propagates
axially downwards and reflects upwards when it reaches its toe.
Other reflections may occur when there is a change in pile mate-
rial, a change in the area or a sectioning of the pile.

When the piles are not reinforced to their full extent, during the test
the stress waves propagate part in a reinforced pile and part in an
unreinforced pile. Theoretically, the sudden change in modulus of
elasticity and density of the composite section of the pile in the
transition can generate a reflection (due to impedance reduction)
that can be confused with a pile damage. In this paper, this hypoth-
esis is analyzed using numerical simulations and field test results.

2.4 Graphical analysis by Beta method

The magnitude of potential pile damages can be estimated when
there is a clear toe signal. In this case, the toe reflection and ini-
tial impact amplitudes are equalized and the magnitude estimate
of the damage is given by the Beta (B) calculation. According to
Rausche and Goble [25], Beta () can be calculated by the relation
between the impedance of the section with possible damage and
the impedance of the pile without damage.

3. Materials and experimental program

[

It was selected in a database of the company called Protec En-
genharia de Projetos, 5 (five) groups of tests in piles with different
characteristics. Each group of piles was constructed in a different
place from the others but all of them in the metropolitan area of
Curitiba, Brazil. For better identification in the rest of this paper, the
groups of piles were numbered from 1 to 5.

In Table 1 the main characteristics of each of them are summa-
rized, extracted from design, besides other input data for the nu-
merical models and later comparison between results. The elastic

Piles Reinforcement
: Number of bars Length of the reinforcement
Group Num_ber qumefer L_eng’rh and diameter embedded in concrete

of piles (inm) (inm) (in mm) @in m)
1 40 0.50 13.00 6de 16 8.00
2 32 0.30 15.00 4de 16 4.60
3 12 0.50 10.90 5de 16 8.00
4 12 0.70 20.50 5de 32 8.80
5 12 0.80 21.80 12 de 25 10.50

IBRACON Structures and Materials Journal * 2019 « vol. 12+ n° 6
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Table 2
Additional input data
Function of
Edyn tc F e
Grou - - . amplification
P (in MPa) (in ms) (in kN) (iﬁﬁm es)
1 40312.20 0.63 8.97 15
2 36102.40 1.20 2.69 10
3 38768.30 1.11 3.53 10
4 36793.80 0.46 16.77 10
5 33989.70 0.51 8.87 10

properties of the soil: modulus of elasticity (Es) and the Poisson
coefficient (vs) in addition to the specific mass (ps) were estimated
based on the results of SPTs.

Poisson's ratio values of 0.4 and specific mass of 1800 kg/m® were
adopted for all soil types covered in this research, consistent with
values found in the literature [26]. In the case of specific mass,
tests performed on samples collected in the field indicate that the
value of 1800 kg/m? represents a close estimate of reality. In order
to estimate the modulus of soil elasticity it was adopted the relation
Eu/NSPT,60 = 9, value close to that obtained by Kormann [27] for
soils of the Formacao Guabirotuba and within the range of values
found in Stroud’s studies [28] for very low degrees of loading.

As the low strain integrity test is characterized by being a low strain
and dynamic test, the correlation with large strain field tests such as
SPT and which mainly affect the initial layers (such as plate load tests)
is not accurate. We then chose to estimate these parameters for the
numerical simulations based on correlations obtained from the SPT
tests and subsequently proceed with a retro-analysis comparing the
results obtained in the numerical models with the damping of the sig-
nals identified in the results of the tests. The results indicated that the
properties assigned to the soil generated damping in the signals in the
simulations very close to those observed in the tests.

To conclude the collection of input data, it is needed: specific mass
of the concrete of the pile (assumed an average along the length
of the pile equal to 2300 kg/m?®) and the Poisson’s ratio of the con-
crete equal to 0.20 according to ABNT NBR 6118 [29].

Besides that, the values summarized in Table 2 are required: dy-
namic elastic modulus of the concrete (Edyn) (obtained by retro-
analysis from the average wave speeds observed in the tests in
each group of piles); time in which the hammer remains in contact

with the top of the pile (tc) assumed to be equal to the initial wave-
length obtained by retro-analysis on the reflectograms of the tests
performed on the piles and the maximum load (F) applied at the
top of the pile also obtained by the average observed in the reports
of the tests. It is important to note that the exponential amplifica-
tion functions that were adopted in the models are the same as the
ones used in the field results treatments.

With the properties calibrated, the results obtained in the field tests
in Groups 1 to 5 were compared with the results of the numeri-
cal simulations in relation to the influence of the reinforcement. To
expand the analyzes, from each of the 5 (five) simulations were
derived another 3 (three), parametric, in which only one item was
varied in the models of origin: the steel/concrete rate. Table 3 sum-
marizes the simulations performed.

The variations in the steel/concrete rate observed in the other sim-
ulations not highlighted in Table 3 followed the following logic: to
simulate the influence on the results, maintaining all other proper-
ties calibrated with the field results, of the variation of the reinforce-
ment ratio (relation between the area of steel and concrete area)
to 0.50%, the minimum required by ABNT NBR 6122 [1], to 4.00%
and to the maximum allowable per standard (8.00%).

4. Results and discussions

[

From Figure 1 to Figure 5, the results obtained in simulations 1 to
20 were indicated, where it was observed that the amplification
functions of the signals adopted in the treatment of the field results
and maintained in the numerical simulations were not enough to
equal the amplitude of the signal of toe with the amplitude of the
initial signal.

Table 3
Summary of the numerical simulations performed for comparison with field results
@ Steel/ @ Steel/ @ Steel/
Simulation . concrete Simulation . concrete Simulation . concrete
(in m) % (in m) ) (in m) (%)
1 0.30 0.50 8 0.50 8.00 15 0.70 4.00
2% 0.30 1.14 9 0.50 0.50 16 0.70 8.00
3 0.30 4.00 10*** 0.50 0.61 17 0.80 0.50
4 0.30 8.00 11 0.50 4.00 18%**** 0.80 1.17
0.50 0.50 12 0.50 8.00 19 0.80 4.00
6** 0.50 0.51 13 0.70 0.50 20 0.80 8.00
7 0.50 4.00 145 % %% 0.70 1.04 — — —

*comparable to piles of Group 2; * *comparable to piles of Group 3; *** comparable fo piles of Group 1; ** **comparable to piles of Group 4;

*****comparable fo piles of Group 5; ® = piles diameter
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Simulations 1 to 4
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Reflectograms obtained in simulations 1 to 4

; Simulations 5 to 8
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Reflectograms obtained in simulations 5 to 8

Simulations 9 to 12
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Reflectograms obtained in simulations 9 o 12

This was done to allow a comparative analysis between field re-
sults and simulations. It is possible to demonstrate that, with this,
the analysis by the Beta method, that is based on the relation be-
tween amplitudes of the peaks observed in the reflectogram, pro-
posed by Rausche and Goble [25], with graphical data collection,
was impaired, especially when the transition from the reinforced
to the unreinforced part of the pile is located at relevant depths at
the pile, when the steel/concrete rate is high and when the damp-
ing effects generated by the soil are high.In the cases studied, the
Beta values calculated graphically directly from the reflectograms
indicated in Figures 1 to 5 are 0.45% to 18.60% greater than the
Beta values obtained analytically. Thus, in Table 4 are indicated
Beta values obtained analytically or graphically with corrected am-
plification functions.

The simulations carried out illustrate that disregarding the modulus
of elasticity and specific mass variation between the reinforced and
unreinforced sections of the pile may result in the false conclusion
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Reflectograms obtained in simulations 13 fo 16

Simulations 17 to 20
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Reflectograms obtained in simulations 17 to 20
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Table 4

Summary of Beta values (%) obtained in

Simulations 1 to 20

that the pile is damaged at the transition point. For conventional
rates steel/concrete, below 4% (which still represents a high den-

Simulation B(f/t;’ Classg':gg’:bf:'?%?g;whe sity of reinforcement such as 9 bars of 20mm in a 30cm diameter
1 98.024 Slightly damaged pile) a quantitative analysis by the Beta method anq classified_ by
5 06.05 Slightly damaged Rausche and ngle [25] would lead to the conclusion of a slight
3 87.41 Slightly damaged damage to the pile.

g ;;;12 Slgsqigiiczyo?nagn;%ed 4.1 Comparisons with field results
6 98.27 Sl!ghﬂy damaged In the reflectograms obtained from low strain integrity field tests it
7 87.98 Slightly damaged . . . L . .
- was possible to identify a clear reflection in the region of the tip of
8 78.61 Significantly damaged . . . -
0 08.36 Slightly damaged the relnforcgment in the piles of Group 2. Ih the Tablg 5 are indicat-
) ed the amplitudes and values of Beta obtained graphically from the
10 98.00 Slightly damaged . .
. reports of each of the piles that form the group mentioned, as well
N 88.31 ) SI|.g.htIy damaged as what would be the classification of the damage by Rausche and
12 79.13 S|gnl|ﬁconﬂy damaged Goble [25] disregarding the influence of the reinforcement bars.
13 98.24 Slightly damaged From the 32 piles tested 12 showed relations between the am-
14 96.41 Slfghﬂy damaged plitude of the initial wave generated by the blow of the hammer
15 87.55  Slightly damaged and the amplitude of the variation of particle velocity generated
16 77.93 Significantly damaged in the approximate region of the tip of the reinforcement bars of
17 98.13 Slightly damaged the pile very close to those found in the numerical model. Twen-
18 95.74 Slightly damaged ty-one (21) piles would present a classification by Rausche and
19 86.85 Slightly damaged Goble [25] equal to that obtained numerically (slightly damaged),
20 76.87 Significantly damaged 10 worst (significant damage and seriously damaged) and 1 would
Table 5
Summary of Beta values (%) obtained in the piles of Group 2
) Arqp_li!ude of Average amplitude Beta o
Pile the initial peak of the reflected peak (%) Classification
(cm/s) (cm/s)
E37 0.547 0.162 74.20 Significant damage.
E38 0.690 0.098 86.74 Slightly damaged
E39 0.464 0.023 95.16 Slightly damaged
E40 0.545 0.122 79.87 Slightly damaged
E45 0.502 0.073 86.44 Slightly damaged
E46 0.300 0.256 40.19 Seriously damaged
E47 0.390 0.182 62.16 Significant damage
E48 0.444 0.064 86.55 Slightly damaged
E49 0.312 0.064 81.40 Slightly damaged
E50 0.413 0.370 38.13 Seriously damaged
E51 0.373 0.200 57.72 Seriously damaged
E52 0.395 0.049 88.32 Slightly damaged
E53 0.624 0.143 79.44 Significant damage
E54 0.372 0.020 94.76 Slightly damaged
ES5 0.419 — — No damage.
E68 0.487 0.049 90.42 Slightly damaged
E69 0.373 0.030 92.27 Slightly damaged
E70 0.494 0.106 80.62 Slightly damaged
E71 0.426 0.045 89.97 Slightly damaged
E72 0.279 0.068 78.27 Significant damage
E73 0.516 0.167 72.14 Significant damage
E74 0.375 0.068 83.37 Slightly damaged
E75 0.409 0.038 91.12 Slightly damaged
E76 0.270 0.024 91.49 Slightly damaged
E77 0.283 0.011 96.19 Slightly damaged
E78 0.313 0.016 95.02 Slightly damaged
E79 0.370 0.019 94.99 Slightly damaged
E80 0.301 0.015 95.14 Slightly damaged
E81 0.244 0.045 83.11 Slightly damaged
E82 0.276 0.083 73.86 Significant damage
E85 0.426 0.042 90.60 Slightly damaged
EQ2 0.518 0.162 72.95 Significant damage
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be classified as with no damage. Using the classification proposed
by Rausche and Goble [25], therefore, 10 piles with possible sig-
nificant or serious damages could be selected for additional test-
ing or even reinforcement. However, as explained in the following
paragraphs, disregarding the variation of the modulus of elasticity
between the reinforced and the unreinforced parts of the piles, in
addition to other factors such as the densification of the concrete
at the tip of the reinforcement contribute to these results being er-
roneously interpreted.

On average, a relation between initial and reinforcement tip ampli-
tudes was found to be lower than that obtained numerically (result-
ing in an average beta equal to 81.37%), indicating that at the end
of the reinforcement cage there may be a trend towards greater
densification of the concrete than that considered in the numeri-
cal simulations (possibly due to the confinement generated by the
bars) followed by a reduction in density and modulus of elasticity.
A factor that helps to prove this hypothesis is that in piles E46,
E50 and E55, dynamic loading tests were carried out with
13.6 kN hammers. The results of maximum resistance mobilized
(calculated by the CAPWAP method) were 924 kN, 869 kN and
1077 kN, respectively, all satisfactory therefore (working load of
260 kN). It was observed that the piles E46 and E50 were the ones
that presented the lowest Beta percentage among the analyzed
ones and the E55 the largest (did not show impedance variations
between the reinforced and unreinforced sections) and, neverthe-
less, the resistance results were satisfactory for all. It is less likely,
therefore, that the larger amplitudes of the waves reflected in the
transition from the reinforced part to the unreinforced have been
generated by large changes in the piles cross sections since there
was no significant variation of resistance between the piles that
presented greater variation of impedance (E46 and E50) than the
one with the lowest impedance variation (E55).

Differently from what happened in the piles of Group 2, in the piles
of Groups 1, 3, 4 and 5 it was not possible to identify a clear reflec-

tion in the reinforcement cage tip for comparison with the numerical
simulations 6, 10, 14 and 18. It is difficult to distinguish a peak of
velocity that may have been caused by the variation of modulus of
elasticity and specific mass at that location. Contribute to this situ-
ation: the transition between the reinforced and unreinforced parts
of the piles in simulation 2 (Group 2) are closer to the top of the
pile (4.60 m) than in the others (at least 8.00 m) and therefore , the
reflected signal is subject to less damping; the piles of the simula-
tions 6, 10, 14 and 18 have larger diameter and, consequently, the
three-dimensional effects resulting from the difference in between
the pile and the hammer diameters are more evident; the steel/
concrete rate is very low and so are the reflections in the transition
and it is noticed that intermediate reflections generated either by
variations of section of the stake before the transition between the
reinforced and unreinforced parts of the pile or by external interfer-
ences make it difficult to observe this variation of velocity.

Thus, in the comparisons between simulations and results of field
tests, of the 32 piles in which it was possible to identify a velocity
peak close to the transition between the reinforced and unrein-
forced parts of the piles (all belonging to Group 2 of the present
paper), 12 (37.5%) presented relations between the amplitude of
the initial wave generated by the blow of the hammer and the am-
plitude of the variation of velocity generated in the approximate
location of the tip of the reinforcement bars of the pile very close
to those found in the numerical model and, therefore, obtained
theoretically. Thus, in 21 of the 32 piles (65.63%), the analysis of
the severity of possible damage by the Beta method would result
in the same classification by both the numerical simulation and
the field results analysis, in 10 (31.25%) of them worst and in 1
(3.13%) it was not possible to identify in the field reflectogram a
perceptible variation of velocity in the tip of the reinforcement bars,
in which case the pile would be classified as intact in that location.
On average, the ratio between initial amplitudes and that gener-
ated in the tip of the bars observed in the field tests was lower than

Classification of the possible damages in the transition between reinforced and unreinforced parts

of the pile
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that obtained numerically (resulting in an average Beta equal to
81.37%). Although in some cases the reflections may have been
magnified by diverse effects that are not exclusively generated by
the reinforcement, it is possible to affirm that these results indicate
that at the tip of the bars there can be a tendency of greater densi-
fication of the concrete (due to the confinement generated by the
bars, by the presence of concrete spacers and of the transverse
reinforcement bars) followed by a reduction of density and modu-
lus of elasticity in the unreinforced part of the piles greater than the
theoretical ones. This assumption can be corroborated in future
researches with core drilling tests.

4.2 New classification for possible damages
in the tip of the reinforcement bars

As previously shown, disregarding the modulus of elasticity and
specific mass variation between the reinforced and unreinforced
parts of the piles may result in the false conclusion that the pile
is damaged in that location, especially when the pile has a higher
steel/concrete rate. A new classification for analysis of impedance
variations detected in the reinforcement bars tip is proposed in this
paper, considering the following variables:

a) Modulus of elasticity of the concrete without reinforcement;

b) Specific mass of the concrete without reinforcement;

c) Pile diameter;

d) Steel/concrete rate.

The variation of the specific mass of the concrete without reinforce-
ment has low influence in the calculation of Beta and, therefore, in
the results (keeping constant the modulus of elasticity of the con-
crete in a pile with 4% of steel/concrete rate and varying the specific
mass of the unreinforced concrete from 2000 to 2500 kg/m? changes
the Beta values in approximately 1.4%). It was adopted, in this new
classification system, therefore, the value of the specific mass of the
unreinforced concrete as being equal to 2400 kg/m?® [29].

However, the modulus of elasticity has a greater influence. The
smaller the modulus of elasticity adopted for concrete without
reinforcement, the smaller the calculated Beta and therefore the
less favorable to the safety is the proposal of a new classification
system. As the Beta values vary significantly considering different
values of modulus of elasticity for the concrete, this property was
considered as a variable in the proposed system. Thus, simula-
tions were performed considering the following unreinforced con-
crete modulus of elasticity: 25000 MPa, 30000 MPa, 35000 MPa
and 40000 MPa, within the range of values, therefore, verified in all
simulations and field tests of this paper.

Thus, simulations and calculations are made to obtain the theoreti-
cal beta factor in the transition between the reinforced and unre-
inforced parts of the piles for each simulated steel/concrete rate.
This first result offers Beta values above which the pile could be
considered as “not damaged” (the perceived velocity peak at the
tip of the bars embedded into the pile would simply correspond to
the theoretical variation of modulus of elasticity and specific mass
of a reinforced to an unreinforced concrete and not to an effective
pile damage).

To complete the classification system it is necessary to simulate
and calculate the range of Beta values that would define a pile with
possible slight damages, with possible significant damages and

with possible serious damages. By means of retro-analysis, main-
taining constant modulus of elasticity and specific mass of the pile,
it is possible to calculate that in the classification system proposed
by Rausche and Goble [25] it was considered as possible slight
damage in the pile a variation of section of the pile of up to 20%,
as a possible significant damage a pile section variation of up to
40% and as serious damage section variations above that value.
These values were maintained in the classification proposed here.
Thus, a new series of calculations and simulations were performed
obtaining, for each steel/concrete rate, what would be the values
obtained for the Beta factor varying the section of the pile in 20%
and in 40%. The result of all the simulations performed was com-
piled in Figure 6.
Therefore, with a reflectogram obtained in a field test with clear
toe reflection, an amplification function is applied such as the am-
plitude of the reflected signal at the toe of the pile is equal to the
amplitude of the initial signal (given by the blow of the hammer). If
there is an intermediate reflection that coincides with the tip of the
bars embedded in the pile, the amplitude of this reflection of the re-
flectogram is ignored. Once obtained these two values (amplitude
of the initial velocity peak and amplitude of the velocity peak in the
tip of the reinforcement cage) Equation (6) is applied to calculate
the Beta value according to Bungenstab and Beim [3].
l1-a«a
B= 1+ a
Where:
a — ratio between the amplitude (A2) observed in the transition
of the reinforced to the unreinforced part of the pile and twice the
amplitude (A1) of the initial peak (Figure 7).
With this “Beta” value, an estimate of the dynamic modulus of elas-
ticity of the unreinforced concrete used in the pile and the steel/
concrete rate, the classification of possible pile damage is verified
in the corresponding graph (see Figure 6). If the point obtained
stays in the blue area, the pile may be considered as possibly with
no damages, in the yellow area, there is possibly a slight damage
in the pile, in the green area possible significant damage and in the
red area, possible serious damage. It is important to note that the
classification proposed here and the Figure 6 are valid for velocity
peaks observed at the point of reinforcement bars tip embedded in
a partially reinforced pile.
Note the significant differences in classification of the piles in rela-
tion to that proposed by Rausche and Goble [25], especially for
higher steel/concrete rates. As for the graphs, they were gener-
ated supported largely in theoretical aspects and in the whole
background reported in this paper. Nevertheless, it is important to
emphasize that a possible user of this classification must know all
the considerations reported in [30], the restrictions and limitations
of the test and even reclassify the damages.

©)

5. Conclusions
E—

From the results of the study, the following conclusions were

obtained:

a) It was realized that any analysis based on the evaluation of
a possible pile damage by the Beta or equivalent method is
impaired without the clear identification of the tip in the test and
the correct amplification of the signals in such a way that the
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amplitude of the tip signal is equal to the amplitude of the initial
peak generated by a hammer blow. However, when the reflec-
tion, caused whether by the reinforcement bars or by some pile
damage, occurs a few meters deep in the pile, this problem is
minimized since near the top the amplification factor in expo-
nential functions is low (damping effects are smaller than at
higher depths).

In most of the piles (Groups 1, 3, 4 and 5) it was not clear from
the reflectogram of the field test, the reflection due to the varia-
tion of modulus of elasticity and the specific mass between
the parts. Contributed to the difficulty of identifying this reflec-
tion: the high frequency interferences, the higher damping of
the signals at higher depths and the relatively low reinforce-
ment rate of the piles (up to 1.17%). In the piles with smaller
diameter (0.30 m), with clear identification of tip signal, without
signal reflections identified before the tip of the reinforcement
bars and with a transition between the reinforced part to the
unreinforced part at lower depths (up to 4.60 m) it was possible
to identify velocity peaks in the signal indicating a variation of
impedance that can be attributed to the effect of the reinforce-
ment embedded in the pile concrete.

The analyzes carried out showed the possibility of adjusting
the classification of potential pile damages proposed by Raus-
che and Goble [25], based on the Beta method, considering
the influence of the reinforcement. This new classification was
proposed in item 4.2. This new classification can be tested in
future works with subsequent exhumation of the piles or core
drilling tests for effective field verification of the methodology.
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