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 R E S U M O  
___________________________________________________________________________________________ 
The risks associated with integrity problems in piles led to the inclusion of this matter in 
international standards. One of the tests available to evaluate piles integrity is known as 
low strain integrity test. Low costs, simple and fast execution and no waste generation 
are some of the main advantages of this test. However, between others, soil and 
reinforcement of the pile may affect the results and cause some difficulty to interpret 
them. In this paper two numerical models based on Finite Elements Method are 
presented: 1-D and 3-D. The results obtained in the numerical simulations of the tests 
are compared with those obtained in the field with focus in two main aspects: the signals 
attenuation effects and the reflections in the transition between the reinforced part of 
the pile and the part in simple concrete. 

 
1. Introduction 

 
It is important to attest the piles integrity in the field 

to avoid that a potential damage in a pile generates problems 
in part or the whole structure. One of the tests available with 
this objective is the low strain integrity test. In this test, the 
velocity variations detected in the top of the pile are recorded 
during a specific amount of time after striking it with a hand-
held hammer.According to the one-dimensional stress-waves 
propagation theory, the signals characteristics are directly 
influenced by variations in the pile impedance. As impedance 
depends on the pile transversal section area and Young 
modulus and density of the concrete, it can be inferred that 
impedance reductions indicate potential damages in the piles. 

Despitethe advantages of the test, such as speed of 
execution, relatively low cost and low generation of waste, 
there are several variables that can affect the results and 
must be considered such as: maximum pile length to identify 
a clear toe reflection, multiple reflections caused by 
variations in the pile or in the stratigraphy and soil 
characteristics and the influence of the reinforcement in the 
results. 

To evaluate the results obtained in the field and the 
influence of these variables in a more accurate way it is 
possible to simulate the test numerically or analytically and 
compare the results. Ambrosini & Ezeberry (2005) and Chai 

et al. (2011) published results obtained in numerical 
simulations modeling the pile as a bar and the soil as a 
system made of dampers and springs connected in parallel 
and compared them with results obtained in the field under 
some controlled conditions. Some other papers where 
published in the last decade simulating the low strain 
integrity test in 3-D numerical models with distinct objectives 
and focus from those presented in this paper such as Luo et 
al. (2010), Ding et al. (2011), Schauer & Langer (2012), Cosic 
et al. (2014), Wang et al. (2014), Hetland (2015) and Hou et 
al. (2016).  

In this paper two numerical models based on Finite 
Elements Method are presented: 1-D and 3-D. The results 
obtained in the numerical simulations are compared with 
those obtained in 108 piles tested in the field with focus in 
two main aspects: the signals attenuation effects and the 
reflections in the transition between the reinforced part of 
the pile and the part in simple concrete. 

 
2. Finite elements numerical simulations – Theoretical 
Background 
 

In this item some of the main theoretical references 
that form the base to simulate the test numerically are 
presented. 
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2.1 Basic principle and integration methods 
 

The basic principle of solutions using the finite 
element method (FEM) is to subdivide the domain of a 
problem in smaller parts (finite elements) each one 
represented by a set of equations. The response of each 
element is caracterized by its degrees of freedom and defined 
by algebraic equations (Hetland, 2015). Several softwares 
available on the market have been developed to numerically 
simulate the behavior of materials using FEM, among them: 
ABAQUS®, ANSYS®, SAP2000® and PLAXIS®. In these 
programs, sets of algorithms and methods are available for 
the direct integration of the structural dynamic equations in 
the time domainincluding Newmark (1959) and Hilber et al. 
(1977) methods or for solving the equations by successive 
approximations in non-linear problems such as Newton-
Raphson's iterative method. 

The Newmark (1959) method is based on solving the 
Equations 1 to 3 in each predefined time interval. 
 

 
(1) 

 
Sendo: 

[M] = mass matrix; 
{a} = acceleration vector; 
[C] = damping matrix; 
{V} = velocity vector; 
[K] = stiffness matrix; 
{U} = displacement vector; 
F(t) = external loads vector. 

 
 
            (2) 
 

 
  (3) 
 

Sendo: 

 e β = parameters of the method; 

vi+1 = velocity in the moment of time “i+1”, 
vi = velocity in the moment of time “i”; 
Δt = time interval between “i” e “i+1”, 
a i+1 = acceleration in “i+1”, 

ai = acceleration in“i”, 
u i+1 = displacement in“i+1”, 
ui= displacement in “i”. 

 
The Equation 1 is the representation of the structural 

dynamics general equation in its matrix form according to 
Newton`s Second Law. The parameters “  ” and“β”define the 

variation of the acceleration in each time period and 
determine the characteristics of stability and precision of the 
method. The parameter “  ” is usually considered as 0,5 (no 

numerical dissipation) and 1/6 <“β”<1/4 (algorithm 
inconditionally stable). The Equations 1 to 3, solved in each 
time interval, provide the displacements, velocities and 
accelerations in the moment “i+1”. It is evidente that an 
iterative process is required as “a i+1” (unknown value) 
appears in the right side on both Equations 2 and 3 (Chopra, 
1995).  

In the paper in which they published the method for 
time integration known as HHT, Hilber, Hughes and Taylor 
(1997) described the advantages of their method in 
comparison with others such as Newmark`s and Houbolt and 
Wilson`s. The process to determine accelerations, velocities 
and displacements in the top of the pile is based on the 

solution of Newmark`s Equations 2 and 3 and the solution of 
the Equation 4 (modified from Equation 1) (Cosic et al., 
2014). 
                                                                                        

 
 (4) 
 

The parameter “α”, the only one not previously 
described in this paper, can be defined as a value between 
“0”to“-1/3” and was included by Hilber, et al. (1997) to 
control the stability and numerical dissipation of the 
algorithm. If “α” is considered to be equal to “0”, the Equation 
4 is the same as Equation 1 and the HHT method becames the 
same as the Newmark method. In the main softwares 
previously listed in this paper, the parameter “α” is defined 
by its user. 

 
 
2.2. 1-D FEM low strain integrity test simulation 

 
Finite elements solutions can be obtained considering 

a one-dimensional bar in a way very similar to the one 
originally proposed by Smith (1960) for pile driving. The pile 
is considered as a bar divided in smaller elements and the soil 
replaced by a system of springs and dampers (Figure 1). 
 

 

 
Figure 1. 1-D model for test simulation. Reference: 
Ambrosini & Ezeberry (2005) 
 

The soil is simulated as a system of springs and 
dampers both in the pile shaft and toe with properties 
calculated using Equations 5 to 8. 
 

𝑘𝑣 = 2,75 𝘹 𝐺𝑠  (5) 

𝑐𝑣 = 2 𝘹 𝜋 𝘹 𝜌𝑠  𝘹 𝑐𝑠  𝘹 𝑟𝑝 (6) 

𝐶𝑣 =
0,85 𝘹 𝐾𝑣 𝘹 𝑟𝑝 

𝑐𝑠
  (7) 

𝐾𝑣 =
4 𝘹 𝐺𝑠 𝘹 𝑟𝑝 

(1 − 𝜈𝑠)
  (8) 

where “kv” is the elastic constant of the springthat represents 
the soil in pile shaft;“Gs”is the shear modulus of the soil; “cv” 
is the damping coefficient in the pile shaft; “ρs”is the density 
of the soil; “cs” is the shear waves velocity in the soil and 
“rp”is the pile`s transversal section radius; “Cv”is the 
damping coefficient in the pile toe; “Kv” is the elastic constant 
of the spring that represents the soil in pile toeand “νs” is the 
coefficient of Poisson of the soil. 
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The Equations 5 to 8 are based on studies published 
by Lysmer and Richart (1966), Novak (1974) and Simons and 
Randolph (1985), and are derived assuming a rigid disk 
vibrating in an elastic plan, not strictly the same situation 
induced in the test. Yu and Liao (2006) claim that the errors 
introduced by this simplification are small. 

The load applied in the model in the top of the pile 
(simulation of the impact of the hammer) is transient and 
generally considered varying in time as a sine function 
(considering only half of the wave) calculated using Equation 
9. 

 
        (9) 
 

 
where “F(t)”is the load in the moment f time “t”, 

“Fmax” is the maximum load applied during the time in which 
the hammer is in contact with the pile top and “tc” is the time 
in which the hammer is in contact with the pile top. 

The response of each element is caracterized by its 
degrees of freedom and defined by algebraic equations 
(Hetland, 2015) solved using one of the direct integration 
methods in the time domain cited in 2.1. For each time 
interval displacements, velocities and accelerations are 
obtained in the points that define the finite elements. The 
velocity variation during a specific amount of time in the 
point defined in the top of the model can, then, be obtained 
numerically and compared to the reflectograms obtained in 
tests made in the field. 
 
2.3. 3-D FEM low strain integrity test simulation 
 

There are three main wave types that propagate 
through the pile-soil medium when striking the pile top with 
the hammer (compression, shear and Rayleigh waves) (Finno 
et al., 1997). When the problem is analyzed unidimensionally 
only the effects of the main compression waves are taken into 
account since the load is considered applied in the upper 
point of the pile model. Therefore, it is not possible to detect 
differences of velocity introduced by the strike in different 
points in the top of the pile, the effects arising from the 
relation between the hammer contact area and the cross-
sectional area of the pile, nor the effects resulting from the 
radiation of the waves near the top of the pile. 

In 3-D simulations these effects can be analyzed and 
the soil and the pile can be modeled in finite elements as 
shown in Figure 2. 

Conditions of discretization in finite elements, loading, 
boundary restrictions, constitutive model of the soil and the 
conditions of contact in the soil-pile interface must be defined 
and are described in item 2.4. After that, displacements, 
velocities and accelerations in each time interval can then be 
obtained considering the solution of the general equation of 
structural dynamics and one of the integration methods 
previously cited. 

 
 

 
Figure 2. 3-D model for test simulation 
 
 
2.4. Numerical models details 
 

To simulate adequately the low strain integrity test it 
is essential that in the numerical models all elements are 
properly defined and sized, that the analyses occur in 
calculated time intervals and that the elements properties, 
contact and boundary conditions are defined in a way that is 
similar to that in the field.  

 
2.4.1 Discretization 
 

According to Hetland (2015) in dynamic analysis to 
divide the model in very large elements can result in 
imprecision of the results with filtration of the higher 
frequencies and a division in very small elements increases 
the computational processing time significantly. According to 
Kramer (1996), the maximum dimension of each element 
should be limited to a value between 1/8 and 1/5 of the 
smallest wavelength considered in the analysis. Ambrosini 
and Ezeberry (2005) and Cosic et al. (2014) considered a 
minimum division of 10 elements per wavelength. 

 
2.4.2 Boundary conditions 
 

When the model adopted is three-dimensional, the 
representation of the soil is limited in relation to the whole 
real medium. It is representing only a part of a mass that has 
continuity in practice. In the specific case of dynamic 
problems, adopting fixed lateral boundary conditions can 
result in wave reflection at the boundaries of the model that 
can return to the system and lead to inaccurate problem 
results. This concept was described by Schauer & Langer 
(2012), who did numerical simulations using the finite 
element method in conjunction with the SBFEM method that 
introduces "infinite" elements at the edges of the model, 
avoiding wave reflections at its limits that can generate 
interferencein the results. 

Peiris (2014) defined the "infinite" elements as having 
a behavior similar to that of "Kelvin" elements with a damper 
associated in parallel with a spring attached to the most 
distant fixed points. Hetland (2015) defined viscous elements 
associated with springs in the limits of his three-dimensional 
model elaborated in PLAXIS® 3D software with the same 
objective. 

Another technique that can be used is to define a 
model with a size large enough to avoid reflections even if 
fixed conditions of support are attributed at the limits of the 
model. Wang et al. (2014) defined a model with 10m 

tc

t
π sen FmaxF(t) =
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diameter and 24 m in length for a 1 m diameter and 16 m in 
length pile. 
 
2.4.3 Time stepping procedure 
 

A very large time interval can result in an imprecise 
solution and a very small time interval substantially increases 
the calculation time as the solutions of the wave equation 
using the integration methods mentioned in item 2.1 are 
found every Δt (Hetland, 2015). As a reference, the time 
increment should not exceed the relation between each 
discretized element and the wave velocity (Fischer et al., 
2010). 

 
2.4.4 Constitutive model of the soil  
 

The strains generated in low strain integrity tests are 
very small, less than 10-5 (Rausche et al., 1994) and caused by 
a transient impact. For this reason, Liao & Roesset (1997), 
Chow et al. (2003), Luo et al. (2010), Fekadu (2010), Lu et al. 
(2013), Wang et al. (2014), Yan (2015), Hou et al. (2016) 
defined the soil in their numerical simulations with linear 
elastic behavior. This consideration leads to the exclusion of 
damping in models. Hetland (2015) suggests predicting this 
factor by assigning a damping rate in the model ("Rayleigh 
damping") which is a linear combination of body mass and 
rigidity. 
 
2.4.5 Assigning pile-soil contact conditions 
 

Replacing the soil by springs and dampers is possible 
in three-dimensional models but in softwares such as 
ABAQUS® and PLAXIS®, the soil is usually modeled and the 
assignment of contact conditions at the pile-soil interface 
becomes necessary. The interaction between two surfaces in 
contact consists of two components: a normal and a 
tangential one. In the low strain integrity test, as the 
displacements are very low, it can be assumed that there is no 
relative slip between the pile and the soil, and therefore the 
assignment in the software of a rough tangential interaction 
(without sliding) can be assumed as well as a normal "hard" 
interaction (the restriction to movement is attributed when 
there is a contact between the surfaces and eliminated when 
the contact pressure becomes negative or zero) (Fekadu, 
2010). Schauer & Langer (2012) considered the same, that 
the relative sliding between the pile and the soil can be 
neglected. 
 
2.5. Data manipulation  
 

Interpreting the results obtained in the test and in 
numerical simulations may be challenging but some 
transformations such as amplification and filtering can 
facilitate this task (Rausche et al., 1992). The waves 
generated by the impact of the hammer take a certain time to 
travel through the pile, to be reflected in the toe and return to 
the top. During this course they suffer damping with 
consequent attenuation of the signal received in the 
accelerometer. Reflections generated by pile integrity 
problems are also reduced due to these effects. Consequently, 
defects at great depths are more difficult to detect. One way 
to minimize this problem is to amplify the signal 
exponentially to the toe of the pile. In general, amplification 
occurs from the point where the most intense friction effects 
begin (Rausche et al., 1992). Care should be taken in the 
interpretation of amplified signals because external noises 

are also highlightedsing this procedure (Hertlein; Davis, 
2006). 

Another useful technique is filtering. Many electronic 
equipments have an inherent frequency response limit. The 
most common inherent filtering partially or totally removes 
the frequency components above a given value. Additional 
user-controlled filtering may be required when high-
frequency elements make it difficult to view the low-
frequency signal, which may be more important specially in 
the PIT test (Rausche et al., 1992). 

3. FEM numerical simulations and comparisons with field 
results 
 

The 1-D and 3-D models developed by the authors of 
this paper considering the theoretical reference indicated in 
the item 2 were then used to perform numerical simulations 
and compare them with PIT field results. For the 
comparisons, 5 (five) groups of piles with different 
characteristics, described in item 3.1, were selected in the 
authors database. 

 
3.1 Characteristics of piles tested in the field 

 
In Table 1 the main characteristics of each group of 

piles are summarized (diameter, length, reinforcements). In 
addition to the design characteristics of the piles summarized 
in Table 1, other data are required for input in the numerical 
models and subsequently compare the results obtained, such 
as the characteristics and elastic properties of the soil. These 
values were initially estimated based on the results of SPT 
near the piles. The modulus of elasticity and the Poisson 
coefficient of the soil are strongly influenced by several 
factors such as remolding of the soil in the tests, soil 
anisotropy, soil stress history, natural cementation, mass 
heterogeneities, stress levels and the loading speed. As the 
PIT is characterized by being a low strain and dynamic test, 
the correlation with large strain field tests such as SPT and 
others that mainly affect the initial layers (such as plate-
bearing tests) is not accurate. Because of that 
weestimatedinitially these soil parameters based on 
correlations obtained from the SPT tests and subsequently 
compared the numerical results, within the established range 
of values, with the signal damping identified in the results 
obtained in the field. The properties for each soil layer were 
assigned as: Poisson Coefficient= 0.40 [average between 0.30 
and 0.50 (Bowles, 1977)] and soil modulus of elasticity for 
low strains (9 x NSPT, 60) [average from the range of variation 
found by Stroud (1989) for non-drained conditions and low 
strains]. 

Lastly, the other characteristics needed are: dynamic 
modulus of the concrete (obtained by retroanalysis from the 
average wave velocities observed in the tests in each group of 
piles); density of the concrete of the piles (assumed to be 
equal to 2300 kg/m3); Poisson's coefficient of the concrete 
(equal to 0.20); hammer contact time with the top of the pile 
(“tc”) assumed to be equal to the average initial wavelength 
obtained by retroanalysis in the reflectograms of the tests 
performed on the piles in the field and the maximum load 
applied at the top of the pile also obtained by the average 
observed in the PIT reports. The procedure to consider an 
average of the reflectograms obtained in several blows of the 
hammer in the same pile is common to highlight the most 
important characteristics related to the integrity of the piles. 
A derivation of this technique was used here to highlight the 
average characteristic of a group of piles. 
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Table 1. Summary ofthe piles characteristics 

Piles Reinforcement 

Group Number of piles Diameter  

(in m) 

Length  

(in m) 

Number of bars and diameter 

 (in mm) 

Length of the reinforcement  

barsembedded in concrete (in m) 

1 40 0.50 13.00 6 de 16 8.00 

2 32 0.30 15.00 4 de 16 4.60 

3 12 0.50 10.90 5 de 16 8.00 

4 12 0.70 20.50 5 de 32 8.80 

5 12 0.80 21.80 12 de 25 10.50 

 
3.2. Comparisons between numerical simulations and 
reflectograms obtained in the field 
 

Assigned in the numerical models the properties and 
characteristics of the piles, soil and impact indicated in the 
item 3.1, the reflectograms (velocity x time) were obtained 
and amplified by an exponential function similar to that 
adopted in the treatment of the results obtained in the field. 
In the numerical models validation processes it was identified 
similarity between the results obtained one-dimensionally 
and three-dimensionally when the simulated position of the 
accelerometer was chosen near the edge of the pile 
(minimum 7 cm and maximum 15 cm).In the 3-D simulations  
the computational effort and time processing are significantly 
higher. To illustrate that, in one case, the processing time for 
the one-dimensional model was about 90 times lower than 
that of the 3-D model. In this research all simulations led to 
the conclusion that a pile can be considered, by 
approximation, a one-dimensional elastic bar in a low strain 
integrity test simulation if it satisfies two conditions: the 
wavelength is greater than the diameter and smaller than the 
length of the pile, the same obtained by Luo et al. (2010). 

As each of the groups of piles 1 to 5 is composed of 
several piles, the reflectograms obtained in the field were 
superimposed on each other to highlight the average signal 
characteristic. In the Figure 3 the higher and lower limits 
obtained in the field tests are indicated. 

The force applied in the hammer blow and the time in 
which the hammer was in contact with the top of the pile 
were calibrated according to average conditions observed in 
the tests made in each specific group of piles. In Figure 4the 
comparison between the results obtained in the numerical 
simulations and the results obtained in the field in specific 
piles of each groups is shown to emphasize the similarity 
between them. 

From the comparative analyzes carried out, it is 
possible to draw some conclusions, reported in item 4, 
regarding the prediction of the damping generated by the 
soil, the influence of the reinforcement embedded in piles and 
also the prediction of the propagation velocity of the tension 
waves. 

 
 

 

  

 

 
Figure 3.  Comparison between numerical simulation and field results – piles from Group 1 to 5 (A to E) 

A 

B 

C 

D 

E 
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Figure 4. Comparison between numerical simulation and field results – pile E7 from Group 1 (A), pile E75 from Group 2 (B), pile E43 from Group 3 
(C), pile E12 from Group 4 (D), pile E9 from Group 5 (E) 
 

4. Conclusions 

 
The attenuation of the signals obtained in the 

simulations, based on damping coefficients and soil elastic 
constants estimated from the theory of a hard disk vibrating 
in an elastic plane and calculated considering a estimative of 
the soil modulus of elasticity based on correlations with SPT 
results, was satisfactory. The results indicate that the 
damping verified in the field tests approach that observed in 
the numerical simulations. 

As the prediction of the damping in the numerical 
models was similar to that observed in the field, it is possible 
to conclude that, with SPT reports and adopting correlations 
with the soil modulus of elasticity at low strains, it is possible 
to forecast for a specific condition, what would be 
approximately the pile limit L/D ratio (length divided by the 
diameter) so that the low strain integrity test is applicable, 
prior to its realization. In the simulations performed this limit 
ratio was found to be approximately equal to 30. It is evident 
in the Figure 3B (group 2 of piles) that the toe reflection was 
not clearly identified. The relation L/D of that piles is 50. In 
Groups 4 and 5 (L/D equal to 29 and 27, respectively) the toe 
reflection was clear although very small. If the need for 
amplification of the toe signal obtained in the numerical 
simulation is very high, the field test will probably not offer 
satisfactory results. The authors of the present research 
recommend a limit of about 25 times for the amplification. 
The reason to adopt this limit is that in simulations carried 
out, when the factor adopted was superior to this one, some 

distortions in the reflectogramwere observed emphasizing 
intermediate reflections and effects of the soil making it 
difficult to interpret the results. It is important to emphasize 
that in cases where there are many intermediate reflections 
and loss of energy of the impact along the shaft by factors not 
included in the numerical simulation the actual damping will 
be larger than expected numerically. 

In the piles tested in the field in which the signal 
generated by the blow of the hammer indicates a lower 
average contact time at the top of the pile (piles of groups 1, 4 
and 5) reflectograms shows more high frequency 
interference and greater difficulty of identification of the toe 
reflection in comparison to the piles with longer contact time 
(groups 2 and 3), corroborating with the conclusions of 
Klingmüller and Kirsch (2004) and Plassmann (2001). The 
choice of material and weight of the hammer, therefore, will 
influence the results (frequency spectrum and external 
interferences) and is primordial to obtain good results that 
allow the analysis of pile integrity. 

In most of the piles (Groups 1, 3, 4 and 5) it was not 
clearly identifiedin the field a reflection in the end of the 
reinforcement cage.That reflection was expected due to the 
variation of the modulus of elasticity and density  between 
the reinforced and non-reinforced parts of the pile. High 
frequency interferences, higher damping of the signals at 
higher depths and the relatively low reinforcement rate of the 
piles (up to 1.17%) contributed to make it difficultto identify 
this reflection. In some piles with smaller diameter (0.30 m), 
with clear identification of the toerelection, with no signal 

B 

A D 

E 

C 
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reflections identified before the tip of the reinforcement bars 
embedded in concrete and with a transition between 
reinforced and non-reinforced parts of the pile at a lower 
depth (up to 4.60 m) it was possible to identify velocity peaks 
near the reinforcement tip.That indicates an impedance 
variation that can be attributed partially to the effect of the 
reinforcement embedded in theconcrete of the pile and the 
possible greater densification of the concrete in the region of 
the reinforcement tip. 

Comparing the compression wave velocities obtained 
in the tests in the field (obtained by dividing double the 
length of the pile by the elapsed time between the hammer 
strike and the reception of the pile toe reflection) with those 
obtained by correlations with the possible dynamic modulus 
of elasticity of the concrete (calculated from fck prediction) 
differences were found between -17.10% and 56.01%. In a 
numerical simulation of a PIT test it is advisable to calibrate 
this concrete property by retro analysis or by making a 
previous test in the field using a pair of accelerometers placed 
at a known distance in the pile shaft. 
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