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ABSTRACT: Evaluating the integrity of drilled shafts or driven piles has long been recognized as an important means for quality 

control in the construction industry. In this research, a method that uses concepts of chaos theory, particularly Recurrence Plots RP, is 

presented as the alternate analysis tool for exploration and interpretation of time series results of pile integrity test.  

 

1  INTRODUCTION.  

The increasing use of large diameter bored piles as deep 
foundation elements demands definitive and economical test 
procedures that can be used shortly after construction to assess 
their structural integrity. Low strain integrity testing requires 
the recording of the pile top acceleration caused by a blow of a 
hand-held impact device. Strains will be small but acceleration 
can be measured by very sensitive motion transducers. Large 
imperfections or irregularities in the pile may be detected and 
the wave velocity gives a relative indication of concrete quality.  

The PIT test, sometimes referred to as the SIT, TNO, Sonic 
Integrity Test, or Pulse Echo Test, is a non-destructive method 
to evaluate a pile foundation element in order to confirm its 
integrity (Bungenstaba and Beimb 2015). The test detects 
potentially dangerous defects such as major cracks, necking, 
soil inclusions or voids and, in some situations, it can determine 
unknown lengths of piles that support existing buildings.  

Difficulties in record interpretation may arise from a lack of 
systematic investigations. Despite the increasing demand, its 
efficiency has become a controversial issue in the geotechnical 
community, due to methodology limitations and its applicability 
to different types of piles. In some cases, the collected force and 
velocity data has an unusual shape, making it hard or even 
impossible to be interpreted with adequate reliability (Likins 
2015). In this investigation, an alternative process to interpret 
the characteristics of a pile foundation, is presented. The chaotic 
tool for analyzing the testing recordings is the Recurrence Plots 
RPs (Eckmann et al. 1986).  

2  RECURRENCE PLOTS 

In this section, we briefly outline some of the basic features of 
RPs and describe how an RP of an experimental data set can be 
generated. The standard first step in this procedure is to 
reconstruct the dynamics by embedding the one-dimensional 
time series in a dE-dimensional reconstruction space using the 
method of delay coordinates. Given a system whose topological 
dimension is d, the sampling of a single state variable is 
equivalent to projecting the d-dimensional phase-space 
dynamics down onto one axis. Loosely speaking, embedding is 
akin to “unfolding” those dynamics, albeit on different axes 
(Packard et al, 1980; Takens, 1981). Given a trajectory in the 
embedded space, finally, an RP is constructed by computing the 
distance between every pair of points (yi,yj) using an 
appropriate norm and then shading each pixel (i,j) according to 
that distance. The process of constructing a correct embedding 
is the subject of a large body of literature and numerous 
heuristic algorithms and arguments. (Abarbanel 1995, Marwan 

et al. 2007) gives a good summary of this extremely active 
field. 
RPs are based upon the mutual distances between points on a 
trajectory, so the first step in their construction is to choose a 
norm D. In this work the maximum norm is used, although in 
one dimension the maximum norm is, of course, equivalent to 
the Euclidean p-norm. The time series spans both ordinate and 
abscissa and each point (i,j) on the plane is shaded according to 
the distance between the two corresponding trajectory points yi 
and yj (Figure 1). The pixel lying at (i,j) is color-coded 
according to the distance. For instance, if the 117th point on the 
trajectory is 14 distance units away from the 9435th point, the 
pixel lying at (117, 9435) on the RP will be shaded with the 
color that corresponds to a spacing of 14.  
Figure 1. Graphical description of RPs: sinusoidal wave example; Tss: 

natural period of sine or recurrence period of deterministic structures. 

3  RECURRENCES AND INTEGRITY 

It is important to state that for a consistent test interpretation 
achievement, the pile logs, soil borehole logs and all other 
available specifications of the pile foundation have to be clearly 
understood (PIT Manual 2005, Alonso 2013). The inverse 
problem of taking a pile shape in a given soil profile and 
drawing the characteristics (the reflectogram) has not a unique 
solution. So it is important the additional information about the 
piling method, the soil environment and the supervisors’ field 
notes. While testing can be learned fairly quickly by qualified 
personnel, interpretation should be left to geotechnical 
engineers with thorough knowledge of wave propagation 
theory, soil mechanics and piling techniques (Amir 2009). This 
is why the importance of developing an automatic pattern 
detection system that significantly minimizes errors due to lack 
of experience and contaminated data. 
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RPs calculated from a massive set of velocigrams are used to 
visualize the trajectories in phase space, which is especially 
advantageous in the case of high dimensional systems. RPs 
yield important insights into the evolution of the trajectories, 
because typical patterns in RPs can be linked to specific 
behaviors of the piles systems. The piles have quasi-chaotic 
recurrent structures (checkerboard) and abrupt changes in the 
dynamics. The evolution causes white areas and darker bands; 
the combination of vertical and horizontal lines forms 
rectangular clusters and also single, isolated dots are presented. 
 Well-defined checkerboard structures are indicator of 
inconclusive data, while sharp-abrupt changes in the dynamics 
of the pile (i.e. reflection from the toe, crack or necking, 
enlargement/bulb) that generate significant white areas, thin 
bands and spots in the RPs are considered meaningful (see 
Figure 2). Darker dots are related to the sharp defined 
reflections attributed to impedance changes, whereas slower 
changing (green or red) is attributed to the soil. An impedance 
decrease resulting in a positive wave, usually means the 
presence of soft toe, while an impedance increase causes a 
negative wave and is considered as hard toe. Thus, necking or 
inclusions appears as a positive-negative cycle at the pile shaft.  

Figure 2. 1st Stage of classification of data: meaningful or inconclusive 

(deterministic to chaotic RPs-structures). 
The pile toe represents a reduction in pile impedance. 
Therefore, a tension wave is reflected from the toe, which is 
detected by the accelerometer and recorded as a single dark dot 
in the RP. Similar structures, but in different locations, are 
founded for a crack or necking in the pile: the trace will dip 
below then immediately rises above the zero line at the defect 
location. The initial dip is a characteristic response in pile 
impedance and occurs as the stress wave passes from the 
original into the reduced cross sectional area, so it is very clear 
as a single isolated structure in a RP. For an enlargement/bulb, 
the trace rises above the zero line and then immediately dips 
below. The dip is caused by a reflected tension wave which is 
generated by the relative decrease in impedance as the wave 
propagates out of the local increase in pile cross sectional area; 
this kind of behavior produces to orange-red fine bands. The 
impedance profiles, the radiagrams as well as their RPs permit 
to show the exploratory evidences about the advantageous 
interpretation of the pile characteristics with RPs. Due to the 
quality of the structures and the definition of clusters, the 
velocigram was used successfully to qualify the integrity of the 
piles. 
For the RP of Figure 2a, a healthy initial cluster is identified 
and the one generated for the toe is located at ≈15m, no more 
structures are detected (nor bands, nor dots), which allows to 
qualify the pile as healthy, of adequate length and without 
section problems.  
On the contrary, in Figure 2b a series of clusters were identified 
and because of their size and the structures they form when 
intersect, they are labeled as anomalies-imperfections. Note that 
these details are more evident in the RP reading than in the time 
series (registered reflectogram). Some of the facts detected are: 
i) the length of the pile is not the expected (13.5 m), (ii) one 
possible defect is at ~ 4.5 m and it is about the diameter, and 
(iii) the quality of the base of the pile is doubtful, also the 

attributes of the concrete at the toe probably are not as in the 
rest of the foundation. In both cases, the conditions defined 
from the analysis of the RPs coincided with the in situ 
identification (additional tests and pile-extraction / section 
verification). 
In the decision-theoretic approach, we are still looking for a 
more effective and efficient feature extraction and selection 
technique, particularly for nonparametric and small sample 
situations (strange or particular anomalies, external effects on 
the readings). The computational complexity of this pattern 
recognition system, in terms of time and memory, is at the 
present time subject for further investigation. 
Figure 2. Recognition and analysis of RPs, a) healthy pile, b) defective 

pile.  

4  CONCLUSIONS 

The proposed methodology is simple, based on accepted theory 
but refined from the experiences of engineers in the field. Its 
inclusion as an algorithm that enriches the testing-tools in the 
field is direct and affordable. Based on the presented results, the 
RPs-methodology can be very useful for rejecting or 
questioning piles with consistency and repeatability. Further 
testing and remedial actions can be programmed with lower 
expenses.  
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