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Abstract 

As a part of the Dutch development program Geo-impulse, which aims to half the 
occurrence of geotechnical failures in civil engineering projects inside the Netherlands 
by 2015, this master thesis is investigating how to trace imperfections in bored piles at 
an early stage. The objective is to carry out literature study on suitable methods and 
then focus the research on one particular method. 

The basis of the research is the single-hole sonic logging method. Field and laboratory 
measurements are carried out with the aim to investigate the detection range of the 
method as well as try to apply more advanced post-processing techniques. 

Results from the measurements are discussed and also a comparison between single-
hole sonic logging and the better standardized test cross-hole sonic logging is made. 
The results indicate that single-hole sonic logging has a small detection range inside a 
bored pile, especially compared to cross-hole sonic logging. Also more advanced post-
processing techniques fails or make the test to advance to use on a daily basis.  

Finally the recommendation is to carry on research with other techniques which in 
scientific papers have showed some promising results. 

 

Keywords: Pile integrity, Single-hole sonic logging, Cross-hole sonic logging, Bored 
piles, Nondestructive testing 
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1  
 
Introduction 

1.1 Background 

This master thesis is carried out at Deltares in the Netherlands as a part of a large 
Dutch development program known as Geo-impulse with the goal to half the 
occurrence of geotechnical failures in civil engineering projects inside the Netherlands 
by 2015. The solutions to reach this ambitious goal are divided into five themes: 

 geo-engineering in contracts 

 implementing and sharing existing knowledge and experience 

 quality of design and construction processes 

 new knowledge for Geo-engineering 2015 

 managing expectations 

This thesis is carried out under the fourth point, new knowledge for Geo-engineering 
2015, where one of the targets is: 

- Quality control for elements built on site; how to trace imperfections at an early 
stage 

1.2 Objective 

The objective of this master thesis is to study the possibilities and limitations of 
discovering flaws in a bored pile after completion of construction using the single-hole 
sonic logging method. This method is a derivative of the better standardized method 
cross-hole sonic logging, however, for the single-hole sonic logging barely any literature 
exists. Therefore comparisons between the two methods will be undertaken. Also, 
possibilities to pick arriving waves in a new manner are investigated. Normally single-
hole sonic tests uses the same method to classify a flaw as a cross-hole test, namely 
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with the first arrival time and the energy in the signal. It is however believed that it is 
possible to pick the waves reflected from a defect within the bored pile. 

1.3  Delimitations 

This thesis focuses on the possibilities to discover flaws with the single-hole sonic 
method. The method used can be applied for other types of elements such as slurry 
walls, although the main purpose is for bored piles.  

First field measurements will be carried out on a flawless pile. Later a concrete block is 
used in a laboratory test despite the fact that in real cases a circular pile is normally 
investigated. This place a minor role, since the aim of the analysis is to get a better 
understanding of the equipment used, the waves traveling inside the concrete and 
factors affecting flaw delectability. 

On the market it exits several manufactures of non-destructive testing equipment for 
bored piles for example from Piletest, Olson Instruments and Pile Dynamics. All the 
equipments work by the same principle and therefore only equipment from one 
manufacturer is used, namely Piletest. 

Finite element modeling gives a good understanding of the wave propagation inside the 
pile but due to an unclear input signal in the transmitter this thesis is focusing on field- 
and laboratory test to investigate the received signal. 

1.4 Methodology 

The work encompasses numerous methods and steps to carry out the task 
systematically. It entails literature study, incorporation of field- and laboratory data 
and analyses of this data using ray-tracing theory. To get a better understanding of the 
transmitted signal a water test is also done. 

First, a literature study from different books, scientific papers and thesis in the topic 
are done. Here different aspects are investigated such as: 

- reasons for defects and what kind of defects they cause 

- different methods for investigating pile integrity after construction 

- case studies for different pile integrity test methods 

- theory for understanding wave propagation and ray-tracing 

The literature study gives an overview of several integrity testing methods but focus on 
three types of test that is considered in the Geo-impulse project; single-hole sonic 
logging, sonic echo and parallel seismic.  

Then, a field measurement is carried out in the regime of Deltares and a laboratory 
measurement is carried out by Delft University of Technology. The field measurement 
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is carried out on a defect free pile and is undertaken to investigate the different wave 
reflection pattern for different probe separation. The laboratory experiment is 
undertaken to investigate the detection range of a single-hole sonic logging test  and to 
compare the possibilities to detect a defect with single-hole sonic logging and cross-hole 
sonic logging. 

The water test was done to get a better idea of how the input signal looks like. 

Finally, comparisons and conclusions are drawn. 
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2  
 
Literature study 

2.1 On bored piles 

2.1.1 General 

Bored piles, also known as drilled shafts, cast-in-situ piles, drilled caissons and cast-in-
place piles or just shaft are constructed by placing a steel reinforcement cage and 
concrete in a drilled hole. It is a favorable method since bored piles often leads to cost 
savings, can be extended to greater depths, results in less ground disturbance, involve 
less vibration and noise during construction and have a flexible geometry in plane and 
shape (O’Neill et al., 2003). However, due to the difficulties during construction with 
inaccessible subsurface it is hard to monitor the construction phase and evaluate the 
result. Therefore, the bored pile needs to be checked after construction with an 
integrity test (Rausche, 2004). 

In construction of bored piles and integrity testing three terms are often used (Amir, 
2002): 

- An anomaly is any irregularity that can be seen in the result plots of integrity 

testing. It may be from poorly performed construction work, the surrounding 

soil or the test equipment, for example noise. 

- A flaw is a deviation from the intended shape or material of the bored pile. 

- A defect is a flaw that due to its size or location negatively affects the structural 

capacity of the bored pile. 

The flaws produced during construction might not always be detected with use of 
integrity tests and therefore stay in the bored pile during its lifetime (Sarhan et al., 
2002). Due to that reason White et al. (2008) proposed that construction projects 
involving bored piles should have a well-defined quality assurance program. For 
example, during an excessive field study in South Carolina, USA, Camp et al. (2007) 
reported high probability of anomalies in bored piles. The authors performed cross-hole 
sonic logging on 441 bored piles in 40 projects under a variety of soil conditions. The 
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result showed that 75 percent of the projects had bored piles containing at least one 
anomaly and 33 percent of all the tested bored piles contained at least one anomaly. 

2.1.2 Problems during construction 

Flaws produced within a bored pile can arise from several reasons. Thorburn and 
Thorburn (1977), Healy and Weltman (1980) and Fleming et al. (2008) report a 
comprehensive list of reason related to the construction of the bored pile: 

- Due to the boring process in unstable saturated ground which cause material to 

fall of the borehole wall and accumulate as debris at the bottom of the borehole. 

- Due to the concrete works such as use of too dry or wet concrete or low-strength 

concrete, too closely spaced reinforcement, undersupply of concrete during 

casting or shrinkage of the concrete during the hydration process. 

- Due to factors related to making the bore hole accessible, for instance poorly 

removal of temporary casing and poorly performed bottom cleaning of drilling 

fluid or loss of base material during bottom cleaning. 

The flaws may also arise from external factors: 

- Due to high shear stresses acting on a bored pile caused by lateral soil 

movement from, for example, an adjacent deep excavation. 

- Due to soil heave, swelling or high water pressure. 

- Due to construction work related to the superstructure, poor connections into 

the pile caps, ground beams or foundation slabs. 

The flaws produced can occur in different forms such as voids, degraded or deboned 
concrete, entrapped cutting, slurry or groundwater and geometrical errors (O’Neill, 
1991). Depending on which phase of the construction the flaw is produced in it can be 
categorized as general defects, defects due to drilling, defects arising from casing 
management, defects arising from slurry management and defects related to design. 
Another type of classification system was proposed by Turner (1997), where the flaws 
are divided into four groups depending on the properties of the flaws: 

- Group A are related to the pile forming process during or after construction and 

contains changes to the intended shape of the pile body, for example necks, 

waists, bulb, expansions, steps or bites. 

- Group B is related to fractures going through the whole bored pile in either 

transversal or longitudinal direction and are often caused by external lateral or 

tensile loads as well as ground heave and shrinkage of the concrete. 

- Group C contains flaws due to changes of the concrete properties. The internal 

property changes of the pile might be gradual or sharp but always due to bad 

concrete or poor concrete processing. 

- Group D contains features affecting pile-soil interaction negatively leading to 

lowered capability of the bored pile to transfer loads to the surrounding soil or 
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rock. Properties effecting the pile-soil interaction negatively are poor toe 

conditions and soften or degraded borehole walls. 

In Figure 2-1 illustrations of defects belonging to group A and B can be seen. In Figure 
2-2 example of external forces causing defects in group B is illustrated. 

Symmetric and

asymmetric neck

Symmetric and

asymmetric bulb

Waist and expansion

Step

Crack Pipe

IntrusionTransverse and

longitudinal failure

 

Figure 2-1. Different kind of defects in a bored pile related to group A and B. 

External lateral

force

Basement heave

or soil swelling

Rotational soil

failure

Heavy structure

 

Figure 2-2. Examples of external forces that causes defects related to group B. 
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2.2 Pile integrity investigation methods 

2.2.1 General 

Integrity tests are done to check if the bored pile has the intended dimensions and 
structural quality (Cameron and Chapman, 2004) and is normally divided into direct 
and indirect tests (Turner, 1997). Direct tests allows for visual inspection or direct 
measurement of physical properties concerning the bored pile. Indirect tests derive the 
structural properties of the bored pile from other, more easily tested properties, such as 
the stress-wave propagation velocity.  

The use of indirect tests for routine control of bored piles dominates over the direct 
tests due to lower cost and that no time consuming operations, creating obstacles on 
the construction site, is needed (Turner, 1997). However, the easy access to non-
destructive tests have given engineers and contractors a false sense of security 
considering the pile integrity and the methods performance in detecting flaws produced 
during construction, especially in wet conditions (Camp et al., 2007). Recent studies 
have showed that there is a lower limit on the defects that can be detected by integrity 
tests, which lies between 10 to 20 percent of the cross-sectional area of the bored pile. 

During interpretation of the results from integrity tests four types of conclusion can 
drawn. Two gives the wrong conclusion namely the false-negative and false-positive 
conclusion (Cameron and Chapman, 2004).  A false-negative result is acquired when a 
defect bored pile remains undetected and therefore used in the foundation. A false-
positive result situation arises when a sound bored pile is classified as defect, leading to 
unnecessary inspection. The two correct conclusions is the true-positive and true-
negative result which means that a bored pile is sound and classified as sound and that 
a defect bored pile is defect and classified as defect. 

2.2.2 Direct tests 

Direct tests allows for visual or mechanical inspection of the bored pile. Direct tests are 
not normally used merely to check the structural integrity of the bored pile. Normally 
the group is divided into three subgroups (Turner, 1997): 

- visual examination 

- load testing 

- drilling, boring or probing 

Visual examination is carried out either during the installation process or by 
excavation alongside a bored pile to examine the outer surface of the bored pile. The 
method normally allows for detection of defects that belongs to group A, B, C and D. 

Load testing allows for observing the bored pile performance either as a structural 
member or as a part of a pile-soil system. Load testing included full-scale static load 
testing, dynamic load testing and integral compression testing. The methods in this 
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group have good possibilities to detect features from group A, C and D but show 
smaller possibilities for features from group B. 

Drilling, boring or probing is normally carried out with the purpose the detect 
discontinuities or defects within the bored pile. The methods in this group normally 
allows for detection of defects belong to group A, B, C and D. 

2.2.3 Indirect tests 

The indirect test group can be divided into three subgroups depending on which 
technique it relies on: 

- internal tests 

- external tests 

- remote tests 

The internal methods require access tubes or boreholes within the bored pile for the 
measurement device, for example the single-hole sonic logging test. The external 
methods are carried out from an accessible part of the bored pile, normally the head. A 
typical external test contains a small force or vibration that is applied to the head of 
the bored pile and the corresponding response is measured. The remote method 
measures the properties of a bored pile at a certain distance from it, for example in a 
borehole parallel to the bored pile as in the parallel seismic method. 

Internal tests 

The internal techniques can detect defects from group A, B and C and possibly defects 
in group D (Turner, 1997).  The tests measure the difference of various physical 
properties of the material inside the bored pile. Since the tests have internal access to 
the bored pile, the techniques are not subjected to attenuation due to the pile length. 

The features of the main types of internal tests are summarized below: 

Acoustic - This group contains a transmitter of ultrasonic pulses and a receiver which 
are lowered in the same or different pre-installed access tubes. Losses of signal indicate 
that flaws might be present. The methods in this group are considered as a fast method 
to medium cost (Fleming et al., 2007). 

Radiometric - Those test methods employ nuclear radiation techniques for the 
detection of variations in density of the pile material. Requires access tubes to be cast 
in the piles before testing and is considered fast to a medium cost (Fleming et al., 
2007). 

External tests  

The external techniques can generally detect defects from group A and B and possibly 
from group C.  
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The features of the main types of internal tests are summarized below: 

Seismic - A hammer blow struck at the top of a pile produces a low-strain stress wave 
which can be detected by a surface-mounted accelerometer at the pile head. The 
method is considered as a fast, low cost method that does not require any pre-selection 
of piles. Signal attenuation makes the method less suitable for long piles (Fleming et 
al., 2007).  

Stress wave - Also known as dynamic load test, which predicts the static behavior of 
the pile from the response of a dynamic impulse. The method is considered as a time 
consuming and expensive test which usually is seen as a replacement for static load 
testing (Fleming et al., 2007).  

Dynamic response - An electrodynamic vibrator is placed on the prepared pile head, 
and the pile is subjected to a continuous vibration over a broad frequency band. The 
method has been widely used and is considered as a medium cost method which has the 
advantage that no pre-selection of pile is needed (Fleming et al., 2007). 

Remote tests 

Testing methods in this group is generally only suitable for examine defects from 
groups A and B. It is a good technique to use when no direct access to pile head or 
body exists (Turner, 1997). 

The features of the main types of internal tests are summarized below: 

Parallel seismic - A stress-wave is induced by a hammer blow on accessible part of the 
pile. The travel time of the wave through the pile and the soil to a receiver in an 
adjacent tube is measured. A medium cost method that does not require pre-selection 
of piles (Turner, 1997). 

Electrical - Different methods exists which measures the response to an electrical input 
of a pile-soil system. The resistance to earth method is the most promising technique, 
where a known current is passed through the pile-soil system and an electrode set some 
distance away. The method is in the experimental phase but allows for rapid testing 
(Fleming et al., 2007). 

2.2.4 Single-hole sonic logging 

The single-hole sonic logging test is a variant of the cross-hole sonic logging test that is 
based on the ultrasonic pulse velocity test, which is an in-situ test for checking the 
concrete quality of structures (Amir, 2009). The equipment consists of a pair of probes 
(emitter and receiver), a depth encoder, pulse generator and signal processor and a 
computer. The probe unit consists of ceramic piezo-electric elements and the applicable 
electronics. The nominal frequency is determined by the properties of the ceramic 
element and is usually in the range of 40 to 100 kHz. On the market it exist three well-
known systems, the Piletest CHUM, the Pile Dynamics CHAMP and the Olson 
Instruments NDE 360. Figure 2-3 shows the setup of a single-hole sonic logging test. 
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rational sensor

Impulse generator

and data recorder

 

Figure 2-3. General outline of single-hole sonic test. 

While cross-hole sonic logging is considered one of the most reliable methods for 
evaluation of structural integrity of bored piles the single-hole version has doubts 
about the actual volume of material that is effectively scanned (Davis and Hertlein, 
1994 and Fleming et al., 2007). However, as a guideline it is recommended to use cross-
hole sonic logging as an integrity test for bored piles with a diameter larger than one 
meter and single-hole sonic logging for diameters smaller than one meter (Brettman 
and Frank, 1997). Using any of the two methods allows for detection of defects within 
the bored pile such as contamination of concrete, inclusions, necking, segregation, 
cracking and joints (Turner, 1997 and Brettman and Frank, 1997).  Nevertheless, there 
exists a minimum limit of the flaw size that can be detected, which is related to the 
wavelength. Normally, the ultrasonic waves in concrete have a wavelength in order of 
50-100mm, which means that flaws about the same size should be detected. In contrary 
to the sound echo test this method is independent of the pile length since no soil-pile 
interaction occurs (Davis and Hertlein, 2006). 

Testing the integrity of a bored pile with the single-hole sonic method is fast. As long 
as an access tube is installed before casting of the concrete, good access to the pile 
exists and the length of the bored pile is less than 25 meters it is possible to test more 
than fifty piles per day (Davis and Hertlein, 2006). However, it needs to be allowed for 
a waiting time of three to six days after casting of the concrete in order to get reliable 
measurements (Amir, 2002). Also, for reliable measurement good acoustic coupling 
between the probe unit and the access tube wall is necessary, something that is 
achieved by water filling the access tubes (Turner, 1997). 

From Figure 2-3 it can be understood that a too narrow access tube might jam the 
probe unit. However, a larger tube is more expensive and harder to fit in a small 
diameter pile. According to Amir (2002) it is recommended from both economical and 
operational issues to use a PVC-tube with an inner diameter of 40 mm since a steel 
tube will prevent waves from reaching the receiver. It is not only the type of tube 
material that plays a role but also the location of the tube (Amir, 2002). Locating the 
tube in the middle of the pile minimizes the distance between the probe unit and 
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possible flaws. However, due to the concreting process the only practical location is to 
tie the tube to the reinforcement cage. 

At the start of a test the probe unit is generally lowered to the base of a pile, and 
raised at a steady rate. Ultrasonic signals is transmitted at predetermined distances 
(normally every two to five centimeter) and radiate in all directions, some arriving at 
the receiver via the concrete where the travel time of the first arriving wave is 
registered. The compressive wave is received first, followed by the shear wave. A flaw 
within the pile adjacent to the path of the first arriving wave will cause the first arrival 
time to be increased. At the receiver, a transducer converts the pulses to electrical 
signals as amplitude modulated voltage. For interpretation the first arrival time and 
the relative energy is used. Energy is the area under a pulse shape and the relative 
energy is the energy measured at a certain depth divided by the maximum measured 
energy in the pile (Fleming et al., 2007). A typical result interpretation can be seen in 
Figure 2-4. 

 

Figure 2-4. FAT and relative energy measurement in single-hole sonic logging test 
(Amir, 2002). 

2.2.5 Sonic echo 

This method is known under several different names such as seismic reflection, sonic 
echo, pile-integrity testing, low-strain integrity testing and various others (Davis and 
Hertlein, 2006). The method has been available in the Netherlands since 1965 and in 
many other countries since the nineteen seventies and is nowadays one of the most 
common techniques to assess the quality of bored piles because of its simplicity and low 
cost (Ni et al., 2006). The sonic echo test takes less than a minute to perform (Amir 
and Amir, 2008) and can be used in all different types of piles and in all ground 
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conditions as long as the pile head is reachable (Turner, 1997). The test setup can be 
seen in Figure 2-5. 

Signal analyzer

and data recorder

Drilled shaft

Accelerometer

Hammer

 

Figure 2-5. Layout of sound echo test. 

A hammer is used to hit the pile head creating a compressive stress-wave that travels 
down the pile. Since the cross-section is small compared to the length of the pile, radial 
and tangential effects can be neglected leading to a problem that is one-dimensional 
and governed by the one-dimensional wave equation (Amir, 2009). Changes in pile 
cross-section or material properties will cause impedance changes, causing the wave to 
be partly reflected back to the pile head where its arrival is recorded with an 
accelerometer or geophone. Turner (1997) reported different reasons for impedance 
changes that can be detected using sonic echo, for example inclusions within the pile, 
cracks or pile joints, dimensional changes in the pile, variations in the concrete quality, 
reinforcement overlapping and variations in soil stiffness. 

The result is presented in a reflectogram showing the reflection pattern and the 
corresponding pile head velocity versus depth plot, as can be seen in Figure 2-6. From 
this plot two types of analyses can be performed, a qualitative and a quantitative 
approach (Amir, 2009). 
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Figure 2-6. Reflectogram for pile with changing impedance (Ambrosini and Ezeberry, 
2005). 

The qualitative approach is done by visually comparing the pile head versus depth 
diagram to various known pile shapes and their respective reflectograms. The 
quantitative approach is carried out with aid from computer programs. Using 
equations for skin friction and impedance changes, the parameters are varied until the 
software-generated reflectogram matches the real one. At the same time, the software 
will have generated a possible pile profile containing flaws. 

A known problem with the sonic echo test is the attenuation of signals which makes it 
harder to discover defects and toe reflections in long piles (Rausche et al., 1992). This 
attenuation is due to internal (in the concrete) and external (from the soil) damping. 
Normally, piles with a slenderness ratio (length divided by diameter) up to 20 can be 
tested with good results using sonic echo. With a higher slenderness ratio, the skin 
friction is increasing which decreases the signal strength.  

Not only has the length over diameter ratio an effect on the attenuation but also the 
frequency and wavelength. A high frequency will attenuate much faster than a low 
frequency. To overcome the problem of detecting flaws but also being able to get a toe 
reflection Rausche et al. (1992) suggest that different hammer sizes should be used. 
The smaller hammer will create a higher frequency, which might reveal more 
information about property changes within the pile, but the signal will also attenuate 
faster. A bigger hammer will create lower frequency waves that are less affected by 
attenuation and therefore more likely to generate a toe reflection. 

2.2.6 Parallel seismic 

The parallel seismic test is performed to measure the depth and the concrete quality of 
bored piles. It has the advantage that piles under existing structures can be tested 
since the receiver is lowered in a borehole parallel to existing pile. Lo et al. (2009) 
reports that parallel seismic is the only method used to evaluate piles where the head is 
connected to a superstructure. The borehole should not be further away from the bored 
pile than 10 meters, have a diameter between five and fifteen centimeters, extend 
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further down in the ground than the pile and be filled with water to allow for good 
acoustic coupling (Lo et al., 2009). To perform the test, the head of the bored pile or 
any other accessible part of the foundation is struck by a hammer, causing stress waves 
to travel down the pile, through the soil and to the borehole where the receiver picks 
up the signal from the arriving waves. The general outline of the test can be seen in 
Figure 2-7. 

 

Figure 2-7. General outline of parallel seismic test. 

The tests is repeated by lowering the receiver down the borehole with uniform step 
length and at the same time create new stress waves allowing for measurements of the 
whole borehole length. Analyses of the pile is done by plotting the first arrival time 
versus depth as can be seen in Figure 2-8.  

 

Figure 2-8. Result from parallel seismic test. Point Z indicate the pile toe (Liao et al., 
2006). 

Data recorder

Pile

Receiver

Hammer
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2.3  Case studies for pile integrity 

This chapter gives a summary of some interesting papers found during the work with 
the literature study. 

Both sonic echo and cross-hole sonic logging can be seen as effective tools for quality 
control and quality assurance of bored piles (White et al., 2008). However, in practice 
it is hard to assess the real conditions of a bored pile from test results. Evans et al. 
(1987) performed cross-hole sonic logging on three 1200 mm diameter bored piles that 
later was visually inspected allowing for comparison of results. Cross-hole ultrasonic 
logging was found to be reliable but dependent of the technician that performed and 
interpreted the tests. 

Despite good measurement and interpretation there still exists a lower limit of the flaw 
size that can be detected with pile integrity tests. The limit is higher for the sound 
echo method compared to the cross-hole sonic logging method. Baker et al. (1993) used 
20 bored piles with soft soil inclusion of various shapes and at different locations within 
the pile. Integrity tests were performed with both the sonic echo method and cross-hole 
ultrasonic method. The results showed that the sound echo method could detect flaws 
occupying 40 – 50 percent of the cross-sectional area and that the ultrasonic cross-hole 
method found flaws occupying 15 percent of the cross-sectional area. 

Chernauskas and Paikowsky (1999, 2000) studied different case histories that used 
different kinds of non-destructive testing methods, both sonic and ultrasonic, and 
found that flaws can be detected if they occupy more than 20 percent of the cross-
sectional area.  

With the use of six bored piles, containing pre-installed flaws occupying 15 percent of 
the cross-sectional area Sarhan et al. (2002) tested the performance of cross-hole 
ultrasonic logging. The result showed that pre-installed flaws could be detected.  

Brettmann and Frank (1997) performed a comparison between cross-hole sonic logging 
and single-hole sonic logging on a 900 mm diameter bored pile with three flaws ranging 
from 25 to 64 percent of the cross-sectional area. Both methods were able to detect all 
flaws and the result showed good correlation between the methods. However, the 
single-hole method showed defects enlarged in the vertical direction and the cross-hole 
method had a better horizontal resolution due to more available measured profiles. 

Amir (2002) carried out singe-hole sonic logging on ten bored piles with a diameter of 
350 mm, of which eight piles contained known defects. The author managed to located 
the defects, consisting of delayed first arrival times and decreased energy. It was also 
shown that single-hole cross logging can detect thin flaws, 30 mm in height, provided 
they surround the tube and thicker flaws, 100 mm in height, at distances of 70 mm 
from the access tube. 
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Using bored piles with length of 59 meters and a slenderness ratio of 39 on two 
different construction sites Ni et al. (2006) showed that it was possible to receive toe 
reflection even with a pile cap using sonic echo. The result was achieved by examine 
the lower frequency portion of the signal by modifying the impact force and with use of 
well-configured geophones. 

Ambrosini and Ezeberry (2005) proved with numerical and experimental studies that 
it is possible to detect pile toe reflections and defects in bored piles with slenderness 
ratio of 40 with sonic echo. These findings are possible due to the development of 
hardware in computers and new sensors and dynamic equipment. 

Finno et al. (1997) conducted parallel seismic test on five bored piles, all with a 
diameter less than a meter. The results showed that the pile toe of a bored pile could 
be correctly identified if the receiver was located in a borehole not further away than 
two meters. The authors also proved that the compression wave speed through the pile 
material could be estimated correctly. 

Liao et al. (2006) used a finite element model verified with laboratory results to show 
that it is possible to located flaws in piles with the parallel seismic method. Flaws will 
result in a change of the stress wave velocity creating new lines with different slopes in 
the first arrival time versus depth plot. In Figure 2-9 the result of an axi-symmetric 
neck, resulting in smaller pile radius and longer arrival times of the stress wave is 
illustrated.  

 

Figure 2-9. Result of axi-symmetric neck with different radius (Liao et al., 2006). 

Parallel seismic can also be used to test the integrity of soil cemented columns. Huang 
and Chen (2007) used a three-dimensional finite element model and showed that 
defects could be detected in both saturated and unsaturated soil conditions. 

Studies have also been done on the structural performance on bored piles where defects 
are not detected and therefore stay inside the piles throughout the design life. Tabsh et 
al. (2005) conducted a series of laboratory experiments on model piles to study the 
influence defects have on the shear capacity of bored piles. The defects compromised 15 
percent of the total cross-sectional area and consisted of voids both penetrating the 
core and not penetrating the core. It was concluded that defects within the concrete 
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cover decreases the shear strength with five percent but a larger decrease can be 
expected if multiple defects exists as well if corrosion of the reinforcement is occurring 
close to a defect. 

O’Neill et al. (2003) studied the response of bored piles with minor defects to axial and 
lateral loads. Eleven model piles with defects completely inside the concrete cover and 
defects penetrating into the concrete core were used in laboratory environment. Both 
type of defects occupied 15 percent of the total cross-sectional area of the bored pile. 
Before yielding of the reinforcement steel, piles with defects behaved in the same 
manner as piles without defects but after yielding it could be concluded that flaws 
penetrating the concrete core have a bigger impact of the structural behavior of the 
bored pile than defects in the concrete cover. In pure axial compression, the capacity 
was reduced by ten percent but for bored pile subjected to lateral loads the load 
capacity reduction could be up to thirty percent. 

Sarhan et al. (2002) showed that the free-head shear capacity was reduced by sixteen 
percent in lateral load tests, using six bored piles containing defects occupying fifteen 
percent of the cross-sectional area.  

2.4 Theory of wave propagation and ray-tracing 

2.4.1 Elastic wave theory 

Small-strain waves that do not cause permanent changes to the materials under 
consideration are the basis of elastic wave theory (Santamarina, 2001). If the 
wavelength is significantly larger than the characteristic dimension of the particulate 
medium then the wave traverse the material as a continuum. This assumption and 
that the materials are isotropic, linearly elastic is the basis of the elastic wave theory. 
Thus, the strain can be described by two parameters the E-modulus and the Poisson’s 
ration. For ultrasonic pile testing the problem is a three-dimensional case, in which 
physical properties vary along the x-, y- and-z-axis but are constant with time. 

The basic equation governing the relationship between wave speed,  , wavelength,   
and frequency,  , is: 

      (2.1) 

Although, the material is consider as isotropic, material properties can vary from place 
to place, in what are called inhomogeneous or equivalent, heterogeneous formations 
(Haldorsen et al., 2006). Possibilities of detecting and quantifying heterogeneity 
depend on the type of inclusion and its geometry relative to the access tube. Standard 
sonic logging can characterize formation properties that vary along the borehole. 
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2.4.2 Waves 

Four types of waves need to be considered. The two most important belong to the body 
waves. Body waves are moving in the three-dimensional elastic continuum and are of 
two types, primary compression and secondary shear waves. Primary waves are faster 
than shear waves. The body waves are followed by the surface waves known as pseudo 
Rayleigh wave and Stoneley wave.  

If one of the primary or shear wave speed and Poisson’s ratio is known it is possible to 
calculate the other wave speed using the following formula: 

  
  

  
    

    
 (2.2) 

Where    is the primary wave speed,    is the shear wave speed and   is Poisson’s 

ratio. 

In Figure 2-10 a schematic figure of the wave train detected at the receiver as function 
of time is illustrated.  

 

Figure 2-10. Typical acoustic oulse recording in a borehole (Close et al., 2009) 

Primary wave 

This wave will cause dilation without rotation of the particles in the material (Van 
Baars, 2009). The particle motion is in the same direction as the wave propagation, as 
illustrated in Figure 2-11. The wave can travel through both solid and fluids. The wave 
speed is described by the equation: 

    
    

 
 (2.3) 

Where      is the odometric modulus and   the mass density. 
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Figure 2-11. Particle motion for a P-wave. 

Shear wave 

This wave is associated with particle motion transverse or perpendicular to the 
direction of propagation (Van Baars, 2009). The waves with transverse particle motion 
is normally referred to as SV-waves and waves with particle motion perpendicular to 
the direction of propagation as SH-waves. The particle motion for an SV-wave is 
illustrated in Figure 2-12.  The wave speed is described by the equation: 

    
 

 
 (2.4) 

Where   is the shear modulus and   the mass density. 

 

Figure 2-12. Particle motion for a SV-wave. 

Pseudo Rayleigh wave 

A surface wave transmitted at the formation-fluid interface characterized by elliptical 
particle motion. The wave mostly arrives mixed with the shear arrivals in the wave 
train (Close et al., 2009). 

Stoneley wave 

Stoneley waves are a surface wave traveling at the fluid-tube interface. Its speed is 
slower than the shear wave. The stoneley wave is frequency dependent meaning that 
the amplitude decays rapidly at high frequencies (Haroldsen et al., 2006).  

2.4.3 Wave fronts 

A wave front represents a set of particles (i.e. points) that undergo similar motions at a 
given instant (Ikelle and Amundsen, 2005). 
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Spherical wave front 

In an isotropic and homogenous medium the energy will propagate outwards 
spherically from a point source (Ikelle and Amundsen, 2005). The energy generated in 
a wave spreads outwards in a spherical wave front described by the equation: 

 

 
     

    (2.5) 

Where   is the time,   is radius and   is the wave speed. 

The total energy on different wave fronts generated by the same source is constant 
which implies that the energy per unit area must decrease as the square of the distance 

from the source since the area of a sphere is     . Because wave amplitude is 
proportional to the square root of energy, the amplitude decreases as    . 

Plane wave front 

At large distance from the source the wave front is close to planar, and the wave is 
called plane wave (Ikelle and Amundsen, 2005). A plane wave simplification leads to 
the solution of the plane-wave equation in elastic media as: 

     
    (2.6) 

Where   is the distance from the source,   is the time and c the wave speed.  

This shows that a generated plane-wave continues to propagate without changes in the 
wave form or amplitude. 

2.4.4 Attenuation 

The amplitude of a wave will decay with traveled distance. This decay is related to 
three different factors affecting the attenuation (Santamarina, 2001). 

Geometrical attenuation 

Geometrical or radiation attenuation is when a wave front travels outwards from the 
source, spreading the energy. Even though the elastic energy is conserved, the amount 
of energy per volume is decreasing. The decay of amplitude depends on the type of 
wave front (Santamarina, 2001). 

For a spherical wave front the amplitude decrease can be described with the following 
formula (Amir, 2009): 

  

  
 

  
  

 (2.7) 
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Where    and    is the amplitude at point one and two and    and    is the distance to 
the transmitter at point one and two. 

Intrinsic attenuation 

Intrinsic attenuation is also known as material attenuation (Santamarina, 2001). Due 
to frictional behavior energy is converted to heat. The energy loss depends on the 
frequency and the distance from the source. The decrease can be described with an 
empirical formula (Amir, 2009): 

              (2.8) 

Where    is the peak amplitude at a distance   from the point where the amplitude is 

  .   is the frequency in MHz and   is the attenuation factor. The attenuation factor is 
a quantity that characterizes how easily a wave can pass through a material. A large 
attenuation factor means that a wave is quickly attenuated and a small attenuation 
factor means slower attenuation. 

Apparent attenuation 

Apparent attenuation is the loss of energy caused by scattering in heterogeneous 
mediums and inclusions and partial energy transmission across interfaces 
(Santamarina, 2001). 

2.4.5 Waves in media with interfaces or inclusions 
(heterogeneous media) 

A wave can impinge an interface at either normal incidence or oblique incidence. 
Depending on the size and location of the material on the other side of the interface, 
three types of wave propagation modes can occur (Santamarina, 2001): 

- If the size of an anomaly in the elastic continuum is greater than the 

wavelength, reflection, refraction and mode conversation occurs. 

- If the wavelength is greater than the inclusion then the wave will propagate 

through an equivalent continuum whose properties combine the properties of 

the host medium and the inclusion. 

- If the wavelength is equal to the inclusion phase scatter occur. 

Normal incidence 

For normal incidence no mode conversation occurs. That means an impinging P-wave 
is transmitted and reflected as a P-wave and that an impinging S-wave is transmitted 
and reflected as an S-wave (Van Baars, 2009). The reflection and transmission 
coefficient depends on the materials impedance, i.e. on the velocity-density product of 
each material and is described as: 
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 (2.9) 

  
     

         
 (2.10) 

Where    is the mass density and    is the wave speed,   is the reflection coefficient 

and   is the transmission coefficient. 

Oblique incidence 

When a wave impinges on an interface with an oblique angle mode conversation, 
reflection and transmission occurs (Santamarina, 2001). For example a P-wave 

impinging an interface with an angle  , at the interface the motion of the particles will 
be in two directions, therefore the transmitted and reflected waves have a longitude 
and transverse component, i.e. P- and S-waves are transmitted and reflected. The 
amplitude of the transmitted wave is a maximum when incidence is normal to the 
interface. For other incidence angles, amplitudes must be computed for each mode as a 
function of the angle of incidence and transmission and the impedance of each medium. 
These equations are known as Zoeppritz’s equations. Snell’s law governs the 
transmission and reflection angles. 

Snell ’s law  

The generalized form of Snell’s law holds for both fluid-solid and solid-solid interface 
except that in a fluid the terms describing shear-waves are neglected since the shear-
wave velocity is zero (Ikelle and Amundsen, 2005). The generalized for of Snell’s law is 
describes as: 

     

   
 

     

   
 

     

   
 

     

   
 

     

   
 

     

   
 (2.11) 

Where    is the incident angle of the P-wave,    is the reflected angle of the P-wave,    

is the transmitted angle of the P-wave,    is the incident angle of the S-wave,    is the 
reflected angle of the S-wave and    is the transmitted angle of the S-wave.    is the 
wave velocity in the different medias and subscript P is the P-wave speed and 
subscript S is the S-wave speed and number one or two refer to which medium the 
wave is traveling in. 

The critical angle is the angle of incidence when no waves are transmitted through an 

interface (       ,      =1). From the above relations it can be concluded that it 
exist a different amount of critical angles at the boundary between two medium (Ikelle 
and Amundsen, 2005). 

For an incidence shear-wave the following holds: 

             1 critical angle 

             2 critical angles 

             3 critical angles 
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For an incidence compression-wave the following holds: 

             No critical angle 

             1 critical angle 

             2 critical angles 

The different reflection and transmission pattern can be seen in Figure 2-13 (Van 
Baars, 2009). 

 

Figure 2-13. Reflection and transmission for P-, SH- and SV-waves (Van Baars, 2009). 

Zoeprittz’s equation  

The reflection and transmission coefficients for oblique incidence are described by the 
Zoeprittz’s equations (Ikelle and Amundsen, 2005). These four equations describe the 
four unknown reflection and transmission coefficients for a wave impinging an interface 
at an oblique angle. The coefficients depend on the incident angle and the physical 
properties of the different materials. The Zoeprittz’s equations assume plane-wave 
conditions. For a P-wave in a low velocity medium impinging on an interface to a high-
velocity medium a typical plot of the reflection and transmission coefficient can be seen 
in Figure 2-14 (Prskalo, 2005).The reflected P-wave amplitude increases with incidence 
angle while the transmitted P-wave amplitude decreases as the incidence angle 
approaches the critical angle, in this case about 30 degrees. At the same angle reflected 
and transmitted S-wave amplitude quickly increases as the incident angle approaches 
the first critical angle. Further increase of incident angle results in decrease of both S-
waves while the incidence angle approaches the second critical angle. 
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Figure 2-14. Amplitude versus incident angle for transmitted and reflected waves for an 
incident P-wave(Prskalo, 2005). 

 

Fastest arrival  

In two semi-infinite media separated by a plane interface possibilities for head waves 
exists (Ewing, 1957). When a point load source and receiver are located in a lower-
velocity medium, separated by a large distance compared to the wavelength the first 
arrival is the one described in Figure 2-15. The part of the path along the interface will 

travel with the higher-velocity medium wave speed,
2 , the rest with the lower-velocity 

medium wave speed, 
1 . The angle of incidence is equal to the critical angle     

             . 

 

 

Figure 2-15. First arrival will belong to the P-head wave if       (Ewing, 1957). 

2.4.6 Ray-tracing theory 

In ray-theory the propagation of a wave front is modeled with ray paths. A ray path is 
defined as lines normal to the wave front, i.e. they point in the direction of 
propagation. Ray-theory is easy to understand, simple to program and very efficient. 
However, its suffers from some limitations. The method is limited in studies of 
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reverberation and resonance due to multiple reflections within a layer (Shearer, 1999). 
For a proper ray-path modeling, three principles are important (Ikelle and Amundsen, 
2005), namely: 

 Huygens’ principle 

 Fermat’s principle 

 Snell’s law 

Huygens’ principle states that all points on a wave-front can be considered as point 
sources for generation of secondary wavelets. Fermat’s principle states that a wave 
path between any two fixed points is the one along which time of travel is the 
minimum of all possible paths. Snell’s law describes the phenomena of reflection and 
transmission when a wave reaches an interface between two materials. 

The 3D cylindrical setting of a bored pile and its access tube complicates the wave 
propagation explanation. However, simplification can be made by examining a vertical 
plane through the axis of a pile. In the resulting 2D system, spherical wave fronts 
become circles and propagate in one plane (Haldorsen et al., 2006).   
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3  
 
Water test and the CHUM-equipment 

3.1 Introduction 

To investigate the input pulse and the gain factor of the Piletest CHUM-equipment a 
water test was carried out in a canal in Delft with still water in order to minimize 
reflections from the boundaries. The canal is approximately four meters wide and can 
be considered of infinite length. The input pulse is generated when the ceramic element 
in the transmitter is given one electric shock and then resonant freely according to its 
natural frequency (Amir, 2012). This signal is captured in a time window of a pre-
determined size ranging between 0,5 ms to 2 ms. The gain factor is an amplification of 
the signal in order to better capture the pulse. This factor should change in inverse 
proportion to the first arrival time (Amir, n.d.)  and attenuation (Ipims, n.d.). The 
CHUM-equipment has automatic gain control with eighth levels on a voltage scale 
between 5 V to 10 mV. As the pulse amplitude drops, a smaller scale should be used.  

To convert the captured pulse signal value to volts the following formula is applied 
(Amir, n.d.): 

      
       

         
 (3.1) 

From this voltage value the energy is calculated as the sum of the absolute voltage 
values along the received pulse: 

                   (3.2) 

3.2 Methodology 

The test was carried out with five different distances between the transmitter and 
receiver: 

- 40 cm 

Chapter 
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- 80 cm 

- 160 cm 

- 240 cm 

- 320 cm 

In this way the measured attenuation can be investigated. The source in the CHUM-
equipment can be considered as a point source which will create a spherical wave front 
(Haldorsen et al., 2006).  

The measurement from the different distances was carried out continuously with 
increasing distances. For each distance the receiver was kept constant for a longer time 
period in order to capture several pulses. The first arrival was picked with the Piletest 
automatic algorithm. 

3.3 Results 

The result from the test is summarized in Table 3-1, which shows that the wave speed 
is fairly equal for all probe separations and that the measured wave speed corresponds 
well with the wave speed in water, which is about 1500 m/s (Amir, 2002). For probe 
separation 320 cm no first arrival event could be picked. The reason for this is that the 
maximum time window for the CHUM equipment is 2 ms. With a wave speed of 1500 
m/s the first arrival will have a travel time of 2,1 ms which is outside the time window. 

Probe separation (cm) FAT (ms) Corresponding 
wave speed 
(m/s) 

Gain 

40 0,27 1481 1 

80 0,54 1481 1 

160 1,09 1468 1 

240 1,61 1491 2 

320 Not picked - 512 

Table 3-1. First arrival time, wave speed and gain factor for different probe 
separations. 

In Figure 3-1 the first arrival time and gain factor versus probe separation is plotted. It 
can be seen that the first arrival time increases linear with the probe separation. 
However, the gain shows a non-linear behavior. 
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Figure 3-1. First arrival and gain level for different probe separations. 

Figure 3-2 shows how the calculated and measured maximum amplitude changes with 
increased probe separation. The calculation of amplitude decrease is carried out only 
considering geometrical attenuation. As a starting value is the maximum measured 
amplitude for probe separation 40 cm then the later ones is calculated from this value. 
The calculation shows that the amplitude should drop to half every time the distance is 
doubled. However, the measured maximum amplitude shows a slower decrease. 

 

Figure 3-2. Comparison between calculated and measured volts when taking into 
account geometrical damping. 

Figure 3-3 shows a typical recorded pulse, in this case for probe separation 160cm. The 
time window for the recording is 2 ms from that the pulse is emitted from the 
transmitter. That means that a larger probe separation leads to a later first arrival and 
consequently that a shorter part of the pulse will be recorded. The recorded pulse in 
the water is rather indistinct with lots of cycles.  
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Figure 3-3. Pulse shape for probe separation 160cm. Maximum voltage about 2,3 and 
gain factor equals 1. 

3.4 Discussion 

The CHUM-equipment reacts correctly to the first arrival event, however, the gain 
factor seems to not work correctly due to two reasons. First, the FAT versus probe 
separation shows a linear relation but the gain does not show the inverse relationship 
stated by Amir (n.d.). The second reason is that the measured maximum amplitude 
drops slower than the calculated amplitude despite the fact that only the geometrical 
attenuation is considered, leaving out the effect from the material attenuation. The 
effect from edge reflections can be ruled out since the maximum amplitude events 
occurs in the first part of the recorded shape which means that no reflected waves 
should have arrived. The gain factor is a so called black box parameter which means 
that it cannot be adjusted by the user. 

The energy in a pulse shape is the sum of the absolute voltage along the received pulse. 
Therefore, to show how the energy is decreasing with increased probe separation is only 
possible if a pre-defined limit of for example a maximum number of cycles is 
considered. 
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4  
 
The Horstwald test site  

4.1 Introduction 

In Horstwald, 50 km south of Berlin, Germany the German Federal Institute for 
Material Research and Testing (BAM) maintains a test site for civil engineering 
foundations. At this site it exists ten bored piles with preinstalled access tubes of PVC-
material allowing for single-hole sonic tests. To get a better understanding of the waves 
traveling in a pile subjected to single-hole sonic test this study will fit theoretical ray-
paths to the measurement results. The recorded waves will also be post-processed with 
cross-correlation to investigate the possibilities to pick arrivals of reflected body waves. 
Also, different ways of picking arriving waves with commercial methods will be 
analyzed. Focus will be on the methods which are implemented in the Piletest CHUM 
software. 

4.2 Methods 

4.2.1 General 

Field measurement with the cross-hole ultrasonic monitor (CHUM) manufactured by 
Piletest Ltd is carried out on pile B1 in the most right access tube which is visualized 
in Figure 4-1 and Figure 4-2 at the BAM test site in Horstwald, Germany. 

Chapter 
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Figure 4-1.Pile B1 at the Horstwald test site. 

 

Figure 4-2. Close-up on pile B1. The two access tubes of PCV-material is covered with 
duct tape. 

The probe unit that consists of a transmitter and receiver with a known separation 
distance is lowered into the water-filled PVC-tube. The probe unit with a diameter of 
25 mm is then pulled upwards while the transmitter emits pulses with a nominal 
frequency of 50 kHz at known depths. At the same time, the receiver records the pulses 
at corresponding depth. The test was carried out with six different probe separations: 
300 mm, 400 mm, 600 mm, 800 mm, 1000 mm and 1200 mm. 

The geometrical data of the pile that are of importance for the calculations are given in 
Table 4-1 (Holscher, 2011 and Niederleithinger, 2012) and the different wave speeds 
and densities of the materials in Table 4-2. The soil data is unknown and therefore 
estimated, but it is known that the pile is located above groundwater level. However, 
this plays a minor role since only waves reflected at the concrete-soil interface is 
studied and no wave propagation in the soil. The wave speed of the concrete is slightly 
higher than the one measured with a CSL-test (Niederleithinger, 2012), but within 
limits reported in literature, for example Amir (2009). For simplification reasons the 
possible reflections from the reinforcement cage are neglected. 
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Length 9m 

Diameter 0,6m 

Inner tube diameter 50mm 

Wall-thickness tube 3mm 

Distance tube-pile edge 100mm 

Table 4-1. Geometrical data of pile B1 (Holscher, 2011 and Niederleithinger, 2012). 

Material                             

Water 1482 0 1000 

PVC 1700 664 1400 

Concrete 4400 2694 2400 

Soil 183 125 2000 

Table 4-2. Wave speeds and densities for the involved materials (Amir, 2002 and 
Niederleithinger, 2012) 

4.2.2 Theoretical ray-path fitting to the measurement data  

The amplitude ratio of the transmitted and reflected waves at the different interfaces 
shows a non-intuitive behavior, which depends on the wave speed and the density of 
the two materials on both sides of the interfaces. These amplitude ratios are governed 
by Zoeprittz’s equation (Ikelle and Amundsen, 2005) and the coefficients have been 
plotted with Crewes Zoeprittz Explorer (Crewes, 2005) and can be found in Appendix 
B. 

From the transmitter to receiver waves will travel in different paths. Apart from the 
direct wave in water and the head wave described by Ewing (1957) the rays will pass 
through five interfaces, which will give rise to new waves (Ikelle and Amundsen, 2005). 
The different interfaces and the corresponding waves that are considered most relevant 
are: 

1. Water - PVC interface.  
a. An incident P-wave transmits a P- and S-wave. 

2. PVC – concrete interface.  
a. An incident P-wave transmits a P- and S-wave.  
b. An incident S-wave transmits a P- and S-wave. 

3. Concrete – soil interface. 
a. An incident P-wave, reflected P- and S-wave. 
b. An incident S-wave, reflected P- and S-wave. 

4. Concrete – PVC interface. 
a. An incident P-wave transmits a P- and S-wave.  
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b. An incident S-wave transmits a P- and S-wave. 
5. PVC – water interface. 

a. An incident P-wave transmits a P-wave.  
b. An incident S-wave transmits a P-wave.  

 
The location of the access tube yields a non-symmetric situation with different 
distances to the pile edge from the access tube, which will give rise to different 
reflection and transmission angles. In Figure 4-3 it is illustrated that only two distances 
are considered, namely 100 mm and 500 mm. The reason for this is that for a non-
symmetric tube installation only two directions will cause a normal incidence angle, as 
illustrated in Figure 4-4. The normal incident angle is a criterion for the ray to arrive 
back to the tube, without further reflections. 

 

Figure 4-3. Different distances to pile edge due to non-symmetric installation of PVC-
tub where a1 and a2 are the different angles. 

 

Figure 4-4. Only two ray-paths will give a normal incident angle for an non-symmetric 
installation of the access tube. The left picture shows normal incidence angle in two 

directions while the right pictures shows that the rest of the angles will cause an oblique 
incidence angle. 
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Studying the Zoeprittz’s coefficient for the different interfaces it can be concluded that 
only two ray paths will give enough energy to show distinct differences in the 
seismogram. This is the ray-path of the primary P-wave reflected at the concrete-soil 
interface and the P-wave that reflects as an S-wave at the concrete-soil interface and 
then is transmitted as a P-wave at the concrete-PVC interface. In the following text, 
the PP-wave refers to the first wave path and the PS-wave refers to the second wave 
path. The SS-wave refers to the shear wave path. This wave is considered unnecessary 
to calculate due to the reasoning below but is still in the text for illustration purposes. 
The transmission and reflection pattern for the waves is illustrated in Figure 4-5. 

 

Figure 4-5. Transmission and reflection pattern for the studied waves. 

The SS-wave will consist of an incident P-wave in water. This wave will be transmitted 
as an S-wave at the water-PVC interface causing a large drop in amplitude ratio. The 
maximum incidence angle for this ray-path is 24,9 degrees and belongs to the 
maximum probe separation of 1200 mm. It results in an amplitude ratio considerable 
lower than for the transmitted P-wave. The PP-wave path results in relatively high 
amplitude ratios at the different interfaces. The exception is the concrete-soil interface 
for small distances between access tube and pile edge (in this case 100 mm). The 
incident angle in the concrete causes the amplitude to drop to small values. However, 
for larger distances between access tube and pile edge (in this case 500 mm) the angles 
is smaller resulting in higher amplitude ratios. The PS-path results in relatively high 
amplitude ratios at the different interfaces. The difference from the PP-path is that the 
same incident angles that caused low amplitude ratio for the reflected P-wave instead 
will cause high amplitude ratio for the reflected S-wave. This means that small 
distances between access tube and pile edge (resulting in higher angles) will cause 
reflection of an S-wave with high amplitude ratio whereas larger distances between 
access tube and pile-edge will lead to a reflected S-wave with low amplitude ratio. 

Except from the head waves, body waves and direct waves also a presence of Stoneley 
wave is possible from a monopole source (Haldorsen, 2006). It is a dispersive wave 
meaning that it propagates at different frequencies. Holscher (2011) found by 
theoretical studies that a wave with a frequency of 50 kHz traveling in a borehole with 
a diameter of 40 mm will have a wave speed of about 850 m/s. This means that the 
Stoneley wave will arrive just after the direct wave in water. 
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Besides just fitting theoretical arrival times with the measurements the signals will be 
cross-correlated. In signal processing, cross-correlation is a measure of similarity of two 
waveforms as a function of time-lag applied to one of them (Weisstein, n.d.). By this 
technique it is possible to search for reflected body waves and head waves. A high 
cross-correlation value means that the fit between the waveforms are high. Amir (2012) 
reported that the signal produced by the CHUM-equipment manufactured by Piletest 
consists of a high amplitude event that decay creating four distinct cycles. This signal 
is for the cross-correlation approximated with a sine wave consisting of four cycles. 

To describe the different incident, transmission and reflection angles as well as the 
travel time for the different ray-path an iterative Matlab script is created. Comparing 
the travel time with the amplitudes of the seismograms and the calculated amplitude 
ratios allows for conclusion about the different ray paths. 

4.2.3 FAT-picking analyses  

The interpretation of CSL- and SSL-tests is done by picking the first arriving wave. It 
is expected that the first arriving wave will belong to the head wave described by 
Ewing (1957). 

FAT-picking for every pulse is straightforward, however for a pile of normal length 
there will be thousands of pulses to evaluate. In the CHUM software developed by 
Piletest, there exist four different algorithms to perform the task (Amir, 2009). 

Fixed threshold 

Signal strength is predefined which gives the first arrival as the first signal which have 
a higher signal level then the predefined value. 

Dynamic threshold 

The dynamic threshold value is defined as the ratio between the maximum amplitude 
and a user-defined value. For example, a threshold value of ten means that the first 
signal with amplitude of ten percent of the maximum amplitude is taken as the first 
arrival. For CSL-tests a dynamic threshold between ten and twenty is a reasonable 
value for FAT-picking (Amir, 2009). 

Automatic 

A Piletest proprietary algorithm that needs no extra settings. Details about this 
algorithm can be found in Amir (2009). 

STA/LTA 

The STA/LTA ratio method compares the average signal amplitude in a short term 
average (STA) leading window to that in a long term average (LTA) tailing window. 
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The first arrival is defined when the ratio between the two windows is higher than a 
predefined limit. This method was developed by Coppens (1985) for geophysical data. 

 

4.3 Results 

4.3.1 Theoretical ray-path fitting to the measurement data 

From the seismograms in appendix A it is clearly visible that for all probe separation 
the first part contains events with lower amplitudes followed by events with higher 
amplitude. In Figure 4-6 a comparison is done between the manually picked low- and 
high amplitude events and calculated P- and S-head waves. The comparison shows a 
good match between the calculated arrival times and the measured times. 

 

Figure 4-6. Calculated head P- and S-waves and measured first arrival of low and high 
amplitude events. 

Figure 4-7 shows calculated travel times for different theoretical ray-paths compared to 
the manually picked first arrival belonging to larger amplitude events. The subscript 
stands for the distance from the access tube to pile edge in millimeters. It can be seen 
the PS100-wave gives a good fit for probe separation of 300 and 400 mm. The measured 
arrival belonging to probe separation of 600 mm is in between the calculated arrival of 
PS100 and PP500. The measured arrival of the 800 mm probe separation corresponds 
well with the calculated arrival time of PP500. The measured arrival belonging to probe 
separation of 1000 mm is in between the calculated arrival of PP500 and PS500. The first 
arrival for the 1200 mm probe separation corresponds well with the calculated arrival 
time of PS500. 

 
First arrival time VS Probe spacing

0

0,1

0,2

0,3

0,4

0,5

0,6

0 200 400 600 800 1000 1200 1400

Probe spacing (mm)

F
A

T
 (

m
s
) Calculated, P-head w ave

Measured, P-head w ave

Measured, larger amplitudes

Calculated, S-head w ave



 
 

The Horstwald test site 

 38 

 

Figure 4-7. Arrival time for measured high amplitude event and calculated arrival time 
for different waves. 

In Figure 4-8 is the relative amplitude for the different studied wave paths plotted. It 
can be concluded that the PP500-wave have the highest relative amplitude as long as 
the probe separation is less than 600 mm. For probe separation 800 mm and above the 
PS500-wave will have higher amplitude ratio. The shear waves show small amplitude 
ratios for all probe separation. 

 

Figure 4-8. Relative amplitude for different ray paths. 

The results from the cross-correlation are presented in Appendix C where several plots 
for all probe separations can be found. For all probe separations cross-correlations are 
carried out for signals measured at different depths. 
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- For probe separations 300 mm, 400 mm and 600 mm the first peak is noticed at 

about 0,1 ms, 0,12 ms and  0,15 ms for respective probe separation. This peak is 

wide and covers the arrival of the primary and shear head wave, the reflected 

body waves PP and PS from the edge 100 mm from the access tube. 

- For probe separation 800 mm, 1000 mm and 1200 mm the first peak is noticed 

at about 0,2 ms, 0,25 ms and 0,3 ms. This peak is wide and corresponds to the 

arrival of the primary head wave, the reflected body waves PP and PS reflected 

from the edge 100 mm from the access tube. 

- For probe separation of 300 mm the peaks are to diffuse to capture the body 

waves reflected from the edge 500 mm from the access tube. 

- For probe separation 400 mm and 600 mm the second peak is located at about 

0,3 ms and 0,35 ms for respective probe separation. Those peaks corresponds to 

the combined arrival of the reflected body  waves PP and PS reflected from the 

edge 500 mm from the access tube. 

- For probe separation 800 mm and 1000 mm the second peak is noticed at about 

0,40 ms and 0,48 ms for respective probe separation. This peak corresponds to 

the combined arrival of the shear head wave and the PS body wave reflected at 

the edge 500 mm from the access tube. The PP wave reflected at the same 

distance arrives earlier and is sometimes visible as a wider peak combining the 

shear head wave, the PP and the PS wave. 

- For probe separation 1200 mm the peak about 0,5 ms corresponds to the 

combined arrival of the shear head wave and the body wave PS reflected from 

the edge 500 mm from the access tube. The peak corresponding to the PP body 

wave reflected at the edge 500 mm from the access tube is in some 

measurements noticed and in some other not noticed. 

For the Stoneley wave with an assumed wave speed of 850 m/s only two time windows 
were long enough to allow for recordings of a possible Stoneley wave, namely the time 
window corresponding to the probe separation of 300 mm and 800 mm. The theoretical 
arrival of the Stoneley wave is after 0,35 ms and 0,93 ms for respective probe 
separations and corresponds to the last visible peak in the cross-correlation graph. By 
studying the seismograms in appendix A no manual picking of the Stoneley wave was 
possible. 

The discussion below is based on Figure 4-6, Figure 4-7 and Figure 4-8. 

Probe separation 300 mm 

PP100 shows a low relative amplitude of 0,05 and its travel time corresponds well with 
the first smaller amplitude increase in the seismogram. 

PS100 which have a greater relative amplitude of about 0,3 corresponds well with an 
increased amplitude in the seismogram when comparing calculated and measured 
travel times. 
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PP500 and PS500 have large relative amplitude ratios above 0,25 but the corresponding 
first arrival are later and therefore hidden in the seismogram. These two arrivals are 
also later than the direct arrival in water. 

The spacing of 300 mm shows a clear signal over the whole pile depth. 

Probe separation 400 mm 

The PP100 ray-path has a calculated travel time that corresponds well with the first 
smaller amplitude increase in the seismogram. However, the arrival of the PS100-wave 
which have a greater relative amplitude ratio of 0,3 corresponds well with the 
measured value of the first arrival of manually picked larger amplitude events. 

With a amplitude ratio of 0,5 the PP500 have the calculated highest relative amplitude 
ratio followed by the PS100-wave. However, the PP500-wave has a calculated first arrival 
of about 0,265 ms which is about the same time as the direct arrival in water (0,27 ms) 
and is therefore hidden in the seismogram. 

Probe separation 600  mm 

The measured first arrival lies in between the calculated arrival of PS100 and PS500 
waves. The relative amplitude of PP500, PS100 and PS500 are relatively similar. 

Probe separation 800 mm 

The measured first arrival corresponds to the first arrival of PP500 which have a relative 
energy of 0,2. The PS500 which have the greatest calculated relative amplitude arrives 
later but before the direct arrival in water. However, this arrival cannot be seen in the 
seismogram. 

The second largest relative amplitude ratio corresponds to the PS100 however this 
arrival cannot be seen in the seismogram. 

Probe separation 1000 mm 

The measured first arrival lies in between the calculated arrival of the PP500 and the 
PS500. The highest relative amplitude ratio belongs to the PS500-wave with a value of 
0,3 and the PP500-wave has a relative amplitude of 0,1. However, at this probe 
separation distance the pattern for first arrival in the seismogram is not uniform over 
the depth anymore. 

Probe separation 1200 mm 

The measured first arrival corresponds well to the calculated PS500-wave which also has 
the largest calculated relative amplitude ratio. It can be noticed the signals in the 
seismogram is weaker than seismograms belonging to smaller probe separations. 
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4.3.2  FAT picking analyses 

A fixed threshold is an old way of analyzing the seismogram with manual adjustment 
of the threshold level. Due to this reason the method is considered as non suitable 
choice and will not be further analyzed.  

Figure 4-9 illustrates a comparison between different dynamic threshold values and the 
P-head arrival and the manually picked first arrival of larger amplitude events. It can 
be seen that a threshold of 20 corresponds well with the calculated arrival of the P-
head wave. A threshold value between 2,5 and 3,5 corresponds well with the picked 
larger amplitude event. A threshold value of 2,5 is chosen for the probe separation of 
300 mm, 400 mm, 600 mm and 800 mm while threshold value of 3 is chosen for probe 
separation of 1000 mm and 3,5 for 1200 mm. 

 

Figure 4-9. Picked arrival time for different threshold values compared to measured and 
calculated arrival times. 

In Figure 4-10 a comparison is made between Piletests automatic FAT-picking 
algorithm developed for CSL-tests and the calculated arrival of P-head waves. It can 
be seen that the algorithm selects first arrivals relatively close the calculated head 
wave. 
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Figure 4-10. Piletest automatic FAT-picking algorithm compared to calculated arrival 
of P-head wave. 

The STA/LTA algorithm gave about the same arrival time as the calculated P-head 
wave arrival. 

4.4 Discussion 

4.4.1 Theoretical ray-path fitting to the measurement data 

The first arriving events belong to the primary head wave, followed by the shear head 
wave as is normal in borehole seismic (Haldorsen et al., 2006). However, no signs of 
Stoneley waves are visible, this is expected in single-hole sonic logging test according to 
the theory presented by Holscher (2011). However, for pile integrity this wave contains 
no useful information. In borehole seismic the reflected Stoneley waves give 
information about fracture aperture which is in order of some few millimeters 
(Haldorsen et al., 2006). The two types of head waves should be able to tell different 
information about defects in the vicinity of the access tube. If bore fluids exist in 
pockets inside the pile shear wave arrivals should disappear since shear waves cannot 
be developed in fluids but primary waves should arrived delayed. However, solid 
material that causes slower wave speed for example segregated concrete should affected 
both primary and shear waves. 

The reflected waves show a complicated behavior that depends on the material on both 
sides of the interface as well as the probe separation and distance to pile edge. The 
primary reflected waves have the highest calculated reflection coefficients as long as 
the probe separations are less than 400 mm and the distance to the pile edge is 500 
mm. When the probe separation increases other waves will have higher amplitude 
coefficients. However, all the studied reflected waves are hidden in arrivals of the 
guided waves along the access tube and cannot be detected by manual inspection and 
more advanced data processing techniques are needed to find those arrivals, for 
example techniques studied by Haldorsen et al. (2010). 
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The cross-correlation show low possibilities to capture the arrivals of individual 
arriving reflected body waves. For all probe separations a problem is that different 
waves, both body waves and head waves, arrives almost together creating wider peaks 
in the cross-correlation graphs. For small probe separations one peak can correspond to 
both primary and shear head waves as well as several reflected body waves. This 
problem is partly overcome with greater probe separations. Nevertheless, just 
performing cross-correlation on the recorded signal is not enough to capture an 
individual reflected body wave. More advanced techniques are needed, for example the 
one used in borehole acoustic reflection survey. 

To be able to characterize inhomogeneities that do not intersect a borehole a technique 
called borehole acoustic reflection survey is used (Haldorsen et al., 2006). This 
technique uses complex data processing techniques involving filtering of head waves 
arrival and depth migration. 

The picking of Stoneley waves could only be done for two probe separations out of six. 
Even though the two theoretical calculated arrival times fitted to visible peaks in the 
cross-correlation graphs it is not enough to be evidence of an existence of Stoneley 
waves. 

If further studies shows that it is possible to capture reflected waves, the investigate 
area that can be reach by a single-hole sonic logging test will be extended away from 
the head waves but still limited to a narrow band if the access tube is used in an un-
symmetric setup. The un-symmetric setup will cause normal incidence angles at the 
pile edge in two directions while an access tube in the center of the pile will cause 
normal incidence angles in all directions. Figure 4-11 shows this narrow band of 
investigation area. 

 

Figure 4-11. Possibilities to detected flaws from reflections if tube is installed in an un-
symmetric setup. Only a narrow straight band from the access tube will be in the 

investigation area. 

4.4.2 FAT picking analyses 

The dynamic threshold method shows good result in line with the manually picked first 
arrival of shear waves with higher amplitude if lower threshold values are chosen and 
primary waves if higher threshold values are used. However, this method is sensitive to 
deviations of the maximum amplitude. If one peak value of the amplitude shows clearly 
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higher value than the rest of the amplitude, this value should be filtered out on 
beforehand to achieve realistic first arrival values. 

The Piletest automatic algorithm managed well to pick the arrival of primary head 
waves but fails to pick arrivals of shear head waves, which is on the other hand is not 
intended for. 

The STA/LTA method did not manage to select the first arrival shear head waves but 
primary head waves. This is believed to be due to software limitations. This method is 
still considered a suitable method for picking first arrival of shear head waves, 
especially since it is less sensitive to single high amplitude values. 
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5  
 
Laboratory experiment in Delft 

5.1 Introduction 

Using a concrete block with a built in defect in the form of a wedge allows for both 
cross-hole and single-hole logging tests. With this block a comparison can be done 
considering detection possibilities of defects between the two methods. Due to form of 
the built-in defect the detection range of the head waves described by Ewing (1957) 
can be investigated. 

5.2 Methods 

5.2.1 General 

The laboratory experiment on the concrete cube was carried out in November 2011 by 
Rodriaan Spruit, PhD candidate, TU Delft and Gemeentewerken Rotterdam. The cube 

was of size       m3 and constructed with pre-installed access tubes and a wedge 
allowing testing effects of different materials using the cross-hole sonic logging. The 
cube and its measures are illustrated in Figure 5-1. The access tubes are of PVC 
material and have an outer diameter of 50 mm and an inner diameter of 42 mm. 

Chapter 
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Figure 5-1. Measures of concrete cube constructed in laboratory environment. 

Both cross-hole and single-hole sonic logging was carried out with the Piletest CHUM 
equipment. The cross-hole tests was carried out with the wedge filled with water, 
saturated sand, saturated gravel and bentonite while the single-hole test was done with 
bentonite in the wedge. For the single-hole test a probe separation of 400 mm was used 
in access tube 3 and a probe separation of 400 mm, 500 mm and 700 mm was used in 
access tube 6. The picking of arriving waves is done with the Piletest automatic 
algorithm, the dynamic threshold method and manually. The results are presented in 
plots of first arrival time and in variable density logs. This is a convenient way of 
presenting the results since both arrival time and energy can be presented in the same 
graph (Turner, 1997). 

5.2.2 Cross-hole sonic logging 

By performing the better standardized cross-hole sonic logging test the wave speeds in 
the single-hole sonic logging test can be verified. Also, by performing this test with 
different material in the wedge formed inclusion the difference in attenuation can be 
investigated which will give a better understanding in the process of quantifying 
defects. 

5.2.3 Single-hole sonic logging 

From the Horstwald field measurement it was reported possibilities to fit calculated 
head waves arrival times to measured values giving strength to the theory reported by 
Ewing (1957). For the moment defects detected by a single-hole sonic test is related to 
the primary head wave. A delay in arrival time can be caused by material with slower 
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wave speed next to the access tube. However, depending on the size and location of the 
defect the head waves might disappear.  The theory of minimum travel time along the 
interface presented by Ewing (1957) assumes two infinite half spaces. When an 
inclusion is present this assumption might be violated. The size and location of the 
anomaly will determine the wave propagation mode according to Santamarina (2001). 
For reflection, refraction and mode conversation to occur at an interface the anomaly 
size needs to be greater than the wave length. By using a wedge that approaches the 
access tube and varies in size this phenomenon can be investigated.  

Due to the measurement technique and instrumentation limitations, it is not possible 
to measure over the whole length of the wedge. When the receiver is 300 mm from the 
top of the concrete cube the measurement is stopped. That means that the transmitter 
is at different depths for the different probe separations. Since the depth of the 
transmitter varies so does the horizontal distance to the wedge. For access tube 3 the 
horizontal distance from the receiver and transmitter to the wedge is always 100 mm. 
For access tube 6 the horizontal distance from receiver to access tube is 75 mm at 
minimum.  

- For probe separation 400 mm the horizontal distance between transmitter and 

wedge is 175 mm at minimum. 

- For probe separation 500 mm the horizontal distance between transmitter and 

wedge is 200 mm at minimum. 

- For probe separation 400 mm the horizontal distance between transmitter and 

wedge is 250 mm at minimum. 

5.3 Results  

5.3.1 Cross-hole sonic logging  

For the cross-hole sonic logging test the wedge was filled with water, saturated sand, 
saturated gravel and bentonite. The transmitter was located in tube 3 and the receiver 
in tube 6. The results are presented with variable density logs and can be seen for the 
water test in Figure 5-2, for the saturated sand in Figure 5-3, for the saturated gravel 
in Figure 5-4 and for the bentonite in Figure 5-5. In the variable density logs blue color 
represents negative amplitude, white color zero amplitude and red color positive 
amplitude. 

It is noticeable that the saturated sand and gravel causes the strongest signal 
attenuation. Water shows an attenuation of the signal but waves manage to arrive to 
the receiver. However, the bentonite shows strong signal until half the depth of the 
wedge then the signal is heavily attenuated. For the bentonite and the water filled 
wedge it can be seen that the materials causes a delayed arrival time that increases 
with the width of the wedge. However, the saturated sand and gravel are subjected to 
such high attenuation that no signals arrive to the receiver and therefore no first 
arrival delay with increase width of the wedge can be noticed. 
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At the beginning of the bentonite filled wedge a high amount of dissipating energy is 
noticed. This is explained by the fact that the bentonite test was carried out last and 
gravel and sand could not be completely removed from the last 4-5cm of the wedge. 

 
 

Figure 5-2. Cross-hole sonic logging results for water-filled wedge. Depth in meters from 
top of concrete cube on vertical axis and arrival time on horizontal axis. 
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Figure 5-3. Cross-hole sonic logging results for saturated sand. Depth in metersfrom top 
of concrete cube on vertical axis and arrival time on horizontal axis. 

 

Figure 5-4. Cross-hole sonic logging results for saturated gravel. Depth in meters from 
top of concrete cube on vertical axis and arrival time on horizontal axis. 
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Figure 5-5. Cross-hole sonic logging results for bentonite. Depth in meters from top of 
concrete cube on vertical axis and arrival time on horizontal axis. 

Using the first arrival time from the part below the concrete wedge allows for 
calculation of the wave speed in the concrete. Once this wave speed is known it is 
possible to calculate the wave speed in the bentonite, which will be used to calculate 
reflection and transmission angles when analyzing the single-hole sonic test. 

Concrete wave speed calculated 78 cm from bottom of concrete cube  

                         
                

                   
                

                                                      

             
               

Bentonite wave speed calculated 150 cm from the bottom of the concrete 
cube 
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5.3.2 Single-hole sonic logging 

From the cross-hole sonic measurements the primary wave speed was measured to 
about 5000 m/s and with an assumed Poisson’s ratio of 0,2 for sound concrete (Amir, 
2009) the shear wave speed can be calculated as: 

    
    

    
             (5.1) 

With the known shear wave speed some important boundaries for investigating the 
single-hole sonic method can be calculated. This is the primary head wave, the shear 
head wave, the direct wave in the water and the edge reflection from the closest edge to 
a free surface which is located 500 mm from the access tube. The expected arrivals of 
these waves are calculated with primary wave speed of 5000 m/s and shear wave speed 
of 3000 m/s in the concrete and with a wave speed of 1500 m/s in water. The result is 
presented in Table 5-1. From these calculations it can be concluded that the free 
surface edges are at far enough distance to not influence the results since the edge 
reflected waves arrives later than the shear head wave. 

Probe 
separation 
(mm) 

P- head wave 
(ms) 

S-head wave 
(ms) 

Edge 500 mm 
reflected wave 
(ms) 

Direct wave in 
water (ms) 

400 0,1 0,16 0,24 0,27 

500 0,12 0,19 0,25 0,33 

700 0,16 0,26 0,27 0,47 

Table 5-1.Calculated arrival time for head waves, edge reflected waves and direct wave 
in water. 

In Appendix D seismograms over the four single-hole sonic logging tests are presented. 
It can be seen that the first part consists of low amplitude events followed by high 
amplitude events for all test configurations. The calculated waves and the measured 
first arrival and the measured arrival of high amplitude events are presented in plots in  

- Figure 5-6 for probe separation 400 mm using access tube 3  

- Figure 5-7 for probe separation 400 mm using access tube 6  

- Figure 5-8 for probe separation 500 mm using access tube 6  

- Figure 5-9 for probe separation 700 mm using access tube 6  

The automatic picked arrivals are showed with a filter value of one and the 
dynamic picked with a filter value of two, where zero equals no filtration and five 
maximum filtration. Three different kind of filters are used which all are described 
in the CHUM software manual (Amir, n.d.). The filters are a median filter, a 
running average filter and a delay filter. 
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- The median filter replaces each value in a vector with the median value of its 

neighbors. 

   is the median of                                            

Where   equals the filter value. 

- The running average filter replaces each value in a vector with the average value 

of its neighbors. 

   is equal to 
                                          

    
 

Where k equals the filter value 

- The delay filter is based on a-prior knowledge stating that arrival times 

significantly lower than the excepted arrival time is impossible. Example: Find 

the N percentile arrival time T when N=(filter value)*5. Set all arrival times 

lower than T to T.  For example if filter value is 5, N becomes 25 , thus T is the 

25 percentile arrival time. 

 

Figure 5-6. Different calculated and measured arrivals in tube 3 with probe separation 
of 400 mm. 
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Figure 5-7. Different calculated and measured arrivals in tube 6 with probe separation 
of 400 mm. 

 

Figure 5-8. Different calculated and measured arrivals in tube 6 with probe separation 
of 500 mm. 
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Figure 5-9. Different calculated and measured arrivals in tube 6 with probe separation 
of 700 mm. 

For all test setups it is seen that the calculated primary head wave fits well with the 
first arriving waves picked manually and with the Piletest automatic algorithm. The 
higher arriving amplitudes event picked with the dynamic method fits with the 
calculated arrival of the shear head wave. The installed wedge did not affect any of the 
head waves. 

5.4 Results  

5.4.1 Cross-hole sonic logging  

The sand and gravel filled wedges show higher attenuation of energy than the 
bentonite. These findings are according to the conclusion drawn by Stain and Williams 
(1991) who found that wet sand and gravel gave higher attenuation then bentonite. 
This is due to internal reflection occurring in grain materials (Santamarina, 2001). This 
leads to the conclusion for interpretations of cross-hole sonic logging results that grain 
material will cause almost total attenuation of the signal and bentoniet (i.e. clay 
materials) increase of first arrival time. This is an important conclusion which will help 
the geotechnical engineer to interpret test result and might help to tell which type of 
inclusion that is present within a bored pile. 

5.4.2 Single-hole sonic logging  

In previous work on single-hole sonic logging carried out by Amir (2002) it was 
reported that the method can find defects as thin as 30 mm if they surround the access 
tube or defects 100 mm thick at a distance 70 mm from the access tube. Brettman and 
Frank (1997) managed to discover defects located 25 mm from the access tube. One of 
the goals with this study was to investigate the detection range of defects with single-
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hole sonic logging. By using a defect in form of a wedge defects with a horizontal 
distance between 75 mm and 250 mm from the access tube was investigated. However, 
all the available distances made no difference in the first arrival plots. Therefore, it is 
believed that the effective range for detecting a defect lies in order up to 70 mm. 

This study was also carried out to further investigate the primary and shear head wave 
phenomena. By comparing calculated theoretical arrival time for the head waves with 
the recorded wave forms presented in the seismograms it can be concluded that both 
types of head waves exists. Therefore, it is understood that the single-hole sonic logging 
uses waves traveling along the access tube to quantify defects.  

5.4.3 Comparison between single-hole and cross-hole sonic 
logging  

So far only one paper has presented comparison result between cross-hole and single 
hole sonic logging. This was carried out by Brettman and Frank (1997) using two 0,9 
meter bored piles. In one pile they installed three defects 25 mm from the access tube 
that was located in the center of the pile. In the other the defect was located in direct 
contact with the access tube. The height of the defects ranged from 25 mm to 160 mm 
and they covered a cross-sectional area from 25 to 64 percent. Both cross-hole and 
single-hole sonic logging managed to locate all defects. The single-hole technique 
offered comparable vertical resolution but less horizontal resolution than the cross-hole 
method. The better horizontal resolution in the cross-hole method is because multiple 
access tube around the perimeter can be used in the measurement. The second pile 
showed the defect clearer, this was reported to be because the defect is in direct 
contact with the access tube. 

The previous studies by Amir (2002) and Brettman and Frank (1997) showed that 
defects up to 70 mm from the access tube can be detected but that cross-hole sonic 
logging has better resolution. This study showed that defects further away than 75 mm 
cannot be detected with single-hole sonic logging by studying the head waves. 
However, the cross-hole measurements can located and show good resolution as long as 
the signal exist, but by only using two access tubes nothing can be said about the 
horizontal size of the defects. Nevertheless, the cross-hole method managed to detect 
flaws even when they were of size in a few millimeters in horizontal extent. 
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6  
 
Conclusions and further studies 

In accordance with preceding discussions, the analysis results obtained from the field 
and laboratory results are discussed and the following conclusions can be drawn: 

With the software available on the market today the post-processing of single-hole 
sonic logging can only be done by analyzing the head waves. That means that the 
investigation range inside a bored pile is limited to a radius of about 7 cm from the 
access tube. That means that if a pile with a diameter of 600 mm is used with the 
access tube installed in the center only 200 mm of the total diameter can be 
investigated. That leaves an cross-sectional are of 0,25 m2 out of 0,28 m2 

uninvestigated.The effectively scanned dimension and the corresponding un-scanned 
for a pile of diameter 600 mm is illustrated in figure 22. 

 

Figure 6-1. Illustration of the scanned area of a pile using SSL. Only 70 mm will be 
effectively scanned leaving defects as with up to a horizontal extent of 210 mm 

undetected for a pile of diameter of 600 mm. 
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If the performed data analyses would have managed to capture reflected waves, 
theoretically the whole cross-sectional area of the pile can be investigated if the access 
tube is located in the center of the pile which allows for normal incidence angle at the 
pile edge around the perimeter of the whole pile. However, if the access tube is tied to 
the reinforcement cage the investigation area drastically decreases. With the off-center 
location a narrow band in two direction can be investigated, which will cover an area of 
approximately 0,06 m2. Outside this band the possibilities to discover flaws with 
reflected waves are believed to be small. 

The reflected arrivals are hidden in the arrivals of the primary and shear head waves 
and this study did not manage to capture them. However, by advance techniques used 
in borehole seismic which filters head wave and apply other post-processing techniques 
the reflected waves might be possible to capture and interpret. For details about the 
technique see paper by Haldorsen et al. (2010). So if further work is undertaken on the 
single-hole sonic logging method the recommendation is that with help of geophysicists 
try to locate reflected waves. However, in the authors opinion is it not suitable to carry 
on the work with single-hole sonic logging. By going towards even more advanced post-
processing methods used by geophysicists the simplicity needed for a geotechnical 
engineer to use the method will be lost. 

The author believes that it is better to continue the research on other techniques, such 
as cross-hole sonic logging, sonic echo and parallel seismic, to assure the integrity of 
bored piles. Cross-hole sonic logging is considered as a good method in pre-specified 
quality assurance program and should work in bored piles if the diameter is greater 
than 500 mm. The reason why cross-hole sonic logging is considered a better method is 
that it can detect smaller inclusions and allows for tomography and 3-dimensional 
inspection. The recent research on sonic echo shows that defects located in piles with 
slenderness ratio of 40 can be detected and therefore this technique is consider suitable 
for further studies. Also parallel seismic have showed promising results in detecting 
flaws. The big advantage with the two later techniques is that no quality assurance 
program needs to be specified on beforehand. If one pile is suspected to contain flaws it 
can still easily by investigated after completion of pile construction. 
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Critical angle (
, ,P pvc P waterV V ) 60,8 degrees. 

 

 

 

Critical angles (
, ,S concrete P pvcV V ,

, ,P concrete P pvcV V ) 60,8 degrees and 22,73 degrees. 
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No critical angles. 
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Cross-correlation probe separation 30 cm 
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Cross-correlation probe separation 40 cm 
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Cross-correlation probe separation 60 cm 
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Cross-correlation probe separation 80 cm 
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Cross-correlation probe separation 100 cm 
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Cross-correlation probe separation 120 cm 
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Seismogram from laboratory 
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Access tube 3, probe separation 40 cm 
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Access tube 6, probe separation 40 cm 
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Access tube 6, probe separation 50 cm 
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Access tube 6, probe separation 70 cm 

 





 

 

 


