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Pile Testing - Why, When, How?

Everybody with experience meinforced concrete construction has encountered
columns that, upon dismantling of the forms, exhibit air voids and honeycombing.
Although these columns may have been cast with gqodlity concrete, in properly
assembled forms and with careful vibratidhey still exhibit defects. Cast-situ piles
are also columns, but instead of forms made of wood or metal we have a hole in the
ground. This hole may pass through layers of dumped fill, loose sand, organic matter,
and ground water, which may be fastwlng or corrosive. Obviously, such conditions
are not conducive to a highuality end product. The fact that on most sites we still
manage to get excellent piles is only a tribute to a dedicated team that makes this feat
possible: The geotechnical engingéne structural engineer, the quantity surveyor,
the contractor, the site supervisor and the quality control laboratory. This is obviously
a chain, the strength of which is determined by the weakest link. This booklet is

devoted to the lastink: quality control and assurance or in short QC/QA.

A flaw is any deviation from the planned shape and/or material of the pile. A
comprehensive list of events, each of which can lead to the formation a flaw in a pile
(Either casiin-situ or driven) is presented bydrhing et al (1992): The use of concrete
that is too dry, water penetration into the borehole, collapse in soft strata, falling of
boring spoils from the surface, tight§paced rebars etc. In small diameter piles, dry
chunks of concrete may also get jammaedhe reinforcement cage, creating large-air
filled voids Fgure 1). This is an interesting illustration of a flaw in a philat was
produced under ideal conditions: It was bored in hard clay above ground watsy le

and thencast in the dry. If this could happen here, it could happen just anywhere and

FOO2NRAY3I (2 adzNLIKeQa [Fg>X AG OSNIUIFAYyf @
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The use of slurry in pile construction stabilizes the surrounding soil, but adds
another risk factor to the pile iefgrity (Figure 2). Diaphragm wall elements

(barrettes), invariably constructed under slurry, may also Heawes (Figure3).

Flaws may also develop after the piles haverbeast Theuse of explosives for
nearby excavation and careless trimming of the pile hekdgi(e4) are two common
causes. Therefore, we have to face the fact that on any given site some piles may
exhibit flaws.Of course, not all flaws are detrimental to the performance of the pile.
hyte | Fflg¢g GKIGE 0SOldzAaS 2F SAGKSNI aAil S 2
carrying capacity odurability is defined as a defect. The geotechnical engineer and
the strudural engineer are jointly responsible to decide which flaw comprises a

defect.

Hgure 1: An obviously defective pile



Figure2: A bored pile cast with bentonite

Figure3: Diaphragm wall constructed with polymer slurry
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Figure4: Careless trimming of a pile head

The existence (Or neaxistence) oflawsin piles often triggers a highly emotional
debate. Nevertheless, it is of utmost importance to hartlis matter rationally and,
at the first stage, to gather maximum information as to the location, size and severity
of all flaws. This can be achieved with an integtigsting program to be specified
together with the specification for pile constructigtCE 1996). With thiaformation,

we can then arrive at a rational decision. This can be one of the following four options:

Disregard thdlaw and accept the pile ais
Accept the pile as a partial support and strengthen the superstructure

Repair the defetive pile

= =2 =/ =

Rejectthe defective pile altogether, and adopt proper remedial measures.

To be effectivethe integrity testingprogramshould take place as soon as this

becomespractical.For stressvave methods, this means at a typical age of one week
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after casting. Piles can be tested sooner under favorable conditions, but sometimes
we have to wait longer. One instance is when the concrete contains a {drger
usual amount of retarding admixture. The result should be reported as soon as the
testing agencyhas had ample opportunity to analyze and evaluate the results. To
avoid unpleasant misunderstandings, the specifications of the project should state, in
no uncertain manner, that the integrity test results should serve as an exclusive

acceptanceriterion.

The cost of a quality control program for a given site is very reasonable, and in any
case much lower than the potential loss caused by an undetected defect. The choice
of a testing firm should not be made on the lowest bidder basis, but shall take into
account the qualifications and record of the firm. In any case, the technical director of
the firm should be an experienced geotechnical engineer, well versed in the geology

of soils, piling techniques and wave propagation theory.
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Of Bats, Miceand Waves

The final products of any piling operation (And in many cases the operation itself)
are practically invisible. You might even say that they are shrouded in complete
darkness. Under such conditions, judging the integrity of a finished pile may seem like

a hopeless task.

Not everyone, however, feels hopeless in the dark: Bats, for instance, are quite
comfortable! Their secret, as every child knows, is the clever utilization of sound
waves. Submarine sonar operators applied this technique decades ago, arg pil
people peing naturally conservative) followed much later. The two techniques
currently dominating pile integrity testing, namely the sonic method and ehads
ultrasonic method both utilize sound waves. Such waves travel not only in air and
water, but also in solids, where they are also called stress waves or elastic waves. We
shall therefore begin with a short introduction to the propagation of stress waves in
solids. Later on, when dealing with each of the testing methods, we shall review those

principles of wave propagation theory applicable to each specific method.

The last part provides an overview of other testing methods, not based on stress

waves.

Ly OGKA&a @¢2NJZ 6S akKl ff dzd Shusi sl indlusldNy & LIA £ S
all deg foundations, whether driven, bored or augered. Specifically, the foundation
GellSa OlIfftSR GOlFlAaazyasd GLASNEE IyR AGRNACT§
Piles may consist of concrete (cast in situ or precast), steel or wood.

When part of a slid body in a state of equilibrium dynamicallyjloaded at some

point, the effect of this load does not reach immediately all parts of the bDde to

inertial effects the stress and deformation caused by the load radiate from the point
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of applicationat a finitespeedtowards all directions. Any given point in the body will
be at complete rest both before and after the effect of loading has passed it. This

phenomenon, illustrated ifrigureb, isdefined as stressvave propagabn.

1 millisecond 4 milliseconds

1) \I\\\w = Vﬂ L“'ﬁﬁ"\
L;VL.J/J r-‘ I\/::I‘ll‘ll\\
(Sl Vol
/e V(|
e, .
- I
7 / ] ;,‘"
i //
///
7 milliseconds 10 milliseconds

Figure5: Propagation of waves caused byhammerimpact on the uper lefthand corner

Waves are created not only by transient loading, but also by steadgdic loads.
Harmonic loading, where the load amplitude is a sinusoidal function of time, is a good

example. Since transient loads of any shape may be resolved by Fourier Transform
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into a series of elementary harmonic waydbe theoretical treatment wilby the

same for both.

The basic equatiogoverningthe relationship between wave propagati@peed

c, wavelength and frequency fis:

c=l f. Equationl

To get a better glimpse into the practical significance of wavelenigth us
consider the following example: For mice, a space the size of a typical pile may seem
like a palace imvhich theycan roam freely in all directions. A man, on the other hand,
will feel the space rather crowded, and at best will be able to moveseilown or up
the pile Figure6). The conclusion is that while a pile may seem-dimeensional to a
man, a mouse will rightly think that the same pile is tho#mensional. Similarly, the
theoretical treatment of waves in solitiedia depends on the prevalent wavelength:
When the wavelength is in the order of pile diameter/width or larger, the problem
becomes onalimensional. This is typical of the stresaves created duringpile
drivingand by testing methods in which the pilegt is hit with a hanéheld hammer.
When the typical wavelength is small in relation to the geometrical dimensions of the
pile, the problem becomes thredimensional and the classical theory of wave
propagation in solid bodies applies. Since piles areivelgtslender bodies, the waves

have to be rather short, that is of ultrasonic frequencies.
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LONG WAVE (SONIC) SHORT WAVE (ULTRASONIC)

Figure6: Long vs. short waves in pile testing
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The sonic method

Basic Principles

The sonic method for the integrity testing of piles TAM52007) is aimed at
routinely testing complete piling sites. To perform this test, a sensor (usually
accelerometer) is pressed against the top of the pile while the pile is hit with a small
hand-held hammer. Output from the sensor is analyzed and displdyea suitable
computerized instrument, the results providing meaningful information regarding
both length and integrity othe pile The sonic test is fast and inexpensive, with

typicallyless thamone minuteneeded to test a given pilé&Mmir &Amir 20@B).

To have a better understanding of the inner workings of the method, let us first go
through the basics obne-dimensionalwave propagation in prismatic rods. We shall
then discuss the specific instrumentation, go through the interpretation and end this

chapter by discussing the capabilities and limitations of the method.

Waves in prismatic rods

The wave equation

Since piles do basically resemble prismatic rods, the analysis of waves in prismatic
rods is evidently of much importance to those involvedliiving pilesand in testing
them. The mathematics involvedre fairly simple provided we first make a few

reasonable assumptions:

1 The wavelength is equal to or larger than the pile diameter.
f The rod is prismatic with a constant cresmsction A, elasticiv(i K | 2 dzy 3 Qa4
Modulus E and homogeneous with mass density

1 Cross sections remain plane, parallel amformly stressed
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1 Lateral inertia effects are negligible.

Let us now examine an elemelx along the rodRigure7). If we demte the stress
above the element by and below the element bg+(us/px) X the unbalanced
force on the element iA.(us/ux) DIf we denote particle displacement by u, the
particle velocity is given byu/pt, the particle acceleration byfu/pt?and the strain e

bypw/pEd® ! OO0O2NRAY3I (2 bSséiG2yQa &aSO2yR, t 6 6C2

A

dx
S + (U gux)dx

Figure7: Waves in an elastic rod

A (s/px) Dx = ADx.r .2u/pt?>  Equation2

Because of elasticitys = Epu/px (Hooke's Law)Substituting in and eliminating

both A andDx on both sides, we get:
E(u?u/px?) = r(WPu/ pit?) Equation3

or:
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2 12
u_; =c2 d%
Mt KX Equation4

where;

c?=Ef Equation5

Thisis thewell-known wave equationn one dimension. The general solution of
GKA&d RAFTFSNBYUGALI T Sl dzsimioptyafundlioiz$ having théd Q! £ SY 6

following form:

u = f(xct) + g(x + ct) Equation6

We can easily verify the validity of this solution by substitution. To understand the
physical significance of this solution, let us consider first term in Equation 6,
assuming the argument-at is constant. In such a case, the functiondixis also
constant. If we wish to keep it constant, we have to increase x Dywehen t is
increased byDt. This means that f describes a wave with a constant form, moving in
the positive x direction at a constaspeedc. Likewise, g describes a wave moving at
the samespeed but in the opposite direction. Both f and g are detemed by the

initial conditions.
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sake of simplicity, we shall in the following consider only the outgoing wave, thus v =
-f.c. We may further omit the minus sign if wesame the compressive wave to be

positive.

The force acting on a given cressction is:

P =s.A =e.E.A = (EA/c)v = Z.v Equation7

This means that the force acting on any section in the rod at a given moment is
proportional to the particle velocity. Z is defined as the impedance of the section with
typical dimensions okg/sec. Other expressions for the impedance: ae= A (B )%z

orZ=r.c.A.

As we mentioned before, this relation is true only for the outgoing waves, while

for returning waves, P Z.v.
A word of caution: particle velocity v and wasfgeedc are twodistinct entities:

Particle velocity v is a function of the initial conditions, such as the blow intensity.
The patrticle velocity caused by tapping with a handheld hmmer will be much lower
than that caused by a large piledng hammer Thewavespeedc, on the other hand
dependsonly on the material constants E amdof the pile,and will therefore be

identicalin both cases

Reflection from the end

When waveamove ina finite rod, they will eventually reach the end x = L. The
wave will be reflected from the end, the nature of the reflection depending on the

boundaryconditions at the end.
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When the end is fixed, u (L, t) = 0. In this case, the wave will be reflected
unchanged, by which we mean that a compressive wave will be reflected as

compressive, and vice versa.

We can prove this result without any recourse to mmanatics. Although infinite
rods are rather uncommon in practice, they are quite useful in theory: Let us then try
and visualize an infinite rod in which two compressive waves of equal shape are
approaching theoint x=L fromboth sides Figure8). When the two waves meet, the
displacements associated with them will cancel each other, so that the point x = L will

stay stationary. This obviously satisfies the boundary conditions.

The stresses at this point, however, will addama reach twice the normal value.
An observer on either side will conclude that a compressive wave will be reflected
unchanged from the fixed end. The same reasoning, by the way, also holds for tensile

waves.

Figure8: Two oppofste compressive waves meeting at x = L
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Figure9: A compressive wave meets a tensile wave at x = L

If one of the meeting waves is compressive and the other one tefsgarg9) the
stresses will mutualicancel at x L. This conforms to the boundary condition at a free
ends [,t) = 0. Since the particle velocities associated with both waves are directed to

the right, they will add up at %L, doubling the normal particle velocity.

The tensile wave iRigure9 will continue moving to the left, wilthe compressive
wave will travel to the right. Our faithful observer will reach the inevitable conclusion
that a wave reflected from a free end will change sign: From compressive to tensile,

and vice versa.

If we take a prismatic rod with a given lengthabhd apply a dynamic load to the
end x=0, the wave created will travel along the rod and return, the duration of the

whole trip T = 2L/c.

Discontinuities in rods

A discontinuity in a rod is defined as an abrupt change in either cross section (From
As to Ao) or material properties E arrd When a wave traveling in a rod meets such a
discontinuity,onepart of it will be reflected back while another part vgth onbeyond
the discontinuity Figurel0). Let us represent the incidemiave parameters by the

index i, while r and t will denote the reflected and transmitted waves, respectively.
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Figurel0: A rod with a discontinuity

From equilibrium:

Aisi *5.) = AsS, Equation8

Moreover,from continuity:

Equation9

Since v = sA/Z,Equation 9may be rewritten as:

(A /Z)(s;-s,) =(A,1Z,).s, Equation10

From Equatioa10and 8we get the following relationships:
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5, =- 4 24 S, Equation11
Z,+7Z,
and.
_ 2 A
t= ~oSi
Z1+Z3 A

Equationl2

These two equations enable us to calculate the behavior of a wave as it moves
along a rod of an arbitrary shape. A convenient way to visualize the process is by using
the method of characteristics, due td&kiemann, which represents the wave

propagation in the % plane.

As we have already seen, the solution of the wave equation is in the form-of f(x
ct) and g(x + ct). If the functions f and g are constant, these solutions describe two sets
of straight Ines in the % plane with a slope of ¢ (downward) anrd (upwards),

respectively. These lines are calldthracteristics.

Figurell shows the characteristics for a rod with a reduced cisestion. The
figures besides the linesathe respective stresses, calculated from Equations 11 and
12.

Using the method of characteristics we draw a graph showing the velocity at the

top versus time. Such a graph is callegfiectogram.
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Figurell: Characteristics for a rod with a reduced cressction (A=A/2, As=A)

(After Vyncke & van Nieuwenburg 1987)

Damping

All former analyses of wave phenomena in prismatic rods wdrased on the assumption of zero skin
friction. When the rod is embedded in some solid material, however, the situation is different: Rod particle
displacement, which is associated with the wave, will give rise to skin friction forces in the opposite tibrec
To visualize the effect of these forces, let us consider the case of a compressive wave traveling downwards in a
rod (Figurel2):
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Figurel2: Influence of skin friction on downgoingiave

The equilibrium condition means that:

R-R-F=0 Equation13
Because otontinuity, vi = . If there is no change in the impedance of the rod,
Z1=2 and thereforePi=-P.. If we substitute this ithe equilibrium equatiori3, we
get:
h=-R=F2 Equation14
This means that the friction force F gives rise to a pair of waves, each equal in

magnitude to F/2: A reflected compressive wave and a transmitted tewsie.

The reflected wave is of the same type of the incident wave: A compressive wave
will cause a compressive reflection, and vice versa. Thus, the reflection due to skin

friction is similar to an increase in the impedance.
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The transmitted componentRs superposed on the incident wave. SincadPof
opposite sign, the net result is a weakening, or damping, of the wave. The total energy

in the rod is decreased, the difference being radiated to the surrounding medium.

Let us assume that the surrounding digm acts as a linear viscous material, that

F=hCv Equationl5

whereF is the friction developed per unit length, C is the perimeter of the rod and
v the particle velocity. The incident wave is associated with an internal force P = Z.v,
reduced byDP due to fricton. The ratio between the transmitted and the incident

force is:
R =1 DP/P = 1 H2Zv = 1- hCv/2A(E)Y2v = 1- [((h/2A) .(B)Y?]  Equationl6

For a rod with either a circular or a square cross section, C/A addbhen R

becomes

1-[2Ch/D.(& ) Y2]. If the length of the rod is L, a dynamic foragaPplied to one

end will arrive at the other end as:
P=R R @P, e Equationl7

Where k = (L/D).[2/(Er )*?]. Cleary, a small increasia the L/D ratio will lead to a
sharp decrease in the force (or velocity) reaching the end. The important contribution

of L/D ratio to damping is therefore apparent.
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For a linear viscelastic medium surrounding the rod, the frictios given by.
h(uu/pt)+ku.  For harmonic waves, Novak et al. (1978) suggested the following

parameters:

h=pD,/Gr, and k = 2G, where G amdare the shear modulus and the density

of the surrounding medium, respectively.

With known damping parameters, we can correct the characteristics (and the

resulting reflectogram) accordingly.

End rigidity

So far, we have dealt with two extreme boundanditions: A free end and a
fixed end. In reality, however, we often encounter ends with a finite rigidity. For the
sake of simplicity, let us assume that the medium beyond the end exhibits a linearly
viscous behavior. In such a case, the stsedevelopal in the medium is proportional

to the particle velocity v:
s=h.v Equationl8

If the area of the end is A, the force developed is e AThe impedance of the

end is equal to the ratio between the force andomty, that is:
Ze=PN=A Equation19

The impedance of the rod directly near the end/is ZcA. Thus, the impedance

ratio is:

ZlZr=hlrc Equation20
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If h >>r ¢ the end will behave asfixed end and ifi <<r c the end will respond as

a free end.
In the special case whén=r c there will be no reflection from the end.

Vyncke & van Nieuwenburg (1987) studied the case of an end with an elastic
behavior. They concluded that the reactiohthe spring is frequenegiependent: For
high frequencies the end is practically free, while for low frequencies it is fixed. A

mixed transient pulse will thus be distorted upon reflection.

Conical rods

In many cases we may encounter rods where the cs®Esgion increases (or
decreases) gradually. Such a situation occurs in conical piles, as well as in the lower
part of underreamed (belled) piles. The simplest idealization of such a situation is the

straight conical rodRigurel3) in which the crossectional area of such a cone is given

by:

— 2 2
AX) = Agx"/a Equation21
this problem was solved for a small cone angle in which the stresses on any
spherical surface (r constgrare uniform and parallel. The analysis is similar to that
for a straight rod, however the relation between stress and velocity is not linear as it
was for the straight rod. In fact, the impedance Z = P/v is now a complex function of,

among other thingsthe coordinate x and the wavelength



29

e

x=0 ' X=a

Figurel3: Waves in a conical rod

When a pulse is moving down a prismatic rod that widens into a cone (underream),
we can expect some form of reflection, indicating an increase in impedahice
nature of the reflection depends on both the cone angle and the wavelength: A small
angle may create no reflection, while a large angle will. Furthermore, small
wavelengths will pass unhindered, while longer waves will be almost fully reflected.
Thereflected pulse may miss some of its higher frequencies, and may thus look quite

different from the incident wave.

Sawtooth-profiled rods

Certain piling technique produce a pile that has a sawtooth profiligurel14).
We may regard this as a special case of the straight rod with a series of enlargements
and constrictions, together creating a multitude of reflections and refractionské&nli
the case of the straight rod, the reflectogramere willshow almost no reflection at
t1=2L/c. Instead, it will show a strong reflection after a longer tipx:t The reason

for this is as follows: For a typical situation, the wave that travels stragitough
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the obstacle course will look like a recruit after an obstacle cowessy: weak indeed.
The stronger reflection we see atis, in fact, a combination of different waves that
have already been reflected and transmitted several times on the Wisarly, this

takes some more time, so that naturalbpt;.

e

Figurel4: Prismatic rod with a sawtooth profile

The sawtooth rod, like its conical counterpart, acts like an acoustic filter, letting

high frequenas pass while stopping low frequencies (Vyncke & van Nieuwenburg
1987).

The PILEWAVE program

The PILEWAVE prograthttp://www.piletest.com/Show.asp?page=PileW3gye
simulateswvave propagation in rods of different shapes. The pile shape library included
in the program consists of many typical shapes, from a straight cylinder to a sawtooth
profile. In addition, we can use the mouse (An unavoidable creature when dealing with

waves) to draw any rod profile we like. The program then plots the characteristics,
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enabling us to follow the waves as they are reflected and transmitted. As a bonus, we

also obtain the resulting reflectogram.

Additional features of the program are the option to change both skin friction and
amplification. When we have high skin frictiohgettoe reflection may become very
weak. Under such conditions, we must apply exponential amplification to compensate

for the damping and obtain a clear, wbkhlanced reflectogram.

Wavespeedin concrete

Most piles are probably manufactured of concreté&her castin-situ or precast.
Therefore, the velocity of wave propagation in concrete should be of much interest to

us.

As we have already demonstrated, the wapeedin a rod is givetwyc = /E/ r

The mass density is determined at the momat of concreting, and thence does not
OKIy3aSed [ 2dzy3dQa az2RdzZ dzax 2y GKS 20G§KSNJ
hardens, albeit at a decreasing rate. As a result, ¢ increases with the age of the

concrete

Figurel5 gives a relaonship between ¢ and the age of the concrete for three
common concrete grades (Amir 1988). We can see that from the age of one week
onwards, c lies between the rather narrow limits of 3,600 and 4,400 m/sec, or
4,000m/sec’ 10%. This mans that whenever we have no information regarding the

concrete, assuming speedof 4,000 m/sec is an excellent first guess.

The general relation between concrete compressive strength and wave speed is
given by (Amir 1988):
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Figurel5: Wavespeedin a concrete rod as a function of grade and age (From Amir 1988)

When testing piles on a large site, we have tmeenber that different piles have
different ages Moreover, in many cases the concrete used for piles contains an
admixture for retarding its hardening. Small differences in the content of retarder may
influence the rate of hardening. As a consequence, we durselves in a situation
where each pile has its specific wagpeed Statistical analysis of a piling site
(Klingmuller 1992) showed that actuabve speedsaried between 2,500 and 6,000
meters per second. While the lower limit may be explained byatie of the concrete,
only poor data can explain the highealues Since the reaspeedfor every pile is
usually unknown, we have to compromise by assuming aas#eage velocity, and

accepting an error a£10% in the reported lengths.
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Instrumentation

Seinbach & Vey (1975), who used a makeshift system consisting of an oscilloscope
and amplifiers, were probably the first tmake use othe sonicmethod. Although
their results look pretty crude by modern standards, they were still able to get a rather

convincing reflection from the toe.

The firstgeneration of commercial pieesting equipment, which soon followed,
still consisted of purely analog componentsased on an oscilloscope and a Polaroid

camera A typical result from such a system is showFigurel6.

Figurel6: 3 reflectograms of a 12 m long pile (ca. 1980) on the oscilloscpeen (note second

reflections)

The early eighties saw the transition to the secagaheration: Digital systems
based on purposéuilt computers and some proprietary operating system. Third
generation equipment appeared a few years later, once ruggedized laptop computers

becamecommerciallyavailable, and used some version of DOS. Today, practically all
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testing systers in useare computerized, belonging to either second or third

generation.

Fourth-generation testing equipment, which recently became available, makes
optimum use of the accelerated progress in both computing power and software
capabilities, with a heavy OOSy i 2y GKS a2F¥dg6I NB | aLISOG @
most popular operating systemMSWINDOWSnd Android- with all the resulting

advantages.

With modern systems, the sonic test can provide us with more information than
just the actual pile lengthChanges in crossection, the existence of inclusions, cracks

and other discontinuities, poor concrete quality, amount of fixation of the toe, etc.

A modern system for sonic testing of pil@agurel7) consiss of the following

components:

Figurel7: Modern equipment for sonic testing

A suitable wave generator. In spite of the impressive name, what it meaastin f
is a gooequality nylon hammer with replaceable tips (They quickly waarwhen

hitting rough concrete).
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A transducethat is pressed against the top of the pile and is sensitive to motion.
The transducer serves both to trigger the system when it egritke hammer blow,
and subsequently to receive all the reflections. This item should be very sensitive and
at the same time very rugged. Commercial accelerometers are particularly suited to
this task.

An analogo-digital (A/D)converter thatturns the ontinuous analog signal from
the accelerometer into a discrete series of numbers a computer can analyze. The A/D
converter should havetdeast al2-bit dynamic range, so it can handle signals as small

as 1:4000 of the maximum.

Modern systems combine thaccelerometer,the A/D converterand amicro-
controller to form a digital sensor. The signals from this sensor are transmitted to the
computer byeither a USB controller througbable, or totally wireless usinthe
Bluetooth protocol. Digital sensors havedsstinct advantage in being practically

immune toexternalnoise.

A portable computer. There is a vast selection of notebook computers one can
take to a site, but only a handful that will survive a large number of such trips. These
G K -KNRG ¢ O 2 YduldzbeSimdiune&dd<dust and occasional spray, and have

screens that will not fade under direct sunlight.

Dedicated software that handles the input and displays the results in a form that
is easy to interpret. The usual presentation of the results is ofhmbked velocity vs.
time, or timedomain presentationAs a rule the time axis is multiplied by ¢/2 and

thus transformed to length bas&his form is also called a reflectogram.

An optional component of the sonic equipment is the instrumented hammer,

included in certain systems. The instrumented hammer contains an internal force
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transducer, which measures the force created when the pile head is hit. The time

history of the force is then stored in the computer for further analysis.

Procedure

Preparation for testing

The minimum age for testing is often quoted as five days after casting. There are,
however, exceptions both ways to this rule: In soft soils, and when the top is smooth,
meaningfultesting carbe performed even on the next day. On the other hantiew
the soil is hard and the concretacludesan excessive amount of retarder, testing

should be postponed accordingly.

The hammer blow, which forms the input for the test, should be sharp and
uninterrupted. This requires first of all free access to tbp of the pile. If, for any
reason the pile was not cast to ground level the contractor should excavate a suitable
pit around it to allow accessibility. The spiral reinforcement above the concrete should

be removed, as should any soil heaped on the pile.

The second condition is that the exposed concrete should be of full strength, clean
and dry. In most cases, this is not the situation: For piles cast under slurry, the top will
usually contain a lovgtrength mixture of concrete and slurry. In augered (QFik)
the insertion of the reinforcement will cause segregation and bleeding reaching the
top. Even when the piles are cast in the dry the surface of the concrete is exposed to
direct sunlight without proper curing, causing the concrete to dry up. Fordaison,
the upper part of the concrete should be trimmed off until good quality concrete is
reached. The exact amount which is to be removed cannot be determined in advance,
and in some cases may exceed one meter. Once this operation is complete, @ll loos

chunks of concrete should be removed. The pneumatic jackhammer is ideally suited



37

for this purpose: It is powerful enough to be cost effective, but not too masto
damage the pile. In addition, compressed air is useful for flushing the surface after th

breaking stage and removing all the debris.

Under difficult testing condition (High friction, high L/D values) preparing a small

testing surface with a diggrinder may be very beneficial.

Testing

Testing is carried out by pressing the transducer tophe headand hitting the
concretewith a plastic hammerFor good couplinga small amount o$uitable putty
(such as HBM AR2) should be spread on the bottom of the transducdrhe
transducer ecordsboth the hammer blow and theeflected waves and #resultsare
further processedy the computer. The output for all piles shall clearly identify the
project, pile number, date, time, depth scale amwdave speedon which the

measurements are based, as well as the results of at least gmsarhammer bows.

Signal treatment

The analog output from the accelerometer is first turned into a digital signal by a
suitable A/D converter. This component is located inside the digital transducer or, if

an analog tranducer is used, in a special circuit which &laéid to the computer.

To turn the raw data into an acceptable reflectogram, the software must go
through the following operations, some of which are performed automatically, while

others are done interactively by the operator:

Integration The input musbe converted from acceleration to velocity

Filtering To eliminate higlirequency noise and obtain a smooth curve
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Rotation The curve is turned so that the area enclosed between it and the
horizontal axis is minimized.

Amplification Because of friction amping, the stress wave is weakened as it
progresses. To obtain a legible reflectogram, it has to be compensated for
damping, usually exponentially. Certain syssaiso allow for lineaamplification,
which enhances the upper part of the pile. In a wadllanced reflectogram, the
reflection from the toe has the same amplitude as the hammer blow on the top.
Normalization No two blows are equal in intensity, so that the resulting velocities
differ too. In order to assist understanding of the results, thetigal scale is
adjusted so that the maxima and minima of the reflectogram occupy most of the
available vertical space.

AveragingA typical reflectogram will include a consistent component (signal) and
a random component (noise). As a result, no two [dowill yield the same
reflectogram. To enhance the resolution of the system, it should include an option

for the averaging of successive signals.

Presentation

We already mentioned that the tesesults are displayed aspile headvelocity
vs. depth. TheEuropean practice is to present the initial hammer blow downwards,
while Americans prefer to show it upwardgigure 18). There is some physical
justification to the European approach: Since velocity is a vector, it should tiedplo
in the right sense. The hammer blow imparts the head a downward velocity, so that
the reflectogramshould preferably be plotted accordingly. Neverthelestis is

mainly a question of convenience.
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Figurel8: European(top) versus American (bottom) conventions

The second question is where to fix the zpoont, from whichwe start measuring
the elapsed time. A good hammer blow lasts anything between one and two
milliseconds, so it is quiienportant where we place our cursdfigurel9). This choice
must be consistent, and applied to all reflectio@grtain systems use the point where
pile head starts to move (point A), but sintlee maximum point of the initiablow

(point B)has a smaller radius of curvatuiejs better defined.
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Figurel9: Alternative zero Points

Interpretation

Having gone through all this, we hopefully havaearreflectogram, and wonder
what it can teach us about the pile. In fact, this is the inverse problem of taking a given
pile shapan a given soil profiland drawing the characteristics and the reflectogram.
Like all inverse problemg,has no unique solution and we have to look for audfiall
AYF2NNIEGAZ2YY ¢KS LIAfAY3 YSGK2RXE GKS azaif
actual testing can be learned fairly quickly by qualified personnel, interpretation
should be left to geotechnical engineers with thorough knowledge of wave
propagation theory, soil mechanics and piling techniques (ICE 1988). Of course,
experts may make a few learned mistakes from time to time, but the ignorant make a
lot of stupid mistakes all the time. Expert interpretation is hence the key to successful

sonic esting,

Quialitative interpretation

The first step in analyzing the reflectogram is qualitative, and is performed

immediately following each test. This is done by mentally comparing the graph to a

LJI



41

catalogue of various pile shapes and their respective cadgrams (Rausche et. al

1988). Some typical cases are presented in Table 1.

If our graph falls into one of these categoriexdeptfor the last one, of course),
it means that we can explain the significance of what we have in hand. If the opposite
is true, we have to try another spot on the pile. Although theoretically the exact
location we hit is of no significance (Fukuhara et al. 1992), in practice different spots
react differently. If all our attempts fail, either the pile top was not sufficiently

prepared for testing, or thespecificpile is just not amenable to sonic testing.

On the basis of qualitative interpretation Klingmuller (1992) divided all the piles
on a site into six categories: Piles belonging to classes 1 to 4 were accepted without
resenation, class 5 piles wensidered as candidates fdynamic load testing prior

to acceptance and those belonging to class 6 were rejected altogether.
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Typicalpiles with respective reflectograms

PILE PROFILE

DESCRIPTIO

REFLECTOGRAM

Straight pile,
free end, length

as expected

Straight pile,
fixed end, length

as expected

Straight pile,
free end, shorter

than expected

Increased

impedance

Decreased

impedance

[ ]

Loally
increased

impedance

1L

Locally
decreased

impedance
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High L/D ratig

and/or high skin R N R

friction -no toe

reflection

— L Multiple

reflections from

mid-length
Irregulear AN

profile - irregular

%’ reflectogram

Table 2 presents Four typical examples of reflectograms obtained using the PET
system on 600 mm diameter bored piles. All piles were bored to an approximate depth

of 11 m. The examples show, in that order:

1 Anormalpile

1 Apile with an enlarged cross section (collapse during boring)

1 Apile with necking (collapase during casting)

1 Apile not amenable to interpretation due to angtepared head.



Table2: Examples obonic TesResults

PILE Length (m) Details Reflectogram Remarks
C31 11.6 Date:200208-08 No anomalies
C
Amp =26
X212 11.1 Date:200205-12 Increased cross section @ 5§
C
Amp =21
C36 ? Date:200208-08 Necking @ 4.2ng no toe

c
Amp =55

reflection




PILE Length (m) Details Reflectogram Remarks
C23 ? Date:200207-18 | Head not clean¢ no toe
c =4000 reflection
WAVA IR
Amp =10

Voo

0 2 4 6 8 10 12 14




Quantitative Interpretation

When both the form of the pile and the skin frictiaistribution are known, a synthetic
reflectogram may be drawn using Equations 11ah# 14.The invers problem, however, has no
unique solution even for the ze#iction case Yyncke & van Nieuwenburg 1987, p. 15, Danziger et
al. 1976). Approximate solutions may be obtained by sigmatching techniques (Middendorp &
Reiding 1988 p. 383)that work asfollows:

First, a reference reflectogram for a cylindrical pile is chosen. In certain cases, such a reference

reflectogram may be obtained by averaging a large number of reflectograms over a given site.

The soil friction function is then varied untilglsynthetic reflectogram calculated for a cylindrical

pile is identical to the reference reflectogram.

Using the friction distribution thus obtained, the pile profile (or rather impedance profile) is
varied until a good match is reached for the pile undensideration. Under ideal conditions, this
profile may be close enough to the real one. The signal matching described above can be performed
either interactively or automatically (Courage & Bielefeld 1992 pp-248) but both methods are

subject to thesame limitations.

Figure20 is an example of signal matching performed by the PET software. The PET signal
matching tool uses drag and drop method to draw both the shape of the pile and the skin friction

distribution. Obviouslythe solution presented is only one of many possible ones.
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Friction Profile

Pile inpedance Profile

Actual and calculated reflectograr{iatch quality: 84.2%)

Actua|1|
Calculated 11.3m
} — N
Om 4 6 8 10 12 14 16

Figure20: Quantitave interpretation using PET signal matching
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Instrumented hammer analysis

If we used an instrumented hammer for testing, we can utilize the additional data in two different

approaches:

Time domainFrom Equation 7 we know that the velocity created by the blow is proportional to
its force. Thus, if waormalize the force timdnistory during the blow, we can plot it so that it will
coincide with the initial part of the reflectogram. If, however, there is an impedance change close to
the top, the reflected wave will separate the plot of the velocity fribrat of the force (Reiding 1992).

This enables us to observe impedance changes that are close to the top and would otherwise go

unmarked.

Frequency domaimAnother approach is based on presenting the test result not as a reflectogram
but in the frequencydomain: The measured velocity is resolved iisaomponent frequencies by a
process known as Fast Fourier Transform (FFT). When a rod with a finite length L is hit at one end, it
will resonate at a frequency of c/2L and at whole products of this frequemo get a consistent
picture, however, we must normalize the velocity spectrum and divide it by the respective force
spectrum. The variable v/F thus obtained, which is the inverse of the impedance, is termed
admittanceor mobility. An idealized mobilitplot is presented irFigure 21 and showsa periodic
curvecorrespondngto the pile length. With suitable training, we can use the mobility plot to draw

certain conclusions regarding the profile of the pile.
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Figure 21: An idealized mobility plot

The mean value of the waashaped part of the plot is called the characteristic mobiliyd¥ithe
pile, equal to 1f cA. A comparison of dwith the expected admittance may provide a clue as to the

integrity of the pile.

The initial, lowfrequency part of the mobility plot is in many cases quite straight. Because of the
low frequency we may neglect both viscous argfimal effects, and assume that the maximum force
Fmax= K. Uhax, Wherekis the stiffness of the pile head angdiis equal to the maximum displacement.

The maximum velocity is obtained by:
Vmax =W. Umax = 20fmax Umax Equation23

Therefore, the dynamic stiffness of the pile head is:

k= Fma>/ Umax = 33 '[max/(VmaJ Fmax)] =2p $ Equati0n24
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Where s is the slope of the straight line. The dynamic stiffkasof course applicable dnat

very low strains, and has little to do with the behavior of the pile under working loads.

Evaluation of thesonic method

The sonic test is a powerful quakfgsuance tool, but we must never forget that it is not
omnipotent. The following paragraphsontain a short discussion of both the capabilities and
limitations of the sonic method. We will then discuss the problems created by the unavoidable

presence of noise.

Capabilities
Since the sonic method is based on the use of stwesges, it can idenfy only those pile

attributes that influence wave propagation. The following items may often be detected (England

1995):

Pile length.

Inclusions of foreign material with different acoustic properties.
Cracking perpendicular to the axis

Joints and staged oareting.

Abrupt changes in cross section.

L T o

Distinct changes in soil layers.

Limitations

All physical measurements have limitations, and the sonic test probably has more limitations than

any other test. For instance, the sonic test will normally not detiee following items:
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1. Atoe reflection when the L/D ratio roughly exceeds 20 (In hard soils) to 60 (In very soft
Soils)

Gradual changes in crasection

Minor inclusions and changes in cresection smaller thaf 25%

Impedance changes of small axiahdnsion

Small variations in length

o a0k~ w N

Features located below either a fultyacked cross section or a major (1:2) change in

impedance

~

Debris at the toe
8. Deviations from the straight line and from the vertical

9. Loadcarrying capacity

Noise

Noise is the enmy of all physical measurements, and its magnitude in relation to the measured
signal is of utmost importanceNe usually distinguish between internal noise and external noise. In
modern instruments with digital sensors and miniaturized electronics ileraise is practically nen

existent. As to external noise, it may be duentanerous sourceAmir & Fellenius 1996pamely:

1. Surface (Rayleigh) waves created by the hammer blow are reflected from the boundaries,
causing higkHirequency noise.

2. Often a sharpiece of casing is used at the top of a pile during concreting and later pulled
out, resulting ina sharpdecrease of the cross section at the bottom of the casing. This
decrease creates regularly repetitive reflectighat (except for the first one) gpear as
mediumfrequency noise.

3. Trimming of the pile tops usually leaves a rough surface. When a concrete protrusion is

hit with the hammer, it may break and create random noise.
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4. Highfrequency noise may also be produced by careless hantstwvs that may hit
reinforcement bars.

5. When the top of the pile is not trimmed enough, or not at all, it may produce pure noise
(usually of a wavy form). This may lead to severe misinterpretation by inexperience
persons, where faulty piles may be declared sound, andwacsa.

Noise should always be reduced to the minimum level. Regular noise (Items 1 and 2) may

sometimes be treated by mathematical filtering. Random noise (Items 3 and 4) is reduced by
averaging a larger number of blows. Testingoarly-prepared pile (km 5) is a waste of time, so

whenever one is identified the test should be repeated after proper trimming.

Needless to say that a noisy signal is practically worthless, as it masks important features that

could otherwise be detected.

For high L/D ratiosral high skin friction, we have to apply high amplification to the signal. As a
negative side effect this will also magnify the noise. It seems, therefore that while some degree of
noise may be tolerated in short piles in soft soils, it becomes unacceptdiae piles become longer

and soils harder.

To reduceexternalnoise, it is sometimes recommended to smoetta small patch on the top of
the pile. This can be done by troweling the fresh concrete immediately after casting or by grinding

the hardened conete with a disc saw.

Even under good conditions, there will be piles in which it will be difficulty to pinpoint the toe

reflection. In such piles the error in the reported length may exceedttt®% valuaisuallyquoted.

Accuracy

Any given pile has at leathreeseO f f SR af Sy3dKaey

1. The design length as shown in the drawings
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2. The asmade length, for instance the depth to which the pile was drilled or augered,
less the amount trimmed off.
3. The effective length, which is the length between the top and thpasmost total
discontinuity.
The main parameter that the sonic test is supposed to deliver is the effective length of the pile.
This subject is often loaded with emotion, and anybody involved with pile testing should approach it

with due care. The accuracy the reported effective length depends on two main factors

The first one is bw goodour reflectogram isTo give an accurate value for the effective length,
the reflectogram should have a high sigt@noise ration, with a clearly defined toe reflemi. A
poor reflectogram will either show no toe reflection or, what is worse, will show multiple features,
each of which may be mistaken for the toe reflection. In addition, when the bottom part of the pile
gl a LIR2NI & 02y aiNHzO éddrton dver a adpsiirablé lanyitls in Nuch alic&s&

it may be rather difficult to pinpoint the toe reflection.

The second item is how goalir guess for thavave speeds. From experienceyave speedn
concrete piles can vary in the range between 8,6Md 4,400 m/s. This means that an initial guess
of 4,000 m/s ensures that the error due to this cause will not exceed 10%. We can greatly improve
on this assumption if we take into account the concrete grade and age (Amir 1988). Even then, we
can never gpect all the piles on a site to have an exactly unifarawve speedespecially when testing

is done shortly after construction.

To improve accuracy, we shall need at least a few reliableate depth measurements made
in the open holes before concretin@ilancia et al. (1996) compared length measurements made
during construction to those obtained by the sonic method, and found differences up to 6 percent.
Thus, if we consider all relevant factors, it is safe to assume that the sonic method is acdthate w

an order of 10%.
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Frequency domain vs. Time domain

Although he presentation of the sonic test results in the frequency domain offers more options
for advanced analysis, it is still subject to the same limitations as the time domain analysis. Like the
reflectogram, the mobility plot is sensitive to both skin friction and noise: With high values of skin
friction it becomes practically flat, and provides very little information. The high frequeaisg,

which we mentioned abovenay, if not treated propdy, give rise to erroneous interpretation.

A typical hammer blow lasts around 1 millisecond. This means that it is hardly possible to detect
frequencies below 1 kHz. The calculation of the pile head stiffness, therefore, is necessarily based on
scant inbrmation. Indeed, related research work (Rausche et. al 1992 p. 617) indicated that the

dynamic stiffness values obtained by this method are at best questionable.

An extensive research project carried out in the Technical University of Braunschwesgn@?las
HANHO NBLER2NISR Fa F2tt26ayYy aLy O2YLI NRA&AZ2Yy G2
AYLINRGSYSYy(ld Ay GKS AYUGSNIINBGIGA2YyEa 2F GKS LA

To summarize, choice between the two methods is a question of personal preference. The
frequengy domain method is a different way to look at the results, and can be a useful tool in the
hands of trained people. The method may provide some information as to the properties of the pile
but these are also obtainable from time domain analysis if we us@strumented hammer. The
interpretation in the frequencylomain ismore elaborate and less intuitive than in the time domain.
Moreover, because it allows more sophisticated analytical techniques, frequency domain analysis

can easily lead to overonfiderce in the results.

International competitions

Nowhere were the limitations of the sonic method better demonstrated than in a number of
testing competitions held in recent years. Due to the heated debate that followed each competition,

it is worthwhile todiscuss a few of them. More details are presented in Appendix A.
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Sample specifications

1. Introduction Sonic testing is intended to give information regarding pile lengths, continuity

and concrete quality. It is able to locaflewsin piles with regardd depth, character and severity,

but does not address the question of pile capacity.

2. Testing agencylhe sonic test shall be carried out by a firm experienced in this kind of work

and approved by the Engineer. A Geotechnical engineer with proven erperghalksupervisesite

work andcarry out theinterpretation of the results.

3. EquipmentThe sonic test shall be performed using a computerized system of reputable origin
with digital sensorsAll components shall be recentialidated and in good woring order. All

software shall be of the latest released version.

4. Piles to be testedAll piles shall be tested at a minimum age of five days after casting, unless

instructions to the contrary shall be given by The Engineer.

5. PreparationsBefore commacing the test, the Contractor shall ensure that there is adequate

access to the pile. The Contractor shall remove, where applicable, the spiral reinforcement above
the pile head. The concrete at cutoff level shall be of full strength, clean and dryesndfflaitance,
free chunks, etc., to the satisfaction of The Engineer. Where ordered, The Contractor shall prepare

smooth testing surfaces using a disc grinder.

6. Testing methodTesting shall be carried out by pressing the transducer to the headghitti

with a plastic hammer, recording the reflected waves and processing the results by the computer.
The output for all piles shall clearly identify the project, pile number, date, time, depth scale and
wave speedn which the measurements are based veall as the results of at least three hammer

blows.
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7. Reporting: A final repofor each testing stage shdie presented not later that three working
days after completion of that stage. The report shall consist of a printout of the original output, as
well a summary table including, for every pile tested, the depth and the engineers' interpretation

regarding its integrity.

Table3: Limitations of sonic testing

PILE PROFILE DESCRIPTION REFLECTOGRAM

High L/D ratio and/or

high skin friction-no toe

Progressive changes ii

crosssection

v Minor inclusions R N O N B

Impedance change of

small axial dimension
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Parallel Seismic Testing

The main drawback of the sonic methodhat the pile top should be accsible. If the pile is part of

a capped pile group sonic testing igily impractical. If the cap supportsaawall orbridge pier
(Figure2?2) sonic testing is impossible. Yet, in numerous cases we are asksthldish the dpth of

the existing piles when the structure is due for upgrade. A similar situation occurs when deep
excavations are planned in urban areas, adjacent to old and sensitive buildinger such
circumstances,hte Parallel Seismic methodfior 1993 is theaccepted means for measuring the

depth of foundationssupporting structures

Figure22: Inaccessible piles

To perform the test, a plastic tubsith 40-50 mm inner diameter is installed in the grourehd filled with water. The tube

with water. The tube should be vertical, at a distance of 0.5 to 1.5 m from the measured element, and extend at least 5 m below
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and extend at least 5 m below the expected bottom tife testedfoundation (

Figure24). In dry soithe annular space around the tube should bewed, while in saturated soil
this is nunnecessary. litable spobn the superstructure above thale isthen repetitively hit with
a heavy hammer equipped with a triggering switSimultaneously, a hydrophone connected to the

instrument is loweredn the tube in stages of about 500 mm each and the arriving waves recorded.

A typical graph of FAT vs. def§Bigure23) consists of two straight branches. The slope of the upper
one V1 is equal to the wave speed in the pile aralltwer one V2 is equal to the wave speed in the
ground. The depth of the break point indicates the depth of the piigure24 shows thePSI (Parallel

Seismic Instrument) by Piletest.com.
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Figure24

Figure23: Principle of the Parallel Seismic method

Figure24: The PSIRarallel Seismidnstrument) by Piletest.com
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Ultrasonic Testing

Basic Principles

The sonic method belongs to the externaktmethods, as it accesses only the top of the pile.
Ultrasonic logging, on the other hand, is intrusive and necessitates the prior installation of access
tubes (Usually two or more) in the pile. Before the test they have to be filled with water (tonobtai
good coupling) and two probes are lowered inside two of the tubes. One of these probes is an emitter
of ultrasonic pulsesand the other a receiver. Having been lowered to the bottom, the probes are
then pulled simultaneously upwards to produce an ultragologging profile. The transmitter
produces a series @fcousticwaves in all directions. Some of these waves do eventually reach the
receiver. The testing instrument then plots the travel time between the tubes versus the depth. As
long as this time ifairly constant, it shows that there is no change in concrete qualityanomaly,
showing asudden increase of the travel time at any depthay indicate aflaw. The cross hole
method has been described in a number of recognized stand&mé & Amir 208a). As we shall

see later, the croshole method may be further refined to produce highality results.

A variation of ultrasonic logging is the sinhl@e method (Brettmann & Frank 1996, Amir 2002):
In this method both emitter and receiver are loweresiith afixed vertical spacing, in the same tube

(or hole). In this case the waves do not travel across, but rather along, the pile axis.

While the access tubes introduce an extra expense item, the trolescompensates for this by
allowing the testing guipment to approach potentidlaws An additional advantage of this test is
the enhanced resolution: while the sonic test uses a wavelength of at least two meters, the cross
hole method utilizes ultrasonic frequencies, with typical wave lengths of 500t mm. Since
resolution is strongly dependent on the wave length, the cfiosie method enables us tdetect

much smalleflaws.
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Because of these short wave lengths, the -@i®mensional theory, on which we based the sonic
method, isno more applicable. s, we have to look into the theomjescribing thebehavior of

waves in space.

Three-dimensional wave propagation

In our review of wave propagation in prismatic rods, @iscussednly one type of waves

longitudinal waves. These could be either compnessr tensile.

Body waves moving in a threBmensional elastic space, howevearcludetwo maintypes: R
Waves and $Vaves.When a PWave travels close to a free surface it changes into a third type,

namely Rayleigh waveBigure25).

When the displacements associated with the wave occur on the axis of wave propagation (as in
the rod), the waves are called longitudinal gi¥\Rwves. The particles in this case may move either in
the same direction (compressive wave) or in the opeosiirection (tensile wave).-Waves are

dilatational, which means they asccompanied by volume expansion or decrease.

P S

Figure25: Main types of body waves

When the wave causes particles to move perpendicular to its directiomotibn, the waves are
known as SNaves or shear waveS:Waves ardalistortionaland as such do not cause any volume

change in the mediumThe character of -8/aves is further determined by the direction of
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displacement: When particle displacements are hontal, the waves are called S¥aves. SV
Waves, on the other hand, are characterized by vertical motion. A genevéav® may be

decomposed into its SV and SH components.

As mentioned before, waves radiate from the point of application of dyryamic load As the
distance from this point increases, the waves may be assumed to travel as a plane front. All material
particles then move in this plane-{8aves) or perpendicular to it {®‘aves). This assumption leads
to substantial simplification in the mathemaal treatment: If we denote the particle displacement

byy, then the propagation of plane waves is governed by the following differential equation:

2 2
& =c2 u Equation25
M2 X2
5 E , E. (1-n) .
Herec® = —— for SWaves andc® =—G———— for PWaves. c, as usual, is the wave
2r(1+n) r (1+n)(1- 2n)

LINR LI AF GA2Y @St 2 Ok0i28, dthe @Bdity rati@-/ksis 2qigl ©GB, wNidh inkaRs
that PWaves propagate muctaster than SNaves. For gooduality concrete, 62,580 m/sec and

cp= 4,470 m/sec. In comparison, c for a rod of the same material is equal to 4,080 m/sec.

To visualize the behavior of plane wave, we often prefer to trace a single normal to the wave
froyds FyR F2tft2¢ AdaQ LIGKO 'a |y Fylfzamy (2 =
path.

Attenuation

When a wave front moves away from the emitterexpandswith distance. If we assume that no
energy is lost during the process, the enemger unit area of the front (or per ray) declines with
distance. The rate of decrease depends on the shape of the:fifahis spherical, the wave energy

per unit area will change as the inverse of the square of the distance from the source:
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E

E T,

)? Equation26

Where:

E and Edenote the respective wave energies at points 1 and 2, respectivbiig r and » are
the respective tancesof points 1 and 2 fronthe from source. Since thenergy E is proportional

to the square of the amplitude A, Equation 25 can bevrégten as:

i = r—l Equation 27
A n

Equation B describes what we define as geometric attenuation, which occurs in all types of
mediaandis the only source of energy loss in perfectly elastic materials. In real materials, which also
exhibit viscous andrittional behavior, part of the mechanical energy of the waves is constantly
converted into heat. This phenomenpmlefined asmaterial loss or intrinsic attenuationis

represented by the following equation (Santamarina et al. 2002):

(1 1y)
A =Ae Equation28

Where k is a mediundependent constant and f is the wave frequenBguation 2&hows clearly
that material attenuation causes theave amplitude todecreasewith increasing distanckom the
source at a rate that is dependent on the frequengligher frequency waves attenuate much faster

than those with lower frequencies and therefore have a smaller range.

Since wave amplitudes mavary over a few orders of magnitude, it is convenient to express
amplitude ratios on the decibel scaldefined as dB- 20.log(A/A1). Since log 0.3, every 6 dB

roughlyrepresent an amplitude ratio of @ a 50% decrease.
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Figure26: Attenuation of Ultrasonic Waves in Concreigure26 is an example obtained by
passing ultrasonic waves in a concrete pilgle varying the distance between the emittand the
receiver. Theexponentialcharacter of the attenuation is immediately apparers is the linear

dependence of FAGN distance traveled.

FAT (purple) & Attenuation (blue) vs. Distance
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Figure26: Attenuation of Ultrasonic Waves in Concrete

Waves in an elastic halspace

When a dynamic load is applied at the free surface of a boundary, bahdS waves radiate
from the point of application into the body. In addition, this load will produce surface waves that are

not dissimilar to the ripples created by throwing arsé¢ into calm water. These surface waves, named
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after Lord Rayleigh, include longitudinal and transverse components. They are confined to a thin layer

close to the surfaceandpropagate at a velocity that is slightly smaller than ¢

Inside an infinite niform body, plane body waves will propagate in straight lines. In aspalfe,
some waves will eventually hit the boundary x = 0 and will be reflected back into the body having

undergone several changes:

When the waves hit the boundary at a right andt@VVaves will change sign: Compressive waves
are reflected as tensile, and vice versa. This follows directly from the requirement that the boundary

be stressfree.

When a wave meets the boundary at an angle3§?, it undergoes mode conversion and is
reflecded back as two distinct waves: AnRve is reflected at the angle of incidencg gnd an SV

wave is reflected at a different angle<qa. (Figure27). See als&olsky(1963)p. 24.

When the incident wave is of SV type, it wiitate two distinct reflected waves: An-8Mve will

be reflected at the angle of incidence, @nd a Rvave at a larger angle.q

Figure27: Reflection of PWaves from the boundary x = 0
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The amplitudes of both reflected wavdepend on the amplitude of the incident wave, the angle

2T AYOARSYOS | YR 196p. 228y Qa NI A2 oY2f aie

Waves in Nonhomogeneous Media

Up to this point we have dealt with homogenous media. For our purposes, a medium is defined

as norhomogenous Wen it fulfils the following two conditions:
1 Themedium includes zones with differenharacteristic impedance( Z.c)= r
1 The typical size of these inclusions d is much larger than the wavelength

In such media, whenever a wawés an inclusion its piopagation pattern will change at the

interface. Here we shall distinguish between two cases:

Normal incidence
When a wave with an amplitude #kavels from a region with the impedance Z to a region with

FY20KSNI AYLISRF YOS %Q ( KK&pdadyKefldctedybackdvith &n aplitids NJF |

A while another part will pass through the interface with an amplitude A
CKSNEF2NB> gKSy | g1 @S YSSiGa + 46SF{USNI NBIAAzZ2Y
be reflected as a tensile wave, agiA OS @SNAIF ® LF>X 2y (GKS 20KSNJ K

preserve the sign of the incident wave.

This ratio AAiis always positive, which means that the transmitted part of the wave will preserve

the sign of the incident wave.
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Oblique Incidece

When a wave meets the interface at an angd¢o the normal, it will create four new waves: Two

of them reflected and twe refracted. Eigure28).

SV

P
/ Refracted waves

P
Reflected wave

Incident P- sV

Figure28: Reflection and refraction of Pand SWwvaves

Media with inclusions

A generalization othe case, which we discussed above, is that of a given medium with an
inclusion of an arbitrary shape having different properties. This situation, by the way, is of most
importance to those who are in the business of locafilagvs in cast in-situ concete piles. From
our previous discussion we may now realize that in a typical case, an incident wave will create four
distinct waves when hitting the inclusion. Of these, two will enter the inclusion at different angles,
and each of those may create four rowaves upon leaving the inclusion. Thus, for each ray path
hitting a typical inclusiortwo waveswill bereflected back from its boundary and a number of waves
will leawe it at various locations and angles. ClearlgJaseform treatment of the generbcase (An

inclusion with an arbitrary form) is rather hopeless. Idealized cases, such as a plane wave in an infinite
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medium with a spherical or cylindrical inclusion, may be treated by analytical methods using infinite

series (Graff p. 394 ff.).

A typicalcase of a plane-®ave hitting a cylindrical inclusion is demonstrated (For a single ray
path) inFigure29. In this example, a single wave creates three pairs of waves exiting the cylinder.
We note immediately that none of thedellows the original trajectory! The amplitudes of each wave
and its sign (either compressive or tensiée® shown as a fraction of the amplitude of the incident

wave.

From this exercise we can also conclude that in alm@mogeneous medium, consistingzones

with different acoustic properties, waves will propagate in broken or curved lines.

S

CONCRETE

INCLUSION

Figure29: A Rwave hitting a cylindrical inclusion
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Instrumentation

A modern system for ultrasonic testing of pilsgure30) consists othe followingcomponents
(Figure3l):

Figure30: The CHUM system for pile integrity testing

DEPTH ENCODERS
— PULSE
( ° ) GENERATOR & COMFUTER

SIGHAL

f 5 PROCEREOR

RECEIVER I FILE | TRANSMITTER

Figure31: Ultrasonic Testing Instrmentation
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A pair of probegemitter and receiver). Each of these is equipped with a ceramic gaésiric

ring and the applicable electronics. The frequency of the system is determined by the
properties of therings with the usual range being 40 to 10Hz. This conforms to

wavelengths in the order of 40 to 100 mm.

A depth encoddis)that producesa predetermined number of pulses per revolution.

Pulse generator and signal processor
A computerthat handles the following functions:

1 Identification of theproject, the pile and the profile
1 Input of the control parameter for the specific measurement

1 Monitoring the depth from the encoder output

1 Controlling the pulse rate of the emitter

i Saving the output, processing the data and displaying the results.

Pile preparation

Theaccesdubes specified for testing purposes are in most cases maeétafr PVC oo 6 f | O £
ungalvanized steel. The diameter of the tubes depends, of course, on the diameter of the probes:
The normal size is betwee3B and 50 mm (B¢  { 2 with suficient wall thickness to ensure
stability. If $licingis done bybutt-welding,due care should be takes to prevemtlding material
from penetrating into the tubes and cause jamming of the prob&e useof anexternal bushings
also an optio. Both ends of the tube should be sealed with suitable screwed caps or with welded
plates. This is mandatory in order to eliminate penetration of debris or drilling mud into the tubes.
Never should bending and hammering be used to close the bottom ofutbe, as this may cause

jamming of the probesHigure32).
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\JJ

Figure32: Right and wrong ways to seal the bottom of the tubes

The number of access tubes cast in the pile concreta function of the piladiameter, the
importance of the pile and, of course, economic considerat#fogood rule of thumgASTM 2008) is
to specify ongube pereach30 cmof pile diameter. Thus for a pile with a diameter of 1.2 m, four
tubes will normallydo. For best effect, e tubes should be equally spaced inside the spiral
reinforcement andigidly attached to it by wire or spot welding. Where tubes are extended below

the reinforcement cage, they have to be stabilized by suitable steel hoops.

Whenrigid PVQiubing is usedywe have to facehe risk ofphysicaldamage to the tubelue to
rough handling. In additiorseparationd & RS 6 2 ¢f B tyba foin the surrounding concretes
occasionally been reportedn the other handthe acoustic impedance of PVC is much loweanth
that of steel, sohigher energyis transmitted through a plastic tubesomething whichcan be

advantageous folong rangdesting. Typical tube arrangements are presented in
Table4.

In piles the tubes are usually named accordiogheir orientation: The northernmost tube is
designated N and the others accordingly. A profile is then named after the tubes between which it

passes, such as8lor SN.
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In barrettes, the tubes should be located so that the resulting profiles witlibgonal: Profiles
that are close and parallel to the wall mafgen produce false alarms. As distinct from piles, the tubes
are usually denoted by numbers. The maximum distance between tubes depends on the kind of

equipment used, but should usually notomed two meters.

Table4 : Access tube arrangements

Single tube 2 tubes- 1 profile 3 tubes- 3 profiles

b/%\ol

O—0o O cL

4 tubes- 6 profiles Straight barrette T-shaped barrette

Procedure
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Beforewe begintesting apile, the access tubes have to bhecked for free access afilled with
water (to obtain good acoustic couplingwo pulleys are then inserted into the tubes, at lease one
of which is equipped with a depth metefhe probes(emitter and receiverare theninserted over
the pulleys andoweredinto the tubes.After reaching thebottom of the tubes the operator must
first ascertain thatthey are atthe same levelProbes may béound at different levels because of
poor tube workmanship orbecauseone orboth tubesis blocked by debris. The probes aten
pulled simultaneously upwards with smooth motiantil they reach the pulley®uring this time the
emitter produces a continuous series of pulses, sending waves in all direclioasertical distance

between successive pulses is determined by the operator, with 50 mm. being a good typical figure.

Some ofthese wave paths do eventually reach the receiver. plges arriving at the receiver
are recorded and processed by ttesting instrument Theoperator may then see the results the

screen

Presentation of the results

According to the French Standard (AFNZDRO), the test report should, as a minimum, present
for each pile full identification details: the project description, job number, date, piimber and
tube arrangement. Foeach profilein the pilethe first arrival time (FAT) of each pulse versus depth
shouldbe plotted. Laterstandards (ASTM 28D demand, in addition, alot of the relative energy
versus depth For this purpose,hte energycarried by each pulse is defined aatlarea enclosed
between the pulse envelope and the horizontal axis. The energy units/pially mVirsec If the
maximum possible energy is takes as reference, the fraction of this value calculated for each pulse is
defined as the relative energy. Since energy may vary seaeralorders of magnitude, the scale for
relative energy is usually logarithmisSTM (208) alsorequiresii KS LINBaSy Gl GAz2y 2
representation. This form is obtained by transformiegch pulse into a narrow band. The highest
peaks of the pulse arshown in black and the deepesbughs bywhite. Intermediate values are

shown as gray scale. All the bands are then stacked together, givinganew of the whole profile



74

In addition b the above plotsnodern instrumentssuch as theCHUM are capable of showinthe

following (Table5: Presentation of the resulfs
Apparentvelocity versus depthobtainedby dividing the tube spacing by the FAT.

Attenuation (n decibels) versus deptkhows the inverse of relative energyand hasthe

advantage of making quantitative assessment possible.

TheCHUMcan combine any number tie aboveplots, with the exception of relative energy and

attenuation.

Table5: Presentation of the results
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Interpretation

While any good technician can sucsksly carry out a cross hole test, the interpretation of the
results should be left to experienced geotechnical engine€&hge two main parameters that have to

be consideredvhen looking at the test resulre the FAT and the measured energy.

First arrival time (FAT)

The first item is the shape of the FAT vs. depth ploloAg asFATis more or less constanit
indicatesthat there is no change in concrete quality between thieesalong the pile A local increase

of the arrival timeis considered aananomaly thatmay be the result of an obstacle (or flaw) on the
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straight path between the probest the correspondinglepth. The ultrasonic waves will either travel

through this flaw at a reduced velocity or bypass it, with a respective increase éi tirae.

Experimental work (Stain & Williams 1991) indicated that lestegngth concrete has little effect
on either transmission time or signal attenuation. On the other hand, segregated (honeycombed)
concrete, bentonitepolluted concrete and pocketsf @ure bentonite slurry do strongly affect the

signal.

FAT picking by sight feverypulse is fairly straightforwardut when dealing with thousands of
pulses,asis the casen a typical pilejt becomes an impractical proposition. We have therefore to
use some automatic process, or suitable algorithm, to perform this task for us. We have at our

disposal several methods designed exactly for this purpose:

Fixed threshold

In thismethod, we tacitly assume that the first arrival time occurs when the sigtrahgth first
exceeds a predetermined signal level, or thresh@ahce this can give erroneous results in noisy
pulses, thaefined version of this methodllowsthe operatorto dictate a lowerbound value for the
FAT, depending on the probe separatidrhe fixed threshold method is very simple, but may give us

totally wrong answers in weak sign&&gure33).

=122 V=26.07m
Scale= 10/

Seaes Scas 1V
01302 OBy~
\

Figure33: FAT picking by fixed threshold in strong (I€fLOV scal¢ and weak signalright ¢ 1V scale)
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Dynamic threshold

The dynamithreshold overcomes the main drawback of the fixed threshold method, by assigning
to each pulse a different threshold, which is a fraction of the maximum amplitude. Thus for a strong
signal we have a highreshold, and for a weak signal a correspondingly low threshold. A good choice

of the fraction is crucial to the success of this method.

Moving windows(STA/LTA)

This method uses a long moving window in which a short window is included in the right hand
side (Figure34). Asboth windows areshifted from the origin to the right, pixel by pixehe ratio
between thar respectiveaverage amplitudeéSTA/LTA}F constantly calculatedheFAT is sedt the

point where the ratio exces a predetermined value,

ot

7

Long window Short window

Figure34: The moving windows FAT picking method

























































