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ABSTRACT

An investigation has been undertaken of an electrical resistance
technique for use as a non-destructive testing method in Civil
Engineering, with particular reference to fault-detection in concrete

load-bearing piles.

The problems facing the piling contractor and Engineer with regard to
pile construction and pile selection for a load-testing programme are
described. Present non-destructive pile testing techniques are
critically reviewed and the role of the non-destructive test in

_ relation to pile selection for load-testing examined. Several electri-
cal methods are examined and an eakth-resistan¢e technique selected

for detailed study.

fhe'work reported is both theoretical and experimental. A number of
electrical analogue experiments has been designed to confirm and
jllustrate the application of the theoretical analysis and methodology
of fault detection. In addition, experimental programmes have been
undertaken to identify and Study the factors which determine the

electrical properties of concrete and soil.
From the experimental and field results obtained using the earth-

resistance technique it is shown that a determination of the integrity

of a pile-soil system can be made.
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CHAPTER 1

INTRODUCTION




1.1

Foundations Types

The foundation of a structure is defined as that part of the structure

in direct contéct with the ground and which transmits the load of the

structure to the ground. There are, basically, four types of found-

ation.used for Civil Engineering purposes, these being:

(a)

~(b)

(c)

(d)

isolated or pad foundations, which are usually provided to
support individual structural columns. They can take the form
of a square, circular or rectangular s]ab of uniform thickness,
or they may be stepped or haunched to distribute the lToad from a
heavily loaded column. Various forms of pad foundations are

shown in Figure 1.1.

continuous. or strip footings, which are normally used for load-
bearing walls or when it is necessary to control the magnitude of
differential settlements between columns supported on individual
pad footings. This type of foundation would also be used, from
a purely economic point of view, when columns are so closely
spaced that individual pad foundations would almost touch each

other. (Fig. 1.2).

raft foundations are used on soils of .low bearing capacity or
when the loads are so large that continuous footings would occupy

close to 50% of the projected area of the building. (Fig. 1.3).

piled foundations are used when the ground conditions cannot
support pad, strip or raft foundations. Piled foundations

derive their load carrying capacity from either end-bearing and/or



skin friction components of resistance. The use of piles
overcomes a number of design difficulties which are briefly

mentioned in the next section. (Fig. 1.4)

The final selection of any particular type of foundation depends on the
site in question and the type ofvstructure or building to be constructed.
Selection of the correct type of foundation is important since this will
ultimately affect the stability ahd settlement characteristics of that

particular structure.

1.2 Piled Foundations

Every building or structure must ultimately transfer its load into the
ground to the extent that the stress the foundation transmits into the
" s0il is less than the permissible bearing capacity of that particular
soil. The upper layers of the earth's surface do not a]ways provide
the'required degree of firmness and the 1oad_from'the structure must be
transmitted to the lower firmer layers.. The use of piles is one means

of accomplishing this quickly and economically.

The use of piles not only obviates shear failure but overcomes a
number of problems which the foundation engineer may be confronted.
It is not surprising that many thousands of piles are used in the
United Kingdom, in fact, two million linear metres of piles are con-

structed annually (1). Piles can be used to:

(a) reduce overall settlement,
(b) reduce differential settlement,

(c) absorb lateral loads and moments,



(d) provide support through water,

>(e) provide support from a limited area,

(f) allow early construction on compacted fill,
(g) absorb f]uctuatfng loads, and

(h)  underpin.

If a piled foundation is chosen, then the next problem. is the selection
of the moét appropriate pile type. The selection of the most approp-
riate pile type (2) (Fig. 1.5) for any giveh set of circumstances
Tisted above depends on many variables, particulér]y the.type of sub-
soil, which‘wiIT-dictate,whefher the pile be either skin-friction or

end-bearing.

Othér variables. that have to be taken into account. in pile selection

are:

(a) the topography of the site,

(b)  the location of the site in relation to noise and nuisance effects,
(c) speed. of cdnstruction,

(d) transport.and materials,

(e) the size and.form of the proposed structure, and,

(f) . cost of pile installation.

If the above variables are not considered during the design stage then

difficulties.can arise during the construction phase.

1.3 The Problem of Pile Integrity

Engineers.cannot readily assure. themselves that piled foundations



conform to design dimensions, that the.concrete conforms to design
specifications, and, in the case of skin-friction piles, that the pile- .
soil system is as anticipated. In the case of cast-in-situ piles,
problems of. integrity can arise due to unforeseen subsoil conditions
and/or undetected poor quality workmanship. The incidence of such
faults as complete voids, overbreak, necking and poor quality concrete
cannot»beAcombletely e]iminéted even by using experienced confractors
and good supervision. The detection of softrspots,.which'reduce the
Toad carryfng capacity of skin-friction piles, cannot be completely

assured with conventional site investigations.

| The conventional approach of 1oad4testing piles has the advantage of
yielding. the bearing capacity of the pile under test and a load-deform-
ation curvé,nbut has the major disadvantage. of costingmabbut'£1,000 -
£5,000 per pile. In consequence, oh1y>avsma11_proportion of a pile

population. would be Toad tested.

An alternative approach is to test the piles using a non-destructive
technique which is less expensive,.quick and can be applied to every
pile on a given site. Suspect piles thus detected could be subjected,
selectively, to traditional load-tests. It would also be advaﬁtageous
if the non-destructive test method could be undertaken as soon as
possible after the pile has been.constructed, thereby allowing corrective

measures. to be taken in the event of a defective pile being found.

When an Engineer, on site, accepts. that a piled foundation conforms
completely to specification, and that .every pile is continuous and
homogeneous, he must be aware of the consequences if he makes a

mistake.. It could be catastrophic even if only a few piles were



defective as this would lead to excessive settlement. and perhaps

'canplete failure of the structure.

There are several incidences of such failures, one being of a five-
storey office block in Canada, which,. when nearing compTetion, tilted
25 cm:i.. . On probing, discontinuities in the piles were discovered and

the building had to be demolished and reconstructed (3).

In a building in New York similar defects developed, but fortunately

the defective piles were discovered before construction of the super-
structure and remedial measures were taken, thus preventing a potentially
serious structural collapse. Althogether 32 piles out of .a total of
1,500 were found to. be defective,. in.some cases the length of the
discontinuity exceeding 10 metres.. . A11 completed piles were rejected

and the contract was de]ayed.by.one year (3),

“ At the. John Hancock Center in Chicago several defective piles were
discovered. by core-drilling, the discontinuities exceeding 5 metres

(4, 5).

Construction of the Esso oil refinery at Fawley, Southampton suffered
severe delay,gnd additional cost when.the foundation of .one of the
largest oil storage tanks in Europe settled excessively when undergoing
a water-loading. test.. Failure was due to a combination of bad work-

manship and lack of appreciation of the variations in the subsoil (6),

1.4 The Approach. Adopted

The work described in this thesis examines. a non-destructive testing



technique for determining pile integrity. Research has been directed
. towards the development on an electrical earth-resistance technique to
fulfil the above requirements. The earth-resistance techﬁique has
been referred to by Bobrowski et.a1:(3) when it was used on.a site in
London. This is the only reported use of this technique on site.

No experimental.or theoretica] justification of the method has been

published, although it showed promise (7,8),.

The work.dﬁzﬁﬁﬁ@ih@n§7,the‘earth-resistance technique was both theoret-

ical and experimental. . Experimental programmes were.undertaken to

verify theoretical predictions of the variables jnvolved.

Finally, an alternative methodology for pile testing, basedon a com-
bination. of electrical resistance, non-destructive testing, and con-

ventional load-testing is developed.
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CHAPTER 2

A GENERAL REVIEW OF PILE TESTING




2.1 Introduction

Unlike most other structural members, a pile, once placed, cannot be
seen. - Visual inspection of piles is impracticable therefore methods
of testing the integrity or quality of the pile in the ground are

. required. There are two aspects of pile quality to consider:
(a) the load-bearing capacity of the pile - soil system viz. the
pile design.. This is usually checked by preliminary load tests

. which are constructed prior to the main contract, and,

(b). the structural soundness of the pile as a load-bearing unit,

which is currently checked by contract working load tests.

It is during the latter when non-destructive integrity tests may be

advantageously employed.

2.2 Constructional Faults Associated With Piled Foundations

Two variables are concerned in the evaluation of the integrity of a
ﬁi]ed foundation - the structural homogeneity and continuity of the
pile itself and the nature of the soil surrounding the pile.
Examination of the soil will have been undertaken at the site invest-
igation stage of the contract and, consequently, there will be some

~ appreciation of the local variation over the site. However, due to
the random nature with which boreholes are selected, it is possible

for problems. such. as weak clay pockets to go undetected.

This section identifies the constructional problems associated with

1



piled foundations.

2.2.1. The Precast Pile

One of the principal problems associated with precast piles is unseen
breakage. in the buried portion of the pile due to driving. Damage
}is caused either by compressive or tensile failure of the concrete.

In the case of compressive failure, crushing or shearing of the pile
shaft will result for a pile which is seated on a hard stratum.

When the pile deviates from alignment,. breakages due to.tensile bending
forces can result with the lower portion of the pile projecting at an

obTlique angle.

Precast concrete piles which consist of units jointed together (e.g.
Herkules) are even more susceptable to deviation from vertical alignment.
.In such circumstances the pile may break up into-separéte-units‘with a

complete loss of bearing capacity.

With driven piles, however, the driving log should provide corroborative
evidence. of irregularity of the soil as well as any damage to the pile

shaft itself. It .is with cast-in-situ piles that most problems occur.

2.2.2.. The Cast-In-Situ Pile

Caét-in—situ.pi1es are usually constructed using a shell and auger or
auger boring. techniques. The auger excavates the soil from the pile
bore and a steel cylindrical casing stops the sides of the pile bore
from co]]aps{ng. Drilling continues to the required depth with the
casing. advancing to that depth. A reinforcing cage is then lowered
down the pile bore and the shaft concreted, the casing being withdrawn

during the concreting process. It is during the extraction of the

12



temporéry casing and during the initial setting period that most faults

occur.

2.2.2.1 Shaft Separation

One of the most serious problems associated with the extraction of. the
temporary casing is complete separation of.the-pile shaft. Thisvcdn
occh when a low-slump concrete is specified and/or when the period of
time between placing the concrete and extraction of the temporary

casing is in excess of two hours (1) . If these conditiohs exist,

then the frictional forces between the casing and the conérete durﬁng
extraction may be of such magnitude that the concrete and the reinforcing
'cage may be lifted and comp]ete.shaft;separation.will occur at the
bottom edge of the casing.. If the reinforcing. cage {é securely embedded
in the lower portion.of the.concrete shaft, only the concrete outside

the shaft is 1ifted.
2.2.2.2  Overbreak .

Overbreak is another serious. problem.which can affect pile preformance
~and is the removal of material outside the nominal pile pefiphery

and results in local cavitatien when the casing is withdrawn. Over-
break during the formation of the pile bore is thought to be. responsible

for more defects than almost.any other cause (1) .

Overbreak.usually occurs when drilling through unstable or.weak water-
bearing strata. When the auger advances through.the strata there
exists the possibility of sidewall collapse into the.pile bore. As

the casing advances, the cavity is, effectively, sealed off when the

13



concrete is being poured. This cavity can become filled with ground-
water and, if such a situation exists, the effect can be detrimental to

the pile shaft.

During.ektraction, as the bottom edge of'the casing reaches the elevation
of the water filled cavity, the concfeﬁe caﬁ flow into the cavity mixiﬁg
with- the. water. thereby creating a weak section. in the pile shaft. If
the concrete has a low workability.then, with the casing withdrawn, a
temporarily.stable column of concrete will. remain. The ingress of
water into the concrete.can cause segregation with the annulus of con-
crete outwith. the reinforcemeht's1umping into the cavity. The water
may penetrate.the'body of the pile.shaft.and a complete water filled

discontinuity can.occur.. Plate 1 illustrates such a defect.

2.2.2.3  Honeycombing

Once the casing is completely withdrawn, the concrete is still relatively
weak, and. infiltration of ground-water under.a sufficient hydraulic
gradient can cause serious problems to the pile shaft during this

initial setting period. . What.usually results, under these circumstances,
is that the fines viz. fine.aggregate and cement are washed out leaving
severely weakened.concrete.. This js. commonly. called honeycombed

concrete (9) . Plate 2 illustrates the effect of ground-water.

2.2.2.4 Reinforcement Detailing

The serious. defects resulting from concrete containment by dense re-
inforcement cages warrants consideration, especially when used in

conjunction with a low-workability concrete. When the above are

14



specified in a contract, the concrete may fail to flow out through the
gaps in the reinforcement cage, the result of which is a pile whose
reinforcement has little or no cover. Furthermore, the forces
induced in the vertical steel rods and the horizontal binders by the
pressure of the concrete can rupture the reinforcement. cage with the
result that, a reinforéement cage, which initially projected above cut-
off level, disappears (1) . When such events occur there is the
temptation by site operators to compensate for the loss of starter

bars by individually pushing vertical rods intoAthe'concrefe. (Plate

3).

2.2.2.5. MWaisting Of The Pile Shaft

Waisting or necking of the concrete in the pile shaft can occur due to
soil pressure. on the relatively weak, liquid concrete, resulting in a
reduction or even elimination of the concrete cross-sectional area

(10) .

2.2.2.6.. Mix-Design Specification

Unsuitable mix-design results in many unforeseen.difficulties for the
pi]ihg contractor, several have already been mentioned; however, yet
another difficulty that can arise by a rigid specification of a Tow-

slump concrete is.one of compaction. Inadequate densification of the
concrefe'results in arching with the result that voids. and air pockets

develop within the concrete.

Another cause of defective pilesAwhich cannot be ruled out is

defective concrete being delivered or batched on site. The cause of

15



bad concrete may be due to.a mixup .in design mixes, i.e.. a low strength
- mix substituted, accidentally for a required high strength.design mix.
The cause may also be an error at the batch plant .in. the proportions of
cement, . sand and gravel or water. In the case of drierlmikes, site
operators. may be tempted.to add water to facilitate and speed up com-

paction of. the concrete.

2.2.2.7 Inadequate Supervision

Piles which do.not conform to design dimensions either through mis-

understanding or lack of supervision cannot be completely ruled out.

2.3 Pile Qua]ity Control Testing

In the case of displacement piles, an indication of the soundness of
the-pile can be gained.from tﬁe record. of driving:resistanceland the
set at full driving depth. For replacement piles, it is the usual
practice to. carry out.a Timited number of contract load-tests which
will usually disclose any gross.defects énd<wi11 also.verify the lcad-

bearing characteristics of the pile-soil system.

2.3.1 Load Testing

Load-tests are generally performed by simply jacking against kentledge
placed over the.pile head or against anchor piles sunk on either side
of. the pile under test. (Fig. 2.1) This is the traditional method
of proving the structural integrity of piled.foundations. As already
mentioned, testing covers two distinct stages in the evaluation of a

piled foundation,

16



(a) test suitability of pile design in the. particular soil, and

(b)  test workmanship.

As part of the design phase, several test.piles will be constructed on
a site, usually where the ground conditions.are considered to give

~ minimum bearing capacity, or where any other particular.problems are
present. These piles. are then loaded to a.specified multiple of the
working load. Successful loading confirms bearing.capacity and
settlement.under load. At this stage the pile design,.if necessary,

may be modified.

There_is little altermative to these expensive preliminary. load tests,
but it forms an essential contribution to.the design process. Throughout
the piling operation. contract load-tests are carried. out on. constructed

~working. piles to,

(a) confirm preliminary load test results in proving design suitability,
and,

(b) check on the quality of pile construction.

Load tests on working piles may ge.selected using random or grid

sampling.techniques. or where difficulty has been encountered during

insta11ation. Typically, only 0.5% to 5.0% of a pile population would

be. 1oad tested, with a realistic figure being about.1%, and selection

is usually random despite what may. appear.to be a considered choice (11),
Load. tests suffer from the major disadvantages that,

(a) they are expensive and time consuming,

17



(b) because of (a) only a.fewfpi1es are usually tested and this
number is often not large enough to give statistically significant

results,

(c) because of (b) load tests can be regarded as measuring the
'performance of the test piles only and do not serve to locate

faulty piles,
(d) test.piles are seldom loaded up to failure,

(e) they are seldom carried: out in such a way that the relative
contributions of end resistance and skin-friction can be

determined,

(f) they y1e1d<n6 information on the dimensions of the pile in the
ground and.only confirm that the pile is structurally strong
enough to carry the test load without giving any measure of

concrete quality,

(g) more care may be taken by the contractor in installing piles
that are preselected. for testing so that results can be mis-

leading, and,

(h)  the.pile is often discarded after test and.not included as part |

of the foundation.
There is thus a need in the censtruction industry for the development

of less expensive. test methods which will help in .assessing the quality

of the pile in the ground.
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2.3.2. The Integfity Test

The integrity, or Non-Destructive Test (N.D.T.), is a.tool thch can

be used by the Engineer in appraising some aspect of the quality of the
pile and should, therefore, be regarded more as a means of quality
control than .a complete substitute for load-testing. Nonetheless, the
.main advantage of a N.D.T. is that if such a test could be used to check
every pile on site (blanket testing) then it could help .in assessing the-
relative preformance of every pile. Furthermore, the integrity test
could be used as a cohp]ementary test with informed selection for Toad-
testing. A practical implication of such an idea would mean that the
Engineer, on site, can formulate a more rational approach to any

quantative testing programme.

A N.D.T. has to meet certain requirements before being considered viable

for use in the. field, it must be:

'(a) easy to operate,
(b) give reliable results which can be easily interpreted,
(¢) relatively inexpensive so that it can be used on the total pile
population,
(d) cause no delay on site, and, .
(e) require no instrumentation to be incorporated within the pile or

prior preparation to the pile head.

Techniques which can yield information relating to the pile-soil
system would be valuable as the overall behaviour of the ﬁi]e is also
a function of the interaction between the pile and the subsoil in which

it is constructed. A pile may be .constructed to specification but
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fail due to the nature of the context around the pile not shown up at

the site investigation stage of the contract.

If an integrity test could be used on the total pile population, then
piles which give anomalous results could be selected for further
quantifati?e investigation. If the integrity test results can be
obtained in numerical or graphical form then results can be compared
visually without resorting to detailed mathematical analysis. ’In
this way the distribution of test results would give an indjcation of
the relative performance of all.the.piles permitting a much better

appreciation of the integrity of the entire population.

Characteristic-simi1arity in the results obtained from:a.particular
group or groups of piles on site should also be recognised; for
example, the recognition of a.pakticular pattern. common.to. all or most
of the piles. Significant departures from the general. trend may give
indications that the pile is suspect. It is to be emphasised that
irregularity in itself is not.a sign of a.defectiVé pile, but only
when tthirregularity occurs in one, or a few of the.biles, and not 1in
fhe group as a whole. If a pile gives a markedly different response,
it should, in the first instance, be compared with the neighbouring
piles. This will immediately show whether the characteristic is one

of the site rather than one of the individual pile.

System calibration using results from known non-defective piles (i.e.
preliminary test piles) may also be advantdgeous1y employed and, in
this way, relative integrities.can be assessed. Figure 2.2 (12)
shows how.non-destructive testing techniques may be incorporated into

pile testing procedure. -
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2.3.3 Discussion - Philosophy of Testing and the r6le of the
Integrity Test

Thé assurance of produci quality in the bui]ding industry has long beén
a problem to both contractors and consultants. . As uncertainties are
unavoidable in the design and planning of engineering projects,
"inspection and standards of acceptance are necessary in order to ensure
some minimum level of pérfonnance of the product. To this end, load-
tests have beén developed to check pile design and construction. If
this test is too stringent it may needlessly increase the cost of the
pile, but. if too lax, the quality of the pile may be well below the

minimum required.

W6rking load-tests usually involve testing a small sample out of a
large number. of piles. The information obtained from this sample is
then used to make generalisations. about the population'from which the
sample was obtained .viz. the ratio of sound to defective piles in this
test sample. is then used by . the Engineer to give an idea. of the number
- of defective piles expected in the total pile population.. ObViously
the larger thé.samp1e-the closer the predicted result will approach
the actual, but as this will be both expensive and time consuming the
Engineer has to decide - what piles to test and how many to test.

This is a particularly pertinent question when the pile population is

large.

If several defective piles are present in a large populatien the chances
of selecting a defective pile by traditional methods. would be small.
(See Appendix.I) The test sample might well contain.only sound piles,

which would then imply that the remainder of the population is sound.
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If defective piles are included in this‘test.samp1e then doubts are
immediately raised about the integrity of the entire population and fhe
situation thus becomes even more uncertain.. One would require to
establish whether the entire population was defective or whether the
Joad-test hit on the one defective pile. Clearly more tests would
have to be conducted before construction proceeded. Money spent on
proving that a pile can take a specified multiple of.its working load
is expensive and of finite value since the successful 1oading of one
pile yields almost no information about its neighbour. However, if it
is felt.the pile has doubtful integrity then the expense would be

justified.

2.4 A Review Of Present Integrity Testing Methods

Over the last few decades many new methods of integrity testing have
been developed. The techniques available are reviewed and d{scussed

in this section under the following headings:

(a) Excavation,

(b) Exploratory boring and drilling,
(c) Clesed circuit television. methods,
(d) ~ Acoustic methods,

(e) Radiometric methods,

(f) Sonic Echo Method,

(g) Dynamic response methods,

(h) Integral compression test,

(i) Electrical methods.
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2.4;1 Excavation

As its name imp]ies, inspection of a pile by éxcavation entails clearing
soil from around the pile head, usua]]y by means of a. mechan1cal digger.
This method although not str1ct1y an “integrity test, would on]y be
contemplated if the top few metres were thoeught to be unsound. This
method is inconvenient and can cause delays.in the construction
programme especially if a battered excavation has to be used and
pumping; is required to remove water from the excavation. Excavation
would only be used in exceptional circumstances such.as. a dispute over

a foundation failure.

The obvious advantage of excavation is that reliable evidence as to
the condition of the exposed part. of the pile is obtained, but suffers

from the disadvantages that,

(a) it is expensive, and costs escalate below depths. of 1.2m when
~ temporary. support is required,
(b)  the method is not suitable for blanket testing, and

(c) it cannot be used for skin friction piles.

2.4.2 Exploratory Coring and Drilling

Drilling by rotary percussion equipment can be used for integrity
“testing. By carefully monitoring the rate of'progkess of the drilling
bit and the colour and quantity. of the flushing media, indications as

to the homogeﬁéity:of‘the pile shaft can be deduced (10, 11, 13)

The main advantages of drilling are, .
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(a) the full length of the pile may be examined, and,
(b)  the drill holes may be utilised for further tests e.g. T.V.

inspection.
Disadvantages of rotary percussive dri1]ing are that,

(a) the drilled hole will only detect defects in its path and to
inspect a pile adequately several holes would have to be
drilled, | _

(b) difficulties are encountered in maintaining a plumb drilling
line, and, .

(c) the cost can be high, approximately £20/metre an .

More information can be obtained from coring the pile shaft albeit
mofe expensive thah.dri1]ing. The core obtained is adequate in itself
to detect voids or breaks and in addition, a direct assessment of the
concrete in the ﬁi]e may be made. As with dri]1ihg, difficulty in
maintaining a vertical alignment and speed of drilling (0.5 metre/

hour) are major drawbacks. The cost of coring is about £60/metre.
Blanket testing of a pile popuTation by thesemethods would be
prohibitively expensive, and testing would necessarily have to be

selective in nature.

2.4.3  Closed-Circuit Television Methods and Caliper Logging

On a site where extensive percussion drilling has been carried out, a
proportion of the holes may be selected for television scanning, perhaps

for confirmation of an existing defect or where the extent of the
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discontinuity is very small.
The disadvantages of television inspection are,

(a) only defects intersected by tﬁe drilled hole are viewed and
detected,

(b)  treatment of cloudy, water filled drf]] holes with flocculating
agents may lead to delays, and,

(¢) .considerable distortion-of'an jrregularity can occur as the .

television camera is very close to the walls of the drill hole.

In addition to using the drilled hole for T.V. inspection, it may also
be used for caliper logging. In this case the diameter of the drill
hd]e should be between 50mm and 200mm. A probe with three arms set
at 120° apart is lTowered down the borehole, while a pen recorder

~ traces the diameter of the drilled hole via potentiometers with a
surface read-out. In this way defects of a moderate size may be

detected.

Closed circuit television methods and caliper logging. are only used in
conjunction. with, rather than as an alternative to, coring. Typical
costs are in the range of £1 to £5/metre (11) in addition to the cost

. of drilling the inspection hole.

2.4.4 Acoustic Methods - Sonic Coring

This method has been developed by the Centre Experimental: de Recherche
et d'Etudes. du Bitiment et des Travaux Publics (C.E.B.T.P.) and

consists of testing the cantinuity of the concrete in the pile shaft by
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sonic transmission between .several vertical tubes cast into the pile

at the time of construction (14, 15, 16) . Three tubes, usually made
of metal or plastic, are placed in a triangle with only two tubes being
used at any one time. Transducers. are lowered down the tubes and a
sonic pressure wave is transmitted from one transducer and received by
the other, the transmiiter and receiver being raiéed.and lowered to-
gether. The tubes are filled with water to provide contact between

the transducers and the.wall of the tube and to ensure an acoustic coup-

ling. (Fig. 2.3 (a)).

The time of transmission between the tubes depends on the distance
betweentthéntubes.and,the modulus of elasticity of -the material through
which the sonic pulse travels.. Since the velocity of sound is greater
in good.concrete. than it is in poor concrete, and is reduced in varying
degrees. by soil, water and.air discontinuities, variations in the
nature. of the material through which the pulse passes will be revealed.
With this method, the full length of the pile is scanned and a high

accuracy of. pinpointing faults achieved (3, 17) .

The disadvantages of the sonic coring method are,

(a) it will detect only those defects located along.the path of the
sonic wave (Fig. 2.3 (b)), thus defects located outwith the

direct path may go undetected,

(b) a reluctance from piling contractors to cast .inspection tubes

into the piles at the time of construction (18), and,

(c) the cost of the pile is increased by approximately £20/metre for
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3 metal tubes.‘

Testing of a large pile population by this technique would have to

involve preselection as blanket. testing would be expensive.

2.4.5 Radiometric Methods

A drawback in a number of integrity testing methods is the delay in
waiting for the concrete to achieve suitable strength before any test
can be carried out. Methods based on nuclear radiation may be used on
fresh concrete but, as with sonic coring, guide tubes must be cast into
the piie at the time of construction. They, thus, suffer from the

disadvantage of pre-selection - or the provision of tubes in all piles.

Two general methods are possible; gamma ray bacKscattering using a
single tube cast into the pile or neutron or gamma ray transmission
using a twin tube method. Neutron transmission varies with moisture
content of the media through which it is transmitted and is, therefore,
sensitive to clay indusions in the pile shaft. Gamma ray transmission
responds to changes in density of the medium through which it passes,
but a strong source is required for transmission across a pile using a
twin tube method. The gamma-ray backscatter method, in which a
relatively weak. source is used, has been most widely used in piling

applications.

This system is described by Preiss and Caisserman (19) and the arrange-
ment of equipment used by them is shown in Figure 2.4. A radius of
about 100-150mm around each vertical hole may be examined by this

method and a density profile, based on this number of photons back-
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scattered, can be obtained.

The disadvantages of radiometric te¢hniques are that,

(a) to inspect a pile several tubes may have to be provided at a
cost of approximately £8/metre/tube, (11) and,

(b) the method would only be suitable for preselective testing.

2.4.6 Sonic Echo Method.

This technique entails transmitting a sonic wave impulse down the
longitudinal axis of the pile. (20-23) . The pile head is struck by
a hammer blow and.a transducer, mounted on top.of the pile, responds
to the impulse via surface waves (Rayleigh waves) developed at the
pi]é.head and léter registers. the arrival of the ref]ected wave from

the pile base or discontinuity, if one exists.

The trace is usually displayed on an oscilloscope and photographed.

A typical system.is shown in Figure 2.5 (22, 23).. The time interval
between the initial impulse at the pile head and the reflected signal,
tc’ is measured, and, knowing the velocity of sound in concrete, Vc’
an apparent. pile length can be ca]cd]ated (Vc.tc). The signa] is
attenuated very quickly in concrete, hence the depth may be limited.
To make the method effective for lengths in excess of 10 metres it is
necessary. to have a transducer placed at the bottom of the pile (3)

which would increase costs.

Some. difficulty in interpretation of the trace records has been reported,"

especially when strong surface waves develop and mask the reflected signal.
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Signal processing techniques could possibly be used to eliminate much
of this unwanted noise (24, 25). On average 20-30 piles/day could be
tested at<é cost of about £5/pile. . |

2.4.7 Dynamic. Response Methods

' Ih dynamic methods, a vibration orvshock is applied to the pile and the-
frequency.resppnse of the pile is monitored over a selected frequency
- spectrum. Ear1y;attempts at dynamic testing have been reported by
Drovak (26), but perhaps the most widely used dynamic method is that
which has been developed by C.E.B.T.P. in France (15, 16, 27) - the

vibration method.

In the C.E.B.T.P. method the pile is vibrated using én electrodynamical
vibrator placed on the prepared and level pile head. | A constant
amplitude, sinusoidal input current is supplied by a sine wave
generator, the frequency of which may be varied from 20 to 1,000 Hz.

A velocity transducer, mounted separately on the pile head, is used to
monitor the vertical velocity of the head (Fig 2.6 (a)). The signal
from this transducer gives a measure of the mechanical admittance of
the pile head i.e. the velocity of the pile head divided by the applied
force. A signal proportidna] to the mechanical admittance is plétted‘
on an X-Y recorder:against frequency of vibrator. A typical response
curve is.shown in Figure 2.6.(b). Reflections from the pile base, or
discontinuities, produce peaks of resonance which are equally spaced.
at intervals of frequency Af = Vc/2L, where Vc is the velocity of wave
propagation in.concrete. By assuming values for VC, the length may be
" estimated; .also, the mean value of mechanical admittance in the

resonant.portion gives an indication of the pile cross-sectional area,

29



if an average concrete density is assumed. Gardner and Moses (28)
give details of the application of the vibration technique and also

give some guidance on the interpretation of the test results.

A shock technique employing a series of hammer blows to the top of the
pile head and employing the same theory as the above method, has been
. ‘developed by Higgs .(29) of C.E.P;T.B. Fast Fourier analysis

methods are used and the response curve obtained is similar to that

obtained by the vibration technique.
Advantages of the method are that,

(a) the method does not require preselection,
(b)  under suitable conditions it is possible to computé pile length
or distance to a major discontinuity. In certain circumstances,

“pile/soil stiffness at low stresses may be estimated.
Disadvantages.of the vibration method are that,

(a) prior preparation to the pile head is required a few days before
the test,.

“(b) it is not suitable for piles which are founded in soils that are
very stiff laterally due to their high damping effect,

(c) the length to diameter ratio of the pile should not exceed 20,

(d) analysis of results requires skilled interpreation'and
piles-with large overbreaks. have been found to produce anomolies
(13),

(e) the cost of the test is about £50/pile.
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2.4.8 Integral Compression Test

A method of integrity testing which applies the full working load to the
pile has been proposed by Moon (30). In prihcip]e, the method is that
of applying a compressive force over a length of the pile by the stréssing
of interna]]y cast (and recoverable) rods or cables. If the pile is
significantly weakened by any form of fault this becomes apparent by a
downward movement of the top of the pile.in the case of a fault nearer
the top; or by é greater elongation of the stressing element than that
due to stressing alone, indicating an upward movement of a lower section
in the case of faults nearer the base. Figures 2.7 (a) and (b)

illustrate the method.

The advantage of  this technique is that the pile is stressed to.a
realistic level so that the effect of discontinuities is appraised in

a practical way. However, the disadvantages are that,

(a) the method is expensive and is estimated to add 12% onto the
cost of the pile, (in 1972 a 400 tonne test on a 13.7 metre
-pile was quoted by Moon to.cost £66), énd,
(b)  the provision of internally cast ducts or sheathiﬁg for the
. prestressing cables may involve pre-selection of the piles to

be tested.

2.4.9 Electrical Methods. for: Integrity Testing

The electrical methods discussed in this section are, essentially,
standard geophysical techniques which are used for near surface geology

-determination. For example, geophysical techniques have been applied
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to Civil Engineering site investigation (31, 32) in the determination
of the depth to bedrock (33, 34, 35). The objective of this
section is to show how these techniques can be adapted to test the
integrity of a pile-soil system and to show the relative merits of

each technique. -

There are four possible electrical methods (3, 11, 36), all have the
common feature of forming a circuit between the pile reinforcement

and an electrode 'placed outwith the pile. They are,

(a) Spontaneous Polarisation or: Self Potential.
(b) Earth-Resistivity.
(c) © Induced Polarisation.

(d) Earth-Resistance.

2.4.9.1 Sel f-Potential

The self-potential method differs from the other e1éctrica1 methods
in that no electrical field is applied to the pile-soil system.
Measurement is made on the natural potential difference which will
generally exist between the pile reinforcement and another electrode
placed in the ground. (Fig. 2.8) These potentials will be partly
fluctuating and partly constant and are due to such phenomena as
electro-filtration, pH differences and electro-osmosis. For example,
the reinforcement acquires a potential against the concrete (37), and
the contact between the concrete and the ground will also produce an
e.m.f. due to the differing electrical properties of the two media in

contact with each other (38).



The measurement of self potentials are.relgtively simple. Referring
to Figure 2.8, any millivoltmeter with a sufficiently high input
impedance may be cohnected between the reinforcement and an electrode
driven into the ground. This electrode must be of the non-polarizable
(N.P.) type as ordinary metal stakes are.not satisfactory since
electrochemical action at their contact with the ground tends to

obscure the natural potentials associated with the pile.

Perhaps the singTe, main disadvantage of the method is that slowly
varying natural earth currents can mask.the potential one is trying to
measure. Also, the need for non-polarising electrodes is another
disadvantage as they are cumbersome to use in the field. Difficulty in;
theoretical analysis, quantification and interpretation of the results

would be a problem and would virtually preclude this method.

2.4.9.2 Earth-Resistivity

This method is based on the standard Wenner (39) 4 - electrode array
used in geophysical exploration. Referring to Figure 2.9, a current
is applied between the pile reinforcement and electrode Ci, while

the resulting potential distribution on.the ground is measured between
a second pair of inner, potential electrodes (P,P2). The potential
measured at the ground surface will be indirectly related to the pile-
soil system. However, thé exact relationship between the variables

would be difficult to ascertain.
Faults, either in the pile itself or in the composition of the soil

around the pile, will alter the potential distribution on the sur-

face near the pile head. Since the measuring electrodes (P;P,) are
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placed outwith the pile periphery anomalies may go undetected.
Space requirements of the electrode arrangement make this method

unattractive.

2.4.9.3 Induced Polarisation

This method can best be explained by reference to Figure 2.10 (a).

A single direct current pulse (Fig. 2.10 (b)), or a series of équare
wave pulses sepafated by equal time intervals during which no current
flows (Fig. 2.10 (c)), is supplied to the system via the reinforce-
ment, R,_and an electrode, B, placed in the ground. Following

the termination of the current, or during the time when no current

is flowing, the relaxation voltage is measured across R and M. It
will quickly drop to a va]ue.Vmax, and after this initial drop the
voltage will decay over a period of time (40) . The magnitude of
this voltage at any time, t, or its integral over a peribd of time is
then taken to indicate the degree of polarisation of the pile-soil
system. If a series of pulse amplitudes is used for each pile then
one could obtain a response spectrum for that pile. It is visualised
that defective pf]es would be represented by havihg different decay

rates from non-defective piles.

To obtain measurable decay rates, however, the electrode spacings would
have to be large. At such spacings deep geological features could
affect results and anomalies go undetected.. There are also practical
difficulties if the site is restricted and there is a limited amount
of space around the pile head. Furthennore, theoretical analysis of

the.situation-would be extremely complex. As with the self potential
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method, stréy earth currents can affect results, and non-pclarising

electrodes are required.

2.4.9.4 Earth-Resistance

This method was chosen for detailed study. There are several possible
methods for.measuring'the earthing resistance of a pile which are
discussed in the next chapter. A theoretical analysis, relating the
resistance meaéufed at the ground surface. and the physical diménsions
of the pile in the ground, is also developed . in the next chapter.

This particular technique has several advantages over the other

electrical methods describéd,_these.being,

(a) an approximate theoretical analysis is possible, hence, the
interrelationship between the system variables can be deduced,
and the effect of changing, say, pile dimensions, quantatively

assessed. Such analysis is not possible with the other methods.
(b) stray earth-currents. can be eliminated by instrumentation
design. These earth~cuhrents,can, as already indicated,

affect the self-potential and induced-polarisation results,

(c) space requirements for electrodes can be adapted for the

particular site,

(d) non-polarising electrodes need not be used.
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2.5 Discussion

Many of the integrity tests described in section 2.4 suffer from the
disadvantage of having to cast tubes in the pile at the time of
construction or prior preparation to the pile head. This, in turn,
means that any integrity testing programme using such methods requires
pre-selection of the pile. Extra care may be taken by contractors in |
installing piles that are pre-selected for testing so that results
could be mis]eading. Drilling or coring, although not reqﬁiring
guide tubes, is too expensive and time consuming to be contemplated-
for testing every pile on a given site. Of the present available
techniques, sonic echo and shock methods seem best suited to blanket
testing. and need only a minimal- amount of preparation to the pile
head. However, with these methods there has to be a time_interval of
several days between casting the pile and testing, There is thus
scope for the deve]opment of methods which could be used. on fresh]y
cast piles and, generally speaking, a need in the construction
industry for the ... ‘development of relatively simple, reliable

and inexpensive methods of estéb]ishing the-structural integrity

of piles, with particular reference to methods which do not require
special means of instrumentation to be incorporated in the piles at
the time of construction. Over-sénsitivity of equipment éhou]d be
discouraged, since the existence of minute defects in piled

foundations isinevitable' (1) ,
Due to the expense involved with any load-testing programme non-

destructive tests may be advantageously employed. The use of

integrity tests, in conjunction with load-tests, would help give the
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Engineer, on site, a better appreciatjon of,

(a) possible piles for working load-tests, and,

(b) the relative integrities of the piles not load-tested.

Appreciating the problems of both the Engineer and the contractor
the approach detailed in section 2.3.2 is more logical than the present
state of the art. From the Engineer's point of view,'he will have

a better knowledge of the relative performance of every pile.

2.6 Summary

This Chapter has outlined the problems that can be encountered
duringvthe.construction of a piled foundation. Defects in piled
foundations will only be eliminated by goodlsite practice and.
supervision dufing concrete pours coupled with selectiqn of the-
cofrect pile type for the particular site. Nonetheless, ihere is
always the possibility of faults occurring and: some form of testing

is essential.

The present non-destructive testing techniques outlined nearly always
require. some form of preselection and there is thus a growing interest
in the development of methods not suffering from such an inherent
disadvantage. Four experimental electrical methods, based on
standard geophysical techniques, are described showing possible
measurement procedures and adaption for pile integrity testing.

The merits and demerits of these electrical techniques are assessed

and the earth-resistance method selected for detailed study.

37



3

g

E5 2
| B B 20| &

T B E| = @

=

NSNS\ 277

g

@

F

V7N
m/ N IWA_W 7 A l S
7,
|

/ \
|
g |
:< S~ JI ' ’ O\)

(b)

FIG. 2.1 (a) Kent]édge Reaction System and
. (b) Anchor Pile System




IPILE —TESHING]

REDESIGN

- [RECONSTRUCT

Y
REDESIGN >— —
A PRELIMINARY
LOAD-TEST
Y
| ]
FAIL SOUND
Y
VERIFIES
DESIGN

-

DEFECT

-
Y
I
WORKING
LOAD-TEST
Y
I ]
—~ FAIL SOUND

FIG. 2.2 Sequences involved in Pile Testing

Y

CONSTRUCTION
VERIFIED




oscilloscope

impulse
generator ik
electrical . , ;
al . sy_néhro
impulse ‘ . niser ? 9

received signal
-

ch | r voltage proportional
. B B
o | to deprh of test
I A | -
s“ww%§$§? - 44&&@%%@&@%%7""\~

NP,

(a) General arrangement of sonic coring apparatus

(b) Path of sonic wave and zones of influence in the
case of three tubes

FIG. 2.3 The Sonic Coring Method

1 0



surface

electronics

4%9 | . probe casing -
Q
steel < =
pipe o P YA .
- electronics
©
s O
O o ’ & ,
A _
A = detector
Op NN 1D
N & .
photon |2 5 NS lead shield
paths : ‘
Ay _bA O
\43/:: £ source
B
ol
=
3
S

FIG. 2.4

1 2 3
density g/cc

The Gamma Ray Backscatter Method

41




“ steel
rod

triggering
system

I NN/ Z Y

o

Al

camera

amplifier oscilloscope

accelerometer

—4—concrefe pile

b

FIG. 2.5

Schematic diagram of Sonic Echo Method

L7




signale¢ toV

velocity
- transducer

— s
7

N

mechdnicul
admittance

response
curve

14
(b) Idealised |

X-Y plotter

signal o¢ fo f

-t
signal o« to f Sihe - wave
- signal
generator
accelerometer
vibrator |4 regulator |—a—mrmr]
signal

frequency, f

A Ne ]
Acpe
( pile area
niniiel sloge e Y
—=-pile-soil stiffness density )

frequency (Hz) Y

160 200 300 ) -

FIG. 2.6 The Vibration Method

L3




H.T. anchor-rods

YA

+—rthrust unit

?

| :l
I: i
i I
{ ] i
|| I:
|| ll
U :l
th fh
l' ll
A if I
sleeved il 0h
stressing :; "
cables i il
il 130
it
E; Il r—plastic duct
| N
—pile 1 ||
i
i (1]
:l ]
I I
il i
| i {1
E‘;M U [“_'}e—unchor sleeve

(A) STRESSING CABLE SYSTEM (B) ANCHOR-ROD SYSTEM

FIG. 2.7 The Integral Compression Test

Li




Q

\\\ o

Sensitive millivoltmeter

mV

Pile reinforcement

E«%W

ijf\

N-P Electrode

' FIG. 2.8 The Self-Potential Method

Ammefer

Voltmeter

N-P Electrodes

FIG. 2.9. The Earth-Resistivity Method

45



N EGSEGSELELSSSSSSSSSSS———— |

gurrenf
‘supply

measuring

P ———

circuits

(a)

A energising
V' |oennn .. Pulse observed

transient

— Time,t

waveform

of current fo
system

observed
transient

(c)

FIG. 2.10 Induced Polarisation

L&






PLATE 2

Effect of groundwater on pile shaft




. B,

LATE 3

Starter bars added after loss of
main reinforcement

L9




CHAPTER 3

THE PILE AS AN EARTH ELECTRODE




3.1 Introduction

This chapter deals with the earth resistance method of integrity testing
as used in the field and shows how the variables of the pile-soil

system are interrelated. A theoretical approach to earthing-resistance
is possible with certain assumptions but it is expected.that the so]utionv
involved will be, at best, approximate because of interaction effects
which cannot be taken completely into account. However, even an
indication of the variations to be expected and how the earthing
resistance is related to the ph&sica] dimensions of the pile in the
ground would be a_useful contribution to the present knowledge 6f this

particular branch of non-destructive testing.

3.2 Measurement of the Earthing-Resistance of a Pile

There are three possible methods (41, 42, 43) for obtaining the earthing

resistance of a pile, which are described below.

3.2.1 Test With a Known Earth

This is, perhaps, the simplest way in obtaining the necessary measure-
ment and entails finding the combined resistance of the pile under
test and an electrode of known or negligible resistance as illustrated

in Figure 3.1.

The main disadvantage to this comparatively simple method is finding an
auxiliary electrode of known resistance - one possibility is water
supply system - and this may not be available on an isolated site.

Another disadvantage is that piles will be scattered over a site at
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varying distances from Ro and, consequently, large variations in
resistance would occur due to the increase in the mass of earth between
RX and Ro' Anomalous results could also be due to deep geological

features and not related to the integrity of the pile being tested.

3.2.2 Triangulation or Three-Point Method

A logical extension of the'method described. above is to insert two
auxiliary electrodes into the earth and to measure the combined
resistances between pairs of electrodes and to deduce from these the
pile resistance. This is illustrated in Figure 3.2 where X is the

pile under test and A and B are the auxiliary electrodes.

Then,
Ry =X +A
R, =X +B ' cere. (3.1)
Ry =A+8B
hehce,
X=1/y(Re +R2 = Ra) ... (3.2)

The main disadvantage to this method is that the effect of any
observational or experimental error is magnified by the form of
equation (3.2). It is almost certain that A and B'will be large

compared with X, so any errors in Ry, R, or R; may produce very large

errors in the calculated value of X; 1in fact, experimental errors
could produce a negative value for X. This method cannot be

considered reliable.




3.2.3 The Fall of Potential Method

This method is shown schematically in Figure 3.3. X is the pile under

test and P and C are two auxiliary electrodes placed at suitable distances

from X. A known current is passed between the pile and a return
~electrode, C, and the potential drop. between X and P is measured.

If the current is I and the potential drop V, the.quotient, V/1,

will give the earthing resistance of the pile for that particular

position of electrodes. This method was employed to facilitate earth-

resistance measurement. Instrumentation,requirenents and operation,

precautions and field procedure are described in .the next chapter.

3.3 The Nature of a Pile-Electrode Resistance

In order to examine the nature of such an electrode consider Figure
3.4, where the reinforéing cage is buried in a medium of i}esistivi@ﬁ

P1. The total earthing resistance can be divided into four parts,

(a)  the resistance of the reinforcement itself,

(b) the contact resistance between the.surface of the reinforcement
and medium of resistivity p;,

‘(c) the resistance due to medium ofresist{vitybl,'and

(d) the resistance of the earth immediately surrounding the pile.

The resistance due to (a) can, for practical purposes, be neglected.
The contact resistance, or interface polarisation impedance, has been
found to be negligible (41) and the main part of the electrode
resistance is due to the concrete around. the pile reinforcement and the

soil around the pile viz. the two factors which determine pile integrity.
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The problem resolves itself into two parts. First, to calculate the
.earthing-resistance of the reinforcement if it were buried in é semi-
.infinite medium pf resistivity p1; and secondly, to calculate>an
additional resistance representing the disturbing effect of the medium

resistivity p,.

3.3.1 Preliminaries

For the purpose of quantitative interpretation, the pile-soil system
is regarded as coﬁﬁSting of regions of approximately constant resistivity -
separated by plane interfaces. For a proper appreciation. of the
problem it is necessary, therefore, to understand the behaviour of
current flowing in such a system and how this affects the distribution

of potential.

In dealing with the particular problem. a starting point. is the
evaluation of the potential about a single-point, current. source,. P,
in an infinite medium. (Fig. 3.5) This can be done using Ohm's

Law which can be written as,

rm
0
gel
P =

where, E is the potential gradient, J the current density and p is

the resistivity of the medium.

If the current. is assumed to be steady, then the total current flowing
into any closed region must equal that flowing out. The flux of
current for any closed region must, therefore, be zero for any closed

surface . which does not include any sources of current, i.e.
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g Jdnds=0 . (3.4)
where n is the unit vector along the normal to the element dS and J
is the current density vector whose direction is along the line of flow

of electric current. This equation can be put in the form (44),

divd=0 ... (3.5)
Combining (3.3) and (3.5) obtains,
divd=1dive=0  ..... (3.6)
P

E is defined as the potential gradient and is represented, mathematically
as,

(18V + JaV + kaV ) -gradV  ..... (3.7)

where V is the scalar potential and i, j, and k are unit vectors at

right angles to each other; hence if p is constant, then,

divE =divgrad V=0 ..., (3.8)
or,

92V + 92V + 3%V =0 e (3.9)

ax= dy“ 9z

Thus, in a homogeneous electric conduction field, the potential, V, at
any point in the medium can be solved by using Laplace's Equation and

. appropriate boundary conditions.

3.3.2 Solution of Laplace's Equation as applied to a-Pi]g-Soi] System

Consider Figures 3.6 (a) and (b) where the reinforcement is injecting a
~ current - I per unit length into a medium of resistivity py. The
problem reso]?es itself into a calculation of the potential at the
surface of the reinforce%ent and then applying Ohm's Law to calculate
the earthing-resistance. The reinforcement is represented by a line

source.
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Consider a small efement, dh; which can be assumed to be a point source,
0, in the medium at depth h, from the surface of the earth. (Fig. 3.6
(c)) Let this be the centre of a system of cylindrical co-ordinates

t, z (8 is eliminated due to symmetry). As shown in the last section,
the potential at any point in the medium must satisfy Laplace's Equation,.

which, in cylindrical co-ordinates, can be written as,

3V + 1 v o+ 3%V = 0  ..... (3.10)
ar? ror  3z%

Using Fourier's method to find a sd]ution to (3.10), assume that a
solution can be found in the form of a product of two functions, each
of which depends on only one variable, i.e.
V= #r). 2 ... (3.11)
" If (3.11) is now substituted into.(3.10) and divided by .f(r). ¢(z), then,

F ) + L f(r) + 9" (2 0.... (3.12)
f(r r ?%r; ¢ (2) a

. Equation (3.12) can be separated into two independent relationships,

o' (z) - A2 =0 eesee (3.13)
¢ (z '
FU(r) + j_.f'%r; +A2 =0  ..... (3.14)
r r r _
Thé solution to (3.13) may contain terms in e -Az and e +AZ, while the

solution to (3.14) is the solution to Bessel's Equation of order
zero, the solutions being Jo(Ar) and Yo(Ar) (45) . The function
Yo(Ar) tends to become infinite when r is small, and, since this is
not acceptable for points on the z axis, then all terms in the
solution to equation (3.14) which contain Yo(Ar) must have zero co-
efficients. The complete solution to (3.12) can contain only two

types of terms, namely Jo(Ar)e and Jo(Ar » together with any
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linear combination of these functions. Since X can vary continuously,
the potential at any point in the medium can be conveniently written

as (46) ,

[--3 2]

Vo= %Q_L[ = Jo(ar)e™an + . A()do(ar)e M id + B(x)ao(xr)e“"?dx] |
v 0

0

o

The boundary conditions for the particular problem are,

(a) as z tends to infinity, the potential, V, must approach zero.
This immediately implies that B(A) = 0, and,
(b) at the surface of the earth the potential gradient is zero, i.e.

at z = -h, 3V = 0 giving A(}) =,e'2Ah.

9z _ _
Hence, the potential at any point, in a semi-infinite, homogeneous

medium due to a point source, 0, at depth, h, from the surface, can

be written as,

‘ s -AzZ ® \.=A(z+2h) :
V =1Ip, Jo(Ar)e “TdA + Jo(Ar)e '« /NI [ (3.16)
L N |
Using the Weber—Lipschitz integral identity for the Bessel Function

then,

V- lgy ((2422)E (e 2h+z 12)7%) S (3.17)

The potential on the surface of ihe reinforcement_is asﬁumed,to be
uniformly distributed, with the mean potential, Vm, over the full
reinforcement being equal to the potential at the upper extremity of
the reinforcement (Fig. 3.7). In the case of reinforcement of radius,
a, and length, 1, the potential at point P due to a small element of
the reinforcement at depth h, is obtained by putting r = a and z =-h,
giving

Ve=lp, . (a2h?)7? . (3.18)
2m )
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The current, I, in the above expression.is the current flowing from
a small element, dh, of the reinforcement, hence the total potential

at point P due to the full reinforcement is given, by,
¢

Vm=1Ip, S dr ... (3.19)
7n  YTat+ W2
Thus,
vm = Io; Sinh '(12.)  ..... (3.20)
7 8

If 1 is large in comparison to a, then (3.20) simplifies to,

Vm = Ipy log 21 ..., (3.21)
2 €3

The total current on the reinforcement is 1.I. hence using Ohm's Law,
Vm = 1.I.R, T e (3.22)
where R_ is the earthing resistance of the reinforcement buried in

medium of resistivity p;. Combining(3.22) and(3.21) gives,

R, = p1 .log, 21 ... (3.23)
FZal €T

The next stage of the calculation is to evaluate the effect of the

soil.

3.3.3 Disturbing.Effect of Soil

A simple approach to calculate the additional potential due to the
disturbing effect of the soil around the pile is to use geometric
optics. An analogy may be drawn between the way in which the current
travels through the earth and the way light rays travel through space.
For example, the density of current flowing from a point source varies
as the inverse square of the distance. Light rays behave similarly,
with the intensity decreasing as the square of the distance travelled.
In setting up the optical analogue, current sources are replaced with

light sources and the planes separating regions with different resisti-
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vities are replaced with semi-transparent mirrors - in this case the
| pile-soil interface and the grodnd surface - air interface. At the
boundary between the two media the following two conditions must be

satisfied:

(1) the potential must be continuous across the boundary, and, |
(2) -the normal.component of current flow through the boundary must be

continuous.

In order to calculate the potential of the surface of the reinforcement
it is first necessary to calculate the potential due to itself in
medium of resistivity p; (Section 3.3.2), and adding to it the

disturbing potential due to the soil of resistivity, p,.
At this point several assumptions have to be stated:

(a) only the reinforced section of the pile contributes to the response,
which immediately means that medium of resistivity p, continues
to an infinite depth, hence reflections from the base can be
neglected. (This assumption would appear to be justified from

Taboratory experiments).
(b) the cross-section of the pile is assumed to be square with sides
of length equal to the diameter of the pile. This effectively

~gives four mirrors.

(c) as in section 3.3.2, the current distribution on the reinforcement

is assumed uniform.
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It is first necessary to replace the arrangement of Figures 3.4 byva
completely symmetrical arrangement as shown in Figure 3.8 (a) in which
there is a medium of résistivity p1 and thickness, 2p,-sandwiched
between two semi-infinite media of resistivity p,. The reinforcement
is combined with its image above the surface of the earth, giving a

source of length 21 and carrying a current I per unit length.

The first three images are shown in Figure 3.8 (a). The first pair

M] and M{ are both at a distance 2p from the centre of the source

and the current on these two images is'taken as kI per unit length,
where k is the 'reflection coefficient' and is numerically equal to
(p2-p1)/(p2+p1)  (47) . The second pair of images are M2 and M2’

at adistance 4p from the centre of the source, and the current on these
will be k2I. Similarly the ﬁﬂ\pair of images will be at a distance
,\an from the cenfre of the source and the current on these images will
be k"I. Considering the problem in three dimensions, the images

shown in Figure 3.8 (b) will exist with the current on the general

image k(MM

With reference to Figure 3.9, the potential of the reinforcement due
to the images can now be approximated. .The potential, §V,, at
~point 0 on the reinforcement due to an element of current, dy, on the
image, is, from equation (3.17) and considering an infinite medium,

5V, = o1k (MM 14y ~ veee. (3.28)
4n((2mp)‘4(2np)‘ fyf)é

Hence the total potential, V,, at 0 due to the full image is,

Vo = p Ik 21 ~ y ;i dy .
I ( (2mp)‘+(2np)‘ yT) 2 ( (Zmp)=+(Znp)=4y? )%

..... (3.25)
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'Equation (3.26) must be multiplied by 4 since there are four images.

Integrating, _
Vo = p,Ik(MHM [s h"1(21-x) + Sinh™ ] . 3.26
0 Dn in (_A_) in (K) ( )
where A = [(2mp)? +(2np)?1:. ... (3.27)

Now this is the potential of a small element, dx, of‘? the reinforcement
due to one image, hence the total potential, VT’ at point 0 due to all
the images is, |

eal 3 S K(“’f"‘),[Sinh'l(gAﬁ) +~51'»nh'1(7>§)] ..... (3.28)

T  p=0o m=1

and the mean potential, Vm’ of the full reinforcement (Fig.3.10) will

be, .
. o (o] 21 . - . -
V = 1Ip 2 2 k(n+m) [Smh 1(21-x) + Sinh 1(x)] dx
m . - S Sy u
zrt n=0 m=1 0 ' R
..... (3.29)
Proceeding with the integration yields,
- < (n+m) 2,023
iy = o1 . S z K 41 sinh 221)-2(41 eIt WYY B (3.30)
n=0 m=1 :
This can be written,.
_ S < (n+m)[ hT1] 3, p
Vo = 2;;11 S S k] sinh % (1.+%2) +$_ ..... (3.31)
n=0 m=1
where B = [ (mp)2 +(np)2]%.
Equation (3.31) can be written,
=220l 3 3 K f10g, Lwisct) - (1c2)? + J
I (3.32)

where C = [(E\F)Z + (g(p_)z]é and depends on the ratio p/1 alone.
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The total current on the reinforcement is 211’and the potential is
given by equation (3.32), hence, using Ohm's Law, the additional

resistance, Ra’ due to the soil is,

Ra = Vm
211

ﬂb

n=0 m=1

1 i ﬁ; K("“'"),[ Tog ( 1+./g1+c2)) - (1+c2)} +c}

The total resistance to earth of the pile is the sum of equations

(3.34) and (3.23) i.e.

R = log 21 + 2. k(n+m) |4 /(14C2) \ - (1+62)% +¢
o = | Toge2l + Ec}, m%i .[oge(lL(%i_)) (1+€2) 4

..... (3.35)
Equation (3.35) can be put in the form
R,= o (R+R)Y) ... (3.36)
.ZTTT( a) ,

Where Ra is the second term within the outside brackets in equation
(3.35) and represents the disturbing effect of the soil. Ra was
calculated using the EMAS 2980 computer and a graph of‘Ra against p/1
is shown in Figures 3.11 (a) and (b) for various values of reflection

coefficient, k. The series is convergent for -1.0<k<1.0.

From the foregoing analysis it can be seen that the résistance
measured at infinity on the ground surface is related to the physical
dimensions of the pile in-thé'ground; the electrical resistivity of
concrete, and indirectly related, through the reflection coefficient,

to the electrical resistivity of the soil. The variation of resistance

with distance from the pile is shown in Figure 3.12, with the return
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current electrode being placed at infinity. The resistance, Rx’
measured on the ground surface will also be Functional]y related to
R,s SO this.resistance reading must be a measure of the integrity of

the pile in the ground.
The questions that still have to be resolved are,

(a) what is the effect of the mutual resistance of the current return
electrode when it is placed at a more practical distance from the
pile and the effect this has on the shape of the earth-resistance
curve.

(b) what effect has a defective pile on earthing-resistance.

(c) how is this resistance measured in the field.

3.3.4 Effect of Mutual Resistance of Current Electrode

It is emphaéized that the foregoing analysis is based on the return
current electrode being placed an ‘'infinite' distance from the pile.
In practice this would not be possible and, in fact, undesirable as
deep geological features would affect the resistance readings and
also only the soil in the immediate vicinity of the pile is of
interest as this will determine its bearing_capaéity. Considering
the problem when. the current electrode is p]abed at a more practical
distance from the pile, the mutual resistance of the electrodes will
have a definite inf]uence;on the shape of the earth-resistance curve

for the pile.

The potential at any point between the pile and the return electrode

can be theoretically calculated. Even though only an approximate
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solution can be found it is felt that some analysis would be useful.

A fe]ationship can be obtained by considering Figure 3.13 in which the
reinforcement is buried in a medium of resistivity pi. The potential

V_, at 0 due to a total current I" entering at 0 has been calculated in
section 3.3.2 (Eq. 3.21), and that due to the current leaving at C is

V . so that the total potential at 0 is, |

The potential at P due to the current I’entering at E is Vop and due

to the current leaving at C is Vpc’ hence the total potential at P
is,

Vop = Vpo S (3.38)

Accordingly, the total potential difference, Vd’ between E and P is,

V, = (V_ -V

d o oc) = (V

v

oo~ Voo e

If the return current electrode can be regarded as a point 'sink'
on the ground surface, then the pdtentia] at any point from it can be

calculated by equation (3.18). Therefore,

Vg =Lpy Tog, 21 - p3I" -V + oI’ ..., (3.40)
211" a Zn(ii-a) p Z’H’“I‘a)

Vop can also be obtained by using equation (3.18) viz.,

1
= I'pl dx .,  eees (3.41)

)
°  Hm 4§ (@)t
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Vy = Lz_fr_l[‘lr .1099(%)- ,lr-.lége [ %* ((;})2 + )%] -[(5%3)' i (%-.1)]

..... (3.43)
In terms of the resistance, Rd at any point,
R, = p1 “log 21 - Tog I\ + (2182 +1 3 - 1 -1
a ™ {105l - 105 [ () * () | |k ey
..... (3.44)

and for the actual situation Figure 3.13 could be regarded as a general

image injecting a current k(M) 1’ 5o that,

R, = 1, k, - d, p, ky - k, a, h, ky h, d
R S s ]
or simplifying,

Ry = E%f,c(k, L Ly e (3.46)—

Where # repreéents a functional relationship between the terms inside
the bracket. The effect of mutual resistance of the return electrode
on the earth-resistance curve is shown in Figure 3.14. It should

be noted that as this curve passes through an infinite number of points,
there must exist one point on this curve which is numerically equal to
"the true earthing resistance of the pile (Poinf A), or, put in mathe-
matical terms the fractional error, (Rd'- R”)[R» is reduced to zero.

Furthermore, all the terms inside the bracket in equation (3.46) are
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non-dimensional so modelling methods could be advantageously Emp]oyed
with the full scale resistance the same as the model resistance
mu1tipliéd by the length ratio, and resistivity and all other ratios

being kept constant.

3.3.5 The Reflection Coefficient

4

The reflection coefficient, k, is an important quantity in expression
(3.35), and it varies between +1 and -1. If the soil were a perfect
insulator i.e.p,=o, then k = +1, and if the soil were a perfect conductor

i.e. pp =0, then kK = -1.  Now,

O
N

-1
+1

I.E
L]
.
L ]
~
w
>
~
~

k_ = (p2 =p1)/(p2 +p1) =

O
N

©

1

and so depends on the ratio p,/p; alone. A graph ofps p1 and p3/p»
corresponding to various values of k is shown in Fig. 3.15. For large
p2/p1 and py/p, ratios, small changes in pa(i.e. soil resistivity) have
little effect on the value of the reflection coefficient, k, the
significance of this being that small fluctuations expected in soil
resistivity over a given site will not.appreciably‘affect resistance
readings. If, however, there is a large variation in p,, then the
resistance will be adversely affected, as, for example, the occurrencq
of a weak water-bearing clay pocket. To obtain'a large resistivity
contrast ratio the pile should be tested when the resistivity of the
concrete, p;, is relatively low viz. after pouring. Conversely,

when the resistivity of the concrete is much greater than the surrounding
soil, then, similarly small changes in soil resistivity will ndt alter |
the reflection coefficient to any great extent. This latter point

may have importance to pre-cast concrete piles.
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3.3.6 Effect of Defect on Pile Resistance

It is immediately apparent that the resistivity of concrete (p;) has a
major influence on the resistance measured on the ground surface as
this term is outside the bracketlin equation (3.35). This has been
the subject of investigation in Chapter 5 of this thesis. It is also
apparent that changes in pile dimensions will also have a marked

influence on the observed resistance.

In order to calculate the effect of, say, defective concrete or a soil
inclusion ovef part of the pile shaft, then, owiné,to the change in
resistivity of the materia1'surrounding the reinforcement it is no
ionger possible fo assume that the current flows uniformly from the
reinforcement along its length. = A reasonable assumption would be
that the current density on the reinforcement will be inversely
proportional to the resjstivity of the medium in direct contact with

the reinforcement (Fig. 3.16).

Let J; and J; be the current per unit length; J; in the non-defective

concrete and J; in. the defective concrete, then,

‘lel = J3p3 © eesee (3.48)
and,

Jsh + 3;(1-) =1 ... (3.49)

Where I" is the total current on the reinforcement. Solving these

equations gives,

’

J = Ips i (3.50)
91“"'93( l"“)
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1.

Jy = 'o, . (3.51)
pihtps(1-0)

The potential of the reinforcement would now have to be recalculated
using the above current densities resulting from the defect. Suffice
to say that a defective section in the pile will ultimately alter the
resistance measured on the surface of the earth, depending on the ratio
p1/p3s. For large/small pi1/ps ratios, the current densities will be
altered and the difference in resistance réadings appreciable, but as
this ratio approaéhes unity the current densities will not alter

significantly.
3.4 Summary

The purpose of‘this Chapter has been to present some of the theoretical
aspects of earthing resistance which will assist in making realistic
measurements in the field. To.accomp1iéh this objective certain
assumptions have been made, although these simp]ifications will not
afféct the basic principles. A better understanding of this technique
can now be appreciated and the analysis will assist in showing the
interrelationship between the system: variables, and the effect on

resistance when any of the parameters are changed.

The effect of defects on the resistance has been discussed from a
qualitative point of view as a rigorous mathematical treatment would
be complex. It should be emphasised that the acceptance or rejection
criteria for a pile is not based. on the deviation of the theoretical
value from the measured vélue but on the relative displacement of
earth-resistance curves between neighbouring piles. In other words,

predetermined values of resistance are not required, it is the relative
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magnitudes between piles on a site that are of greater significance.
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FIG. 3.3 Fall-of-Potential Method
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CHAPTER 4

INSTRUMENTATION




4.1 General Considgrations

In 6rder that any instrument be considered viable for use in the

field there are several physical requirements which must be satisfied.
- The instrument must be as 1ight-weight and portable as possible and

it must be sufficiently robust to withstand rough treatment. The
instrument must be self contained, i.e. possess its own internal power
source and be easy to operate in the field. The need for portability
and self containmént cannot be overemphasised as methods which require
an ‘'external' power supply and have power leads running across the site

have obvious disadvantages.
These, then, are the physica1 specifications that any instrumentation
-must satisfy. However certain electrical requirements must also be

satisfied. : .

4.2 Electrical Requirements

4.,2.1 Elimination of Stray-Potentials

At first sight it would appear that the resistance, R, of the pile can
be obtained by simultaneous observations of the current, I, and the
potential, V. Referring to Fig. 4.1, current from a source B, such

as a bank of batteries, is supplied to the ground via two electrodes
(the pile reinforcement acting as one electrode) and its value measured
by means of an ammeter, A. The potential drop between the reinforce-
ment and a point outwith the nominal pile periphery is measured by
means of a vo]tmeter, V - the resulting quotient, V/I, being the
resistance for that particular position of potential electrode.

However, the measured pctential will not be that resulting from B alone.
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Induced polarisation phenomena which occur in the volume of earth
around the electrodes and at the electrodes themselves can cause
serious errors in measurement of earth-resistance if direct-current is
used. Direct current measurements are é]so affected by slowly varying .
natural earth and. telluric currents and by stray alternating currents
of power frequency (50-60 Hz.).  Steps must be taken to eliminate

such potentials from earth-resistance measurements.

In connection with geophysical prospecting, Wenner (39)

employed alternating current to remove polarisation effects at the
measuring electrodes and Gish and Rooney (48) used synchronous
commutation to achieve the same ends. = As natural earth-currents

teﬁd to be unidirectional they, also, are eliminated when*a]ternat{nglr-
current (a.c.) is used. A1l modern geophysical instruments employ
either a.c. or comﬁutated current to facilitate resistance measure-
ments and many instruments based on thesevprinciples are available
(Table 4.1). It is important that the operating frequency of the
instrument is not the same as power frequency (50-60 Hz.) and also the
frequency should be as low as possible as ground inductance and
capacitance and more comp]ex-frequency effects (e.g. skin effect)

become increasingly more important at higher frequencies (46, 49).

4.,2.2. Elimination of Current and Potential Electrode Resistance

When measurements are being made, good grounding of the auxiliary

e]ectrodesAis essential to reduce contact resistance to a minimum.
This resistance may vary over quite a large range - from fractions
of anvohm in moist clayey soils to as high as tens of thousands of

ohms in dry sandy soil.
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The effects of electrode resistance (and electrode contact resistance)
can best be removed by making the measurement with a high impedance .
device and, traditionally, potentiometric devices have been used for
this purpose (49, 50), since their input impedance at balance is,
theoretically, infinite. 1In a typical commercial instrument which
employs a potentiometric measuring device (schematically shown in

Fig. 4.2), the voltage drop across the measuring electrodes (Pi,P:)

is compared with that across an internal, variable resistance placed
in series with the current eTectrodes (C1,C2).. Since the same current,
I, flows through both resistance R and through the pile-soil system
(represented by a resistance X), then, at balance the voltage VR’ is .
equal to that present between the measuring electrodes, Vx. The

instrument may therefore be calibrated to read directly in ohms.

With such an arrangement the resistances of the various electrodes

can have no effect on thé balance condition. Letting the electrode
resistances be simulated by resistofs in series, then, the resistances
of the current electrodes are included in the main circuit and thus

are factors affecting. the value of the current I. Since, however, R
and X are carrying the same current,.the balance condition is
 unaffected by changes in I. The resistances of the potential electrode
are in series with the galvanometer, G, and since, ét ba1ancé, no
current is flowing in this circuit, these resistances have no effect,

at least theoretically, on the balance condition.

4.3 The A.B.E.M. Terrameter

Electrical earth-resistance measurements were carried out using the

A.B.E.M. Terrameter which fulfilled all the requirements mentioned
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above. The Terrameter is usually employed in electrical resistfvity
surveying but was adapted for electrical earth-resistance'measurements;
For this, binding posts C, and Py are coupled,together and conne;ted to
the pile reinforcement (Fig. 4.3); P énd-Cz being connected to

auxiliary electrodes placed outwith the nominal pile diameter.

The Terrameter is contained in two Tightweight watertight metal cases
each measuring 40qu 150 x 200'mm7] and having a.combined weight of
about 15kg. (Séé'Plate 4). One case - the V-box - contains the
measuring circuits, while the other - the G-box - contains the power
supply. With reference to Fig. 4.3, which shows a schematic. layout
of the instrument, the current is supplied by a transistorised
oscillator, E, and a powertransformer; T, producing a very low
frequency squafe—wave alternating current (4Hz). The Terrameter
employs a combined null-balance and resistance-comparator system of
measurement and for details of circuitry referehce may be made to the

maker's handbook (51).
The special features of the Terrameter are its sensitivity and high
instrumental accuracy, T 3% for readings as low as 0.01 ohm, and

+ 10% for readings of 0.003 ohm.

4.3.1 Mode of QOperation

The V-box contains an amplifier A, a meter M, and a potentiometer R.
A switch connects A and M to either the coupled potential electrodes
vX,.or the potentiometer R. In position X, the potential difference
between P; and P, is connected. through the amplifier to the meter, M.

The amplifier gain is adjusted unti1 a deflection of, say, 60-70 scale
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divisions, is obtained; switching to the XR posftion then connects
the amplifier and meter to the potentiometer. The botentiometerj

is adjusted until the deflection on M is. the same as that when the
switch is in the X position. The comparison is checked by switching
between X and XR positions as it is usually necessary to perform

some fine adjustments to the reference potentiometer until both
readings are exact. The reading on the potentiometer is then
multiplied by the appropriate scaling factor, the resulting figure
being the earthing-resistance of the pile for that particular position

of P, and C,.

To obtain a full earth-resistance curve for the pile, auxiliary electrode
P, is inserted at several points between the pile and current electrode,
C,, with resistance readings being taken at these points. (Current

electrode, C,, is not moved during this operation.)

4,3.2 Auxiliary Electrodes, Connectors and Cables

One particular advantage in using a]ternat{ng current is that one can
forego the use of non-polarising electrodes, and, instead, galvanised
steel stakes are quite adequate. The stakes used were approximately
600mm. in length and héd a T—cross-sectidn which ensured gqod contact

with the ground (Plate 4) . The stakes were either hammered or

pushed into the ground at the requiréd points for measurement. Pre-

- measured. points were marked on the stakes so that the depth the e1ectrodes.
were inserted into the ground was the same for all measurement points.

In order to speed-up field procedure, bﬁyonet plugswere'emp1oyed
throughout, both in connecting the cables to the Terrameter and the

electrodes.
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A precaution that has to be taken when using a.c. is to avoid the use
of multi-core cables as errors can be introduced due to electromagnetic .
coupling between  the current and potential 1eadsf IndiVidua],
lightweight cables were used thus eliminating any coupling effects.
Electromagnetic coupling between.thé V and G boxes can also occur if
they are placed close to each other. However, this can be avbided
by placing the boxes about one metre apart (51) .
Connections to thé pile reinforcement were by means of heavy duty
crocodile clips (Plate 4), four being sufficient to ensure a reasonable
contact. The only preparation to the pile is to c]ean any concrete
etc., from the reinforcement with a wire Brush/emery'paper to obtain

a good electrical connection.

4.3.3 Elimination of Lead Resistance

Generally speaking, lead resistance is not important. Normally when
measurements are being made on the pile, one current and one potential
electrode are joined and connected to- the reinforcement by means of
the crocodile clips (Fig. 4.4(a)). In this case the resistance of
the lead is included in the measurement and if the pile resistance is
low, the lead resistance may be an appreciable part of the whole. It
can either be measured or separate leads run from the potential and

current terminals as in Figure 4.4(b). In. the latter case the

resistance of the lead is not included in the measurement.
Lead resistance will only be a problem if the cables from C; and P;are

long. By placing the boxes close to the pile head as part of field

procedure then the leads from C, and P, can be reduced to a minimum
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and the arrangement in Figure 4.4(a) used. Furthermore, as only the
relative magnitudes of resistances between piles are required rather
than accurate determinations, then, as long as the length.of leads are

kept the same for all the piles, lead resistance can be neglected.

4.3.4 Instrument Checks

Before any results were obtained, and periodically during field and
laboratory work, the instrument was tested to check that the values
indicated were correct. This was done using a standard resistance
(R) whose value was accurate]y-determined.using a Wheatstone Bridge.
The Terrameter was wired as an ohm-meter for this check, (Fig. 4.5)
by coupling binding posts P1, C1 and P2, C2 and connecting the

standard resistor between P1 and P2. -
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Measuring

Instrument Oberating
Frequency (Hz.) Range (R)

Tellohm Soil . _
Resistance Meter 110 0 - 10,000
Geohm Earth _
Tester 108 0.- 5,000
Norma Earth- ‘
Resistance Meter . 125 0 - 5,000
Geophysical Meggar
Earth Tester 20 0 - 1,000
A.B.E.M.
Terramter 4 0 - 10,000
The Earth Tester 150 0 - 1,000

TABLE 4.1
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CHAPTER 5

THE ELECTRICAL PROPERTIES OF CONCRETE




5.1 Introduction

The foregoing analysis in Chapter 3 has been important in that it has
highlighted the interrelationship between the system variables which

determine the earthing-resistance of a reinforced concrete pile.

. The electrical resistivity of concrete has a major influence on the

overall earthing resistance of the pile. ‘The influence of, for
example, mix-ratios, environment and time,. on the resistivity of
concrete are essential for an accurate assessment of field tests.

These form the subject matter of this Chapter.

Comparatively little work has been undertaken on the electrical

properties of cements and even 1éss on concretes, espeéial]y on the
variation of electrical resistivity during the initial setting stages

and subsequent hardening process. The characteristics of cement vary
considerably throughout the setting process and consequently, the

relative importance of such factors as polarisation and capacitance changes
with the age of the concrete. Furthermore, the electrical properties may
not be constant throughout. the specimen of concrete for the following

reasons:

(a) concrete itself is a heterogeneous material,

(b) stratification occurs during placing, and

(c) subsequent dry-out takes place preferentially from the exposed
surfaces resulting in a moisture gradient from the centre to

the'exposed face of the concrete.

The present work has been. concentrated. on the measurement of the

.electrical properties of concretes of different mixes and water cement
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ratios, these mixes being typical of those used in concrete structures.
Comparative data on specimens of neat cement pastes, mortars and concretes
made with different types of cement was also obtained. Investigafion
has been.made of the variation of electrical resistivity of concrete
during the initial setting period (i.e. first 24 hours) and throughout

the hardening process.

Considerable progress has been made inrreléting the physical and
mechanical properties of concretes to the corresponding properties and
volume fractions of the constituent aggregate and hardened cement paste
(e.g. elastic modulus, shrinkage, creep andPoisson's Ratio), but as yet,
a similar pattern of interreIated behaviour has not been established
for electrical resistivity characteristics. _The’experimental data
obtained is examined closely in an attempt to assess how the electrical
kesistivity for cement pastes, mortars and concretes is affected by
mix-proportions, the water-cement ratio and temperature of the
sﬁecimens. From this examination an electrical and theoretical model

for the conduction of current through concrete is proposed.

5.2 Review. of Previous Work

a
Previous work has mainly been undertaken on cement pastes and has been
directed towards obtaining'information about the changes in electrical

resistance during the first twenty four hours'of the setting process.

Among the earlier workers in this field were Baire (52), Petin (53),
Kind (54), and Dorsch (55). The latter, working with cement pastes
of different types of cements, found that the electrical resistivities

were in reverse order to the lime contents of the cements tested.
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The same author also showed that in the short period covered by his
tests, a decrease in the water-cement ratio from 0.30 to 0.25 corresponded

to an increase in resistivity of approximateTy 20 percent.

Boast (56) also investigated conductometric methods for studying the
setting phenomena dﬁring the first three'hours and tried to correlate
conductivity of sand mortars with their 28 day compressive strength.

It is of interest to note that he was unable to find a general relation

between the resisfivity of the mortar and its 28 day strength.

Michelson (57) attempted to investigate the beginning and end of
setting by considering the galvanic currents generated in any paste
between two different metals. On voltage time graphs the beginning

is given by the point at which constant section of curve commences to
slope upwards and the end by the point corresponding to maximum voltage.
A similar effect was also noticed by.Aschan (58).. Jesser (59), |
who considered setting and hardening as an electrostatic phenomena,
studied the e.m.f. of galvanic elements in various cements in coﬁnection

with the colloidal nature and change in the paste.

Calleja (60) published curves sﬁowing the variation in electrical
resistance of Portland cement pastes setting under adiabatic conditions
and indicated that over a range of frequencies from 40-20,000 Hz, the
resistance of the paste decreased only slightly, the maximum decrease

being about 10 percent.
The Division of Building Research C.S.1.R.0. (Australia) reported that

the resistivity, between pools of mercury, for a block of air-dry

portland cement paste lies between 2.5 and 50 kQ-m (61), and Maguire
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and Olen (62), using a guerd-ring technique found -that concretes (with
si]iceodsAaggregate), after'oven'drying at 96°C for one day had
resistivities exceeding 100 M2-m at 700V.  The same authors gave
resistivities of 6.54-11.4 KQ-m for mature concretes which were not

artifically dried.

The resistivities (during storage in air) of neat Portland cement and
~gravel concretes made with slag cement. and Portland cement wefe investi-
gated by Decoux and Barree (63). The resisiivity of specimens of neat
Portland cement was much less than that of concrete; furthermore the
.addition of sodium chloride, calcium chloride, magnetic iron oXide or
jron turnings appreciably decreased the electrical resistivity. Cigna
(64) found that mortar containing calcium chloride had a resistivity
some 15 times lower than a similar mortar without.calcium chloride.
Ohama (65) and Yamada (66) have also»given some data on electrical
resistivities in connection with work on the electrical heating of
concrete, whilst Spencer (67) hes investigated the relationship between

electrical resistance and moisture content in mass concrete.

Hammond and Robson (68) undertook a limited study on the a.c. and d.c.
electrical properties of different cements and concretes and found that
the resistivities of high alumina cement specimens were 10-15 times
higher than the Portland cement specimens, whereas tﬁere was negligible
difference between the resistivities of Rapid Hardening Portland Cement
and Ordinary Portland Cement specimens. (Possibly due to the varying
lime contents between 0.P.C. and H.A.C.). They also indicated that
for concrete subjected to a.c. the capacitative reactance is much larger

than the resistance at all ages; in consequence, most current flows

98



through the latter and the power factor is nearly unity.

The resistivity of cement pastes with pozzolana additive was investi-
gated by .Ganin (69) in the U.S.S.R., the specimens being sealed and

stored at room temperature.

Monfore (70) concluded that conduction through moist concrete is
essentially electroytic, with a resistivity of about 100 Q-m; this is
within the range of semiconductors. On the other hand, the resistivity
of concréte may be increased manyfold by air-drying, and upon over
drying at 105°C has a resistivity of about 1000 MQ-m, which means that
concrete is a reasonably good insulator. The'effect of prolonged
moist storage on the resistivity of mortar, and cement paste specimens
was investigated by Monfore; however so few data points exist thaf no
~general trends as to the shape of’the resistivity versus time graph can
be déduced.. He also found that the majority of admixtures added to
cemenf pastes genera]]y‘cause a decrease in the resistivity.of the paste
at early ages, but, as the paste matures some show a moderate increase

in resistivity.

Henry (71) found that the electrical resistivity of concrete increases
withAAQe and decreases with an increase in salinity of'mixing water.
This latter conclusion was of greater significance in concretes with

~high water cement ratios than in high strength concretes.

Farrar (72) used "Marconite"™ to reduce substantially the electrical
resistivity of concrete while Nikkannen (73) used finely divided
bituminous material to increase the resistivity of concrete, and, in

cases where static electricity is undesirable and a decrease in the
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insulation resistance of concrete is required, satisfactory results
could be achieved by the addition of acetylene carbon black (2 to 3%

by weight of cement).
Hancox (74) has given some data on the electrical conductivity of
cement pastes, which was used in the determination of the mean pore

radius of cement paste.

The available literature has revealed very little data directly

relevant to the author's area of interest..

5.3 Concept of Resistivity of a Material

Resistivity is a fundamental property of@particu]ar materia1 which
characterizes that material almost as completely as its density.

The relationship between resistivity and resistance can be explained
with reference to Figure 5.1.. The electrical resistivity of any
material is defined as the resistance, in ohms, between'opposite

faces of unit cube of that material. Thus, if R is the resistance

of a block of concrete having a length, L metres, and a cross-sectional

area, A metres?, then the resistivity, p, is expressed by the formula.
p=RA Q@m ... (5.1)
T .

Resistivity, being a fundamental property of the material, ié indepen-
dent of the volume, whereas resistance depends upon the shape and size
of the specimen. The conductivity of a material is defined as a
reciprocal of its resistivity, i.e.

o = 1/p Siemens m™ ' ..... (5.2)
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5.3.1 Temperature Coefficient of Resistivity

Concrete exhibits a negative temperature coefficient of resistivity
(70, 73), hence the electrical resistivity of such a material at a
temperature, t, can be related to its resistivity at a reference

temperature, 6, by the formula.

py = p@]u + a(t-0)). RIS (5.3)

Where Py is the résistivity at t°c, Py is the resistivity at 6°C and o

is the temperature coefficient of resistivity of the material.

Another way of expressing the resistivity, p, of concrete at a certain
temperature, T is by means of the Hinrichson-Rasch Law which is applic-
able to most refractory materials, i.e.

loge = ’18’ +C . (5.4)

where B and C are constants, and T is in degrees absolute. If p,
and p, are the resistivities of the concrete at temperature T, and T,

in- degrees absolute, then,

logepi = B +C ...... (a) .
1
..... (5.5)
logp, = B +C ..... (b)
. & T,
Subtracting results in,
1oge(p1/pz)f =B.(1 -1) e (5.6
- T T :
or, _
o1 = pzeB(a}l - ‘rz S (5.7)

101



5.4 Conduction Paths through Concrete

Concrete may be considered as a composite of various sized aggregate
particles in a matrix of Portland cement paste. To explain the possible
conduction paths, the author has drawn on a simplified model of
'heterogeneous porous media proposed to explain the variation of the
electrical conductivity of resin-solution columns with the conductivity.
of the components (75, 76). This model is an approximation, imparting
a simple physica1-meaning to the more complicated exact solution to

the problem.

With reference to Figure 5.2, the conduction of electrical current
through the héterogeneous medium of concrete can have three possible

paths:
(a) through the aggregate and paste in series,
- (b) through the aggregate particles in contact with each other, and,

(c) through the paste itself.

5.4.1 Proposed Modé] for Conduction

A simplified model proposed by the author (77, 78) for d.c. conduction
of current through concrete is shown in Figure 5.3 where parameters
'X,¥, and z represent the fractional cross-sectioh of elements (a),

(b) and (c). Of current taking path (a), w represents the portion
that travels through aggregate. Parameter x represents a measure of
current path through the aggregate and parameter z is a measure of the

continuous interstitial path. The resistance of each circuit element,
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and the overall resistanceﬁof the model can readily be determined by
assigning values to the geometrical parameters w, x; j and‘z, or,
conversely, by knowing the electrical resistivities of the constituents
of the . concrete, the Qalues of w, X, y and z can be deduced; From this,
it is then possible to calculate the ﬁroportion of current flowing
through each circuit element and hence, the relative importance'of

that particular element.

The electrical reSistivity of typical aggregates used in concretes is
shown:in Table 5.1 (38, 70, 79). From experimental work, the electrical
resistivity of moist concrete 1ies in the region of 25.00-45.00 Q-m
while that of a neat cement paste in the region 10.00-13.00 @-m.

It can be seen that the resistivities bf the aggregate aré several
orders of magnitude higher than that of the concrete, and will, con-
sequently, result in a high proportion of current being conducted
through the cement paste, i.e. through the path of least resistance

(Appendix 2).

Extension of the same model to a.c. properties is shown in Figure 5.4.
Electrically, a block of concrete may be considered as a network of
resistances and capacitances; each path is represented by a parallel
circuit of resistor and capacitor. The impedance of each zone can be
calculated from the parameters associated with the material forming
the zone but, for practical.purposes, the d.c. model can also be

assumed for ac., as is explained in section 5.5.

Generalising, the resistivity, oc of a composite such as concrete can

be written as,

pc.' = SE ..... (5.8)
Bo
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where pp is resistivity of the cement paste matrix; ¢ is numerically
equal to the fractional volume of the cement paste and B8 is a reduction .

factor (0.77 for the example in Appendix 2).

5.4.2 Mechanisms of conduction through Portland Cement Paste

The preceeding section described three .different conduction paths
through concrete and, from a simplified electrical model, showed that
a high percentage'of the electrical current is conducted through the
paste. This leads to the conclusion that concrete can be considered
as composites of non-conductive particles contained in a conductive
cement paste matrix. The aim of this section is to identify the

possible conduction mechanisms through the paste itself.

Nikkannen (73) has suggested that conduction through'moist concrete is
essentially electrolytic in nature and tests by Hammond and Robson (68),.
and Monfore (70) support. the view that conduction is by means of ions

in the evaporable watef in the cement paste, the principal ions being
(58), Ca **, Na¥, k¥, OH™, and SO,”~ .  Since the amount of evaporable
water in a typical cement paste varies from about 60 percent by volume
at the time of mixing to 20 percent after full hydration (80), then,

the electrical conductivity of the concrete should also be a function

of time. Another possible path for current flow is by means of

electronic conduction through cement compounds themselves.

The conduction of electric current. through the cement paste can be
visualised as having two components; one is ionic conductivity through.
the free evaporable water which will depend on ionic concentration,‘

temperature, and type of ions present in solution; and the other is
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e1ectroni¢ conduction through the gel, gel-water and unreacted cement
particles, particularly compounds or iron, aluminium and calcium.
Since approxihate]y 40 percent of the water (by volume) is bound ‘in
varying degrees within the products of hydration, then this path could
contribute to conduction through the paste.as Wyllie and Gregory (81)

suggest that even physically immobile water can conduct.

The-e1ectrica1 conductivify of the paste depends on the changes which
both solid and solution phase (i.e. evaporable water) undergo. These
changes are closely linked to each other since the composition and
concentration of ions in the evaporable water depend on the soluble
compounds within the cement particles and residué] water available;
while the composition and structure of the solid phase depends on the
amount of water, both absorbed and chemically combined, within the
cement compounds during the hydration process. Hence, it is clear
that the two factorslmentioned ébove, which conduct nearly all the
current through concrete, are virtually inseparable, as the paste

itself is in a constant state of change.

Trying to sub-divide the paste further into the two conduction elements

mentioned above would be slightly more speculative in nature as the

hydrating cement compounds control the concentration and type of ions

present in the evaporable water. Also, physical difficulties detailed

below preclude dividing the paste:-

(a) the ;olume of evaporable water avai]ablevfor conduction at any
particular point in time is virtually impossible to quantify as
water in a cement paste is fluctuating from free (evaporable)

water to adsorbed water, interlayer water and chemically combined
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water (82). In fact, there is no technique known to the author
for determining, with accuracy, the proportions of water held

in the aforementioned states,

(b). it is difficult to determine with‘any degree of accuracy the
electrical resistivit& of the evaporable water within the paste.‘
The resisiivity of typical mixing water is about 100-150 Q-m,
while that of a mature paste about 13 Q-m, indicating that the
resistivity of the evaporable water may be substantially reduced.
It would be wrong to use the initial resistivity of the mixing

water for the ionic conduction path.

"(c¢) Tlikewise, it would also be difficult to determine the electrical

resistivity of the compounds of hydration.

It is concluded that taking the paste as a whole as having the controlling
factor in the overall resiétivity of the concrete is not an unreasonable
proposition and anything which affects the electrical conductivity of

the paste will affect the overall conductivity of the concrete.

5.4.3 Theoretical approach. to conduction using Resistivity Formatibn
Factors

For specific arrangements of aggregate of regular geometric shape, it is
possible to calculate the resistivity of such a composite. Maxwell (47)
has derived a general relation for the conductivity, Oys for a composite
consistingofa matrix with conductivity, o; in which dispersed spherical
particles of conductivity o, are embedded. in regular arrangement and in

" such a manner that their distance is large compared with their radii.
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If the total voTume of composite is ¢x, and the total volume of the
particles is ¢, and the ratio¢p/d>x = r, then the following relationship
exists:

Oy’ = 201402-2r(01-02) (5.9)

E; 201+02+r(01-02)

Hence, in terms of the matrix volume ¢, and letting ¢ =1 -ror r =1 - ¢,

then,

o, - 302+2¢(01-02) e (5.10)

o1 3019 (01-02)

However, if the resistivity of the particles is assumed 'infinite' in
comparison to the resistivity of the matrix (o, = 0), then, from

equation (5.10), there results,

% = 2¢ \ . (5.11)
o1 =

or, since the conductivity is the reciprocal of resistivity, then,

where Py is the resiétivity of the composite, p; is the resistivity
of the matrix and ¢ is the fractional volume of the matrix. Defining
the ratio of the resistivity of the composite to that of the resistivity
of the matrix as thé Formation Factor, then,

F=Px . (5.13)

P1

Lord Rayleigh (83) also examined the problem of the formation factor
of systems of spheres and cylinders and concluded that for spheres,
Maxwell's expression gave a value of F, which at Tow ¢ values, was too
small. However, Lord Rayleigh's expressions were. extremely complex

and were not supported by any experimental data.
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. Fricke (84, 85), generalised Clerk Maxwell's treatment to obtain an
expression, applicable not only to spheres but also to'ob1ate and pro;
late spheroids. His equation, for the case of non-conducting particles
is:

F = (xt1)-¢ T (5.14)

x¢.

where x = 2 for spheres and x < 2 for spheroids. The greater the
axial ratio of fhe spheroid, the sma11er'?ricke computed x to be..
Some experimental data was adduced by Fricke (84, 85), and by Fricke
and Morse (86), to support his mathematical conclusions. For the
particular sand that Fricke studied X, in the above expression, is

1.4, hence,
F= (2.4-¢) Cees (5.15)
.49

Slawinski (87) also studied the relationship between F and ¢ for
aggregates of spheres, both in contact and dispersed, and derived the
empirical formula, |

F = (1.3219-0.3219¢)>  ..... (5.16)
)

As a mortar could be considered as a single size particle system in a
conductive cement paste matrix, then the formula given above would
relate the resistivity of the mortar to the fractional volume of
cement paste matrix and the resistivity of that matrix. The experi-
mental results on mortar specimens (70) and the theoretical formation
factors using the Maxwell, Fricke and Slawinski relationships are
compared in Table 5.2. The results shown in Table 5.2 agree to
within a few per cent with the theoretically calculated value, con-
firminglthe.present argument that. conduction is primarily through the

cement paste matrix.
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5.4.4 A Modified Archie's Law

The formulae derived are mainly applicable to composites of single
particle size in a conductive matrix. Concrete consists of many sizes
of particles (aggregate) in a cement paste matrix and the derived
formulae may not be applicable to concrete, although they do confirm
that conduction is through the cement paste matrix. For concrete a |

different approach is required.

Archie (88), when investigating the electrical resistivity of consoli-
dated and unconsolidated sandstones, found there existed a reTatiohship

between resistivity formation factor, F, and porosity ¢, of the rock,

viz:
F= Ry, =¢" . (5.17)
Ry
where, R_ = resistivity of the sandstone wheh’fi11ed with water,

resistivity of the water contained in the sandstone,

£

fractional volume of water contained in the rock,

©
"

3
n

the shape factor.

Pirson (89) found that the exponent m lay between 1.3 for sTightly
'cemented' rock and 2.2 for highly 'cemented' rock. The exponent,
m, may thus be visualised as a measure of the degree of consolidation

of the rock.

Atkins and Smith (90) developed a theoretical approach for the formation
factor of a rock consisting of several particle sizes, and showed that
by applying Archie's equation sequentially to each of the components

of the rock could generalise equation (5.17) which would then apply to
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a multi-size particle system, i.e.

F=AmAT L. (5.18)

where F, m and ¢ are defined above and A is a constant. The relation-
ship was shown to exist by Winsauer et al (91) from a pure]y empirical

standpoint.

Applying equation (5.18) to concrete, F, as defined b& the author,

would be the ratio of the measured resistivity of the concrete to the
resistivity of the cement paste, and ¢ the fractional volume of the
paste within the concrete. Thus, if a log-log graph is plotted of
formation factor of concrete against. the fractional volume of cement
paste in that concrete, then a straight line of gradient-m should
result. This equation is not unlike equation (5.8) which was developed

from the electrical model.

5.5 A.C. Characteristics of Concrete

Ohms. Law states that the direct current, I,'through a metallic conductor
is proportional to the potential, E, applied and inversely proportional
to the resistance, R, of the conductor, i.e. .

O (5.19)
R

If the conductor is an electrolyte, then the passage of direct current
will cause polarization and the establishment of a potential at the
electrode/electrolyte interface which opposes the applied potential.
To negate this spurious potential alternating current (a.c.) is normally

employed.
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As stated in section 5.4.1, when a.c. is used a block of concrete can
be considered as a complex network of resistances and capacitances with
conduction taking place, primarily through the paste. . The problem may
be simplified by reducing the conduction of alternating current through
the paste to that of one through a s{ng]é capacitance, C, connected in
parallel with a resistance, R.  The impedance of such a 'lumped system’

is expressed as,

impedance, ohms.

where, z
R = resistance, ohms.

X= 1 = capacitative reactance, ohms.
2nsC

# = frequency of alternating current, Hertz.

C = capacitance, farads.

The effect of thé reactance on the total iﬁpedanée is governed by the
relative magnitudes of X and R. When X is of the same order or smaller
than R, the effect will be appreciable. .The term used in indicating.
the relative proportions of capacitance and resistance in conducting
current is the power factor and, when the material is considered as a
capacitor and resistor in parallel, can be expressed as,

Power factor = 1//(1+27fCR) C eeeen (5.21)

Hammond and Robson (68) showed that, for concrete, the capacitative
reactance was so much greater than the resistance and only the resistive
element of conduction is contributing to the overall impedance.

This implies that the d.c. resistance is very nearly equa] to the a.c.
impedance. (w1th1n the‘frequency range of the present study) ;

\

,Th1s effect was also verified by Monfore (70). Consequently,
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for the experiments undertaken, conduction is regarded as purely
resistive and reactive effects disregarded, viz. measurement of the

capacitative element was not necessary.

5.6. Experimeﬁtal Procedure

The objective of the experimental programme was to obtain information
on the electrical resistivity of moist concrete specimens as a function

of,

(a) mix-proportions,

(b) time,

(c) type of cement,

(d) air-voids content, and,

(e) ambient temperature.

The Tatter was to simulate field conditions. It is to be emphasised
that the experimental work undertaken was on moist specimens, i.e. they

were not allowed to dry out.

In view of the theory described at the beginning of this Chapter, the

results obtained are used to confirm the theoretical deductions.

5.6.1 Test Specimens

The test specimens were 100mm x 100mm x 100mm cubes of the mixes shown
in Table 5.3, Ordinary Portland Cement (0.P.C.) being used in all cases.
In addition a number of tests were undertaken on concretes made with

Sulphate Resisting Portland Cement (S.R.P.C.) and Rapid Hardening

112



Portland Cement (R:H.P.C.) and a limited number of tests were undertaken
on 70mm x 70mm x 70mm mortar cubes, mainly to obtain formation factors
for high fractional volumes of paste matrix. Al1 materials were
batched by weight. The fine and coarse aggregates for the mortar and
concrete specimens were oven dried and allowed to cool before being
used. A sieve analysis carried odt on the fine aggregate (specific
gravity 2.65) showed that it was sand of Grading Zone 3 (92) and the
maximum size of coarse aggregate (specific gravity 2.61) was not
~greater than 13mm. The concrete was mixed using a bench top mixer
and vibration-compacted into metal moulds in approximately four 25mm.

. layers. The tops of the moulds were covered with polythene and left
for 24 hours. Six specimens were made for each concrete mix ratio

at each water cement ratio.

After 24 hours the specimens were demoulded and allowed to cure in a
water bath at 23°C. On demoulding the weights were recorded and Table
5.4 gives a comparison of mean experimental density of the concretes

with the theoretical density (absolute volume method (80) ).

Since all the concrete specimens could be regarded as well-compacted,

an experimental test was carried out on cubes containing a high per-
centage of air, the air-voids being introduced into the concrete at

the time of mixing by using small polystyrene beads. Enough poly-
styrene was added such that the volume of air in the cubes was increased
to 6% and 20%. The mix-proportions uéed for these voided cubes was
1:2:4 with a water-cement ratio of 0.8. (The volume of air can be calculated
by knowing the weight loss between a well-compacted cube and a voided

cube and the density of the concrete).
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A series of cubes of the mix ratios shown in Table 5.3 were stored
outdoors in the ground under 200mm of sand and away from direct sun-
light. These cubes were initially allowed to cure for 13 days before
being placed outside. A qarefd] check was kept on the weights of |
these cubes in-case there was any evéporation from the cubes. In fact
over the test period (3 months), the weights increased by less than
0.1% from their value when taken out of the curing tank, showing that
concrete placed in the ground will lose very little water due to

evaporation from the exposed cube surfaces.

5.6.2 Choice Qf Electrodes

Some investigators (64, 68) have measured the electrical resistivity

of concrete by embedding rod e]éctrodes into the concrete in such a |
manner that the current is passed through the interior-of the specimen.
This electrode configuration would only be used where there is a signifi-
cant moisture gradient between the surface of the specimen and the inside,
as, for example, in the case of a cube being allowed to dry out at
elevated temperatures. This is not the case for cubes allowed to cure
under water and the moisture gradient is assumed zero between the surface
of the cube and its interior.. Another objection to the.use of embedded
electrodes is that it is difficult to evaluate which area should be used

for calculating the volume resistivity (Fig. 5.5(a) ).

To measure the resistivity with accuracy it is essential that the
current traverses the full area of the specimen, which can be ensured
by using external plate electrodes the same shape as the surface of the

specimen, as shown in Figure 5.5 (b). Using such an arrangement, the
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volume resistivity can be calculated using equation (5.1).

The specimens were tested using 100hm X 100mm external brass plate
electrodes, these electrodes being.placed at oppoéite faces of the
cube. For testing during the initial setting periéd, i.e. the first
24 hours, the insides of the moulds were lined with polythene, with

the electrodes serving initially as two sides of the moulds. To
ensure the electrodes were not touching the moulds (as, for example,

in the case if the polythene was torn) a resistance meter was attached
to the electrodes and the mould. ~This resistance was infinite in all
cases showing that an open circuit existed between the electrode and
the mould. Hence the polythene could be regarded as being a very good

insutlator.

~ For testing during the hardened state, intimate contact between the
electrodes and the specimens was obtained using a 1iquid cehent paste
with a water-cement fatio of 0.5. Such a paste has a very low
.resistivity (~292-m), hence its resistance; pL/A,. was considered negli-
gible in comparison to the resistance being measured. A G-clamp was
used to secure the electrodes to. the cube. When-testing,‘the specimens -
were. surface dried with blotting paper to ensure that there were no
surface conduction effects and that the resistance measured was the

volume resistance (Fig. 5.6).

5.6.3 Instrumentation
For reasons already discussed, alternating current was employed for

resistance measurements of the specimens. The Terrameter was adapted

for use as an ohmmeter by coupling binding posts C1, P1 and C2, P2;
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the unknown resistance i.e. the concrete cube, is then connected
between P1 and. P2 (Fig. 4.5). The Terrametér is operated in the usual

manner and the reading obtained is the value of the unknown resistance.

5.7 Discussion of Test Results

A11 cubes were-tested over a 3-4 month period, which was considered long
enough to establish any general trends. Long term tests were carried

out on some of the cubes for a period in excess of 8 months. For

cubes allowed to mature in outdoor conditions, the weather was sufficiently
variable to establish the variation of electrical resistivity of concrete

under field conditions.

A11 specimens of the same mix fatios were tested 6n the same day:

The resistivity of the cubes of the same mix proportions and water-
cement ratio showed good-tonsistency and the variation in the mean
resistivity was less than b 3.0%; furthermore there was no measurable

difference in resistance between opposite pairs of faces of each cube.

The results from the tests have been given in the form of electrical

resistivity.?ersus time graphs:
(a) Figures 5.7 to 5.10 show the development of resistivity of neat-
cement pasteé and three of the concrete mixes during the first 24

hours of the setting and hardening process,

(b) Figures 5.11 to 5.16 show the increase in resistivity with contin-

uous moist storage at 23°C for the cement pastes and concrete mixes,

116



(c) Figure 5.17 shows the variation in résistivity with temperature

of moist storage,

(d)  Figures 5.18 to 5.20 show the variation in the resistivity of

concrete with continuous outdoor storage.

(e) Figure 5.21 shows the effect of the type of cement used in the

concrete,

(f) Figure 5.22 shows the effect on resistivity of increasing the

air content of the concrete, and

(g) Figure 5.23 shows the Formation Factor plotted against

fractional volume of paste for all the mixes studied.

5.7.1 Initial Setting Period

During the first 6-8 hours after placing, the electrical resistivity

of the cdncrete specimens increases gradually and only after the concrete
sets, does the rate of increase become more rapid, possibly due to
reduced ionfc mobility as a result of the setting}process. The
electrical resistivities of the neat cement paste specimens, although
much Tower than that of concrete, exhibit a slightly different trend
during the same period. The resistivity of the paste decreases

during the first 5 hours after placing and then increases, quite

markedly, in some cases. This decrease could be due to two factors,

(a)  the chemical reaction that ensures is exothermic, and as a cement
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paste has a negative temperature coefficient of resistivity, an

increase in temperature will result in a decrease in resistivity, and

(b) an increase in the number of ions going into solution. (This
is perhaps of minor importance as the alkalis in cement diésolve
rapidly and becomes saturated with respect to calcium hydroxide and

sulphate within a few minutes of mixing (58)).

This decrease in resistivity is not observed in concrete, possibly
because the fractional volume of paste is substantially less and the
aggregate may tend to act as a heat sink. Furthermore, there is no
marked difference in the resistivities of the various neat 0.P.C.

mixes during the first 10 hours.

5.7.2 Continuous Moist Storage

During the first 20 days of moist storage, the resistiVity of the
specimens increases rapidly, but after 30 days the rate ofAincrease
becomes much less and at this point in time, their electrical

resistivity is approximately 90% of their 128 day resistivity.

»Since conduction can be regardedvas essentially electrolytic in
nature, with conduction. taking place through the cement paste, the
observed initial increase in resistivity is probably due to the reduced
amounf of evaporable water within the cement paste - this reduction
being caused by the continuing hydration process. After about one
month the rate of hydration deéreases, hence the amount of evaporab]e

water within the cement paste changes 1ittle with increasing time.
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From an electrical point of view this-will mean a levelling off in'the
resistivity of the specimens, which is borne out by the experimental
data; This will in turn mean that for a particular mix at a specified
water-cement ratio, the increase of resistivity with time will follow
the same general shape as the gain of strength with time curve for

concrete as shown in Figure 5.24.

The electrical resistivity of a particular mix ratio is inversely
proportional to the water-cement ratio, showing that more evaporable
water is available for conduction when the water cement-ratio is

increased.

5.7.3 Influence of Temperature of Storage

In order to determihefthe coefficients @ and B in equations (5.3) and
5.7), four cubes were stored in a curing tank at a temperature of 13°c.
-. These cubes had 1:2:4 mix proportions with a water-cement ratio of 0.8.
Figure 5.17 shows the influence of temperaturé of stofage on resistivity -
as the temperature decreases, then, from section 5.3.1, the resistivity
will increase. This is the case for the concrete cubes stored at 13°C
and 23°C; thus, by knowing the resistivities at these two reference
temperatures then values for o and 8 can be computed. From the
experimental data an average value obtained for a was 0.022/°C and

2130 for B. This value for o should be compared to 0.025/°C for most |
electrolytes (38, 40).

5.7.4 Continuous. Outdoor Storage

The resistivity of cubes placed in the ground show a greater variation
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than the corresponding mix allowed to .cure. under constant conditions
in a curing tank. Since there was no evaporation of moisture from the
cubes, then the difference in resis%ivity is not attributable to'the
existence of a moisture gradient between the surface and the interior

-of the cube.

The reason for the variation can be explained by éonsideration of
equatiéns (5.3) and (5.7). Using equation (5.3) and knowing a, the
resistivity, Pg? of the concreté curéd under cpnstant conditions (23°C
in this case), and the grbund temperature , t, then the resistivity at
temperature t, can be calculated. From the experimental work carried
out the temperature coefficient of resistivity of concrete is 0.022/°C,
and values calculated using equation (5.3) show good agreement with

those obtained experimentally.

In a similar fashion, equation (5.7) can.be used to calculate the
resistivity at temperature, T,, by knowing the constant B andAthe :
resistivity of the concrete at reference temperature T, (296K).

Using the value of B found from experiments (2130), values calculated

using equation (5.7) also show good agreement with experimental results.

5.7.5 Influence on resistivity of Cement of Different Types

Figure 5.21 shows the variation in resistivity between a 1:2:4 mix

(0.8 water-cement ratio) made with 0.P.C., R.H.P.C. and S.R.P.C.

Initially there is little difference between the resistivities of concretes

made with the above cements, but as the curing time increases the
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differencefbecomes more apparent, especially for the concrete made
with S.R.P.C. There is Tittle difference in resistivity for concretes
made with R.H.P.C. and 0.P.C. which would be as expected since both
cements have a similar chemical composition. A p]ausible explanation
for the slight increase in resistivity for the R.H.P.C. concrete
specimens may be due to the rate at which water is absorbed by the
cement paste,‘i.e. the rate of hydration of the paste. Since R.H.P.C.
has a higher specific surface than 0.P.C. it wi11 absorb a greater
amount of water af the initial stages of the hardening process thereby
reducing the fractional volume of evaporable water available for con?.
duction. After several weeks the resistivity/time curves for R.H.P.C.

and 0.P.C. become coincident.

The difference in resistivity between S.R.P.C. and 0.P.C. concretes
lies in the chemical composition of the cements and hence the ionic
concentration in the evaporable water. Possibly the low tricalcium

aluminate content as it is similar to 0.P.C. in all other respects.

5.7.6. . Voided Concrete

As a result of the theory described at the beginning of this Chapter
the effect of occluded air voids, resulting from, say, insufficient
compaction, can easily be deduced. Air can be regarded as having
infinite resistance and, from.an electrical point of view, will mean

an increase in the fractionalvolumeofnon-conductive particles. This
will in turn decrease the fractional volume of paste thereby increasing

the overall electrical resistivity of the concrete.
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From Figure 5.22 the graph is displaced as anticipated, with the

resistivities for the voided concrete increasing.

5.7.7 Formation Factors for Concrete

For concretes which were continuously moist'cured an overall graph of
Formation Factor against fractional volume §f paste can be drawn for

the complete test period for all the mixes on Table 5.3. (The form-
ation factor for the first day of moist curing has been omitted as
“thermal equilibrium between the cement paste and concrete/mortar
specimens maylnot exist at. this early sﬁage). Drawing the best straight
line through the data points in Figure 5.23, results in,

F=1.01¢"2% . (5.22)

and has a correlation coefficient of -0.96 remembering that the Formation
Factor, F, is the ratio of the resistivity of the concrete to the
resistivity of the paste with the same water-cement ratio at the same

agé. Some general points will be noticed concerning this graph;

(a) as the fractional volume of paste increases the Formation Factor

decreases which is in accordance with the theory discussed,

(b) the Formation Factor for a particular mix and water cement.ratio
remains reasonably constant with time, which is also in agreement
with the theory since only the paste is contributing to conduction.
It was thought that plotting a similar graph for outdoor storage

was not justifiable as conditions were not constant, and,

(c) the graphs and equation may be used in assessing the resistivity
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of mixes with fractional vo}umes of pastes othef than those studied.
Since the formation factor (at 23°C) can be calculated, then, by
making an appropriate temperature correction, the in-situ resistivity
of moist cured concrete (or concreteyﬂgtaevaporation of moisture

is prevented) may be computed.

Consider. the voided concrete specimens with an air content of 6% and
20%. These cubes have a fractional volume of paste of 0.31 and 0.26
respectively. USing the equation above, the Formation Factor for these
specimens is 4.38 and 5.47. Hence, for these cubes, the computed
resistivities at, 20 days, say (resistivity of paste being 6.50 Q-m)
will be 28.5 Q-m and 35.6 Q;m, while the experimental values are 29.4

Q-m and 35.0 Q-m respectively (at 23°C).

5.8 General Conclusions

The objective of the work detailed in this Chapter has been to investi-
gate the electrical properties of moist cured concrete as this has a
significant influence on the overall earthing resistance of the pile.
The results 6btained have been useful in quantifying the electrical

resistivity of several standard concrete mixes.

Analysis of the results of the large number of tests undertaken on
cement paste, mortar and concrete mixes has permitted an electrical
model for conduction to be formulated and given some insight into
conduction mechanisms through such a heterogeneous medium. From this
model explanations as to the variation in resistivity between mixes can

be deduced. The cement péste within the concrete, which conducts most
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of the current, has an important influence on the overall resistivity

of the concrete.

One important conclusion arising out of the study has been that when
employing the earth-resistance technique only results from piles tested
at, the same time after pouring can be realistically compared as the
electrical resistivity of the concrete in the pile shaft is continually
changing from day to day. Alternatively, if the piles are tested when
the resistivity of the concrete is not changing so rapidly, i.e. after
one month, then the results from. the testing programme will not be

significantly affected by several days interval between tests.

The supposition that the electrical resistivity of concrete is
relatively low during the first 24 hours after placing has been confirmed
by the experimental data, and, for reasons explained in section 3.3.5 it

may be advantageous to test the pile at this stage.

Several other main conclusions, listed below, can be drawn from this

Chapter:

(1) The experiments undertaken have determined the electrical
resistivity characteristics of concrete of different mix proportions
and neat cement pastes, and experimental techniques have been dev-

eloped which allow measurements to be made with relative ease.
(2) The effects of ambient temperature on the value of resistivity

have been quantified over a practical working range and relation-

ships are given which can account for the effect a change in ambient
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temperature  on the resistivity of concrete.

(3) The temporal variation in the resistivity of concrete stored
under constant conditions has been established over periods of
up to eight months, i.e. to a point where the rate of change of

resistivity has become negligibly small.

(4) As the electrical resistivity of aggregate can be regarded as
{nfinite in. comparison to the resistivity of the paste, then the
resistivity of a concrete mix is almost entirely dependent
upon the resistivity and fractional volume of paste within the

concrete.

(5) The e1ectfica1 resistivity of concrete is direct]} related to
the hydration of the cement paste within the concrete. This
is confirmed by the fact that the experimental graphs for concreté
follow the same tfend as those for neat cement pastes, the only
differencebeing that the curves for concrete are displaced upwards.
This upward displacement being caused by the reduction in the

total volume of paste available for conduction in a concrete.
(6) For a particular mix, the resistivity is inversely proportional
to the water-cement ratio viz. as the strength decreases the

resistivity decreases (See Table 5.4).

(7) The result of occluded air-voids within the concrete is to increase

the electrical resistivity of the concrete.
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(8)

(9)

(10)

(1)

The electrical resistivity of R.H.P.C. is slightly higher than
0.P.C. during the initial hardening period. After approximately
three months there is little difference in the resfstivities.

It could be concluded that cement type wi]lnhave 1ittle effect on

the earthing resistance of a pile.

An electrical model was developed which can account for the effects
of changing mix proportions, water-cement ratio and air content of
concrete. A modified Archies Law would appear to explain the

conduction phenomenon.

Concrete placed in the ground loses very Tittle moisture, even

when placed close to ground surface.

The resistivity of moist concrete lies in the region of 25-45Q-m

(at 23°).
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FIG. 5.1 I1lustrating the relationship between resistivity
and resistance
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FIG. 5.2 Conduction paths through concrete
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FIG. 5.3 Simplified model for conduction

128




Rock Type Resistivity Range (©-m)

Granite 5x 10® - 1 x 10°
Marble ' 5x 10% - 2.9 x 103
Gabbro 1x 10° - 1.4 x 107
Limes tone 3x10% -1.5x 103
Diorite A 1 x 10%
Quartz-Porphyrite | 3.4 x 10%

Serpentine | 5.3 x 102 - 2 x 10
Slate : 6.4 x 102 - 6.5 x 10*
Hornblende | 3 x 10* - 1.0 x 10°
Sandstone : 1.8,2 102 - 4 x 103
Syenite 1 x 108

Gneiss 1.2 x 10% - 2 x 108
Conglomerate - 2 x 10% - 1.3 x 10*
Quartz ' 3.8 x 10* - 1.2 x 102

TABLE 5.1 Resistivities of Typical Aggregates used in Concrete
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FIG. 5.4 Extension of model to A.C.
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LEL

Fractional Volume _Age,A Resistivity (70) | Formation | Formation Factbf, F. (Computed)
¢ Days Q-cm Factor, F |
: Maxwell | Fricke Slawinski
1 3 757
14 1071 - - - -
28 1154 '
0.654 3 1430 1.89
14 2030 1.90 1.79 1.91 1.89
28 2200 1.91
0.486 3 2140 2.83 ~
: 14 3000 2.80 2.59 | 2.81 2.79
28 3330 2.89
0.386 3 2780 3.67 -
14 3810 3.56 3.39 '3.73 3.72
28 4370 3.79

TABLE 5.2 Comparison of Measured and Computed Formation Factors for mortar



132

Mix Proportions (by Weight) Fractional Length Lehgth
cement = 1 Volume of of Test of Test
cement paste Period- Period-
Coarse (on demoulding) Moist outdoor
: Curing Storage
Aggregaﬁe . Sand Water (DAYS) (DAYS)
CEMENT PASTES ‘
0.4 1 128 -
0.5 1 128 -
0 0 0.6 1 128 -
0.7 1 128 -
0.8 1 128 -
.MORTARS
1 0.6 0.74 7
0 1.5 0.6 0.64 7
2 0.6 0.56 7
CONCRETES
2 1 0.4 0.380 128 91
2 1 0.5 0.412 128 © 971
2 1 0.6 0.450 128 91
3 1.5 0.5 0.321 128 91
-3 1.5 0.6 0.350 128 91
3 1.5 0.7 - 0.370 128 91
4 2 0.6 ©0.285 128 91
4 2 0.7 0.308 128 91
4 2 0.8 0.332 128 91
5 2.5 0.7 0.258 240 -
5 2.5 0.8 0.279 240 -
5 2.5 0.9 0.298 240
6 3 0.8 0.245 240
6 3 - 0.9 0.260 240
6 3 1.0 0.282 240
TABLE 5.3 Summary of mixes studied




for mixes studied and their crushing strength
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Mi x Water- Expt. Calculated | Mean 28 day
Proportions Cement Ratio Density Density Crushing
. kg/m? kg/m? Strength

- N/mm

0.4 2326 2364 - 49.6

1:1:2 0.5 2290 2295 40.6
0.6 2230 2232 34.9

0.5 2349 2369 44 .1

1:1.5:3 0.6 2335 . 2317 31.5
0.7 2244 2269 25.1

0.6 2361 2372 40.8

1:2:4 0.7 2330. 2330 28.6
0.8 2322 2291 19.6-

4 0.7 2336 2371 26.9

1:2.5:5 0.8 2318 2337 18.7
0.9 2300 2304 14.8
0.8 2370 2374 17.0

1:3:6 0.9 2330. 2344 14.8
1.0 2357 2316 12.3
TABLE 5.4 Comparison of experimental and calculated densities
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CHAPTER 6

THE ELECTRICAL PROPERTIES OF A

SOIL-WATER ELECTROLYTE SYSTEM




6.1 Introduction

The objective of this chapter is to investigate the electrical conductivity
characteristics of a soil-water electrolyte system. As the earthing
- resistance of a pile is indirectly related to the electrical properties

of the soil surrounding the pile so these warrant consideration.

6.2 Soil Classification

From an engineering point of view, soils can be divided into two types -
cohesive soils and non-cohesive soils. For descriptive purposes non-
cohesive soils usually comprise coarse grained or granular material,
e.g. sand, whereas cohesive material is fine grained, e.g. clay.

The concepts of sbi] microstructure are concerned with very small

6m. or smaller as this size of particle is an

particles - about 2 x 107
indirect measure of gravitational and surfacé bonding forces. It
js the clay particles in a'soil which develop characteristics such as

apparent cohesion and plasticity (93).

The nature of the clay fraction is such that the presence of even a
relatively small quantity has a marked effect on the properties of a
soil of which it is a constituent. Thus, soils which may contain a
high proportion of sand particles (70% to 80%) have noticeable
cohesive and plastic properties if as little as 10% of clay is
present. A soil need only possess 40% to 50% of clay-size particles

to have all the properties of clay in the generally accepted sense.
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6.2.1 Theory of Electrical Conduction through Soil

The governing factor which determines the conductivity of a soil is
its moisture content (41). However, it must nét be assumed that
because a lot of water is present, i.e. moistdre contenf is high, the
resistivity is necessarily low. A simple experiment with dry sand
(non-cohesive material) and distilled water will show that this is not

the case.

Since the amount of water present in the soil is a major factor in
determining its resistivity, it follows that this resistivity is
dependent on the resistivity of the water itself. This, in turn is
governed by the concentration of salts dissolved in ground-watér;
Conduction through soil becomes conduction through the water held in

the'soi1 and, thus, will be ionic in nature.

Ionic concentrations will be largely dictated by the clay fraction
present in the soil (94). When a dry clay is placed in water,pre-
cipitated salts, present on the clay surface, go into solution result-
ing in an ionic distribution as. shown in Figure 6.1. The 1ions
adjacent to the clay surface are tightly bound, wﬁile those some

distance away are in a truly ‘mobile' form.

6.2.2 Previous. Experimental Work

The manner in which the resistivity of a soil varies with its
moisture content has been the subject of 1itt1é investigation,
McCollum and. Logan (95), Higgs (96), and Smith-Rose (97, 98, 99)

being the most notable. The first used a red-clay soil which had a
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moisture cgntent of about 5% when air-driéd, and a resistivity of
2.34 x 104Q-m. On increasing the moisture content to 22% the
‘resistivity was reduced to 68Q-m. Higgs used two types of sqi]
found near the National Physics Laboratory (N.P.L.), a top-soii and

a sandy-loam.

The'mﬁnner'in which the resistivity of these soils varies with their
moisture content is shown in Figure 6.2. It will be noted that at
Tow moisture contents resistivity decreases rapidly with increasing
moisture content. The rate of decrease reduces considerably at
moistﬁre contents. in excess of 15%. Smith-Rose also-investigated

the electrical conductivity of soils at selected sites near the N.P.L.
and confirmed the findiﬁgs of Higgs and McCollum and Logan (Fig.6.3).
These curves illustrate clearly how conductivity tends to a maximum for
moisture contents of 20% and over (it should be noted that for Figure
6.3, the conductivity in electrostatic units, o, . , » is related to

the resistivity, p, in ohm-m, by the relationship g = (1/p) x 9x10%).

e.S.u.

6.2.3 Discussion - Significance of Degree of Saturation on Resistivity

In considering the influence of water on the resistivity of a soil
sample, a simplified model for soil can be envisaged. With reference
to Figure 6.4, soils can be divided into a three phase system viz. a
solid phase (soil partic1és), a liquid phase (containéd water) and a‘
gaseous. phase (air voids). Various relationships between the phases
can be derived to define the mafn physical properties'of a soil sample.
With reference to Figure 6.4, if W and V are the total weight and volume’
respectively of a soil sample, and the subscripts, w, s and v refer,

respectively,to the water, solid and void phases, the main relationships
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that would be of interest when considering their electrical properties

. These are

are degree of saturation, s, and air-voids ratio, Va

defined as,
ceees (6.1)

and,

The degree of saturation in a soil sample will play an appreciable
‘role in electrical conduction aé this dictates the volume of air
present in the soil. As the electrical resistance of air can be
regarded as infinite, then, referring to Figure 6.5, and using the
simplified model for soil, the fwo~soil samples (a) and (b) have
identical moisture contents but it would be expected that the samb1es
will havé~different resistivities due’to their differing degrees

of saturation/air contents. In the field, soil will exist at
varying degrees of saturation. These factors must be taken into
consideration for a realistic assessment of the electrical resistivity

characteristics of a soil-water electrolyte system.

Previous work has not taken into account the fact that soils, in their
undisturbed state, will exist at varying degrees of saturation.
Moisture content, alone, cannot be used as a criteria on which to base
the resistivity of a soil, i.e. trying to relate laboratory tests

on remoulded soils to. their in-situ resistivity cannot be based
solely on moisture content. A laboratory investigation on remoulded
soil samples (which have been mechanically compacted) must investigate
resistivity characteristics over a complete range of consistency

indices. and at varying degrees of saturation/compaction. Even with
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laboratory tests, a soi? cannot be Compdcted to.the extent that Va is

reduced to Q% (i.e. s = 100%), a realistic figure being 3-15%.

6.3 An Experimental Investigation on. Remoulded Clays

A simplified approach adopted by the author to take account of changes
in s or V; of the soil has been to consideb the fractional volume of
water within the soil, c.f. cement paste in concrete as used in

Chapter 5.

A series of experiments was undertaken on remoulded clay samples -
Cheshire Clay (12) (1iduid Timit, W, = 25%, plastic limit, wp = 15%)

and London Clay (100) (liquid ]ﬁmit,‘wL = 65%, plastic limit w_ = 28%).

A P .
The investigation consisted of measuring the electrical resistivity of

these clays as a function of:

(a) Moisture content,
(b) Air-Voids ratio, Va,
(c) Degree of Saturation, s, and,

(d) Fractional volume of water in the soil.

In this way the electrical resistivity characteristics of undisturbed

soils can be assessed.

6.3.1 Sample Preparation

The clay was reduced to powder form by means of a clay mill and then
dried in an oven. for 24 hours at 108°C.  About 600g .. of the

powdered clay was placed in a Winkworth mixer and, with a predetermined
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moisture content in mind, the correct mass of distilled water added to
the clay and mixed thorqughly. Mixing times varied'from about 5.°
minutes to 30 minutes depending on the moisture content of the sample.
After mixing, the samples were left in air-tight plastic bags for 24
hours to allow the water present to equilibrate throughout the sample

(at room temperature, 20°C).

The clay was then compacted into plastic tubes having a length of
230mm. and internal diameter 34mm. . A non-conductive material was
desirable and plastic was found the most:convenient. The mass of the
sample was recorded. Both ends of the sample were dressed using a
palatte knife to obtain a flat surface and, hence, ensured good
electrical contact between the electrodes and the sample. Once the
clay had been tested ff,was recompacted and in this way a series of
results could be obtained for different degrees of saturation while

the moisture content remained constant.

In order to evaluate the moisture content of the samp]e accurately,
a small amount of clay was extracted from each end of the sample and
further small amounts from the middle. The sample was placed in a
moisture content tin and dried for 24 hours at 108°C.  The moisture
content, w, of the sample could then be determined. By knowing the
moisture content, the fractional volume of water in the compacted

‘'sample can be deduced,

Yy = w. W g e (6.2)
00+w) .
where, W = total mass of compacted sample (grms.)
V = total volume of compacted sample (c.c.)
w = moisture content (%)
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¢ = fractional volume of water (%).
The electrical resistivity of the compacted soil sample can be cal-

culated from equation (5.1).

6.3.2 Electrodes, .Test Rig and Measuring Equipment

The'eléctrodes were made of brass and had a diameter slightly less
than the internal diameter of the tube which contained the sample.

In order to measure the electrical resistance of the sample, the
electrodes were pressed onto the ends of the sample, and, to make
certain of good electrical coupling, a test rig was developed to hold
the tube (and sample) in a vertical position (12). With such an
arrangement pressure could be applied to the electrodes to obtain
intimate electrical contact between the sample and the electrodes.

The test rig is shown schemétical]y in Figure 6.6.

As can be seen from Plate 5, the test rig is of simple construction,
consisting of a dexian framework mounted on a tufrol base plate.

Its overall dimensions are 310 x 310 x 310mm. In the centre of the
base plate a cylindrical tufnol block is mounted, onto which a brass
electrode can be fitted. The upper electrode mounting is simi1ar in
design to the Tower one, but has a 115mm. diameter, tufnol loading
plate attached onto it. This electrode mounting is detachable thué
facilitating the placement and removal of the plastic tubes containing
the sample. An electrode similar to that at the base can be attached

to the upper electrode mounting.

With the sample in the vertical position in the test rig and the

electrodes at either end of the sample a Sma]]»vertica1~pressure is
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applied via the upper electrode mounting by placing a weight on the
loading plate. The electrical resistance of the sample is measured
by means of the A.B.E.M. Terrameter wired as per Figure 4.5. After

testing the volume of the sample was recorded.

6.4 Discussion of Experimental Results

The experimental data obtained for the two different clays are
summarised in Table 6.1. Sample numbers 1-33 are results for Cheshire
Clay and numbers 34-47 for London Clay. From. these results an 6veraT]
~graph of resistivity versus fractional volume of water, can be drawn

for Cheshire Clay (Fig.6.7) and London Clay (Fig. 6.8).

6.4.1 Resistivity versus Fractiona] Volume of Water

It is immediaté]y apparent that these graphs follow the same general
trend as those of Higgs, Smith-Rose and McCollum and Logan. The
resistivity drops from almost infinity when the fractional volume of
water is zero to a point where increasing the fractional volume of
water causesvery little change in the electrical resistivity of the
clay. This phenomenon was observed for both clays, with the rate of
change of resistivity becoming almost zero when the fractional volume

of water is 30% (s is approximately 70%).

Much of the.theoreticaI approach. to conduction through a consolidated
or unconsolidated porous medium that has been described in Chapter 5

may also be applied to a soil-water electrolyte system. Conduction

will be primarily through the fractional volume of water, with the.

~ governing equation being (90),
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p -
A (6.3)

Pu

where, ¢ is the fractional volume of water in the soil; Pgs the
measured resistivity of the soil, and Py? is the resistivity of the
water within the soil. If Py €3N be regarded as being approximately

constant, then,

log [ps] = C - mlog¢ cee.. (6.4)

where C is a constant. The supposition that Py remains constant is
slightly speculative in nature, but it is interesting to plot log-log
graphs for the data obtained for Cheshire Clay (Fig.6.§) and London
Clay (Fig.6.10). From equation (6.4), the graphs should be sfraight
lines of gradient -m. It is evident from Figures 6.9 and 6.10 that
such a ldgarithmié relationship exists between the fractional volume
-of water and the resistiVity of the soil. (The equations for the

lines have been omitted as this is a purely speculative supposition).

6.4.2 Resistivity as. a function of V_ and s

From Table 6.7, it can be seen that at a particular moisture content a
decrease in air voids ratio, Va, wi]l.result in a decrease in resistivity
of the clay. Similarly, as the degree of saturation of the clay in-
creases the resistivity decreases. This gives credence to the dis-
cussion in section 6.3, and shows that employing moisture content alone;

as a.criterion in resistivity measurements can be erroneous.

Full compaction (i.e. Vé = 0%) of the remoulded soil sample could not

be obtained as was expected.
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6.5 Implication of Results to Pile-Testing

Naturallyoccurring, virgin soils (i.e. undisturbed) can be in one of

three conditions,

(a) the voids- within the soil structure can be completely dry and

contain air only (an unusual state),
(b)  the voids can be completely saturated with water, and,

(c) the soil can be partially saturated, the voids containing air

as well as water.

In its undisturbed state, a soil below the water table will be in a
fﬁ]]y saturated condition (s = 100%), furthermore, due to capillary
rise, soil lying above the water table will be in an almost fully
saturated condition (101-104). In fact, soil below a depth of about
1.0m is not subject to any appreciable fluctuation in degree of

saturation due to seasonal variations (99, 103-105).

The experimental data shows that soils recompacted at their natural
moisture content (=w;) will have an air voids ratio not exceeding 12%,
and hence a change in moisture content above or below its normal value,

will not materially change its resistivity.

It could be assumed, therefore, that the resistivity of a soil on a
given site will be in a state where an increase in fractional volume
of water due to say a fluctuating phreatic surface will not significantly

change the reflection coefficient associated with the pile~-soil system.
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If a pile goes through several 1ayefs of soil with resistivities 51,
P2s P3.... then the resistivity which determines the reflection co-
efficient will be an average or apparent resistivity, Py of all the
layers (Fig. 6.11(a)). The subsoil could thus be regarded as being
replaced by an equivalent uniform soil of resistivity Pa- If the
layers remain reasonably constant over a given site then the apparent
resistivity will not change appreciably. Testing with a high
reflection coefficient will ensure that the resistance readings will
not be adversely affected by small fluctuations in subsoil conditions.
The reflection coefficient and hence the resistance measured on the
ground surface will only be affected by these fluctuations if there

is a large resistivity contrast between the layers and the depth of
the layer varies appreciably, for example, high resistivity layers,

o1 and ps, with a Tow resistivity layer, p2 (Fig. 6.11(b)). If the
depth of the low resistivity layer is increased around a particular
pile then the apparent fesistivity, pé, of the materfa] around the pile
will be altered and. this will alter the overall earth-resistance curve

for the pile.

In the case of skin-friction piles the Engineer would wish to know of
any significant changes in subsoil conditions. The presence of weak
layers could thus be detected using the earth-resistance technique.

The influence the subsoil conditions around a pi]e'héve‘on the character-
jstic earth-resistance curve for that pile are investigated. in thé

next Chapter.

Table 6.2 (105) shows the resistivities of typical soils.
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6.6

Y,

Conclusions .

The following conclusions can be drawn from this study.

(1)
(i1)

(1i1)

(iv)

As the degree of saturation of a soil increases its resistivity
decreases. |

As the air-voids ratio increases, the resistivity of the soil
increases.

Clay, and soils which contain a high proportion of clay, will,
in their undisturbed state, i.e. fully saturated, have a Tow
resistivity. |
The reflection coefficient will be unaffected by local changes

in phreatié.surface, as an increase in the degree of saturation
of a soil does not materially affect its resistivity.- (If
the soil is, initially, almost fully saturated - as will generally

be the case).
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(b)

(a)
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FIG. 6.5
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Sample Moisture Air-Voids "Degree. of Fractional Resistivity

No. Content Ratio Saturation Volume of H0 Q-m
(%) (%) (%) (%)

1 4.1 36.5 14.8 6.4 153.2
2 30.9 18.3. 7.0 149.0

3. 24.6 23.0 7.5 142.8
4 20.6 27.8 8.0 139.0
5 4.4 35.4 15.4 6.5 126.5
6 29.0 20.7 7.6 116.1

7 "19.5 30.6 8.6 110.1
8 5.5 32.4 21.3 8.8 96.5
9 25.9 -27.0 9.6 88.9
10 18.5 36..3 10.6 83.0
11 6.5 32.4 23.4 10.1 74.8
12 . 27.0 28.8 11.0 68.4
13 15.3 45.3 12.7 61.4
14 7.8 33.9 25.4. 11.6 56.3
15 29.2 "29.8 12.4 52.0
16 21.9 38.3 13.6 45.9
17 16.6 46.7 14.6 41.5
18 12.5 55.0 15.2 39.3
19 9.2 29.4 32.4 14.1 34.1
20 23.4 39.5 15.3 30.4
21 10.6 62.6 17.8 22.1
22 10.4 - 22.3 43.3 17.1 29.6
23 14.9 55.6 18.7 23.6
24 7.8 72.3 20.3 19.2
25 13.7 18.4 54.6 22.1 23.5
26 9.6 71.8 24.5 17.0
27 14.4 64.8 26.5 20.8
28 : 5.0 85.4 29.4 14.4
29 20.3 9.4 77.4 32.2 14.0
30 6.1 84.6 33.3 8.8
31 23.3 11.3 75.1 34.3 14.2
32 7.5 82.6 35.8 11.2
33 . 4.0 90.2 - 37.2 8.7
34 7.7 34.0 24.4 11.4 82.9
35 25.0 34.2 13.0 74.8
36 19.0 42.4 14.0 71.3
37 10.0 29.0 34.1 15.1 46.4
38 23.0 42.5 16.4 42.0
39 16.0 52.9 18.0 39.9
40 14.9 21.0 52.3 22.7 15.2
41 19.0 54.8 23.3 14.6
42 12.0 64.7 25.3 12.9
43 3.0 90.1 27.9 10.4
44 20.3 13.0 70.4 30.9 11.8
45 6.0 85.0 33.4 9.0
46 4.0 89.0 34.1 8.2
47 1.0 97.2 35.1 6.8

TABLE 6.1
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Resistivity Type of Material
Q-m )
1.5 - 3.0 Moist clayey soils.
3.0 - 15 Moist silty clay and silty
: soils. '

15 - 150 Moist to dry silty and sandy

€ soils.

150 - 300 | Well-fractured to slightly
fractured bedrock with moist
soil filled cracks. :

300 - 2500 Slightly fractured bedrock

- wWith dry soil filled cracks.
Sand and gravel with silt.

2500 + : » Massive bedded and hard
bedrock. - Coarse dry sand
and gravel deposits.

TABLE 6.2 Resistivities of different. types of material (105).
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CHAPTER 7

AN EXPERIMENTAL INVESTIGATION INTO

THE EARTH-RESISTANCE OF A PILE-SOIL
SYSTEM USING ELECTRICAL ANALOGUES




7.1 Introduction

In the earth-resistance technique electrical analogue and model
experiments may be advantageously employed in the determination of the
response variations which would occur under fixed conditions. The
idealised conditions, made attainable by the use of analogue experiments,
often offer a preferable alternative to field experiments with their
associated costs and difficulties. They are, generally, simpler and
more certain in the determination of the disturbing effects which are
associated with pile defects and other anomalies. Observafions thus
made, may be applied directly to the interpretation of field data, and,
in addition, may be used to establish- the va]idity of theoretical
predictions. Laboratory experiments can give an indication of the

. resistance variations to be expected between defective and non-

defective piles.

As no experimental data has been published on this integrity teSting
method then analogue techniques serve as a useful introduction to the
methodology of testing and highlight the problems inherent in any

attempts at ihterpretation of field data.

When resistance measurements are to be made on a pile of a certain

size and shape, the following questions immediately arise,

(a) at what distance from the pile under test should the current

return electrode be placed,

(b) where should the potential reference electrode be placed in

relation to the current réference electrode and the pile under
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test, and

(c) what effect does the size and shape of the pile under test

have on the answers to (a) and (b).

This Chapter attempts to answer the above questions by giving an insight

into electric field distribution around a pile.

7.2 Txpes of Analogue used in the present Study

In theory a full analysis of current flow through porous media should
be possible by the use of Laplace's Equation, but, genéra]]y, the
boundary conditions affecting f]ow cannot be adequately expressed
matheﬁatica]]y because of their complexity. Analogue models help to
bridge the gap between theory and practice, but even with these some
simplification of real life condifions is necessary. Hence, the usual
practical approach requires a balanced blend of theoretical know]edge

and empiricism based on experimental judgement assisted by model work.

Analogues are directly relevant to the present study as the governing

equation,
2V + 22V + 22V = O eee. (7.7)
axz y? 3z%

. can be conveniently simulated by 2- and 3- dimensional analogues.

A two dimerisional representation of the electric field set up around
a pile can be convenient]y'p1otted using a conductive-sheet analogue

to represent,

181



32V o+ BV =0 ... (7.2)
xz Y%

Although not truly representing the 3-dimensional case, nonetheless,

it gives some indications of the variations to be expécted.‘

The three-dimensiona] Laplacian field in single and composite media
can be represented more accurately by a conductive liquid or electro- .
lytic tank analogue. Unlike the conductive sheet analogue which shows
the distribution of potential (i.e. electric field) around a pile
electrode, the electrolytic tank has not Been used to plot the field
but to obtain earth resistance curves for piles of model dimensions.

Each analogue will be dealt with separately.

-

7.3 The Conductive-Sheet Analogue

When a current is passed through a porous medium between two electrodes,
it spreads out and occupies the medium in such a way that the current
distribution produces minimum heat. The e]ecfric field may be divided
into lines of current flow and along each line the potential falls

from V, at one electrode to V, at the other. On each 1line of fiow

_ there is, therefore, a point having a potential V, where V is inter-
mediate between V, and'V,, and by joining these points of potential

V, an equipotential surface is obtained which cuts the lines of current
flow orthogonally. The trace of this surface is known as an equi-

potential line.
This is the principle.of the conductive sheet andogue, with which

equipotential lines can be plotted. The application of the conductive-

sheet analogue to Laplacian field problems takes three basic steps,

182



(a)

(b)

selection of a suitable conductive sheet,

the boundary conditions of the particular field are simulated
in the scaled analogue system by means of suitable current

sources and sinks, and,

by means of suitable sensing equipment the voltage distribution

within the conductive medium is measured and recorded.

As piles are available.in a large variety of lengths and diameters;

only generalisations can be obtained by plotting the field characteristics.

around a modelled pile. The following were invéstigated using this -

analogue:

(1)

(i)

(ii1)

(iv)

(v)

the electric field distribution around the reinforcement when

buried in a homogeneous earth,

the effect on the field distribution by encasing the reinforce-

ment in a concrete sheath,

the field distribution around a pile with partial reinforce-

ment,
the effect of a fault on field distribution,

the effect of the pile-current electrode distance on (i)-(iv)

above.
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7.3.1 Resistance Paper - Teledeltos

Conductive sheets of either metal or untreated paper are unsuitable
because of their very low and very high resistances respectively.
Graphitised paper offers.a very acceptable medium for conductive sheet
anﬂogbes and has a resistivity of the order of several thousand ohms
per square. Te]ede]tosvpaper, which was brigina11y~deve1oped for
facsimile telegraphing purposes, is one such commercially available
graphitised papef and has a resistivity in the region of 2000 ohms

per square.

7.3.2 Simulating a change in medium resistivity

Clearly there are two media to consider, firstly the resistivity of
the concrete around the reinfbrcement, and secondly, the fesistivity
of the soil surrounding the pile. It should be emphasised that this
type of analogue is only convenient for simulating the case when the
electrical resistivity of concrete is higher than that of the back-

ground medium i.e. negative reflection coefficients only.

Changes 1in resistivity, to simulate a change in medidm, can be achieved
by punching holes in the paper. Since the resistance, R, of the

paper is given by,

and by considering-a unit square of the paper, punching holes effectively
reduces the cross-sectional area for conduction thereby increasing the
resistance of the paper. The resistance can also be increased by

extending the scaled dimensions of the medium of higher resistivity.
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7.3.3 Experimental Procedure

The basic equipment (Figure 7.1) comprises a Tow vo1ta§e d.c. snpp1y
obtained from a rectified and smoothed a.c. supply; a potentiometer,
P; and a moving-coil galvanometer detector, G. A convenient plotting
" probe was found to bg 4H pencil sharpened at one end to a fine point

and the lead exposed at the other end to receive a flexible connection.

7.3.3.1 Agp1icétion of Bbundary Conditions

- In most Laplacian field problems the boundary conditions are specified
by known potentials along certain boundaries. Non-conducting boundaries
(or flow lines) are represented in the analogue by cutting the paper to
the required shape of the boundary required, and, for this particular

case, the ground surface represents a flow line.

The 100% and 0% equipotehtial lines are represented in the analogue by
painting electrodes on the paper with a conducting paint containing a
high percentage of finely divided silver, viz. the pi]e'keinforcement

and the return electrode placed outwith the pile.

Connections were made to the painted boundaries. by embedding copper
wire (22 S.W.G.) into the paint and over the full length of the

~ boundary and using the paint, jtself, as an adhesive. (The 'rein-
forcement electrode' boundary was 300mm 1long and 10mm wide). A

10mm. wide strip was perforated around the full length of the rein;
forcement - the resistance of a perforated square being 3840Q and

that of a square of unperforated paper 8102 giving a resistance ratio
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of 4.7:1. To increase the resistance of the paper to the above ratio
60, 0.5mm diameter holes were punched per square centimeter. A

fault was simulated by leaving a portion of the paper unperforated.

7.3.3.2 Measurement of Equipotential Lines

The wires from the electrodes are connected to the output terminals of
the power supply. The conductivity of the painted 100% and 0%
equipotential boﬁndaries are first checked by making sure that, with

the probe touching any point on the boundéry, balance of the galvanometer
is obtained with the potentiometer set at 100% and 0%. This being
checked, the potentiometer is then set succeséively to 90%; 80%; 70%...
and the equipotential lines plotted using a null balance technique.

With the potentiometer set on say, 60%, the paper is touched with the

. pencil, which is movéd until balance is obtained and in this way the
complete field pattern is built up. The current flow lines can be
sketched in by hand'such that they cut the equipotential lines

orthogonally forming ‘squares’.

7.3.4 Experimental Results

The results have been reported in the form of equipotential plots
around a pile with the current flow lines being omitted for clarity
(Figures 7.2-7.12). Its limitations appreciated, this analogue has
proved useful in giving some insight into the electric field distri-
bution around a pile. From such an analogue accurate determinations
are not possible as the real situation is 3-dimensional, in consequence,

results obtained are only qualitative in nature.
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7.3.4.1 Discussion of Results

Figures7.2 and 7.3 éhow a plot of equipotential lines around the
reinforcement which is buried in a homogeneous medium. It is evident
that, as the potential lines in the vicinit& of the current electrode
placed outwith the pile are circular then, this electrode can be
regarded as a point sink.” This assumption was used in Chapter 3.
Furthermore, as the equipotentials in proximity to the return current
electrode are closely spaced then this will result in a rapid increase

in both field, strength and flux density in this area.

The equipotentials on the ground. surface are shown in Figure 7.4.
There will exist one equipotential Tine on the ground surface whi;h is
neither concavenor convex. This point would represent the position
where the true earthing resistance cah be obtained, in other words
position A in Figure 3.15, and from the field distribution patterns
this point is approximately mid-way between the centre of the pile and
the current electrode. When the pile-current é]ectrode distance is
increased the potential lines become less distorted, and the rate of
change of apparent resistance, with increasing distance from the pile

head, decreases.

Referring to Figufes 7.5 and 7.6, punching holes in the paper to
simulate an increase in resistivity due to the concrete has the
effect of moving corresponding equipotential surfaces nearer to the
pile. This increases the potential difference between the pile rein-
forcement and any point outwith the nominal pile periphery. This, in

turn, will result in an increase in measured resistance. Only equipo-
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tentials near to the pile head are significantly affected and when the
pile-current electrode distance is increased (Fig. 7.6), the distortion
between the perforated and unperforated plots are not discernable.
Potentials on the surface of the eérth are-shown in Figures 7.7 and
7.8. As with the reinforcement plots, there exists an equipotential
line, approximately mid-way between the pile and.current electrode
which is neither concave or convex, and this represents the position

where the true earthing resistance can be obtained.

Figure 7.9 shows the field distribution when a portion of the paper
is left unperforated, i.e. to simu1afe the case where the concrete
has been removed from around the reinforcement and surrounding soil
has filled the void. The equipotential surfaces in the vicinity of
the fault are displaced away from the pile, implying a decrease in
resistance. This displacement of equipotentials is only noticeable
for equipotentials close to the pile head, and for large pile-current
electrode distances this distortion is not evident - Figure 7.10.

The relevance of this to fault detection being that only resistance
readings close to the pile head are of importance as these potentials

will be significantly altered by faults and other anomalous features.

The field patterns around partially reinforced defective and non-
defective piles are shown in Figures 7.11 and 7.12. When the defect
is in the unreinforced section of the pile the potential distribution
on the ground surface remains unaltered. From this, it may be con-
cluded that only the reinforced section of the pile contributes to the

response.
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7.3.5

Conclusions

The main conclusions that can be drawn from this study are:

(1)

(2)

(3).

(4)

(5)

© 7.4

The electric field pattern around a pile is altered by defects
which will manifest themse]ves'as a change in resistance

measured on the ground surface.

The potential gradient close to the pile head is most affected

by defects.

There would appear to be little to be gained in using'1arge

pile-current electrode distances.

There exists’one equipotential at approximately mid-way
between the pile and current electrode where the true earthing-
resistance can be obtained. This line occurs when the equi-

potential on the ground surface is neither convexnor concave.

The electric field pattern of the pile-soil system is dictated

largely by the reinforced section of the pile.

The Electrolytic Tank - Analogue.Design Considerations

Electrolytic tank experiments have been successfully employed by

several investigators (106, 107, 108) in connection with laboratory

investigation into the electrical resistivity method of geophysical

surveying. Experimental graphs and curves can be obtained for
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comparison and interpretation of field data particularly when
mathematical treatment is difficult. Since the earth-resistance
technique involves flow of current through stratified media, the
analogue technique would assist the development of a methodology of

fault detection and highlight any limitations.

Basically, the analogue comprises a tank of suitable dimensions filled
with an electrolyte which simulates the ground. Piles of model dimen-
sions and With typical defects are inmersed into the electrolyte and
earth-resistance curves obtained for both defective and non-defective
piles. This will enable a quantification of the variation in resis-
tance between such piles to be realistically assessed, unlike the

previous analogue where only qualitative information could be obtained.

7.4.1 The Electrolytic Tank and Electrodes

The tank used in the experiments was made of fibre reinforced plastic
and had dimensions of 1800 x 1200 x 650mm, (Plate 6(a)). The depth
(650mm. ) in relation to the size of the models was considered sufficient
to remove any effects from the tank base, while the other dimensions
were large enough to reduce image effects from the sides of the tank

to negligible proportions. Brine solution was used as a background
medium. This had several advantages over other solid or granular

media:
(a) the electrical conductivity of the medium is conveniently

variable by the addition of solute. As a result a wide

fange of both positive and negative reflection coefficients can
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(b)

(c)

(d)

be simulated and the influence of this factor on fault detection

assessed.

the degree of electrical isotropy and homogeneity is more
certain when an electrolyte is used than if a granular material

were employed.

longitudinal profiles may be carried out more easily since the
position of the electrodes with respect to the model may bé

changed without disturbance of the béckground medium.

good. electrical contact can be obtained between the electrodes

and an electrolyte.

The potential and current electrodes used in the electrolytic tank

analogue had to possess the following properties,

(1)

(i)

(ii1)

(iv)

(v)

their electrical resistivity must be small relative to that of

the electrolyte,
they must not react chemically with the electrolyte,

they must not be dissolved to any measurable extent by the

electrolyte,
they must present a smooth, we]]-defined'surface, and

they must be easily shaped and cleaned.
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Stain]ess-steel or graphite electrodes would fulfil the above
requirements - graphité being chésen for this study. The construction
of the electrode is shbwn in Figure 7.13, and consists of a graphite
rod 80mm long and 2mm in diameter sheathed with insulation, primarily
to prevent damage due to handling. The bottom of the electrode had
~.a rubber grommet glued onto it expoéing 4m. of electrode, the reason
for which Qas_to ensure correct and consistent depth of immersion

each time a profile was carried ouf. Figure 7.14 shows different
depths to which the probes can be'immersed, and, as the depth of
immersion can influence the resistance readings, consistency was
essential. Figure 7.14(b) was used, i.e. when the meniscus level

is just touching the bottom of the grommet. The top of the
electrode was also exposed to receive a connection from the Terrameter.
The electrodes were suspended from a wooden gantry placed across the

tank.

7.4.2 Excitation and Instrumentation Considerations

In Chapter 4 several electrical requirements were outlined which any
instrumentation had to 5ossess before being considered for use in the
field. Likewise, these requirements also apply to electrolytic tank
excitation, e.g. reduction in poTarisation, elimination of stray
currents. The Terrameter described in Secfion 4.4 was employed for
all tank experiments. The use of square wave excitation in electro-
lytic tank analogues has been shown to be beneficial in reducing stray
capacitive and reactive compohents (109). As accurate determinations
were required (to be compared with theory) the wiring arrangement

shown in Figure 4.4(b) was used.
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7.4.3 Model Piles

A§ explained in section 7.3 piles come in a variety of shapes and sizes,
hence it is only possible to determine field characteristics around a
_.typical pile. However, from these tests, genera1i$ations can be
obtained. The longitudinal dimensions of the models were also limited
by the depth of the tank, as image effects due to the base of the tank
would influence results if the models were too long. - Mix requires -
ments for the concrete did not have to be mode]led, and only a change in

resistivity of the medium around the reinforcement had to be simulated.

Irregularities simulated in the piles are representative of defects

normally encountered in cast-in-situ piles. The defects varied,

(a) in their importance - the defect may be over the whole section
or over a smaller area; or at the top of the pile head or near

the bottom,

(b) in their nature - there may be inclusions of soil, gravel or

poor quality concrete in the pile shaft.

A series of models were constructed to simulate such faults. The
basic mbde] size had a p/1 ratio of 0.1 (14) and an a/1 ratio of 0.05 -
the length of the model being 300mm. A1l models were continuously
reinforced. The model. piles were constructed using a 1:2:4 mix
concrete with a 0.6 water-cement ratio, and vibration compacted into
plastic tubes. Defective models were constructed by tying pre-

shaped polystyrene onto the reinforcement at the quarter points on the
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pile, which were subsequently removed. The defect extended over
approXimate]y 15 percent of the length. Typical models are shown

in Plate 6(b).

An identical series of models was made using a 1:1 sand-cement mix
with a 0.5 water-cement ratio. The reason for making these models

was two-fold,

(a) to simulate defective concrete in the pile shaft.
(b)  to enable large positive reflection coefficients to be obtained.
This will in no way affect the general trends as the reflection

coefficient, k, is merely a ratio.

After demoulding, the models were immersed in a curing tank (at

13°C) for a period of 40 days before testing. From the work already
undertaken on the temporal variation of concrete resistivity, after
one month the electrical resistivity increased little with time, i.e.
became almost constant. If the»mode]s were tested immediately after
demoulding then the resistivity of the concrete would be changing quife
rapidly over the first two weeks and it would be difficult to ascertain
whether changes in resistance for the various models are due to the

defects or just a change in the electrical resistivity of the concrete.

Model piles were also constructed to investigate the effect on the
earthing resistance of,
(a) changing the diameter of pile to length of pile ratio, i.e.

(p/1 ratio),
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(b) . changing the diameter of reinforcement to length of pile

ratio, i.e. (a/1 ratio), and,
(c) partially reinforced model piles.

Experiments were also undertaken on uncased reinforcement. Control

concrete cubes were taken from each concrete batch.

7.4.4 Experimental Procedure

After the tank had been filled with water, sufficient sodium chloride

was dissolved to reduce the electrical resistivity of the water to

such an extent that a large negative reflection coefficient could be
obtained with respect to the concrete model piles. Thereafter, to

obtain intermediate negative reflection coefficients and positive
reflection coefficients, some of the brine solution was removed and
replaced by tap water. In this way a‘spectrum of reflection coefficients,
ranging from -0.9 to +0.7, could be obtained with ease. Before any
experiments were carried out in the tank, the surface of the brine
solution was skimmed to remove any dust and dirt and then stirred

thoroughly for the following reasons,

(a) ensure that thermal equilibrium exists throughout the electro-

lyte, and,
(b) ensure uniform dispersion of solute.

The electrical resistivity of the brine solution was measured employing

195



the traditional Wenner four'eléctrode system used for geophysical
investigations. In this method four equally spaced, colinear electrodes
afe lowered into the brine solution - a current is then passed through
the two outercurrent electrodes, and the poténtia] drop is measured
between thé two inner, potential electrodes. Referring to Figure 7.15,
if the depth of immersion of the electrodes is‘d and their spacing is

a, then the resistivity, p, of the medium is given by (110),

'}
p = boa ¥~ . (7.4)

1+ 2a - 2a
/(a*+4d®) /(4a“+4d®)

When d is small in comparison to a this equation reduces to,

p. = 2ma. %¥ ' . (7.5)

Since measurements were made using the Terrameter a direct reading of
resistance was obtained, i.e. the quotient AV/I. The spacing of the
electrodes (200mm ) was considered adequate to avoid edge effects from
the tank boundaries. Several measurements of resistivity were taken

over the surface to ensure homogeneity.

The models, current and potential electrodes and Wenner electrode

array were suspended from wooden gantries placed over the tank, with

the models and electrodes being placed as remote from the tank boundaries
as possible. Preliminary experiments showed that only when the models
were placed very close to the tank boundaries (100mm ), were any
noticeable differences in resistance readings observed. The model

piles were immersed in the e]ectro]yfe so that the top of the pile

was at the same elevation as the water level, and connections were

made between the projecting reinforcement and Terrameter by means of

lightweight cables and cracodile clips.
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7.4.5 Discussion of Experimental Results

Referring to.Figure 7.16, the results are plotted in the form of
Earth-Resistance curves for each model, viz. the voltage-current
ratio, in ohms, plotted against distance from the centre line of the
pile (increasing d/1 ratio) for different pi1e-current electrode |
spacings (increasing h/1 ratio). Hereafter, this will be referred

to as the E-R curve.

7.4.5.1 The E-R Curve for a Pile

Figures 7.17 to 7.23 show the effect of changing the reflection co-
efficient associated with the pile. Also given on these figures is
the E-R curve for the reinforcement on its own, which immediately shows

the effect of encasing the reinforcement with & concrete sheath.

As anticipated from the theory in.Chapter 3 and the previous analogue,
when the reflection coefficient is negative (i.e. the electrical
resistivity of the concrete is higher than that of the surrounding
medium) then effect is to increase the resistance associated with

the reinforcement on its own, and will result in an upward displacement
of the E-R curve for the pile. When the reflection coefficient is
positive then the E-R curve for the pile is displaced downwards,

which is as per theory. It is apparent that the greater the
reflection coefficient - either positive or negative - then the
greéter the displacement of the E-R curve for the pi]evfrom that of

the reinforcement.
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Increasing the background resistivity for both the model pile and
reinforcement control will result in an increase in their resistance.
This is in agreement with the theory as the reflection coefficient,
.k, is increased for the pile and the background resistivity increased
for the reinforcement. In addition, when the resistivity of the
‘background medium is increased, there is a noticeable change in the
shape of the E-R curve. When the reflection coefficient is negative
(apparent resistivity of background medium low) then the rate of change
of resistance with increasing distance from the pile is small which
results in a flat E-R curve. As the reflection coefficient is
increased from a negative value to a positive one, then the rate of
change of resistance increases and results in a steepening of the E-R
curve. This implies that indications as to the nature of the soil
around the pile may be inferred from the gradient of the initial
portion of the E-R curve, viz. when a low resistivity material is
present around a pile the rate of change of resistance with increasing
distance from the pile is lower than when a high resistivity material

is present.

It is interesting to compare the theoretical earthing resistance
(R, on Figs.) for the pile with the experimental resistance (R on
Figs.) dbtained at the mid-point of the réspective E-R curve. The
theoretical resistance given by equation (3.35) compares favourably
with the experimental values showing that the assumptions made in

Chapter 3 were justified.

Also shown in Figures 7.17 - 7.23 is the influence of the h/1 ratio on

the shape of the E-R curve for a pile. As the h/1 ratio is increased
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the rate of change of resistance decreases with increésing d/1:, and
results in the development of a plateau region in the central portion
of the curve. As fhe h/1 ratio increases the plateau region becomes
moke distinctive and is approaching the condition when the return

current electrode is removed to infinity.

The resistance obtained at theAmid-point of the E-R curve is approx-
imately the same no matter what the h/1 ratio. This confirms the
postulate that the resistance at infinity (baséd on the fesistivity
of the material surrounding the'pile) is obtained at the point where

d/1 = h/21 (i.e. d= h/2).

A theoretical E-R curve for the reinforcement calculated using
equation (3.44) is also plotted (dashed curve). = For clarity this

was only calculated for an 'h/1 ratio of 2.0.

7.4.5.2 The Effect of Partial Reinforcement

The Te]edeltos ana]ogﬁe (Section 7.3) indicated that to a large

extent the reinforced section of the pile governs - the response.

In order to investigate this more fully a model pile (400mm. jn length)
was constructed in thch the top 25% was reinforced. Lengths were
then cut from this pile and the E-R curve plotted for each length.

A low resistivity background medium was chosen as this would produce a
large reflection coefficient which would then tend to magnify the
differences in the E-R curves for the different lengths - if any

existed.
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Such curvés are plotted in Figure 7.24. Decreasing the length of the
pile results in a downward displacement of the E-R curve as expected.

The maximum disp]acementbécurring when the length of the pile was equal
to that of the reinforced section. The maximum difference in resistance
readings was less than 6%. Resistances close to the pile head are
virtually unaffected by the change in length. This was taken to con-
firm the previous finding, namely, that the reinforced section in the

main governs the E-R response.

7.4.5.3 Influence of Neighbouring Piles

On site, piles are very rarely isolated and more often than not are

laid out in a grid arrangement. For this reason, the influence of
neighbouring piles on the earthing resistance of the pile under test

was investigated using the electrolytic tank analogue. To simulate such
a condition que] piles were suspended from the wooden gantry which,
supported the model pile under test. The neighbouring piles were

then moved with respect to the test pile and the E-R curves plotted

for differing positions of neighbouring piles.

Figure 7.25 shows the E-R curves for the non-defective model pile
with the neighbouring piles at varying distances from this pile,

these distances being multiples of the pile diameter.

From a theoretical point of view, bringing a medium of high resistivity
(i.e. higher than the medium surrounding the pile) near to the pile
under test would increase the apparent resistivity associated with the

reflection coefficient thereby increasing the earthing-resistance of
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the pile and vice versa. The experimental resu]ts.would.tend to
indicate that only when the neighbouring piles are within 2 pile
-diameters centre to centre are any noticeable differences observed -
the maximum increase being less than 8% when at 1.08 diameters centre

to centre.

Applying these findings to the situation on éite, it could be assumed
that neighbouring piles will have a negligible influence on the pile
under test. Furthermore, as every pi]e tested will be equally affected.
and only relative magnitudes. of results required then the effect of

nearby piles can be neglected.

7.4.5.4 . Change of Pile Length

Figure 7.26 shows the effect on the E-R curve of changing the length |

of the piie. In this case the standard model was reduced in length

by 33 percent. From Chapter 3, decreasing the length and increasing the p/lx
‘ratio will result in an increase in resistance and hence, a.resu1tant -
Upward diﬁplacement of the E-R curve. The E-R curve shown in Figure

7.26 is displaced as anticipated.

Initially it may appear that an anomalous result could arise, this

being that a short pile in low resistivity soil may give the same E-R
curve as a long pile in higher resistivity soil. By considering the
findings of section 7.4.5.1 then this possible anomaly can be solved

by looking at the overall gradient of the E-R curves.

In Figure 7.26 the resistivity of the soil is the same for both piles

201



with the rate of change of resistance being the same %or both piles.
Increasing'the background resistivity for the non-defective model will
result in a steepening of the E-R curve. Thus, the short pile in low
resistivity soil and long pile in high resistivity soil may have the
same theoretical earthing-resistance at infinity but the shape of the

characteristic E-R curve would indicate which condition obtained.

7.4.5.5 Changing the p/1 ratio

Figures 7.27 and 7.28 show the effect of increasing the diameter of

the pile (a/1 remaining constant) for a positive and negative reflection
coefficient. When the reflection coefficient is negative”(-O.SO)

then when the diameter of the pile is increased the earthing-resistance
will increase and vice versa for a positive reflection coefficient
(+0.46); This will result in a respective upward or downward dis-

placement of the E-R curve from a reference pile.

Theoretical values (R_ on Figs.) calculated using equation (3.35) are

given, theva/1 ratio being 0.005.

7.4.5.6 Changing the a/1 ratio

Figure 7.29 shows the effect on the E-R curve of changing the a/l
ratio (p/1 remaining constant). Decreasing this ratio will result in
an increase in the resistance and an upward displacement of the E-R
curve from a reference pile. Theoretical values (R  on Fig.)
calculated using equation (3.35) are given. The change in resistance

due to a change in the a/1 ratio is independent of soil resistivity.
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7.4.5.7 Effect of Pile Defect on the E-R Curve

E-R curves plotted for the models with simulated defects are shown in
Figures 7.30 - 7.37. As discussed in Chapter 3, the effect of a
defect is to alter the current density on the reinforcement. The
current density will vary as the inverse of the resistivity of the
medium in contact with the reinforcement. The total current on the

reinforcement, and hence the resistance measured, will be determined

by,

(a) the ratio of the resistivity of the concrete to that of the

material in the defective section, and,
(b)  the extent of the defect.
The greater the ratio in (a) above, the more pronounced the effect
on the overall resistance. The model defective piles were tested
over a range of such ratios. The simplest way of simulating this was
to have the background medium, i.e. the electrolyte, in contact with

the reinforcement. On these Figures are E-R curves for,

(a) the case when there is a defective section at the top of the

pile (T), and
(b)  the bottom of the pile (B), and

(c) the E-R curve for the non-defective pile (G) which is given as

a reference datum.
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Also shown on Figures 7.30 to 7.36 are E-R curves for a défective

pile where the fault does not extend across the who]e'cross-section (c).
. The effect of fault position in relation to the auxiliary électrodes

was also examined by rotating the electrode aray around this pile.

It was found, however, that resistance readings'were.virtuélly un-

affected by fault position in relation to these electrodes.

These Figures clearly indicate that a defective pile will have its
E-R curve displaced from that of a non-defective pile; the magnitude
of this displacement being dependent upon the resistivity of the
material in the defective section and the extent of the defective
section. As the ratio p;/ps (section 3.3.6) approéches unity then
the displacemeht decreases as shown by the experimental data, hence

the defect becomes undetectable.

In qualitative terms, the change in the E-R characteristics results
in a combination of the lccal change in g around the defect and of
the change in resistivity, p, of the medium surrounding the rein-
forcement. .Both pand g are related to the electric field pattern of
the pile-soi] system by Ohm's Law,

E=9o .. (7.6)
so a change in the position of equipotentials at the surface of the
ground would be expected. Since it is the position of such equi-

potentials which is the measured variable in the present work, the

E-R plot can thus be used for fault detection.

It is apparent that in order to detect defective piles there has to

exist a large/small resistivity contrast ratio between defective and

204



non-defective material. Furthermore, as the size of the defect
decreases then the possibility of detection decreases (E-R curve C

on Figures).

Figure 7.37 shows the effect of defective concrete, i.e. low resistivity
being present.over the Comp]ete length of the pile (fhe background
resistivity remaining the séme). In this case the ratio of the
resistivity of non-defective concrete to the resistivity of defective
concrete is 2:1. The Tow resistivity concrete pile has its E-R curve

displaced downwards as expected.
The electrolytic tank analogue has shown that faults in the pile shaft
have a greater influence on resistance readings close to the pile head

' than those distant.

7.4.5.8 Validity of Model Experiments

The analysis in Chapter 3 showed that the resistance R, at any point

on the E-R curve could be expressed in the form,

R = _C_];ﬂ_.f(k,%,l/a,%,.%) ..... (7.7)

Where p, is the resistivity of the concrete and 1, the length of the
pile. If the subscripts m and p refer to the model and prototype

respectively, then,

R = Com x(Kas Tus Pas dms Pm)  eeeen 7.8
T B (Ko e B g 1) o8

P
.
|

_q__f(kps _Fs :: 1?_:_,
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If the ratios in the brackets are kept the same for both model and

prototype, then,

and if the resistivities can be made equal, then,

Ro = Rm-1m .. (7.10)
P .

In order to investigate this analysis a mortar model (resistivity 24Q-m)
and a concrete model (resistivity 46Q-m) were tested in the electrolytic
tank. A reflection coefficient of +0.46 was used - the resistivity of
the background medium for the mortar model being 65Q-m and that for the
concrete model being 125Q-m.  All length ratios were kept fhe same.

If the subscripts m and ¢ refer to the mortar and concrete model

respectively then,

Rm' = Qm of (Dimensionless terms)
Tle
..... (7.11)
RC = P g (Dimensionless terms)
mle .

From the above equations the E-R curves can be predicted for one model

knowing the E-R curve for the other, i.e.

Re = Rmpeelm oo (7.12)
_ o T

the ratio 1m/1c was unity due to the influence of tank boundaries if

larger ratios existed. Hence,
Rc- = RmePe e (7.13)
Pm

Figure 7.38 shows the E-R curves for both models and the predicted

curve for the concrete model using equation (7.13).
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The predicted and expefimenta] curve for the concrete model are in
good agreement with the maximum deviation of the predicted curve from

the experimental curve being less than 7%.
7.4.5 Conclusions .

Electrical analogues serve as a useful introduction to the Earth--
Resistance method of integrity testing. Extensive_expérimenta1
programmes have been undertaken which support the theory developed
in Chapter 3 and show the methodology of fault detection. The

following conclusions can be drawn from this study,

(a) the Earth-Resistance curve for a defective pile will be displaced
from that of a non-defective pile. The magnitude of this dis-
placement is dependent upon the resistivity contrast between
the defective material and non-defective concrete in the pile

shaft and the size of the fault.

(b) piles should be tested when a high reflection coefficient exists
as this will tend to eliminate effects such as small fluctuations

in near surface geology.
(c) resistance readings close to the pile head are of greater
significance to fault detection than those distant. This is

especially true when the reflection coefficient is positive.

(d) oncea particular pile-current electrode spacing has been chosen

it must be maintained fhrqughout the testing programme. If
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(e)

()

(9)

different pile-current electrode spacings are used then the shape
of the E-R curve changes and the relative integrities become |
difficult to assess. The pile-current electrode distance
depends on space availability around the pile head, the h/1
ratio should be kept less than unity. Large pile-current

electrode spacings are to be avoided.

‘jndications as to the nature of the soil around the pile can be

obtained from the overall gradient of the E-R curve. When
the apparent resistivity of the soil around the pile shaft is
high then the resulting E-R curve will be steep. When the
apparent resistivity of the material is Tow then the E-R curve

tends to be flat.
neighbouring piles have negligible influence on the E-R curve.

only the reinforced section of the pile contributes significantly

to the response.
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(b)

PLATE 6

(a) The Electrolytic Tank & (b) Typical models
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FIG. 7.15 Wenner electrode array for measurement of
electrolyte resistivity
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CHAPTER 8

FIELD TESTS ON PILES




8.1 Introduction

The ultimate proof of any non-destructive technique lies in its
operation under fie1d conditions. j Although the ability to detect
defective piles is the most important attribute many.other properties
must also be taken into accohnt_for a realistic evaluation, among
these are portability, reliability, robustness and the speed with

which the test may be carried out in the field and assessment made.

8.2 Full Scale Experimental Tests

As a preliminary tb site testing, four cast-in-situ piles were con-
structed at the School of Engineering at the Kings Buildings, Edinburgh.
The piles were foundéd in a boulder clay and were constructed using

a shell and auger piling rig (Plate 7), to a depth of 5.0m and diameter
of 300mm. Two of these piles were constructed using a tremie tube

and were classified as non-defective. Resu1ts-from these piles

could then be used as a reference datum. The reason for constructing
two sound piles was to investigate repeatability of results. The
remaining piles were constructed as defective - one had defective
concrete in the pile shaft, which was achievgd by using a concrete

with a very high water/cement ratio; the other was constructed one
metre shorter than the othef three. The concrete used had 1:1%:3 mix
proportions with a 0.7 water/cement ratio. A1l constituents were

" batched by weight. .The sand was grading zone 3 and the maximum size
of the coarse aggregate was not greater than 19mm. The piles were

continuously reinforced with a 140mm. diameter reinforcing cage.
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The electrical resistivity of the boulder clay was obtained using a
Wenner e]éctrode-configuration with an electrode spacing of 6.0m,
this gives an average resistivity to a depth of approximately 6.0m.
(Mallot (111) states that the results of 34,000 resistivity.soundings
and over 4,000 correlation borings have indicated that the depth of
current penetration is nearly equivalent to the distance between

adjoining electrodes for depths above about 30m).

The piles constructed are summarised below:

. Test Pile Length‘ Diameter Nature
No. _(m). (mm) ~ of defect
TP1 5.00 300 Weak concrete
TP2 5.00 300 Sound
TP3 - 4,00 300 'Short' pile
TP4 ~ 5.00 300 Sound

Field equipment and measurement procedures have been described in

Chapter 4.

8.3 Test Results - Discussion

A1l piles were tested 3 hours after pouring, the electrical resistivity
of the concrete at this point in time being 6.50Q-m. The electrical
resistivity of the boulder clay was 62.00Q-m, giving a reflection

coefficient of +0.80.

Figure 8.1 shows typical earth-resistance curves for one of the test

piles and also shows the effectofincreasing the pile-current electrode

distance from 5m to 10m and 15m.
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Figure 8.2 has the earth-resistance curves for all four piles p]otted;

the pile-current electrode distance being 5m in all cases.

The general shape of the E-R curve for the piles is as anticipated
from 1éboratory studies. Since all piles were tested the same time
after placing then the relative integrities can be assessed and it is
envisaged that by plotting all curves tdgether then characteristic
similarities, as discussed in Chapter 2,can be observed. The
theoretical work and experimental programmes undértaken in the
laboratory indicate that a defective pile will have its E-R curve

displaced either up or down from that of a non-defective pile.

From Figure 8.2, which has all four test pile results plotted, it is
evident that the defective piles, TP1 and TP3, have their E-R curves
displaced from the non-defective piles, TP2 and T§4; The E-R

curves for the non-defectivekpiles show good repeatability as the
curves are, for the most part, coincident. Ihferring from the
electrolytic tank and theoretical work the E-R curves for the
defe;tive piles are displaced as anticipated. For TP1, the concrete
in the pile shaft will have a much lower resistivity than that in
either TP2 or TP4 (due to high water/cement ratio) and, with reference
to equation (3.35) and laboratory work on mortar models, will result
in a downward displacement of the E-R curve. As the earthing-
resistance is inversely proportional to the pile length, then the
short pile, TP3, will have its characteristic E-R curve displaced
upwards from that of the reference piles. This theoretical deduction
is verified by the field data. It is also noticeable that the

general gradient of the E-R curves is similar showing that ground
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conditions remain reasonably constant.

The work undertaken on these piles has shown that defectivé piles
~will have their E-R curve displaced from that of a non-defective pile
and has yielded qualitative evfdence of pile defects. Furthermore,
as site conditions cannot be adequately simulated in a laboratory
environment, the use of fu1l-scaie experimental piles has helped to
develop field procedure and highlighted any problems that could arise

on site, for example,
(a) lead lengths should be kept to a miniumum (Plate 8),

(b)  the use of bayonet'plugs reduces the time taken to set-up

equipment,

(c) the auXi]iary electrodes need to be hammered into the ground

to a depth of approximately 200mm to achieve good grounding;

8.4 Site Testing of Concrete Piles

Work carried out on the full scale piles constructed agreed well with
the electrolytic tank predictions; the next stage was to test piles
on a construcfipn site. The site tested was at the I.B.M. factory,
Iﬁverkip, Greenock. The piles used were West's She11'piles driven
to a depth of approximately 6.00m through a compacted clay fill, and
were infilled with a 1:14:3 mix with a 0.6 water/cement ratio, the
external diameter of the shells being 400mm. The piles were

continuously reinforced with a 200mm. diameter reinforcing cage. The
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A e1ectricé] resistivity of the combacted clay fill was approximately
15.000-m, and that of the concrete 70.02-m. The piles had been cast
6 weeks previous to moving onto site and.were laid out in a grid
formation - the rows were 2.30m apart with the piles in each row at

2.00m centres.

The space availability around the pile head required a 2.0m pile/
current electrode distance. The field procedure was to test fhe
piles in groups, with the current and potential electrodes being
within the rectangle bounded by the four piles as shown in Figure 8.3.
In this way errors introduced due to small changes in soil resistivity

will be reduced to a minimum and results can be compared in sets.

The pile reinforcement was cleaned with a wire brush and emery paper
and connections made to four of the projecting reinforcing bars.

The current electrode was hammered into the grouhd by means of a
small sledge hammer to a pre-measured mark oh the stake and securely
grounded. The potential electrode was then hammered into the grouhd
at several points intermediate between the current electrode and the
pile. The pile, potential electrode and current electrode are kept
colinear throughout and measurements are taken from the centre-line

of the pile.

8.4.1 Discussion - Field Results

From the limited site testing, results were obtained which are useful

in demonstrating how the method can be applied in practice.
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The pile-current electrode distance of 2.00m remained the same for

all the piles tested and the E-R curves are shown in ngures 8.4 - 8.9,
together with the recorded length of the pile and testing configuration.
As stated previously, the current electrode was kept within the area
bounded by four piles and, hence, the E-R curves can be plotted in
groups. In this way, characteristic similarities can be obsérved,
viz. if an individual pile has its E-R curve displaced from its
neighbours, then it would indicate that the pile itself is suspect,
but if several piles are equally diéplaced, it may indicate a change

in subsoil conditions.

The E-R plots for each group of.piles show remarkably good. consistency,
the E-R curves being plotted in groups of 2,3 and 4. Looking at all
the groups collectively, the E-R characteristics of piles tested '
have the same general shape, showing that subsoil conditions must

be reasonably constant.

The E-R curves for the piles within each group are virtually coinci-
dent, especially that part of the curve that lies within a radius of
1.40m from the pile headf From laboratory experiments it was shown
that the resistance readings close to the pile head are of greater
significance in relation to fault detection than those distant.

There are two piles, however, that would arouse suspicion, namely

377 and 458. Both piies have their characteristic E-R curve displaced

upwards, this upward displacement could be due to,
(a) an increase in the apparent electrical resistivity of the soil,

(b) an increase in the electrical resistivity of the concrete, or

(c)  reduction in the length of the pile.
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By comparing pile 458 with its neighbouf, (a) can be ruled out as
deductions as to the subsoil conditions can bé inferred from the
gradient of the E-R curve. Since pile 458 has the same flat curve
as its neighbours, then the same material must be present around the
pile shaft. Pile 377, however, has a slightly increased gradient
compared to its neighbour and could partly account for the upward

displacement of its E-RAcurve.

Consider pile 458. The resistance readings are increased from its
neighbours 449 and 450 by approximately 20%. Since, pile 458 is
shorter than 449 and 450 by 1.00m (approximately) then it would be
anticipated that its E-R curve will be displaced upwards, the
magnitude of this upward displacement being roughly in the ratio of
the inverse of their lengths, i.e. by a factor of 1.18 (7.6/6.4).

- Pile 458 would in consequence not cause concern.

Consider pile 377. If the recorded lengths are correct then the

large upward displacement cannot be attributable to a change in

length or soil resistivity only, and must be almost solely due to an
increase in the electrical resfstivity of the concrete. Since the
resistance is approximately doubled then the resistivity of the concrete
will be nearly twice that of its neighbours. If so, this must mean

a decrease in the fraétiona] volume of cement paste hence a weak

concrete in the pile shaft.
This assumes, of course, that the recorded length of the pile is correct.

At present it would be difficult to ascertain whether an increase in

resistance was due to a decrease in pile length or an increase in the
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electrical resistiVity of the concrete. The E-R method is qualitative
in nature and all that is required to raise suspicion is a displacement
of its E-R curve from the norm. Such piles should-thén be subjected
to a more quantative testing procedure and clearly pile 377 would

- fall into this category.

8.4.1.1 Theoretical Earthing Resistance for Greenock Site

Although pre-determined values of earthing resistance are not necessary,
a theoretical value can be calculated using the theory of Chapter 3.

If the pile is assumed to be 6.00m in length then, p/1 = 0.033, a/l1 =
0.017, k = -0.65 and p; = 70.0 ohm-m, ~ this gives Ra a value of

-1.713 and a value of the theoretical earthing resistance of 5.7 ohms.
This should be compared to the value obtained at a point midway
between the pile and current electrode on the EfR curve associated

with each pile, which is, approximately, 5.0 ohms.

8.4.1.2 Influence of .Soil Type on the E-R Curve

Figure 8.10 shows the E-R curves for piles in different soil conditions -
one for a low resistivity compacted clay fill (I.B.M. Greenock) and

one for a high resistivity boulder clay (Edinburgh University). The
lengths of the piles are 5.80m (I.B.M.) and 5.00m (Edinburgh) and

a pile-current electrode spacing of 2.00m was employed.
This Figure shows clearly the influence of the soil around the pile

on the shape of the E-R curve. As the apparent resistivity of the

background medium increases then the E-R curve becomes steeper which
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is as anticipated from electrolytic tank predications.
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PLATE 7

Piling-rig and steel liners
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CHAPTER 9

CONCLUSIONS AND. RECOMMENDATIONS
FOR FUTURE RESEARCH




The purpose of this study was to develop the earth-resistance method
for the detection of irﬁegu]aritiés and imperfections in piled
foundations. The theoretical aspects of earthing resistanceAand
testing methodology were first verified in the laboratory by electrical
analogue experiments. These experiments show .that it is possible

to detect discontinuities and abrupt changes in pile cross-sectional

areas.

A number of site tests was undertaken showing that the method can be
used without any interruption to the construction programme. A
minimal amount of preparation to the pile is required and the E-R
curves obtained can be used to assess the integrity of the pile-soil

system.

The variables which determine the earthing-resistance of a pile have

been investigated. Resulting from this investigation certain precautions
must be taken'to ensure correct interpretation of results. Conclusions
have been given at the end of each experimental section. With reference
to the context of non-destructive testing the following main conclusions

" can be drawn from this study,

(a) A new alternative method of testing non-destructively has been
jnvestigated. The system variables have been analysed in
detail and measurement procedures for pile-testing using this
technique proposed. It has been shown that the characteristic
E-R curve for a pile gives qualitative indications as to the
integrity of the pile-soil system. An approximate theory has
been developed showing the inter-relationship between the

system variables.
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(b)

(c)

(d)

(e)

It has been shown that it is best to test a pile when a high

reflection coefficient exists, either positive (in the case of

cast-in-situ piles) or negative (in the case of precast concrete

piles).

The experimental programme undertaken on concrete resistivity

 indicates that characteristic similarities can be observed

only for piles cast on the same day. AlternativeTy, when

the resistivity of the concrete is not changing rapidly (i.e.
after 30 days) then several days interval between testing will
not significantly chanée the E-R curves and, as a result, they

can be compared.

The pi]e-currenf electrode distance is governed by the space

limitations of the particular éite, It has been shown that the

'pile-curkent electrode distance should be kept to within a few

metres of the pile head, and once this distance has been decided
upon should be kept the same throughout the testing programme.
Large pile-current electrode distance should be avoided as
anomalies may be due to deeper geological features which would

not adversely affect pile performance.

Resistance readings close to. the pile head are more important
than those distant. Work to-date indicates that faults in the
pile shaft will have a greater influence on resistance readings

close to the pile head.
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(f)

(9)

(h)

(1)

Neighbouring piles have a negligible influence on the E-R
curve for a pile. In the case where piles are very close
(approximate]y 2 diameter centre to ceﬁtre) then the true
earthing resistance will be altered, but, since all the piles
will be equally affected characteristic similarities can still

be observed.

Only the reinforced section of the pile will cohtribute
significantly to the E-R curve for a pile and detection of -
faults depends on the resistivity contrasts between the non-
defective concrete, defective concrete and soil around the pile

shaft.

The E-R curves for piles should be plotted as a statisticial

set and, from this, a defective pile would be noticed by a
displacement of its E-R curve from the norm. If the E-R

curve of one pile in the group is displaced if would indicate
that the pile shaft is suspect. If, however, several piles
within the group are displaced from the norm then it may indicate
that the soil around the pile group is suspect. By looking at
the overall gradient of the E-R curve then possible deductions

can be made as to the nature of the soil around the pile.

The electrical resistivity of clays was investigated and their
resistivity characteristics established over a large range of
consistency indicies. The general shape of the resistivity
versus fractional volume of water curve follow the same'shape
as the resistivity versus moisture content curve established by

other researchers.
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(j) The resistivity of soils in their natural state will lie in the
upper region to the resistivity/fractional volume of water curve,
which implies that changes in moisture content will not materially
change the resistivity. This fact, coupled with testing the
pile with a»high reflection coefficient would mean that expected

"small fluctuations in ground resisitivity will have little influence

on resistance readings.

(k) Weak clay soils or soils with a high clay fraction will have a
Tow resistivity and if such material is present the resistance
- readings will be changed and will result in a E-R curve with a

low gradient.

(1) The resistance at infinity of the pile (based on the apparent
resistivity of the material around the pile) can be obtained at

a boint midway between the pi]é and the cdrrent electrode.

The exherimental work on concrete has yielded several important

conclusions,

(m) The experimental programmes indicate that conduction of current
through moist concrete is primarily through the cement paste

and, as such, is related to the rate of hydration of the paste.

(n) The electrical resistivity of concrete is dependent upon the
fractional volume of cement paste within the concrete and is
thus sensitive to any changes in the cement paste, e.g. increase

in water-cement ratio.
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(o)

A model for the conduction of current through concrete was
developed and the experimental work would appear to substantiate
the model. From this model, explanations can be made which
can explain, for example, the general shape of the resistivity

versus time curve and the effect of air voids.

Recommendations for Future Work

Many interesting avenues of research have been opened up as a direct

result of the work described in this thesis.

(a)

(b)

(c)

(d)

Much of the preliminary research, e.g. laboratory investigation,
system methodology has been extensively covered in this thesis,
hence future developments must be directed towards site testing.
Site testing has been undertaken but more is required, especially

different types of piles and different subsoil conditions.
Correlation of load-tests and E-R tests.

Further laboratory investigations could ehp1oy a deep electro-
lytic tank analogue (~1.5m - 2.0m in depth) to investigate a
wide range of scale ratios. Also to.investigate further the
effect of defect size, especially for positive reflection coeffi-

cients.
It should be possible to develop further the electrical resistivity

characteristics of concrete. Since conduction is primarily

through the evaporable water in the cement paste then the
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electrical conductivity of concrete is a measure of the degree
of hydration of the paste and hence indirectly related to its
strength. Electrical methods could possibly be developed for

quality control of structural concrete.
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APPENDIX 1

A NOTE ON SAMPLING
~ FROM A POPULATION




A note on sampling from a population

Load testing piles at random on a site corresponds to sampling without
replécement and the probability of finding a given number of defective

piles in the sample is obtained from the hypergeometric distribution,

P(x) = [M N?M]
x/in-x} ... (A .1)
[n
where,

N = number of piles on site,

M = number of N which are defective,

n = number of load-tests carried out,

x = number of defective piles found in sample size, n.

Table Al.1 shows the probability of selecting at least one defective
pile on a site of 100 piles containing 2%, 5% and 10% defective units,

with various sample sizes.

Equation A .1 gives the probability of e#act]y x failures and (n-x)
successes in the sample of n. The probability of at least one failure
in a sample size n is, |
X
P(x) = 2 [

r=0

Development and application of Bayesian decision theory to the field
of Civil Engineering has been given extensive treatment by Benjamin and

Cornell (112).
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No. of Piles No. of Probability of
not meeting Piles selecting at least
Specification Tested one defective Pile

2 . 2 0.0398

2 5 0.0980

2 10 0.1909

5 2 0.0980

5 5 0.2304

5 10 0.4162

10 2 0.1909

10 5 0.4162

10 10 0.6695

TABLE Al.1
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APPENDIX 2

CALCULATION OF PROPORTION OF -

CURRENT FLOWING THROUGH THE

CEMENT PASTE IN A CONCRETE




As an-example, consider the mix 1:1:2 with a water cement ratio of
0.4 (by weight); the fractional volﬁme of cement paéte in this mix is
0.38. The resistivity of a paste with a water cément ratio of 0.4
is 13 Q-m, while the resistivity of thé concrete at the same age is
41.2 -m. Let an average value for the resistivity of aggregate be
500 o-m (perhaps an underestimate). By using a unit cube, then the
resistance, R, of each path can be determined by its dimensfons ahd '

using. equation (5.1), i.e.

Rypc =PL/A e (A.1)

Referring to Figure A2.1(a) fhen,

R, =13 x 1@,
ZXI
R, =500 x 19 and, veeee (AL2)

R = 500 (w) , 13(1-w)Q
y X 1 "y x|

where the subscripts refer to the path taken.

The equivalent circuit is shown in Figure A2.1(b) and, using simple
circuit theory, the resistance, Rm’ of the composite model system is

given by

1 =1 +l +1 e (A.3)
Rm Ra Rb Rc

It should be noted that Rm will be numerically equal to the resistivity

of the composite system as a unit cube is assumed, thus Rm will have a

value of 41.2 Q-m units. For practical purposes path (b) can be
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neglected as the surfacearea@ithe point of contact between the
aggregate particles will be very small resulting in a very high

contact resistance. -~ Consequently, using (A.2) and (A.3) above,

-1 21 -
1 = (13 + . (500w. 131-w ) ..... (A.4)
m - () Y -+ 25 )
Furthermore,
(1-wW)y +z.1=0.38 ... (A.5)
=1.0

and Zty.
Substituting equation (A.5) into (A.4) results in,

1 _ =2z . 1-2)2 ..., (A.6)
4T1.20 13 . + .38-2
Solving (A.6) gives a value of z equal to 0.295 thus approximately
77% of the paste is available for path (c). The proportion of the
total current f10w1ng through each branch of the network is Rm/R b.c?
- a,b,c

resulting in 93% of the current being conducted thfdugh the continuous

interstitial path.

By assuming different values of w,X,y and z and using the simplified
model, the overall resistance and hence the resistivity of the model
can be computed. For resistivities to 1ie in the regfon of concretes,
most of the current will pass through the cement paste i.e. through

the path of least resistance.
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/ p= 13 ohm-metres.
o~ ‘ p=5000ohm-metres

(b

—

FIG. A2.1 (a) Resistivity of constituents of concrete and
(b) the equivalent electrical circuit
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