Introduction

Determining the Resistance

Distribution in Piles

Here’s another article in the series by

Bengt Fellenius on his favorite subject

of piles. There were three others in this

magazine during last year:

e From Strain Measurements to Load
in an Instrumented Pile. March
2001, pp 35-38.

o Where to Plot Average Loads from
Telltale Measurements in Piles. June
2001, pp 32-33.

e The O-Cell — An Innovative Engi-
neering Tool. December 2001, pp
55-59.

This one is in response to my plea for

guidance on how to determine strain

gage values that correspond to the

“no-load” condition, and how to inter-

pret strain gage data while recognizing

that there are almost certain to be resid-
ual loads in the pile.

Several colleagues have, in the past,
expressed concerns to me that strain
gages might be subject to a shift in the
reading, caused by dynamic forces dur-
ing pile driving, for example by slip-
page of the wire connections of a
vibrating wire gage. In such a case the
gage data would be questionable. You
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may note that there only one minor ref-
erence to this concern in the article, in
the second paragraph under the sub-
heading ‘The Reading of No-Load’.
Having ‘asked around’, I believe that
there is no likelihood of slippage of vi-
brating wire connections during driv-
ing, and that therefore this is a
non-problem. If others have different
views, I’d like to hear them.

The article is divided into two parts,
with Part 1 in this episode.

Part 1 discusses the issue of what
strain gage readings correspond to the
‘no-load’ condition in a pile loading
test. It also demonstrates that if residual
load is not accounted for in the analysis
of data, the interpretation of the instru-
mentation risks being in error and the
instrumentation has added very little to
the value of the test. On the other hand,
if residual load is accounted for, the
analysis procedure (this will be de-
scribed in Part 2) not only provides a
correct distribution of soil resistance,
but also provides the spin-off benefit of
increasing the understanding of
pile-soil interaction.

Part 2 will be in the next episode of
GIN, will present how to make the anal-
ysis and will include examples.

Another In-place Inclinometer
Case History

The article by Brian Johnson provides a
good case history of use of a conven-
tional inclinometer together with a sin-
gle-sensor in-place inclinometer (IPI).
The 5-foot gage length IPI was placed
across a shear zone to provide near
real-time data, and was removed and
then replaced whenever a full set of in-

clinometer data was required. When se-
lecting the gage length of the IPI for
similar applications, it should be re-
membered that if the IPI spans a depth
band significantly larger than the thick-
ness of the shear zone, it is likely to pro-
vide false data if the gage tubing con-
tacts the distorted casing as shear
progresses.

Search Function for Articles in
GIN

Inow have a Microsoft Access database
file that allows searching for any article
in GIN since the first episode in Sep-
tember 1994. This has been prepared at
the suggestion of Elmo DiBiagio from
Norway. Articles can be searched either
by author or by any word or combina-
tion of words in the titles, and there is
also a report with a complete chrono-
logical list. It is planned to include the
database in an instrumentation web site
now under construction, but in the
meantime if anyone wants a copy of the
database file, please let me know.

I’ll say more about the instrumenta-
tion web site in a later episode of GIN.

Research on Fiber Optic
Sensors for Monitoring
Deformation of Tunnels

An extensive research program is just
underway in England to develop fiber
optic sensors for monitoring deforma-
tion in tunnels. The two basic types of
fiber optic sensors that are of interest to
geotechnical and structural engineers
are Fabry-Perot and Bragg Grating.
Fabry-Perot sensors are available com-
mercially for monitoring strain, temper-
ature and pressure, and each incorpo-
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rates an individual fiber optic cable.

Bragg Grating systems incorporate a se-

ries of sensors on the same cable, and

have the capability of monitoring defor-
mation and temperature at each sensor
point.

Three articles on this subject have
been in previous episodes of GIN:

e Tsang C.M. and England G.L. Po-
tential of Fibre Optic Sensing in
Geotechnical Applications. Dec.
1995, pp 36-39.

e Idriss R.L., Kersey A.D. and Davis
M. Highway Bridge Monitoring
Using Optical Fiber Sensors. June
1997, pp 43-45.

e Choquet P., Quirion M. and Juneau
F. Advances in Fabry-Perot Optic
Sensors and Instruments for
Geotechnical Monitoring. March
200, pp 35-40.

Significant efforts are underway to de-

velop Bragg Grating systems for moni-

toring deformation of embankment
dams (Sweden) and highway bridges

(USA).

The new research project in England
is directed at tunnels, under the name
‘OFSTUNN?” (Optical Fibre System for
Tunnelling). The specific objectives are
to design and manufacture an array of
fiber optic sensors that can be fixed at
discrete points to tunnel linings and that

are able to measure accurately, reliably
and economically tunnel strains and
displacements associated with settle-
ment, rotation and distortion. The re-
search program is planned for three
years. Participants are The University
of Birmingham, Smart Fibres Ltd.,
London Underground Ltd. and SolData.
If anyone is interested in further infor-
mation, please contact Chris Rogers at
c.d.frogers@bham.ac.uk.

I plan to include occasional progress
reports in future episodes of GIN.

FMGM-2003
In the last episode of GIN I announced
the plans for the next FMGM Sympo-
sium (Field Instrumentation in
Geomechanics), which was to have
been held in Germany in September
2003. These plans have now changed.

The symposium, which is devoted
specifically to instrumentation, will be
held in 2003 in Norway. It will be orga-
nized by the Norwegian Geotechnical
Society, the Norwegian Geotechnical
Institute and the Norwegian Public
Roads Administration. Check the web
site www.fingm.no for details.

Watch this space for more on this
symposium.

Symposium on Deformation
Measurements

The 11" International Symposium on
Deformation Measurements, organized
by the International Federation of Sur-
veyors, will be held in Greece on 25-28
May 2003. The main topics will include
instrumentation and case studies relat-
ing to geotechnical, mining and struc-
tural engineering. Although focussing
on surveying methods, the symposium
is expected to be of interest to those of
us involved with geotechnical instru-
mentation.

Visit www.heliotopos.net/conf/1 1fig/.

Closure

Please send contributions to this col-
umn, or an article for GIN, to me as an
email attachment in MSWord to
Jjohndunnicliff@attglobal.net, or by fax
or mail: Little Leat, Whisselwell, Bovey
Tracey, Devon TQ13 9LA, England.
Tel. +44-1626-836161,

Fax +44-1626-832919.

Slainte Mhath ’SLANJEE VA’) (Scot-
land)! Thanks to Irene Dunnicliff for
this, and also to a waitress in Portugal
for help with the spelling — figure that
one out!
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e Thesis title
e Date

words

Deadline: April 15, 2003

We will publish:

e Author’s name

o Sponsoring Professor and University
e A brief abstract of approximately 300

We will need:
o The above plus
o Copy of title page of thesis

Submit Your PhD Thesis to Geotechnical News

The thesis should have been completed

and accepted within one year of the

abstract being published in
Geotechnical News

For further information, contact

Lynn Pugh, editor,
Geotechnical News
BiTech Publishers, Ltd.

173-11860 Hammersmith Way,
Richmond, B.C. Canada V7A 5G1

Tel. (604) 277-4250

Fax: (604) 277-8125

Email: geotechnicalnews @bitech.ca

22 Geotechnical News, June 2002



Introduction

GEOTECHNICAL INSTRUMENTATION NEWS

Determining the Resistance Distribution

in Piles

Part 1. Notes on Shift of No-Load Reading

and Residual Load

Bengt H. Fellenius

A pile loading test carried out just to confirm that the pile has a cer-

tain at-least capacity, that is, a proof-test, needs no special instru-

mentation. However, when the purpose of the test is to provide data

Jfor design of a piled foundation, for example where the test results

will be applied to piles that can be longer or shorter or have differ-

ent size, for resolving a downdrag problem, or for determining the

distribution of the soil resistance, then, the pile must be instru-

mented so that the load transfer (vesistance distribution) can be de-

termined.

With few exceptions, pile instrumenta-
tion consists of strain gages, i.e. the
measurement is strain, not load. The
load in the pile at a gage location is de-
termined from the change of strain (in-
duced when load is applied to the pile
head in the test) by multiplying the
strain value with the modulus of the pile
material and cross sectional area. The
change of strain is the strain reading mi-
nus the “zero reading”, or the “initial
reading” of the gage, assuming — some-

what optimistically or naively — that the

reading represents the “no-load” condi-
tion (i.e., when no external load acts at
the gage location). However, calling a
reading “the zero reading” does not
mean that its value is null — that it would
represent the no-load reading. One must
recognize that, at the time of the start of

the loading test, loads exist in the pile
and they can be large. Such loads are
due to locked-in strain, i.e., strains that
are present in the pile at the start of the
test. Locked-in strains are the cause of
loads called “residual loads”. And, ifre-
sidual loads are not considered in the
evaluation of the measurements, the
conclusions drawn from the test will be
suspect. It might seem that the problem
would be eliminated by relying on the
gage calibration that determines the
“no-load” reading of the gage. The gage
reading during the test would then indi-
cate the true load in the pile at the gage
location. However, the gage may be in-
fluenced by a shift in the no-load read-
ing resulting in a false indication of load
in the pile for a no-load condition. The
conditions for shift of no-load reading

and the residual load will be addressed
inthis article. A second article will pres-
ent a method for analysis and determi-
nation of residual load and true resis-
tance in an instrumented pile.

The Reading for No-Load
A strain gage can be subjected to direct
damage, such as overstressing when ex-
tracting or pushing down a rebar cage,
which can cause a gage attached to the
cage to be pushed or pulled beyond its
safe limit. Overstressing will not only
shift the gage reading for the no-load
condition, it can also disturb the calibra-
tion for a change of strain, severely im-
pairing the gage and making the data
unusable for analysis. It is important to
ensure that such damage be avoided,
and if it yet occurs, that it be discovered,
e.g., by that the gage response conflicts
with values from other gages (obvi-
ously, a redundancy is necessary when
planning what number of gages to place
in the pile). Damage due to overstress-
ing is usually fatal for a gage, and data
from such a gage must be discarded.
Other potential occurrences are more
subtle as they can occur without gage
damage and only result in a change of the
no-load reading of the gage, leaving the
linear response calibration intact. Such
occurrences are slippage of the fixed end
of a vibrating wire, bending of a pile (re-
sulting in increase of strain on one side
and release of strain on the other), strain
transfer between materials in the pile,
and temperature change.
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The influence of bending is offset by
having a gage level in the pile consist of
a pair of gages placed diametrically op-
posed at equal distance from the pile
center. Of course, should one gage be-
come damaged, the surviving gage of
the pair will be affected by bending and
become less “truthful”. Therefore,
where information from a certain gage
level is important, good practice is to
place four gages — two pairs — at that
level to achieve redundancy. Placing
three levels in a triangular orientation is
not a good idea. The loss of one gage
will impair the usefulness of the other
two.

A transfer of strain within the pile
material without a corresponding
change of load in the pile can, for exam-
ple, be caused by a change of net pre-
stress in a prestressed pile, changes
during the curing of the concrete in a
bored pile, and relaxation of strain in-
duced by unequal cooling during the
manufacture of a steel pile. Moreover,
for gages attached to the pile before it is
installed, even if the gages are insensi-
tive to temperature change, the pile ma-
terial is not, and the cooler environment
in the ground will have some effect on
the strain in the pile across the gage
length.

There is not much information avail-
able on the magnitude of the shift of the
no-load reading due to such strain trans-
fer. Although the common thought is
that the effect is insignificant, it is desir-
able that the magnitude of such shifts be
investigated (by manufacturers or other
Interested parties) so that the potential
influence can be quantified. (For exam-
ple, no-load condition strain transfer
between materials due to temperature
change, shrinkage, and aging can be
studied by placing a sister bar in a steel
pipe and attaching resistance gages to
the side of the pipe, taking frequent
readings before, during, and some time
after filling the pipe with concrete).

To find the gage reading that repre-
sents no load in the pile, the gages need
to be read several times before the start
of the test. All of these readings need to
be considered (and included in the re-
port of the factual test results) to enable
the engineer charged with the analysis
of the test data to find the true no-load
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value of the gages. For example, in case
of a sister bar gage used in a driven pre-
stressed concrete pile, the first reading
is always the “factory zero reading”, the
reading for no-load established in the
gage calibration. A second reading is
the reading taken immediately before
placing the gages in the casting forms.
Third is the reading after the release of
the strands and removal of the piles
from the forms. Fourth is the reading
before placing the pile in the leads to
start driving. Fifth is the reading imme-

ing test. A similar sequence of readings
applies to other types of piles and gages.
These readings will tell what happened
to the gage before the start of the test
and will be helpful in assessing the pos-
sibility of a shift in the reading value
representing the no-load condition.
Instrumentation cases do exist,
where readings one through six are
more or less identical (but for the influ-
ence of the weight of the pile, of
course). However, for the majority of
tests, this is not the case. The reason is
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Figure 1. Measured distributions of residual load and true resistance with difference
between the two (from Fellenius, 2002, data from Gregersen at al., 1973)

diately after completion of driving.
Sixth is the reading immediately before
starting the test. Similarly, in case of a
sister bar in a bored pile, the second
reading is taken immediately before
placing the gages (attached to the rebar
cage) in the shaft hole, third is when the
gages have adjusted to the temperature
in the ground, fourth is immediately af-
ter placing the concrete, fifth the read-
ings (mote, plural) taken during the
curing of the concrete. Sixth, again, is
the reading immediately before starting
the test. The principle is that readings
should be taken immediately before
(and after) every event of the piling
work and not just during the actual load-

that between the pile installation and the
start of the test, residual load will build
up in the pile. For a driven pile, this is
obvious. However, residual load will
also develop in a bored pile.

Residual Load

The residual load in a pile is, for exam-
ple, caused by recovery of the soil after
the disturbance of the installation
(“set-up”), such as dissipation of in-
duced excess pore water pressures
(called “reconsolidation”) be the pile
driven or bored. Residual load (as well
as capacity) may continue to increase
after the excess pore water pressures
have dissipated as the soil continues to
recover from the construction distur-



bance. In driven piles, residual load also
results from shear stress developed be-
tween the pile and the soil during the
driving (“locked-in load”). Residual
load is characterized by negative skin
friction in the upper part of the pile,
which is resisted by positive shaft resis-
tance in the lower part of the pile and
some toe resistance. (The mechanism is
analogous to the build-up of dragload in
a pile. The difference between residual
load and dragload is merely one of pref-
erence of terms for the specific situa-
tion: “Residual load” is used when ana-
lyzing the results of a loading test and
“dragload” is used when considering
long-term response of a pile supporting
a structure).

Residual load is associated with
movement of the soil relative to the pile
and the difference in stiffness between
the pile and the soil. Such differences
are not unique in civil engineering com-
posite materials. For example, a rein-
forcing bar placed in concrete will
experience noticeable compressive
strain, as the concrete cures, ages, and
shrinks. The stiffness ratio for steel and
concrete is about 10. The stiffness ratio
for pile and soil is a hundred to thousand
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times larger than that for steel and con-
crete and its effect is correspondingly
more important.

The main error resulting from not
recognizing the residual load in the
evaluation of results from a pile loading
test is that the shaft resistance appears
larger than the true value, while the toe
resistance appears correspondingly
smaller than the true resistance. If the
residual load is not considered, then, in
ahomogeneous soil, the results will typ-
ically show a load-transfer distribution
that gets progressively steeper below
approximately a third to half of the pile
length. That is, the load-transfer curve
denotes a unit shaft resistance that gets
smaller with depth, as opposed to the re-
sistance represented by a more realistic
curve, one that becomes less steep with
depth in keeping with a progressively
increasing unit shaft resistance. There-
fore, where residual load is present in a
pile at the start of a loading test, if ig-
nored, the measured load distribution is
afalse distribution of the soil resistance.

The existence of residual load in
piles has been known for a long time.
Nordlund (1963) is probably the first to
point out its importance for evaluating

load distribution from the results of an
instrumented static pile loading test.
However, it is not easy to demonstrate
that test data are influenced by residual
load. To quantify their effect is even
more difficult. Regrettably, common
practice is to consider the residual load
to be small and not significant to the
analysis and to proceed with an evalua-
tion based on “zeroing” all gages imme-
diately before the start of the test —
solving a problem by declaring it not to
exist, as it were. This is why the soil me-
chanics literature includes fallacies
such as “critical depth” and the errone-
ous conclusions that unit shaft resis-
tance would be essentially constant
with depth in a homogeneous soil.
That residual load does exist and is
significant is demonstrated in numerous
tests on driven and bored piles (Hunter
and Davisson 1969; Hanna and Tan
1973; Holloway et al. 1978;
Fellenius 2002). However, most con-
ventional static loading tests on instru-
mented piles do not provide the
distribution of residual load in the pile
immediately before the start of a test,
only the load introduced in the pile dur-
ing the test. An exception is presented
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Figure 2. Load distribution in a 0.9 m diameter, 9.5 m long bored pile

2A. Measured load distributions

(from Fellenius, 2002, data from Baker et al., 1990)

2B. Distributions of measured load, residual load, and true resistance (loads corrected for residual load)
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by Gregersen et al. (1973) who reported
tests on instrumented, 16 m long,
280 mm diameter, precast concrete
piles driven into a very loose sand. The
pile experienced plunging failure in the
test and Fig. 1 presents the distributions
ofresidual load (diamond symbols) and
the load in the pile at the maximum test
load (plus symbols). Fig. 1 shows also a
curve determined by subtracting the re-
sidual values from the values measured
for the maximum load. Had

gages are malfunctioning. But this they
are not. The distribution shown is typi-
cal of a pile affected by residual load
and both gages are working well.
Fig. 2B compares the measured distri-
bution at the maximum load to the re-
sults of an analysis of the distributions
of residual load and true resistance.
Fig. 3 presents results from a static
loading test on a driven pile, a21 m long
Monotube pile in a loose to dense sand.

poses that one understands and accepts
that significant shear forces and corre-
sponding strain in the pile will have de-
veloped before the start of the test, that
the shear forces along the pile have dif-
ferent directions, and that the magni-
tude and distribution of these forces
follow certain rules. The analysis pro-
cess establishes the soil response to the
loading of the pile and the soil parame-
ters to use when subsequently applying

the results of the test to the

this test been performed
without measuring the re-
sidual loads and with “ze-
roing” of the gages before
the start of the test, the lat-
ter curve' would have shown
a “false” resistance that
might have been taken as
representative of the actual
resistance distribution
along the pile.

Most of the time, a test
on an instrumented pile in-
cludes no measurements of
the distribution of load in
the pile at the start of the
test. That is, whether or not
and to what extent the pile
is subjected to residual load
is not directly known.
However, on the condition
that the soil profile is rea-
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design of the piled founda-
tion.

The method of analysis
used for the two example
cases will be presented in a
second article scheduled
for the next episode of GIN.
It applies to loading tests
where instrumentation or
other methods have been
used to determine the resis-
tance distribution in the
pile The method is inde-
pendent of strain-gage shift
of no-load reading, and, in-
deed, for where the gages
were installed after all or
some of the residual load
already had developed in
the pile.

Closing Words
When analyzing data from

sonably uniform, the mea-
sured load in the pile during
the test — the “false” distri-
bution — can still be used to
determine the distributions of true load
and residual load in the pile. To illus-
trate, Fig. 2 presents the results of a
static loading test to plunging failure on
a 0.9 m diameter, 9.5 m long bored pile
in clay. The pile was instrumented with
two levels of strain gages placed at
depths of 3.8 m and 8.3 m. The strain
gage values represent the load increase
due to the load applied to the pile head.
A series of load distribution curves are
obtained by connecting the load at the
pile head with the load measured at the
strain gage levels.

As shown in Fig. 2A, the loads mea-
sured at the two strain-gage levels are
about equal, implying that no shaft re-
sistance exists below the depth of 3.8 m.
It would appear that either one or both
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Figure 3. Distributions of measured load, residual load, and true re-
sistance (from Fellenius et al., 2000)

(The Monotube pile is a 450-mm diam-
eter steel pipe with a 7.6-m bottom sec-
tion that tapers down to a 200-mm
diameter at the pile toe). The measured
distribution is shown together with the
distribution of residual load and the re-
sulting true resistance distribution. No-
tice that a residual load is indicated at
the pile toe.

It is obvious from the results of the
analysis that ignoring the residual load
would have resulted in very different
conclusions. For the tests shown in
Figs. 2 and 3, the distributions of resid-
ual load and true resistance were not
measured directly, but determined from
the measured increase of strain in the
gages due to the load applied to the pile
head. The method of analysis presup-

a loading test on an instru-
mented pile, one must as-
certain whether or not all
gages have operated correctly and
whether or not residual loads were pres-
ent in the pile before the start of the test.
It is easy to jump to conclusions, as the
appearance of residual load can be de-
ceiving and might be due to erroneous
gage readings (e.g., gage damage and
calibration changes caused by mishaps
during the construction of the pile).
However, unless residual load is ac-
counted for in the analysis of the test
data, instrumentation adds very little of
value to a pile test. On a positive note,
when the residual load is accounted for,
the procedure increases the understand-
ing of the pile-soil interaction for the
specific project beyond the correct sep-
aration of shaft and toe resistances for
the tested pile.
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An Application for a Single-Sensor

In-Place Inclinometer

Brian K. Johnson

The St. Paul District, Corps of Engineers, has approximately 40 in-

clinometer casings at eight project sites. Most are used for

long-term performance monitoring of dams, levees, and abutments.

Others, such as those detailed below, are used to monitor existing

river banks. For those applications, inclinometer data in conjunc-

tion with borings, soil strength testing, and stability analyses are

used to determine stable locations for levees.

The Red River of the North creates the
border between North Dakota and Min-
nesota, and eventually flows north into
Canada. Prior to the disastrous flood of
1997 in Grand Forks, ND and East

Grand Forks, MN, a 100-year flood
control project was being prepared for
Grand Forks.

In early 1997, the City of Grand
Forks retained a geotechnical consult-

ing firm to provide an engineering opin-
ion regarding slope stability of the bank
of the Red River of the North, located
behind the city’s water tank and sludge
treatment facility. The firm installed
three inclinometers, shown on Figure 1.
Our focus in this article is on SI-3.

In 1997, a 125-year flood occurred
which overtopped the permanent and
emergency levees with a discharge of
114,000 cubic feet per second (780 cfs
is normal) at a record crest of 54.4 feet
(flood stage is 28 feet). Other conse-
quences included evacuation of 46,000
people in Grand Forks (90% of popula-
tion); almost two billion dollars in dam-
age; 13 days without running water; and
23 days without drinkable water. Fortu-
nately, no lives were lost to the flood.

After the flood, Congress authorized
the design and construction of a flood
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control project for both Grand Forks
and East Grand Forks. To improve un-
derstanding of the slope stability as-
pects of the deep lacustrine clay
foundation, the St. Paul District in-
stalled additional inclinometers and
piezometers in other sensitive bank ar-
eas. The instrumentation plan included
the automation of instruments at the wa-
ter reclamation facility, including a sin-
gle-sensor in-place inclinometer at
SI-3.

Conventional Inclinometer
Readings at SI-3
The amount of downslope movement
from an initial reading on 3/21/97 is
shown on Figure 2. The shear in the Up-
per Brenna soil unit is quite evident.
Several questions were developed for
the instrumentation plan, including:
“How does the rising and falling of the
river affect the slide movements?”
Obtaining river elevation data was
easy. The USGS has an automated gage
on the East Grand Forks side of the river
downstream of the instrumented site.
The St. Paul District’s Water Control
Section has access to the data. Ob-
taining frequent deflection readings in
the Upper Brenna with a conventional
inclinometer would be difficult and ex-
pensive. The decision was made to in-
stall a single-sensor in-place
inclinometer within the Upper Brenna.
The data collection, reduction, and re-
porting would be with an automated
data acquisition system (ADAS).

In-Place Inclinometer

A Geokon single-sensor vibrating wire
in-place inclinometer, Model 6300,
was installed in the inclinometer cas-
ing at SI-3. The main inclinometer
components are upper wheel assembly,
vibrating wire sensor, gage tubing (4
feet long), and a lower wheel assembly.
The completed in-place inclinometer

had a gage length of 5 feet (i.e. the dis-

tance between the upper and lower
wheels). It was suspended by a 1/8 inch
diameter stainless steel cable from a
top support piece.

The assembled in-place inclinome-
ter was suspended with the lower
wheel assembly at elevation 771 and
the upper wheel assembly at elevation
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776, as shown on Figure 2, on Novem-

read it on its programmed schedule.

ber 25, 1998. The sensor was read with

a portable vibrating wire

during installation, and then connected
to the ADAS, manufactured by

Geomation, Inc.

The in-place inclinometer was read
every 12 hours, and the data were re-
ported daily to the District Office.

Conventional Data

Data and Verification

Weekly data points from the in-place in-
clinometer and the USGS automated
river elevation gage are shown on Fig-
ure 3. Generally during high river
stages, the rate of slide movement
abated. When the river returned to lower
levels, the rate of movement continued
in a linear fashion.
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Figure 1. River bank instrumentation in Grand Forks, ND

Inclinometer SI-3 was
read conventionally prior
to the installation of the
in-place inclinometer. For
subsequent conventional
readings, the in-place in-
clinometer was simply
pulled from the casing
and stored vertically dur-
ing the reading. When the
conventional reading was
completed, the in-place
inclinometer was lowered
back into position. During
the conventional reading,
it was not required to
gather any data from the
in-place inclinometer.
The ADAS automatically
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Figure 2. Conventional inclinometer data at SI-3
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The conventionally-read data pro-
vided an independent means of verifica-
tion. Since the in-place inclinometer was
placed at the location where manual
readings were also obtained, the manual
readings can be used for comparison
with the in-place inclinometer data.

The conventionally-read data were
recorded in 2-feet increments, the
length of the conventional inclinometer
probe. The upper wheel assembly of the
in-place inclinometer was at the same
location as for the conventional reading
(45 feet depth). The lower wheel assem-
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conventional readings, the location of
shear zone was not known. Using the
boring log and judgment, the depth of
the in-place inclinometer was selected.
By taking conventional readings, it be-
came apparent some months later that
the in-place inclinometer was too low. It
was raised to the location of the shear
zone.

Lessons Learned

Using a single-sensor in-place incli-
nometer in an isolated zone (as defined
from the conventional readings) was an
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bly was at 50 feet depth because of the
five feet gage length, i.e. between the 49
to 51 feet depth for the conventional in-
clinometer reading. In order to compare
the two measured deflections, a reading
was interpolated for the conventional
data for the 50 feet depth. The change in
inclination as determined from the con-
ventional readings between November
25, 1998 and March 24, 1999 was
0.1235 degrees. The in-place inclinom-
eter read 0.1302 degrees. Subsequent
comparisons also closely matched, as
shown on Figure 3.

Additional Application Further
Downstream

In an instrumented riverbank location
further downstream, the same methods
were used, but the inclinometer casing
and in-place inclinometer were in-
stalled at the same time. With no prior

economical method to obtain more fre-
quent data. The cost was essentially the
cost of the in-place inclinometer equip-
ment, since the ADAS and cabling were
already on site for reading piezometers
installed in the vicinity of SI-3. Benefits
included near real-time reporting of the
movements in an unstable soil unit, at a
depth of more than 40 feet below
ground.

The installation of the in-place incli-
nometer did not interfere with the abil-
ity to obtain conventional readings.
During conventional readings, the
in-place inclinometer and ADAS re-
mained connected. The 12-hourly read-
ings were timed such that none was
taken during the time that the in-place
inclinometer was not in place.

It would have been preferable if the
gage length of the in-place inclinometer
had been a multiple of 2-feet, to avoid

the need for interpolation when making
comparisons with conventional incli-
nometer data. For example, if a 3-foot
length of gage tubing had been used, the
gage length of the in-place inclinometer
would have been 4 feet.

The reading on the in-place incli-
nometer was different prior to and after
the disruption for the conventional read-
ing. The reading on the in-place incli-
nometer on the day prior to the
conventional reading was subtracted
from the reading on the day after. This
offset was used on all subsequent
in-place inclinometer readings until the
time for the next conventional reading.
Since the change in inclination as com-
puted from the conventional readings
closely match the in-place inclinometer
readings, this method of correction ap-
pears valid.

Conventional and in-place inclinom-
eter readings on SI-3 are being main-
tained, however, data only through 1999
is presented on Figure 3. The main rea-
son is good fortune. The two high water
events in the spring of 1999 provided
the correlation sought by this phase of
the instrumentation. Project design de-
cisions for this area were made and em-
phasis switched to more critical areas of
the project.

Conclusion

A single sensor in-place inclinometer
was installed in the failure plane of a
landslide on the banks of the Red River
of the North at Grand Forks, ND. The
automated readings on the in-place in-
clinometer provided the rate of move-
ment and were correlated to river eleva-
tion. The data from the in-place
inclinometer compared favorably with
the data obtained from conventional in-
clinometer equipment.
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