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ABSTRACT: The probe inclinometer is deceptively easy to use. Its use has become increas-
ingly commonplace, but what influences accuracy is less known. This paper describes the char-
acteristics of four systematic errors that can occur and provides some guidance for recognizing
and correcting the errors. The strongest asset of the traversing probe inclinometer is its ability
to detect a “spike” in the data corresponding to shear displacement in the ground. Overall tilting
or distributed displacement of the inclinometer casing is more difficult to evaluate because of
the higher potential for systematic errors dominating the results. Reading errors and occasional
mistakes also produce apparent displacements. Therefore, the data analyst must evaluate the er-
ror potential and screen the results for errors. Where possible, the errors should be eliminated
prior to presenting the results to others who may take further engineering action based on what
may be errors instead of actual displacements.

1 INTRODUCTION

This paper deals with probe inclinometer accuracy issues that have not been fully addressed by
the manufacturers of inclinometers or elsewhere. It is a subject largely ignored by our profes-
sion and was not discussed in J. Dunnicliff’s book (1988). Particularly challenging are data
where even the smallest indication of displacement is a matter of concern, and from deeper in-
clinometers where systematic errors can accumulate significantly. Systematic errors in incli-
nometer surveys have been recognized since the mid-1970's (Cornforth 1973; Wilson and Mik-
kelsen 1978; Mikkelsen and Wilson 1983; Green and Mikkelsen 1988; Mikkelsen 1996), but
very few practitioners recognize the need for error diagnostics and correction procedures. The
intent of this paper is to explain to inclinometer users how to recognize four main types of sys-
tematic error and how to deal with them.

The main innovations in the last 20 years have been in readout and recording equipment and
commercial software to manage and calculate the data and present the results quickly. Recorded
readings expedite the surveys and minimize reading blunders and manual transposition errors. A
PC spreadsheet program, such as Excel®, may be used to reduce the data to plotted form, but
are inefficient for data screening, error diagnostics and correction. The most efficient commer-
cial programs are DigiPro® and Gtilt® from the US and Canada respectively.

2 INCLINOMETER ACCURACY

2.1 General Issues

Inclinometer surveys taken with ordinary care will produce relatively good results. However, or-
dinary care does not produce results free from systematic errors. Depending on the circum-



stances, several types of systematic error can influence the readings and produce false indication
of displacement. In addition, users that are unaware of the accuracy of their surveys often tend to
present the displacement data at an excessively exaggerated scale, again giving a false impres-
sion of significant displacement.

The relative simplicity of taking the data, automated recording and data reduction by
“canned” software can produce good results fast, but it has also invited sub-professionals to
produce unscreened data reports. This trend is least desirable wherever there is low bid pro-
curement of instrumentation services. Low-level technical personnel are often put in the posi-
tion of both taking and reporting data in terms of displacement plots. Field work and office
data-reduction is often done by different groups of people. This process leads to lack of under-
standing and allows unchecked errors to slip through. All errors look like displacement, and can
lead to costly, false engineering conclusions by the unaware.

2.2 Field accuracy

The product literature by Slope Indicator Company in the US for example, states that the system
field accuracy is +/-7.8 mm in 30 m. It was derived empirically from a large number of project
data sets in the mid-1970s. This total error is considered to be a conservative number and is an
aggregate of both random and systematic errors of 60 reading increments with a 0.5-meter
probe as shown on Figure 1. Random error is typically no more than +/-0.16 mm for a single
reading increment based on checksum performance. However, random error accumulates only
at a rate equal to the square root of the number of reading intervals. Systematic error on the
other hand, is arithmetically accumulative. If the systematic error for one increment is assumed
to be 0.11 mm per reading increment, the total error per 30-meters equals the empirically de-
rived number as follows:
Total error = Random error + Systematic error
= (0.16 x Y60 )+ (0.11 x 60)
1.24 +6.60 =7.8 mm
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Figure 1. Total and random inclinometer errors. Random errors represent the best system precision.
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2.3 Random error

The less influential random error tends to remain constant whereas the systematic error tends to
vary with each survey. The random error of +/- 1.24 mm per 30 m remains after all systematic
errors are removed and is the limit of precision as shown in Figure 1. Accuracy may be im-
proved by repeating the surveys and using the mean results. However, if only a single interval,
such as a shear zone, is of most interest, the error would only be +/- 0.2 mm.

2.4 Systematic error

Generally, one or a combination of the following factors generates systematic errors: Sensor
bias shift, sensitivity drift, sensor alignment shift (rotation), depth positioning error, casing in-
clination and curvature. Corrections for these systematic errors can be made if the nature of the
errors is understood through the analysis of the data. The methods available for detection and
correction are relatively unknown and will be defined and discussed below.

Without going into details about the causes of errors and how to minimize or correct them at
this point, one can sense that accuracy is a commodity. Its quality can be specified and imple-
mented, balanced with what is strictly needed and what someone is willing to pay for it. As
demonstrated in Figure 1 there is significant room for improving the accuracy from +/-7.8 mm
per 30 m to +/-1.24 mm per 30 m by minimizing or correcting the systematic errors. It is usually
achievable on exceptionally good installations that are vertical and free from excessive curva-
ture using careful field procedures. The alternative is to use correction procedures described
below.

3 SYSTEMATIC ERROR DETECTION AND CORRECTION

Systematic errors can be corrected using strict mathematical procedures. Random errors cannot
be corrected, but can be minimized in better installations and with more precise reading proce-
dures. Mistakes or gross errors are outside the scope of this discussion, but these are normally
detected in the checksum calculations and plots that should be a routine check for all data sets.
Once detected, the data set can be rejected or errors corrected based on the readings in the op-
posite direction as well as historical data.

3.1 Definition of systematic error types

Commercial software for reducing and graphing inclinometer data such as DigiPro and Gtilt
have the option to insert correction factors for common errors. However, identifying the error
type and quantifying it requires experience and judgement The four, most common systematic
errors that can be corrected are:

e A single calibration bias-shift between opposite reading traverses in a data set is the most
common systematic error of all. It is a small error within one data set and is caused by a
shift in the sensor calibration value “b” (see Figure 2) between opposite traverses. With a
little practice, it is simple to correct.

e Sensitivity drift is the least common error, but is often the most devious error to notice.
Once recognized, it is easy to correct in most cases. Factory calibration of the instrument
constant “k” (see Figure 2) and repair of the probe is usually required.

¢ The combination of casing inclination and sensor axis alignment shift produces rotation
error. Any small amount of shift in the probe or sensor alignment since the initial data set
produces this error when the casing has been installed with an inclination in the cross-axis.
Trial-and error corrections are simple to make with some practice.

e The combination of significant casing curvature and vertical placement error of the probe,
depth-positioning error, is the last systematic error. The most common causes are change
in probe depth control or settlement (shortening) of the casing. It takes little experience to



identify this error, but more skill, experience and judgement are needed to quantify and cor-
rect it.

3.2 Error detection methods

As stated previously, systematic errors do occur and should be corrected as project applications
may dictate. Detection and correction are possible based on the following reading procedures
and principles:

e Each data set has built in double redundancy by taking readings in opposite directions. This
allows quantification of data errors such as bias-shift, recording errors and evaluation of
data consistency as discussed below. Systematic errors for each interval are generally very
small, but cumulatively can be significant. Because these errors are systematic they can
usually be distinguished from displacement data and can be corrected by strict mathemati-
cal means.

e Properly installed inclinometer casings should extend 3 to 6 meters into ground or part of a
structure that is considered to be stable. This approach to bottom fixity allows for the bot-
tom 5 to 10 readings in the casing to provide “calibration data” for the measurements and
also serves to detect and quantify errors.

¢ Any small displacement that resembles one or a composite of the systematic error signa-
tures described later should be suspected as error. It would be unreasonable for actual dis-
placements to be similar in shape (graphically congruent) to a potential systematic error
signature.

* Readings in the deepest part of an inclinometer casing have the highest potential for sys-
tematic errors due to three potential problems: (1) instrument warm-up drift being most
acute, (2) steepest borehole inclination and (3) greatest distance from the top reference
point.

4 SENSOR CALIBRATION AND DOUBLY REDUNDANT DATA SETS

To understand bias error, the simplest error, it is helpful to explain the sensor calibration and
why a doubly redundant reading technique should always used. The servo-accelerometer sensor
puts out a signal proportional to the sine function and is usually calibrated from vertical to +/-30
degrees. As shown schematically in Figure 2, the sine output as a function of the vertical slope
angle is for convenience multiplied by an instrument constant k = 25,000 plus or minus the in-
strument bias, b, the small non-zero value the probe reads at vertical. The expressions in the ex-
ample below shows for one interval, the components of slope readings at exactly one degree
and a bias value of 10 display units. It illustrates how readings in opposite directions effectively
eliminate the bias by using algebraic differences for data reduction. The readings in opposite di-
rections would numerically have the following components:

AOrdg. = (25,000 xsine 1) +10= 436+ 10= 446 (1)
A 180 rdg = (25,000 x sine —1) +10 = -436 + 10 = - 426 Q)
Alg. diff. = (A0-A180) =436 — (-436) + 10 —10 = 872 3)
Checksum = (A0+A180) = 436 + (-436) +10 +10 =20 (4)

The algebraic difference of lines (1) and (2) doubles the slope reading and cancels the bias in
(3). To determine the horizontal displacement, changes in algebraic differences (slope change)
must be divided by 2k = 50,000 and multiplied by the 500-mm gage length of the interval. Thus
the metric conversion from reading units to millimeters is a simple 0.01 mm/unit.

The sum of the opposite readings (4) at the same interval is the “checksum” and is used as
the basic check for finding blunders, inconsistencies and poor data. It eliminates the slope
readings and retains two times the instrument bias, 2b. Therefore, when a shift in the mean
Checksums (A) shown in Figure 3 occurs between data sets, it is not normally a matter of con-
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cern. The two reverse passes of the probe effectively eliminate the bias. However, a potential
shift within one of the data sets may be hidden.

Although adjusted to zero at the factory, the bias will exhibit a certain amount of hysteresis
and change over the life of the probe and be either positive or negative. It can change between
inclinometer locations in the field. It only becomes an error if it occurs within the data set,
between opposite runs. The average checksum shift in Figure 3(a) was about 50 units, but the
plot cannot differentiate between a shift within a data set or between data sets. The mean check-
sum in Figure 3(b) showed no change, eliminating the potential for bias shift in the B-axis.

Reading, y

y=k(sinx)+b

Slope in Degrees from vertical, x

k = 25,000 (metric)
k = 20,000 (English)

Figure 2. Inclinometer sensor calibration. Nearly linear in the +/- 30 degree range from vertical

The mean checksum for a data set should not drift, so the plotted results should be vertical as
shown in the example on Figure 3. The variation in the readings is mainly due to imperfections
in the casing track or wheel tracking and is expressed statistically as one standard deviation
from the mean. Each casing tends to have its own checksum signature, so it is useful to also
look at changes in the checksum. Spikes in the plot indicate inconsistencies in the readings and
can therefore be further investigated.

(a) Checksums (A-Axis) (b) Checksums (B-Axis)
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Figure 3. Checksum example.



The standard deviation of the checksum is a measure of the random placement error (preci-
sion) of the probe. One standard deviation is usually less than 8 (0.08 mm) for the A-axis and
less than 16 (0.16 mm) for the B-axis, but can be doubled for some installations. The B-axis
standard deviation is larger due to the required wheel tolerance in the track being 50 units
(English probe) or 0.030 inches (0.76 mm) as indicated in Figure 3.

5 BIAS-SHIFT CORRECTION

A bias error occurs when a single bias-shift occurs within the data set. It is the result of slight
jarring of the probe between opposite readings. An example of bias-shift and correction is
shown in Figure 4 for inclinometer data taken for several years after a landslide event.

The bias-shift error correction value for 1/20/98 in Figure 4(a) below 25-m depth may be cal-
culated as follows:

bs=BSE/(Nx C)=-10 mm/ (42 x 0.01 mm) = -22

Where:

bs = bias-shift correction per interval

BSE = total bias-shift error over zone considered

N = number of reading intervals

C =reading interval / 2K = 0.01 mm for a 500 mm probe, or = 0.0006 inches for 2-foot probe
K = instrument constant = 25,000 for a metric probe,  or = 20,000 for an English probe

(a) A-Axis, Uncorrected ! (b) Checksum Diff., A-Axis (c) A-Axis, Corrected
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The example in Figure 4 spans about six years. The inclinometer had been installed behind a
sea-cliff after a slope failure. The progressively negative indication of displacements, 20 mm by
1998, indicated movements backward into the cliff. The inclinometer extended significantly
below the previous failure, into rock considered stable. The displacement distribution was
nearly linear in the wrong direction. For these reasons, the uncorrected results were not consid-
ered to be reasonable and needed additional scrutiny.

The checksums were shifting as indicated in Figure 4 (b). Assuming that bias shift had oc-
curred, the linear displacement data below 25-m depth were eliminated by trial-and-error. The
adjusted results are shown in Figure 4 (c), the last data set being corrected —22 (units as calcu-
lated above). The final results, a total positive displacement of 5 mm agreed well with expected
behavior, strain relief in the upper 25 m of rock.

To find the error numerically, changes in the readings in the first and reverse directions have
to be tabulated and evaluated separately for the portion considered being stable. DigiPro soft-
ware provides this sort of bias-shift analysis. The average shift in the data taken in opposite di-
rections can thus be evaluated and calculated. These shifts are small and generally less than 25
units (0.25 mm). Bias shifts are distinctively different from actual displacement data. Actual
displacements tend to be both larger in value and should always be equal and opposite in polar-
ity in the opposite reading directions. Tabulations (not shown) gave average changes in the two
directions of 12 and —34 for the 1/20/98 data set. The shifts were small and unequal, not con-
sistent with displacement data that should be equal and opposite in polarity. The bias shift could
then be calculated from the two bias changes in the opposite axes: 12 34 = —22, a correction
value already estimated graphically.

Instrument bias drift due to sensor temperature equalization (warm-up drift) can occur occa-
sionally, particularly in casings not filled with water. Warm-up drift is not systematic and can-
not readily be corrected. When the checksum plots identify such drift, the data is usually best
discarded. Laborious corrections could be made to be consistent with results from other data
sets, but the effort is rarely justified. Bias-shift is normally a constant systematic error identified
by its linear tilt from vertical and can be corrected using DigiPro or Gtilt software. It is the sim-
plest error to detect and correct. Generally the bias-shift does not exceed 25 units (.25 mm). Er-
ror magnitudes as a function of inclinometer depth are shown in Figure 5. A value of 10 is just
within the published field accuracy.

75 )
Bias -1
60 -— Error |—#—3 R
0.01 mm|—A—10
per | —g—15
Unit o—25
45 4

e

Error in millimeters
w
o
)

s L ///
L i
0 4

0 30 60 90 120 150
Depth of Inclinometer in Meters

Figure 5. Error magnitudes due to bias-shift.



6 SENSITIVITY DRIFT.

On rare occasions, a drift in the sensitivity can occur. Usually this is due to an op-amp drift in
the pre-amplifier for the probe that should not occur. Generally, only a factory calibration will
reveal this problem and is a very good reason for sending probes in for calibration at regular
intervals depending on usage. Once per year is good practice for probes used once per month or
more.

The error is directly proportional to the reading magnitudes. Past experience has seen a few
cases where the error is 1 to 2 percent, varying between data sets, but remaining relatively con-
stant for each data set. For example, an inclinometer with an offset from vertical of one meter
would for a 2 percent drift produce and error of 20 mm. The greater the inclination the bigger is
the error.

7 ROTATION ERROR CORRECTION

Small alignment changes in one sensor axis relative to the initial data set produce systematic er-
ror in combination with inclination in the cross-axis. An example of this error is illustrated in
Figure 6. Here three data sets were taken with different metric probes of the same make with all
other components being equal during the test. The data sets were taken one immediately after
the other in an inclinometer casing installed in a landslide. Total errors were as much as 83 mm
as seen in Figure 6(a). The cross-axis inclination in Figure 6(b) amounted to a total offset from
vertical of 4500mm, a relatively large amount. Even the smallest rotational shift of the acceler-
ometers axis in this situation senses the inclined cross-axis and generates an error. It occurs for
shifts in the accelerometer alignment with time or initial misalignment of much less than one
degree.

(a) A-Axis, Uncorrected (b) B-Axis, Profile (c) A-Axis, Corrected
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The mathematical relationship of casing inclination and a small rotation of the sensor axis can
be expressed by the two simultaneous equations for rotating a coordinate system:

x=x"cosa-y’ sina )
y=x’sina+y’ cosa 6)

Where: x and y are coordinates in the original system,
x’ and y’ are the coordinates in the rotated system and
o is the rotation angle.

For small angles of a, cos o = 1, thus simplifying the equations. If we substitute for x and y
by having the A-axis readings represent y and the B-axis readings represent x, we get from
equations (5) and (6):

B=B’- A’ sina U]
A =B’sina +A’ )]

By rearranging equations (7) and (8), we get the expressions for the rotation errors:

A-axis rotation error = A’— A = -B’ sinoy “
B-axis rotation error =B’-B = A’ sinog (10)

Where A, B, A’ and B’ are the interval readings or sum of readings in the original or rotated
positions, respectively. Sina and sinog usually have slightly different values, each representing
a small rotational shift of the respective accelerometer axes.

The error is identified when the displacement plot is proportional to the cross-axis casing de-
viation from vertical (profile) as seen by the similarities between the two curves in Figures 6(a)
and 6(b). Figure 7 illustrates the graphical 3-D relationship and how the rotation error angle (or
sine of the angle) is calculated using displacement error and deviation from vertical over the
entire length of the casing in the example from Figure 6.

§m..
A0
Induced
Displacement

in A-axis due to
Rotation Error "a"

Rotation
Error
Angle

4500 mm

BO

Rotation Error Angle (a)

calculated from Figure 6:

Sin a = 35/4500 = 0.0078
a = 0.45 deg.

Cross-axis
Profile,
B-axis

Figure 7. Rotation error as a function of cross-axis inclination.

The rotation errors can be calculated between the three data sets shown uncorrected in Figure
6(a) using the method shown in Figure 7. The relative misalignments were calculated to be sine
0.45° = 0.0078 and sine1.05° = 0.0184. Rotation error correction can be made in DigiPro or
Gtilt software, where the correction value is entered as sine of the rotation angle. The results in
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Figure 8(a) was already corrected for bias shift, but the last data set (1/20/98) did not exhibit
bias-shift error. Rather, the uncorrected displacement resembled the deviation (mirror image)
from vertical in the cross-axis in Figure 8(b). The uncorrected displacement of 27 mm at 2-m
depth divided by a total offset from vertical of 2700 mm equals 0.01, the rotation correction
factor. A rotation correction of sine 0.57° = 0.01 straightened the data as shown in F igure 8(c).

(a) B-Axis, Uncorrected (b) A-Axis Profile (Cross-axis) (c) B-Axis, Corrected Data
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Figure 8. Rotation error identified and corrected.

Figure 9 quantifies the total rotation error for various inclinations from vertical. Note that the
amount of alignment shift or rotation is typically less than one degree, i.e. sine 1° = 0.0175.
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Historically, sensors have been mechanically aligned in the probe to a tolerance of +/- 0.5°,
but have more recently been improved. Still, normal probe manufacturing differences can pro-
duce significant errors in inclined casing installations. Also, slight mechanical and electronic
shifts over the life of the probe come into play. Thus, the sensor alignment calibrations provided
by the factory cannot be directly applied to correct the errors. The rotation angle must be as-
sessed from data.

As a side note, the rotation error has no relationship to groove spiral or orientation correc-
tion, neither of which contributes to systematic error magnitude. Rotation error evaluation can
be difficult because of the potential lack of bottom fixity. However, other project inclinometers
with significant inclinations would also indicate significant rotation errors. Thus, evaluation of
the rotation error relies on consistency with other inclinometer casings read by the same instru-
ment.

8 DEPTH POSITIONING ERROR

Significant errors can occur when the probe’s vertical positions are shifted between data sets.
Depth control changes such as changes in the axial length of the casing, change in the cable
length or change of the top reference mark for the inclinometer survey can produce such errors
when the casings have significant built-in curvatures.

Figure 10(a) illustrates the problem situation for readings in a curved casing. The diagram at
left shows how the probe was positioned for three surveys in the same casing. For simplicity
only five reading positions have been shown. The cable reference is normal for the “initial” po-
sition, “low” for the second survey and “high” for the third survey. The “low” position pro-
duced positive changes since the readings become more positive with depth in this example.
The “high” position produces negative changes. The cumulative changes, converted to mm are
plotted in Figure 10(b). Depth errors are responsible for the apparent displacements. Similar er-
rors can also be generated in an S-shaped casing, such as through a shear zone, but tend not to
change the overall displacement magnitude (not illustrated).

(a) Reading Positions (b) Displacement Errors

1.

Low High

o 50 mm S0mm 0
Initial Low High

Figure 10. Depth positioning error, curved casing.

Corrections to the data can be made using DigiPro or Gtilt software that will interpolate a
data set based on the known or assumed changes in depth position of the probe. It can also be
done in a spreadsheet according to the generalized relationship below:

Depth Positioning Error, DPE = Curvature x (DPS / Interval)
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Where: Curvature = difference between adjacent readings
DPS = Depth position shift = difference from initial depth position (+ or -)
Interval = 0.5 m or 2 feet

The casing curvature is indicated by the shape of the incremental deviation plot (plot of slope
readings vs. depth) shown in Figure 11(b). Change in slope is equal to curvature and is directly
related to the error. A systematic error is conveniently identified when the uncorrected dis-
placement plot, Figure 11(a), is similar in shape to the incremental deviation plot, Figure 11(b).
The uncorrected results were from a concrete dam on rock foundations, so the displacements
were considered to be highly suspect. The depth positioning error (DPE) was recognized imme-
diately, but the quantification and correction of the error by trial-and-error took considerable
more effort.

The compounding problem was the increase in casing curvature with depth as shown in Fig-
ure 11(b). When every little detail in the two plots in Figure 11 (a) and (b) is similar (and they
can be scaled to be graphically congruent) a depth error (DPE) is certain to be present. The un-
corrected data are extremely unlikely to represent actual displacement. In this example, it was
eventually discovered that the cable had become shorter with time. The cable was measured in
the field to be 60 mm shorter than the normal over a length of 60 m.

DPE is very time consuming to quantify and correct due to lack of efficient software and the
usual lack of vertical measurement data. Corrections are time-consuming and possibly futile
when vertical control data are not available. The two commercial programs DigiPro and Gtilt
can be used to correct for this error under “settlement”. (Corrections in DigiPro are actually
done in a companion utility program, DMM.) Data sets can be revised through linear interpola-
tion based on assumed or measured settlements. In many instances in the past, detection and
corrections have been made using a spreadsheet such as Excel. A spreadsheet was initially used
to estimate the DPE for the data corrected in Figure 11(c), but the plot presented was made with
DigiPro/DMM. Thus Figure 11 illustrates how the erroneous displacement in a rock foundation
under a dam was eliminated. The alleged displacement was all due to a depth control problem
of 60 mm.

(a) A-Axis, Uncorrected Data (b) A-Axis, Curvature Indication (c) A-Axis, Corrected Data
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Figure 11. Depth positioning error identified and corrected.
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9 GROOVE SPIRAL

Measuring grove spiral in inclinometers deeper than 60 m and in casing that is not particularly
well spiral controlled from the factory is good practice. Inclinometer casing manufactured with
minimum spiral typically indicates cumulative spiral from 0 to 5 degrees per 30 meters.
However, adjustment of the displacement results for groove spiral is usually unnecessary, espe-
cially if there is no actual displacement and what is indicated is potentially all systematic error.
Error detection and correction should be done prior to spiral correction because spiral correc-
tion mixes A-axis and B-axis data that may contain more significant systematic errors, and is
not recommended.

Spiral corrections and groove direction rotation allow the direction of the resultant displace-
ment to be precisely shown. Spiral does not contribute to errors in resultant magnitude of dis-
placement. Therefore spiral adjustment does not enter into the issue of systematic error correc-
tion. Axis re-orientation (skewing) provided by DigiPro and Gtilt software can be useful for
final presentation of a resultant displacement plot, but must not be applied before systematic er-
ror corrections are made. Again, A and B readings are mixed in the re-orientation of the axes.

10 CONCLUSIONS

Inherent to probe inclinometer surveys is that both mistakes and errors appear in the data plots
as displacement, implying that the ground or structure has moved. Unchecked, this implication
is misleading. The potential for error is usually greater than the potential for real displacement.
Therefore all displacements should be questioned and checked. Systematic errors should be as-
certained and if possible, corrected as suggested above.

Bias shift and rotation errors are relatively easy to detect and correct with the proper soft-
ware. Sensitivity drift is relatively rare, is usually difficult to detect, but is easy to correct.
However, one of the pitfalls is that the data could be over-corrected by inexperienced users.
Bias-shift correction can be justified in combination with checksum and bias-shift analyses.
Rotation errors must be small and within physical limits of the sensor and wheel carriage be-
havior.

A depth-control error is probably the most difficult to deal with. Inclinometers installed in
settling ground can produce apparent progressive displacements. False information generated in
this way has in some cases led to costly supplementary studies and remedial action where in re-
ality none was warranted. As a minimum, identifying this type of error and preferably correct-
ing the results should be part of the engineering analysis wherever inclinometers are used.
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