
S. A. VERESS, D.Sc. 
Department of Civil Engineering 

University of Washington 
Seattle, WA 981 95 

N. C. JACKSON, P.E. 
Washington State Department of Transportation 

Tumwater, WA 98501 
J. N. HATZOP~ULOS, PH.D. 

Department of Civil Engineering 
University of Washington 

Seattle, WA 98195 

Monitoring a Gabion Wall by 
Inclinometer and 
Photog rammetry 

A combination of the two methods was found to be best. 

and 

I HE IMPORTANCE of obtaining the dimen- 
sional changes of any structure during 
after the construction is well known to 

engineers. There are a number of methods 
and instruments to accomplish this. Some 
instruments, such as inclinometers, exten- 
someters, etc., are built into the structures, 
thus providing information about their 

the westbound roadway is being built on a 
new line and grade on the opposite side of 
the valley. Several large gabion walls were 
constructed along the roadway and in some 
areas to support the roadway. The largest 
wall is approximately 1,200 feet long and 51 
feet high at its highest point. This wall was 
instrumented internally with an inclinome- 
ter. The photogrammetric method, i.e., ex- 
ternal monitoring, was reported upon to the 

ABSTRACT: There are a number of methods which may be used to 
monitor structural deformations. The comparison and analysis of 
two are discussed. A photogrammetric system is employed as an 
external method and an inclinometer system is used as an internal 
method. The general flow of data for the photogrammetric system 
along with the principle and use of an inclinometer are described. 
The comparison and analysis are possible in several ways; however, 
the general conclusion is that the best monitoring system is a combi- 
nation of the two methods. 

internal changes and conditions. Other 
monitoring methods, such as photogramme- 
try, are surface-monitoring methods provid- 
ing three-dimensional information about 
external deformation. 

It is of interest to compare external and 
internal systems. This opportunity was pro- 
vided by the fact that the Washington State 
Department of Transportation is currently 
constructing the final segment of 1-90 in the 
Snoqualmie Pass area. The eastbound road- 
way will utilize the existing highway while 

American Society of Photogrammetry by 
Veress and Sun (1978). 

PHOTOGRAMMETRIC METHOD 

The photogrammetric project was spon- 
sored by the State of Washington Depart- 
ment of Transportation in cooperation with 
the Federal Highway Administration. The 
research was conducted at the University of 
Washington by S. A. Veress who is the prin- 
cipal investigator of the project. 

The planning started in 1975 and is de- 
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scribed by Flint (1975). A modified KA-2,24 
in. focal length camera was used in terres- 
trial mode. The final design and modifica- 
tions of the project were executed and com- 
pleted by Sun (1976), and it has been in op- 
eration since September 1976. 

A flow diagram is given by Figure 1 and is 
discussed in detail by Flint (1975), Sinco, 
Slope Indicator Company (no date), Veress 
et al. (1977), and Veress and Sun (1978). 
The general layout of the photogrammetric 
project is shown by Figure 2. 

A bird's-eye view of the construction site 
is shown by Figure 3. The structure is lo- 
cated on the west side of the valley and the 
camera stations were placed on the east side 
at about 3,000 feet (1 km) from the wall. 

The plan was to cover the entire structure 
so that each of the photogrammetric targets 
would be visible in three different photo- 
graphs. This was accomplished from three 
camera stations. The number-:! camera sta- 
tion (CS2) was chosen so that it was rotatable 
in two directions. This geometry provides a 
parallactic angle (i.e., approximately the in- 
tersecting angle on the structure from CSl 
and CS3) of about 60". These camera stations 
are established on concrete foundations so 
that they are considered to be "fixed" posi- 
tions. The frontal nodal point of the camera 
was determined at each station by the 
ground survey methods described by Sun 
(1976) and Veress and Sun (1978). 

The basic concept in designing this sys- 
tem (fixed camera position) is economy. 

Eltab1 l l h m n t  Of 
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Data Rcgu~s~t~cn 
and Pro~errlnp 

Data Analysis 

FIG. 1. Photogrammetric method. 

FIG. 2. General design of the photogram- 
metric project. 

However, it imposes a considerable limita- 
tion on achievable accuracy. If the camera is 
located in stable solid bedrock some dis- 
tance from the roadway, such as CS3, the 
obtained accuracy is sufficient. However, if 
the station is close to a roadway as is CS1, 
the bedrock is subjected to vibration due to 
heavy truck traffic. Thus, small movements 
of the station must be considered. Rotatable 
bases such as CS2 are not recommended be- 
cause the "fixed camera position" consid- 
ered in the computation cannot be main- 
tained in practice. 

These disadvantages of the system have 
been partially corrected by modifying the 
camera mounts and numerically checking by 
placing photogrammetrically determined 
control targets on solid bedrock above the 
wall. These targets serve a dual purpose; to 
check the camera position and to give infor- 
mation about the accuracy achieved. (The 

FIG. 3. Construction site. 
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locations of these targets are shown in Fig- 
ure 2 as C. P. 884, 992, and 993.) 

Targets were placed on the gabion wall 
and their XYZ coordinates were determined 
at each monitoring time. An array of targets 
shown by Figure 4 are located near the in- 
clinometer station. The details of the targets 
are shown by Figure 5. 

The methods of data acquisition and re- 
finement are given in Sun (1976), Veress et 
u1. (1977), and Veress and Sun (1978). The 
data processing has been made routine by 
util izing two computer programs. T h e  
~hoto-coordinates.  measured on a com- 
parator (the APIC analytical plotter at the 
University of Washington), were the input 
for the first program. An affine transforma- 
tion was performed in order to provide pic- 
ture coordinates, correction for autocollima- 
tion point, the orientation matrix, and finally 
the XYZ coordinates of target points. 

The second program tabulates the results 
accumulated for each control point begin- 
ning at "zero" date (at the start of monitor- 
ing). Table 1 represents the output of the 
first and second program. In Table 1 the X 
axis coincides with the longitudinal axis of 
the wall while the Y axis is vertical. The Z 
axis is perpendicular to the wall; thus, it rep- 
resents the structural deflection. 

The time required for data acquisition is 
about 50 minutes. About five hours are re- 
quired from the co~nparator measurement to 
obtain the final results. The ~hotographic 
developing and processing time depends 
upon the priority of work as well as prepara- 
tion of fresh chemicals, etc. It can be con- 
c luded  that  this is a rapid monitoring 
method, realizing that the above time was 
required for 100 target points. 

It may further be mentioned that photo- 

FIG. 4. Array of targets. 

FIG. 5. Details of the target. 

grammetric methods have the following ad- 
vantages : 

Independence from the structure. 
Three-dimensional information. 
Independence from most photogrammetric 
systematic errors because the camera al- 
ways occupies the same position. 
Enconomically, it only requires two men 
to operate the whole system. The economy 
of the method cannot be simply measured 
by man-hours because the general prepa- 
ration and data processing is nearly the 
same for either small or large projects. The 
photogrammetric method is a mass pro- 
duction system and, therefore, most eco- 
nomical for a large project monitoring a 
large number of points. For small projects 
it should not be considered. 
Finally, it must be remembered that it pro- 
vides information only about the surface of 
the structure. 

INCLINOMETER METHOD 

An inclinometer casing was installed by 
the Washington State Department of Trans- 
portation at two locations in the gabion wall. 
These locations were chosen considering 
the normal height with the most uniform 
backfill conditions for all  internal in- 
strumentation. Both of these locations have 
photogrammetric targets on their surfaces 
(the 40 and 60 series). This provides the 
basis for comparison between external and 
internal monitoring. The photograph on 
Figure 6 shows the installation of the two 
inclinometer casings during construction. 

A detailed description of the inclinometer 
method is given in Sinco, Slope Indicator 
Company (no date). Therefore, only a brief 
description has been given here to highlight 
the principle and show the data acquisition 
of an internal monitoring system. The in- 
clinometer system consists of four units: the 
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TABLE 1. OUTPUTS OF THE FIRST A N D  SECOND PROGRAM 
- - - -- 

SPACE INTERSECTION RESULTS USING THREE CAMERAS 
X Y z 

POINT 1 7 JUL 992 1429.626000 1029.340000 1647.646000 
POINT 2 7 JUL 993 1495.512000 1026.655000 1660.281000 
POINT 3 7 JUL 884 1432.491000 1096.625000 1762.655000 
POINT 4 7 JUL 016 1443.156166 1003.824057 1601.781974 
POINT 5 7 JUL 04 1 1458.089886 1004.487404 1605.135452 
POINT 6 7 JUL 042 1458.053012 1002.609374 1604.716275 

GABION WALL MONITORING RESULTS USING ARTIFICIAL TARGETS 
DATE POINT X(m) DX(cm) Y(m) DY(cm) Z(m) DZ(cm) CAMERAS 

7 SEP 
12 OCT 
18 OCT 
27 OCT 
3 NOV 

23 NOV 
1 DEC 

28 JAN 
12 APR 
26 MAY 
10 JUN 
6 OCT 

25 APR 
7 JUL 

moveable borehole sensor; the portable, 
digital indicator; the interconnecting elec- 
trical cable; and the inclinometer guide 
casing installed permanently in the structure 
to be surveyed. 

The inclinometer has the capability of 
measuring the deflection of the casing with 
an accuracy of 22.5 mm per 10 m of casing. 
The casing, considered to be fixed, is per- 
manently imbedded in the foundation of the 
structure and as such has no horizontal 
movement. The inclinometer casing follows 
only the movement of the body of the struc- 

ture. The inclinometer casing is circular in 
cross section and has two pairs of grooves 
located perpendicular to each other as 
shown in Figure 7. A pair of these grooves or 
guides is located in such a manner that it is 
perpendicular to the face of the structure. 
Thus, the inclinometer measures the deflec- 
tion of the structure (corresponding to Z di- 
rection of the photogrammetric method). 
The second pair of guides is oriented in the 
longitudinal direction of the structure. This 
is the longitudinal direction of the gabion 
wall and it corresponds to the X direction of 

FIG. 6. Installation of inclinometer. 

Elec t r ica l  Cable 

2 f t  Mark& i 
Bore Sensor 

Side View CPOSI Sectional V ie*  

FIG. 7. Outline of the inclinometer. 
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the photogrammetric method. The move- 
ment in the Y direction (settlement) is mon- 
itored by measuring the length of the casing. 

Inclinometer measurements are obtained 
by lowering the sensor, which is supported 
by the electrical cable, into the casing. 
Alignment of the probe is maintained by the 
wheels of the sensor traveling in the casing 
grooves. The cable is marked at one-foot 
intervals so that the position of the sensor 
can be measured in reference to the top of 
the casing (Figure 7). 

In general, the data are acquired by low- 
ering the sensor to the bottom of the casing, 
then withdrawing the sensor and taking 
measurements at convenient intervals. The 
distance between the wheels on the probe is 
two feet (the most common interval used). 
After taking slope readings at two-foot inter- 
vals from the bottom of the casing to the top, 
the sensor is rotated 180" and reinserted so 
that a second set of readings can be taken at 
the same position in the casing but in oppo- 
site directions. This doubling process helps 
eliminate or minimize errors contributed by 
casing irregularities, depth measurements, 
and sensor alignment geometry. Each read- 
ing gives the slope of the casing over the 
two-foot length measured in terms of2 Sin Bi, 
where Bi is the angle between the axis of the 
sensor and true vertical (Figure 8). 

The casing inclination may be computed 
using the algebraic "difference" between 
two readings at the same depth in opposite 
grooves, i.e., 

difference 
@(degrees) = sin-' ( 4 x 10' 1 

Note: The system reads to 0.0001; how- 

I 
0 : 
Y 

A z l  
B o t t o m  

ever, in recording the data the value is mul- 
tiplied by lo4; thus, there is a lo4 correction. 

The lateral deflection of the casing over 
each unique two-foot segment measured can 
be computed as follows: 

Deflection 
(inches) = AZi = 24 sin O 

difference , 

or AZi = 2 4 (  1 7  

thus, AZi = 6 x (difference). 

The deflection Zi  at point i is given then as 

In this way, each time measurements are 
performed, the Zi  component for every i 
point can be computed. By subtracting the 
first reading, Z,, ,  the movement is deter- 
mined as 

where the suffix, t ,  corresponds to the time. 
The measurements were performed and 
compared to Zoi, which is the first measure- 
ment of the casing. 

A sample readout with appropriate calcula- 
tions is shown in Figure 9. 

EVALUATION AND COMPARISON OF RESULTS 

The gabion wall was photographed eleven 
times, which generated 3,300 measurements 
when considering the three coordinates of 
each of the hundred targets. This large 
amount of data is accompanied by mea- 
surements by the inclinometer (for an exam- 
ple, see Table 2). The construction engineer, 
therefore, must face the problem of finding a 
proper basis for the evaluation and compari- 
son of the accuracies ofthese data. First, the 
measure of accuracies must be established. 

There are several ways to solve this prob- 
lem. One is to compare the coordinates of 
photogrammetrically established control 
points obtained at various times. Compute 
the standard errors from the deviations, as- 
suming the control point fixed, and regard 
this as the measure of accuracy of the photo- 
grammetric system. If one  follows this 
method, it will be found that the standard 
errors of the coordinates are 

(uu represents a standard error in a settle- 
ment measurement and a, is the error in a FIG. 8. Inclinometer principle. 



PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING, 1980 

HE SLOPE INDICATOR CO. OBSERVATION WELL 
F I E L D  SHEET 

SLOPE INDICATOR DATA SHEET OF 

GABION WALL 

STA 1 6 0  t 40 

ATE 1 0 / 2 0 / 7 6  INSTR. R E A D U C A L C .  CHKD. 

DEPTH I OIFF.  I SF ; ANE 1 D I F F .  1 CHANGE 1 D I F F .  1 SWA7 - BNE / OIFF.  I CHANGE 1 

FIG. 9. A sample readout with appropriate calculations. 

deflection measurement from a structural 
point of view.) 

The question immediately arises: Is this 
evaluation based on too few points (only 
three in this case)? Can it correctly represent 
the accuracy of the system? The answer be- 
comes further dubious if one realizes that 
these points are located hundreds of feet be- 
hind the gabion wall and the accuracy of the 
photogrammetric method decreases with 
distance. 

Another form of this evaluation is to com- 
pute the standard errors of the coordinates of 
the targets each time they are determined. 
Use these standard errors and compute the 
standard errors of the coordinate differences 
(settlement, deflection, and longitudinal 
motion). This standard error represents the 
accuracy of the system. This is more accept- 
able from a theoretical point of view, but it 
adds an additional 3300 measurements to be 

evaluated by the construction engineer. This 
method now is under study. 

Another method is to compare accuracies 
of photogrammetric and inclinometer mea- 
surements simultaneously by best-fitting 
curve. Ten artificial targets were selected on 
the surface of the wall. The evenly distrib- 
uted targets were representative of the total 
wall surface. The differences between data 
obtained at various times of measurement 
were computed and a best fitting curve was 
obtained. The deviations represent photo- 
grammetric accuracy (Veress et al.,  1977). 

Deviations from the best fitting curve and 
estimated accuracy with this method are 

The same procedure can be used for in- 
clinometer measurements. If the corre- 
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sponding standard errors are computed, then 
the results of inclinometer measurements 
are 

These standard errors indicate that a reliable 
comparison can be made. A graphical illus- 
tration of these data comparisons is shown 
by Figure 10 where the best fitting lines ob- 
t a ined  by  photogrammetry and  by in-  
clinometer are shown in the Z direction as a 
function of time. For this illustration, three 
points were selected. Point No. 44 is close to 
the foundation of the wall, as shown in Fig- 
ure 10a for which the best results have been 
obtained. The maximum difference between 
the photogrammetric and inclinometer de- 
flection is only 5.0 mm. 

Figure lob  shows a comparison at another 
part of the wall. The maximum difference 
here is 7.5 mm, which is about average. 

Figure 10c indicates the worst result, at 
point No. 41, which is located near the top of 
the 54-foot high wall. The maximum differ- 
ence here is 21 mm. 

It  is of further interest to note that, during 
the monitoring of the wall, negative X (in the 
direction of the slope) motion was indicated 

bz(c.1 b Poin t  No. 44 

d .  
~ ? & h * * * ~ - a - - -  - - 7  P 

(c) 
FIG. 10. Comparison of photogrammetric 
and inclinometer deflections. 

by the photogrammetric method and later 
confirmed by inclinometer measurements. 
During photography, the elapsed time be- 
tween the first and last photograph was 
about 45 to 50 minutes. The temperature 
change during this period, in some cases, 
was as much as 5" C (9" F). Therefore, this 
systematic "motion" was first considered as 
being caused by lateral atmospheric refrac- 
tion. However, when it was compared to the 
daily temperature, a very poor correlation 
was found. On the other hand, when it was 
compared to the average temperature of a 
ten-day period previous to the monitoring 
time, the correlation was better in the X and 
Y direction (longitudinal motion and settle- 
ment) and there was no correlation in the Z 
direction. 

Figure l l a  shows the combined photo- 
grammetric, inclinometer, and temperature 
variation as a function of time. Figure l l b  
shows the settling and the temperature vari- 
ations as a function of time. This would indi- 
cate that the combined methods register the 
thermostatic expansion of the wall. The re- 
sult is far too short to arrive at a meaningful 
conclusion other than a graphical illustra- 
tion. It is indicated that this problem should 
be examined further to arrive at a quantita- 
tive solution to this question. 

This study indicates that the combination 
of the two systems, i.e., the external and 

AX(C.I 
A A Temp. I'F) 

, ... 50 

__-. ' 40 

(b) 
FIG. 11. Temperature effect for point 41. 
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internal monitoring systems, would be an 
ideal tool to monitor large structures. 

The comparison and simultaneous evalu- 
ation of the internal and external monitoring 
systems can be based effectively on an ap- 
proximate but practical concept. This con- 
cept consists in using a best fitting curve and 
determining the deviations of points from 
that curve. 

The combination of the two systems ap- 
pears to provide a very effective research 
tool, particularly when the effect of addi- 
tional variables, such as the temperature ef- 
fect on a flexible structure, is investigated. 

The disadvantage of this combined system 
is that it is employable only for new struc- 
tures while the old ones should be moni- 
tored by surface methods. 

The opinions, findings, and conclusions 
expressed in this publication are those of the 
authors and are not necessarily those of the 
Washington State Department of Transpor- 
tation. 
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sion; to Dr. M. C. Y. Hou, Research Assistant 
Professor at the University of Washington, 
and to Mr. E. E. Flint and Mr. L. L. Sun, 
who provided invaluable work for this proj- 
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