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ABSTRACT: Structural Health Monitoring (SHM) and prognosis serves numerous functions and remain vital components over 
the entire life cycle of a large dam or such other critical infrastructure. The instrumented health monitoring provides insight into 
the behaviour of a structure, assisting in numerical model calibration and complements to visual inspection. Further, the monitoring 
process aids in informed decision-making, planning for maintenance and rehabilitation schedules, to upkeep a structure effectively 
throughout its physical life while assuring the desired safety. A fundamental part of this process is the scientific selection of 
dependable, efficient instrumentation, strategically placed on the structure; similarly, data collecting, conditioning, processing, 
and interpretation are another key aspect of this process. Any instrumentation program's scope and attached objective vary with 
the type of structure, selected set of measurands, and measurement frequency. The instruments deployed in case of any large dam 
can be broadly categorized as hydro-metrological, geotechnical, geodetic, and seismic. This paper presents a case study of an arch 
dam which is currently undergoing slow irreversible upstream movement of the central dam crest. The study focuses on the 
following aspects (i) typical instrumentation used, (ii) collection of data for targeted measurands (stress, displacement, crack 
growth), (iii) data conditioning (missing data, erroneous entry) (iv) interpretation of the conditioned data (v) finally cross-
validation of data interpretation with similar structures operating in a comparable environment. The study infers from the 
pendulum and crest collimation data that there is a slow irreversible deflection in progress.  
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1 INTRODOUCTION 
Civil infrastructures such as large dams, which need significant 
investment, are the backbone of every economy. Unfortunately, 
like any other infrastructure, they deteriorate, sometime 
uncontrollably, owing primarily to physical aging, 
inappropriate operation, and no or minimal maintenance. The 
large dams are associated with specific risk to downstream 
communities, property, and the environment during extreme 
natural events like earthquakes and unprecedented floods. 
These mega structures are expected to withstand these extreme 
events without unacceptable damage. Appropriate assessment 
of dams to such hazards is extremely important. Analytical 
procedure for assessing the vulnerability of such structures to 
extreme event such as earthquakes could be quite challenging 
[1]. In this aspect, continuous structural health monitoring and 
prognosis are vital to assess the behavior during routine 
operation, long-term degradation due to ageing and short-term 
impacts due to natural disasters [2]. SHM is a complementary 
approach to visual inspection, which provides a relatively 
precise real-time information about the condition of the 
structures. It also allows identifying the system properties such 
as vibration characteristics and damping of the system. Figure 
1 shows the key inputs to the dam safety evaluation process, 
where the outcome facilitates informed decision-making, 
maintenance scheduling, and timely rehabilitation to maintain 
structures efficiently to ensure the desired safety [3].  

 

 
Figure 1. Key inputs for Dam Safety evaluation 

 
The arch dam in this case study is a double curvature large thin 
arch dam constructed in 1974. It features both horizontal and 
vertical arches. The dam is asymmetrically shaped with a total 
24 blocks including 10 monoliths (even numbered) on right 
side and another 14 monoliths (odd numbered) on the left. The 
height of dam at its central cantilever is 168.91 m, length of 
dam its crest is 365.76 m. The width of dam at crest is 7.62 m 
while its width at deepest foundation level is 19.81 m. The dam 
has three galleries located at depths of 35.05 m, 96.01 m, and 
227.07 m from the crest elevation [4]. The first Impoundment 
to full reservoir level was done in 1981. The said dam suffered 
a continuous upstream crest displacement which started in 
1982, along with signs of minor distress. The central dam crest 
of the case study dam has been slowly and irreversibly moving 
upstream. The dam's annual average upstream displacement 
rate is 1.30 mm, which is averaged over 32 years. Further, 
pendulum data shows that the most considerable movement 
occurred between 2013 and 2014, reaching 41.7 mm. However, 
after accounting for pendulums’ late baseline readings, the real 
upstream movement of the dam is expected to be slightly lower 
than that observed during the study period. Similarly, the 

Dam Safety 
evaluation

Instrumentaion 
observation

Numerical 
model

Material 
investigation

Visual 
inspection

Behaviour of 
similar 

structure

Displacement monitoring of an Instrumented Arch dam and related data 
Interpretation 

Bikram Kesharee Patra1, and Ashutosh Bagchi2 

1 2Building Civil and Environmental Engineering Department, Gina Cody School of Engineering and Computer Science, 
Concordia University, Montreal, Quebec, Canada, H3G 1M8  

Email : bikramkesharee.patra@mail.concordia.ca, ashutosh.bagchi@concordia.ca 
 



Paper ID SHMII-11_T10-17, Patra 

2 
 

central upper reach exhibits an irreversible upheaval, with a 
maximum vertical movement of 22 mm and annual average of 
1.16 mm, which is averaged over 19 years [5]. The cross section 
of central block and block layout of the dam is shown in Figure 
2 (a) and (b) respectively.   

 
(a) cross section central block 

 
(b) block layout of dam 

Figure 2. Geomotrical configuration block  
 

 

2 INSTRUMENTATION DETAILS AND INITIAL 
MEASUREMENT 

The case study structure is well equipped with geotechnical, 
geodetic, and seismic instruments organized into 18 groups to 
measure displacements, temperature, seepage, and seismic 
disturbances impacting the arch dam. Although observation 
data related to other measurands are available, the scope of the 
study is focused to interpretation of pendulum, and collimation 
data to assess the dam displacement. The dam displacement is 
measured using a set of six pendulums, five normal and one 
inverted, which are in blocks 1, 7, and 8. Further, as a parallel 
measurement a geodetic network comprising three crest 
collimation stations and five triangulation monuments to 
regulate 26 geodetic targets were also installed.  The pendulum 
readings of three dam blocks, i.e., 1, 7, and 8, had shown 
downstream displacement of the dam crest since the earliest 
readings (1975 and 1978) and up until 1982. The initial dam 
impoundment was completed in 1982, and subsequent readings 
showed that the dam’s deflection trend had reversed. The two 
sets of instruments, namely the pendulums installed at Blocks 
1, 7, and 8 and the collimation system installed on the dam 
crest, helped determine the trend of the dam’s deflections. The 
time and corresponding reservoir water levels (RWL) at which 
the instruments were initialized to zero (initial pendulum, 
collimation measurements) are shown in Table 1. 

 

 
Table 1. Dates on which the instruments were initialized [4,5] 

 

Block # Installation 
year 

RWL % Maximum 
Reservoir level 

Block 8 August, 
1975 

2254 
feet 

71% of max 
hydraulic head 

Block 1 January, 
1978 

2356 
feet 

89.6% of max 
hydraulic head 

Block 7 June, 1975  2254 
feet 

84.5% of max 
hydraulic head 

Collimation April,1977  2327 
feet 

84.5% of max 
hydraulic head 

% of hydraulic head is calculated with respective 
reservoir level 168.91m 

 

3 INTERPRETATION OF INSTRUMENTATION DATA 
The readings of pendulums and collimation benchmarks 
obtained thus far were used to evaluate the dam's horizontal 
deflections. It was found that the data from the two 
instrumentation systems were quite consistent with each other 
in their magnitudes and patterns. Accordingly, the deflections 
of cantilevers 1,7 and 8 were analyzed. The maximum values 
of those were found for crest elevation and were all towards the 
upstream direction from the dam axis.  Figures 3 through 5 
illustrate the maximum crest deflection along the crest axes 
with data from pendulum and colimation respectively. The 
summary of observation from the instrumentation data for 
Block 1 (168.9 m), Block 7 (119.08 m) and Block 8 (144.44 m) 
averaged over 32 years for pendulum, 19 years for Collimation are 
shown in Table 2. 
 

 
Table 2. Comparison between the pendulum and collimation 
data [4,5] 

 
Pendulum Monitoring  

(2013-14) 
Collimation Monitoring  

(2013-14) 
Max 
(U/S) 

deflection 
of crest 
(mm) 

Mean 
displacement 

Max 
U/S 

deflection 
of crest 
(mm) 

Average 

Annual 
mean 
(mm) 

per m 
of 

height 
(mm) 

Annual 
mean 
(mm) 

per m 
of 

height 
(mm) 

-41.5 1.30 0.246 -26.0 0.81 0.154 
-41.7 1.30 0.350 -22.5 0.70 0.189 

-30.3 0.95 0.265 -13.3 0.42 0.116 
 

 
      
Figure 3. Crest displacement Block1, 7 and 8 (Pendulum) 
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Figure 4. Crest displacement block 1, 7 and 8 (Colimation) 
 
 

 
 

Figure 5. Maximum crest displacement block 1-7 and 8 
(Pendulum) 

 
The case study dam upper cantilevers elevation upheaval is 

an expected deformation process. The arch dam cantilevers 
particularly the central ones tending to de‐convolve under 
hydrostatic loads, cause the crest to up‐heave. The upheaval 
deformation consists of its reversible and irreversible 
deformation. The deformation as precision level method shown 
in Figure 6. 

 

 
 

Figure 6. Dam crest upheaving by precsion level method 
 

4 COMPARATIVE BEHAVIOUR PATTERNS OF ARCH 
DAM 

Literature studies carried out as part of the study has indicated 
that many other cases of arch dam have similar behavior like 

case study dam, listed Table 3 [6-9].   Although the referred 
dams are not fully comparable structures, and are of different 
ages, the ratio of their stress and deformation outputs indicates 
the case study being still within safety margin.  Also, a non-
uniform distribution of vertical expansion across the wall 
thickness is known to produce horizontal cracks, in some cases. 
However, it was possible to conclude that the presence of a 
crack is acceptable [10]. 

 
Table 3. Observed behavior of different arch dams  

 

Name of dam Karun-1 Zillergründl Roode 
Elsberg Kölnbrein 

Location Iran Austria South 
Africa Austria 

Construction year 1976 1986 1969 1977 

Length at crest  
in m 372 502 274 626 

Height from 
foundation  

in m 
200 186 72 200 

Ratio length to height 1.86 2.69 3.80 3.13 

Thickness at crest  
in m 6 6 2.6 7.6 

Thickness at Base  
in m 33.5 36 14.92 41 

Ratio Base to Crest 
thickness 5.58 6 5.74 5.39 

U/S crest 
displacement  

in (mm) 
45 38 40 51 

 

5 CONCLUSION 
Hydrostatic pressure causes the dam to fall downstream. When 
the temperature falls below the reference temperature in winter, 
the concrete contracts, causing deflections in the downstream 
direction. When the temperature increases above the reference 
temperature in the summer, the deflection is in the upstream 
direction, which is a usual phenomenon. This constitutes the 
normal behavior of a dam due to seasonal variation of the 
temperature. However, in the present case study dam, an 
unusual behavior is observed, which indicates a slow 
irreversible upstream displacement of the crest and upheaval at 
the central dam crest. The two types of complementary 
instrumentation schemes, i.e., pendulum and collimation, are 
found to be useful and the data from them confirm a consistent 
trend.  Given the dam of the importance of the case study, the 
monitoring system can be further improved to use Global 
Positioning System (GPS) or satellite-based displacement 
monitoring. Further, as a next step based on the inference of 
instrumentation data, and similar corroboration from material 
investigation, a non-linear thermo-structural analysis 
incorporating material creep can be expected. In addition, arch 
dams are susceptible to thermal loading given the thin sections 
compared to a gravity dam section, so coupled thermal-
mechanical analysis can be helpful to forecast the behavior. 
The developed numerical model can be calibrated with the 
instrument observation for accurately forecasting the behavior 
of such structures. Although a data-driven analysis, as 
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presented here, is useful, it is generally limited in terms of 
information about the trend and the potential anomaly in data. 
A detailed, physics-based analysis with a finite element model 
of the structure may be necessary to get a more complete 
picture about the damage state and vulnerability of the 
structure. 
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