
• Objectives:  Accurately measure Dam Behavior 

• Solution:     Jewell Instruments Tiltmeters

• Bene昀椀ts:     High-precision and exceptional repeatability

• Results:     Reliable and precise measurements

Dam Monitoring 

with Tiltmeters

What is a Tiltmeter?

Jewell Instrument tiltmeters are simple yet precise 

instruments that function using a trapped air bubble 

inside a glass or ceramic vial (Figure 1). The vial 

also contains electrodes and conductive 昀氀uids. As 
the sensor tilts, the bubble moves and changes the 

昀氀uid-electrode contact area, therefore changing the 

resistance to the 昀氀ow of current between the elec-

trodes. By measuring this change with an electrical 

resistance bridge, the change in angular movement 

can be determined with unparalleled sensitivity and 

precision.
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Figure 1 – Sensor in electrolytic tiltmeter behaves as a variable resistor
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Measuring Movement
A tiltmeter is an instrument that measures rotation of the 

structural element to which it is attached. For gravity and most 

buttress dams, tilt measurements provide a way to monitor 

stability against overturning and differential foundation settle-

ment. Tilt can be expected to be a function of reservoir level 

and uplift pressure. However, for arch dams, tilt is primarily a 

function of temperature. In either case, tilt should be repeat-

able from season to season. Any trend toward increasing tilt 

indicates some form of foundation instability.

Gravity Dams

The fundamental design assumption of gravity 

dams is resistance to reservoir load by self-weight. 

The most direct measure to verify this assumption 

is periodic surveys of crest monuments. The most 

common movement measured in this way is trans-

verse de昀氀ection. Tiltmeters provide a method of 
measuring the rotation associated with dam crest 

de昀氀ection with extremely high resolution. Converting 
the rotation measured by the tiltmeters to displace-

ment requires integration of the angular measure-

ments over some 昀椀nite length. A rigid structure 
allows for a fairly simple model for calculating dis-

placements. For this purpose, the foundation is as-

sumed to be a 昀椀xed point, and the dam is assumed 
to be rigid (See Figure 2). Displacement is then 

calculated by assuming the rotation, θ, measured by 
the tiltmeter is occurring over the entire section. Dis-

placement (d) is therefore calculated as d=(H)(sinθ), 
where θ is the angle measured with the mid-span tilt-
meter, and H is the height of the dam. Tiltmeters used 

for this purpose have a resolution of better than 1 

microradian. For reference, this is equivalent to better 

than 1mm of displacement over a kilometer.

This model will provide accurate measurements of 

dam crest de昀氀ection if the dam behaves as a rigid 
body, i.e. it does not deform. Deformation of the dam 

due to reservoir 昀椀lling or expansion and contraction 
will reduce the overall accuracy of the tiltmeter de-

rived crest displacements.

Figure 2 – Simple model of gravity dam crest movement using single tiltmeter in vertical section.
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Arch Dams
Tiltmeters are generally used to measure deformation of 

arch dams by installing an array of tiltmeters in a vertical 

section. In this manner the displacement can be determined 

at different elevations along a vertical line in a manner analo-

gous to plumbline measurements (see Figure 3).

Measuring Behavior
Because of their ease of installation, high resolution, and 

long-term stability, tiltmeters provide a valuable tool for mea-

suring long-term behavior of dams. Tiltmeters that are 昀椀xed 
to a structure and monitored over a period of time are used 

to establish the “normal” or “baseline” pattern of behavior. 

This baseline is then compared to subsequent measurements 

over the long-term to provide an early warning of abnormal 

behavior.

De昀椀ning Normal Behavior
All dams are continuously moving in response to the 

forces acting on them. These forces are primarily tem-

perature, gravity (lunar or tidal forces) and the force 

of water. The plot below shows 365 days of data from 

three tiltmeters located in the gallery of a thin-arch 

concrete dam (Figure 5). The bottom plot shows rotation 

in microradians (17453 microradians = 1 degree) versus 

time in days. The upper plot shows the temperature of 

each tiltmeter over the same time period. The tiltmeters 

are Jewell  Model 711 with a gain of 1 microradian per 

millivolt (low gain setting). 

The sinusoidal form of the plot is due to the seasonal 

expansion and contraction of the dam. The amplitude of 

measured rotation is directly proportional to the location 

of the tiltmeter in the dam.

The data also shows a smaller amplitude sinusoidal 

waveform. Figure 6 shows an expanded view of the zoom 

window indicated in Figure 5. This is the diurnal (daily) 

expansion and contraction of the dam due to temperature. 

The amplitude of the daily rotation is about 5 microradians. 

This is equivalent to 0.05 millimeters over a distance of 10 

meters. These are very small movements indeed! 

A high resolution tiltmeter connected to any structure will 

show similar behavior. In the case of the arch dam being 

monitored, the two plots in Figure 6 represent the normal 

baseline behavior for the dam. One of the key indicators 

that this is normal behavior is the yearly cycle ends close to 

where it began. This means that the dam is performing as 

expected.

Figure 3 – Multiple tiltmeters in vertical line used to measure dam 

deformation

Figure 5 – Continuous record of three tiltmeters in a dam gallery. The Zoom 

Window shown in Figure 6.

Figure 6 – Zooming in on the data shows diurnal (daily) movement due to expan-

sion and contraction.
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Suggestions For Monitoring
For best performance, the tiltmeters should be con-

nected to an automated data acquisition system with a 

sampling rate of 4 times per day. This will reveal the daily 

movement of the dam, and remove the effect of aliasing. 

Accuracy and ef昀椀ciency is improved in several important 
ways because continuous sampling: 

•Avoids erroneous conclusions caused by data aliasing 

•Eliminates human reading errors

•Makes it practical to instrument remote sites

•Permits readings to be obtained in adverse weather 24 

   hours per day

•Generates an immediate warning when excessive 

   movements occur

Continuous monitoring means that rates and directions 

of movement can be determined quickly, and changes can 

be detected and assessed rapidly. Precise timing of events 

makes it possible to correlate ground behavior with exter-

nal factors such as rainfall, reservoir level, temperature, 

earthquakes, and earthwork or repairs. 

If manual readings are being taken, the following proce-

dure will help improve accuracy: 

•Take the readings at the same time of day each time 

•Take the readings in a manner so as to cause as little 

   disturbance as possible to the tiltmeter. In other words, 

   do not touch the tiltmeter, and stand as far away as 

   practically possible when taking the readings. 

•Wait approximately three minutes to record the tiltme-

   ter reading. This will allow the tiltmeter to “warm-up” 

   and equilibrate with its surroundings.

Data Aliasing

About Jewell Instruments
Jewell Instruments is a world leader in the design, 

manufacture, and distribution of high-precision 

products. Our expertise includes acceleration and tilt 

sensors, electronic compasses, avionics components, 

solenoids, and panel meters. The extensive applica-

tion knowledge we have obtained through decades of 

experience allows us to provide custom solutions for a 

diverse group of industries. In fact, customers from all 

over the globe contact us for solutions to aerospace, 

medical, industrial, and telecommunications applica-

tions - to name a few.

To 昀椀nd out more, visit our website!

Anyone who embarks on a program of long term monitor-

ing of a dam or any other structure must understand some 

basic principles of data acquisition and signal processing. 

The tiltmeter data shown in Figures 5 and 6 is continuous-

ly recorded at a frequency of once every six hours. This 

sampling frequency is suf昀椀cient to capture the frequency 
of the dam’s daily movement (Figure 7). The frequency of 

daily movement is of course one cycle per day. The lowest 

sampling rate you can use and still obtain the wave’s true 

frequency is twice a day. Lower sampling frequencies result 

in “aliasing”. Aliased data is a false signal resulting from 

insuf昀椀cient sampling rate. When a waveform such as that 
in Figure 7 is sampled at frequencies lower than twice 

per day, it can lead to incorrect conclusions. The resulting 

time series may look noisy, or describe an incorrect trend 

(Figure 8).
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Figure 7 – Sampling frequency of four times 
per day is suf昀椀cient to de昀椀ne diurnal behavior.

Figure 8 – Aliasing results in a false signal that 
may lead to the wrong conclusions.
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