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2.  CO2 Injection Analog Site at the North Avant Field, Barnsdall, Oklahoma
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state-of-health monitoring. The downhole 
sensing package also includes an open pipe 
through its center for grout circulation during 
single-trip deployments and a fully welded 
stainless steel exterior for robustness and 
longevity. These instruments have a resolution 
of 2x10-13 strain that can easily measure the 
solid earth tides.

Preliminary data are available from four 
strainmeters in shale at our Oklahoma site and 
four in compacted sand and gravel in Utah. 
These are deployed from 40-60m, except one of 
the strainmeters in Oklahoma is deployed at 
500m. The data include strains from the initial 
grout curing, comparisons to predicted earth tide 
models and in-situ calibration results, barometric 
pressure admittances and spectral analyses as 
well as signals from underground injections and 
surface waves from teleseismic events. 
Preliminary analyses indicate behavior 
consistent with other strainmeter deployments, 
and comparison to data from a Gladwin 
strainmeter at the Oklahoma site validate the 
performance of the new design. Analyses from a 
suite of six well tests at the Oklahoma site show 
for the first time how the strain tensor field varies 
with location during well testing.

ABSTRACT
The time evolving strain field contains a 

wealth of information that can be used to 
interpret subsurface behavior. For example, 
injecting or removing fluids from reservoirs or 
aquifers causes deformation that can be used as 
a diagnostic signal in some cases, while it can 
interfere with geodetic interpretations in other 
cases. We've previously demonstrated the 
feasibility of measuring the strain tensor at a 
depth of 30m caused by injection into a reservoir 
at 530m. The observed strain signals were 
interpreted using four independent analytic and 
numerical methods that resulted in estimates of 
the poroelastic properties and geometry of the 
reservoir that was consistent with data from well 
logs. However, studies like these are only 
possible if these deformations can be reliably 
measured.

Years of lab and field work has culminated in 
the development of a novel borehole strainmeter 
capable of resolving multiple components of 
strain using embedded optical fibers configured 
as Michelson interferometers. It features four 
horizontal gauges separated by 45° to resolve 
the horizontal strain tensor as well as a vertical 
strain gauge and a sixth null component for 
statewide
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1.  Elliptical Ring Tensor Optical Fiber Strainmeter
The optical fiber tensor strainmeter developed at Clemson University is now 
available commercially as the Tensor Sensor™ through our new venture Tensora, 
Inc.  It features four stacked horizontal strain gauges, a dedicated vertical strain 
gauge and a standalone reference.  It can be deployed wire, pipe or casing.

3.  Frontier Observatory for Research in Geothermal Energy (FORGE) Facility, Milford, Utah

This material is based upon work supported by the U.S. Department of Energy (DOE) National Energy Technology Laboratory (NETL) 
under Grant Number DE-FE0028292.  This project is managed and administered by the Sequestration Division and funded by DOE/NETL 
and cost-sharing partners.  This report was prepared as an account of work sponsored by an agency of the United States Government.  
Neither the United States Government nor any agency thereof, nor any or their employees, makes any warranty, expressed or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights.  References herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any agency thereof.  The views and opinions of the authors expressed 
herein do not necessarily state or reflect those of the United States Government or any agency thereof.
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4.  Conclusions
Two arrays of novel tensor optical fiber strainmeter were 
successfully deployed in Oklahoma and Utah
● Able to clearly measure tides, teleseisms and directional 

strains from subsurface fluid injections in Oklahoma
● Barely able to resolve the tides, but clear teleseisms in Utah
● Don’t grout strainmeters into gravel

AVN22 @ 42.6 m depth

AVN31 @ 524.2 m depth

AVN32 @ 42.6 m depth

AVN87 @ 42.6 m depth

We deployed an array of four new Tensor Sensors™ in March of 2022 at our Oklahoma demonstration site and successfully monitored water injections into a 
nearby well 9A as an analog to geologic carbon storage.  This built on our existing infrastructure that includes a Gladwin Tensor Strainmeter at well AVN2.  
Three were deployed at ~40m in new wells, and one was deployed at reservoir depth (~530m) in an existing well drilled over 100 years ago (AVN31).

Pr
es

su
re

 (p
si

) 

Time (days of 2022) 

0 

50 

100 

150 

200 

250 

300

Injection Rate (bbl/day) 

220 240
0 

200 

400 

600 

800 

1000 

1200 

1400Well 9A Injection Pressure
Well 9A Injection Rate

St
ra

in
 (n

m
/m

)

50 

100 

150 

200 

250 

300 

350
AVN2 EW Strain
AVN22 EW Strain
Difference

St
ra

in
 (n

m
/m

)

100  

200  

300  

400  

500
AVN2 NS Strain
AVN22 NS Strain
Difference

260 280 300 320

FS01 @ 60.4 m depth

FS02 @ 60.4 m depth FS04 @ 60.4 m depth

FS03 @ 60.4 m depth

In February and October of 2022 we deployed an array of four new Tensor Sensors™ at the FORGE 
research facility to monitor strain changes from enhanced geothermal well operations.  While the 
installations were successful, poor formation stability has prevented the detection of EGS signals.
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