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ABSTRACT  

This paper will describe ongoing work to adapt a previously demonstrated method for measuring stress in ceramics to develop a 

borehole deployed in situ stress sensor. The method involves the use of a cementitious material that exhibits a strong piezo-

spectroscopic stress response as a downhole stress gauge. A description of the conceptual approach will be provided along with 

preliminary analysis and proof-of-concept laboratory results.  

1. INTRODUCTION  

A number of approaches for measuring the in situ stress state of rock near boreholes have been developed over the years. These include 

displacement gauges in combination with overcoring, fracture sleeves, and hydraulic fracturing methods in combination with “visual” 

methods, such as imprinting of deformable packers or observation of location of borehole breakouts using imaging tools, to determine 

stress direction (Fairhurst, 2003, Haimson, 1978). Only mechanical stress measurements incorporating displacement gauges or fracture 

sleeves are currently able to measure the complete or horizontal stress states. The former involve the measurement of radial or, in some 

cases, circumferential deformations at different orientations within a borehole following an overcoring operation (Martino, 1997). 

Measured deformations produced by the stress relieving overcoring are typically related to the in situ stress state based on the Kirsch 

solution to a circular hole in an infinite elastic medium. Applying this solution to determination of the in situ stress state requires 

knowledge of the elastic modulus of the rock. Fracture sleeve methods by comparison use diametral displacement measurements to 

determine the onset of failure stresses produced by progressive hydrostatic pressurization until fracture occurs. The tool is effectively an 

instrumented bladder that is deployed within the borehole. This technique is only applicable when the ratio of maximum to minimum 

horizontal stress is in the range of 1.5 – 2 (Charsley, 2003). While the mechanical methods are in principal able to provide 

comprehensive estimates of stress magnitude and directions, they generally involve laborious and sensitive implementation schemes, 

involve mechanically complex devices, and are subject to significant measurement inaccuracies if coupling of the displacement gauge to 

the rock is poor. Overcoring based measurements of in situ stress have historically been limited to depths much less than 1,000 m 

(Ljunggren, 2003). Hydraulic fracturing methods for determining minimum horizontal stress magnitude and orientation are by 

comparison simpler to implement and can be more easily performed at greater depths, but involve interpretation of pressure time 

methods and can only be performed if the borehole is aligned with one of the principal stress axes (Haimson 2003).  

This paper will describe efforts to develop a stress sensor based on the piezospectroscopic response of α-Al2O3 that can potentially be 

used to measure in situ stress. The material being developed is a castable cement that can be deployed downhole to directly measure 

changes in the stress environment. Use of a formable material with direct stress sensing capability, as opposed to a mechanical device 

based on displacement measurement, can potentially simplify deployment complexity, sensitivity and reliability. This material is also 

being developed for use as a sensor for direct measurement of behind casing cement stress. A brief overview of the behavior of the 

material and method by which its stress condition can be measured will first be provided. An envisioned method for deploying it 

downhole to measure in situ stress will then be described. The remainder of the paper will present the progress that has been made 

towards developing a material composition that is suitable for use as a stress sensor along with preliminary experimental results. 

2. PIEZOSPECTROSCOPIC STRESS MEASUREMENT 

It has previously been proven that photo-stimulated luminescence spectroscopy of 𝛼-Al2O3 can be used as a stress sensor in 

cementitious materials (Asmus, 2002). This method has also been successfully used to measure hydrostatic stress in diamond anvil cells 

for more than 50 years. Measurement of the material condition requires stimulation using of the 𝛼-Al2O3 with green or blue laser light 

followed by measurement of its spectroscopic response. α-Al2O3 that naturally contains trace amounts of Cr3+ exhibits two red lines or 

R-lines which occur at ~693 nm. Incident light is absorbed into the blue and green absorption bands, non-radiatively de-excites down to 

the two energy levels corresponding to the R-lines (14430 and 14400 cm-1) and then down to the ground state producing the 

characteristic luminescence. If the unit cell of Al2O3 is distorted, then the energy levels of Cr3+ will shift slightly in response to the 

change in the crystal field. Therefore, a strain will cause the R-lines to shift and this shift is linear up to a few GPa. An example peak 

shift with stress is displayed in Figure 1. Since both the excitation and luminescent light occurs in the visible region of the 

electromagnetic spectrum, standard fiber optic probes can be used to induce and collect the spectra. A single stress measurement can be 

collected in less than 1 second from a region with a diameter as small as ~1 µm which enables mapping of stress across a surface in a 

reasonable amount of time. Only the hydrostatic stress can be measured in polycrystalline alumina. All data was collected using a Dilor 

XY800 Raman Microprobe (Horiba, Edison, NJ) with an Ar+ laser operating at 5145 Å. The incident light was directed on to the sample 

surface using a standard optical microscope or through a fiber optic probe depending on the experiment.   
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Figure 1: Transition energies and peak shift in alpha alumina with stress change 

 

3. POTENTIAL APPLICATION OF STRESS SENSING MATERIAL FOR IN SITU STRESS MEASUREMENT  

The proposed utilization of this material to measure in situ stress involves tailoring a blend of 𝛼-Al2O3 with cement that can be cast 

downhole. One implementation of this material for in situ stress measurement involves using the stress sensing material to perform a 

function similar to a displacement gauge or hard inclusion in a stress relieving overcoring operation. Such operations first involve the 

drilling of a pilot hole at the bottom of the borehole. The following equations can be used to approximate the stress state near the pilot 

hole for the general condition where the principal stresses differ in magnitude (Zoback, 1985). 
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where 𝜎𝑟 is the radial stress, 𝜎𝜃 is the circumferential stress, 𝜏𝑟𝜃 is the shear stress, 𝜎𝐻 is the maximum horizontal principal stress, 𝜎ℎ is 

the minimum horizontal principal stress, R is the borehole radius, r is the distance from the center of the borehole, θ is measured from 

the direction of  𝜎𝐻, and Δ𝑃 is the difference between borehole fluid pressure and formation pressure. 

The hydrostatic stress in this condition is obtained by direct summation of equations (1) and (2) and the vertical stress, 𝜎𝑣, can then by 

shown to equal:  
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When the cement is in a fluid state, it will apply a pressure to the borehole wall corresponding to the Δ𝑃 terms in equations (2) and (3). 

The stress state of the cement plug in the borehole will effectively be hydrostatic even after solidification. Removal of the vertical 

component of pressure will change the stress state in the plug, but the stresses in the horizontal plane should still be roughly equal in 

magnitude. It is also noted that the shape of the borehole and cement cross section is elliptical when  𝜎𝐻 ≠ ⁡𝜎ℎ. 

Following removal of the in situ stress influences by overcoring, the rock core will experience radial and circumferential deformation as 

it relaxes. In the limiting case where the deformation is not resisted by an elastic inclusion, and the rock mass is treated as an isotropic 

elastic material, the radial deformations of the pilot borehole face will vary around the circumference based on the following expression 

𝑢𝑟 =
𝑟

𝐸
[𝜎𝐻 + 𝜎ℎ + 2(1 − 𝜐2(𝜎𝐻 − 𝜎ℎ) cos(2𝜃) − 𝜈𝜎𝑣]      (5) 

where 𝑢𝑟is the radial deformation and ν is the Poisson ratio of the rock. 

In the case where the stress sensing material within the pilot hole acts as a hard inclusion resisting this deformation, stress will be 

transferred to the inclusion and the stress state within the inclusion will vary sinusoidally around the circumference. The analytical 

expressions describing this relationship are complicated and not included in this paper (Kasayapanand, 2008).  

If this material and technique could be practically implemented, core sample measurements could be performed after removal from the 

borehole. Measurements would be performed by cross sectioning of the core followed by piezospectrocscopic evaluation of the 

circumferential variation on the surface of the hard inclusion. A hole would likely have to be drilled in the center of the hard inclusion to 

create a stress concentration and amplify the stress state within the material. One potential advantage of this method would be the 

sectioning and evaluation of cross sections from multiple depths to provide depth based mapping of in situ stress variation. 

4. MATERIAL DEVELOPMENT 

The development of a stress sensing material formulation that is suitable for downhole application is ongoing. The following 

performance criteria have been established to ensure that the material is of practical use as a stress sensor: 1) the R1 and R2 peak 

positions in the material for a uniform stress state should be as consistent as possible within the 𝛼-Al2O3 and cement mixture in order to 
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accurately measure stress variation within the sensing material when loaded; 2) the transfer of stress between the cement matrix and 𝛼-

Al2O3 must be adequate to register a response in the 𝛼-Al2O3 and indicate the stress condition of the composite material; 3) the grout 

must be slightly expanding while setting in order to maintain contact and measure the response of the borehole wall; and 4) the intensity 

of the R-lines should be large enough to allow for collection of spectra with a high signal-to-noise ratio in a short amount of time (< 1 

minute). 

4.1 Peak Measurement Requirements 

Spatial consistency of the R line peak values for an equivalent stress state is required if this material is to be used as a stress sensor. For 

isotropic polycrystalline 𝛼-Al2O3 the shift in wavenumber can be related to the hydrostatic stress using the expression  

∆𝜈 = Π𝑖𝑖σℎ      (6) 

where ∆𝜈 is the wavenumber change and Π𝑖𝑖 is the piezospectroscopic (PS) coefficient, usually given in units of cm-1/GPa. For 

reference, the PS coefficient of polycrystalline alumina has been previously determined to be 2.46 cm-1/GPa for the R1 line and 2.50 cm-

1/GPa for the R2 line in tension and compression loading tests (Ma, 1993). More recent work has measured the PS coefficient for 

alumina-epoxy nanocomposites to be between 3.16 cm-1/GPa and 5.63 cm-1/GPa  for the R1 line and between 2.6 cm-1/GPa and 5.08 

cm-1/GPa for the R2 line when the volume fraction of alumina varies between 5% and 38% (Freihofer, 2014).  

These values are presented to illustrate representative ranges of PS coefficients and define practical stress resolution considerations 

based on the spectroscopic measurement resolution. The target spectral resolution for the project is 0.01 cm-1 at 1443 cm-1 which 

corresponds to 1.3 MPa hydrostatic stress for a PS coefficient of 7.62 cm-1/GPa (the PS coefficient for the R2-line of polycrystalline 

alumina). It is therefore necessary that the signal variability of the alumina powders used to make the stress sensing cement be less than 

or close to the spectral resolution metric in order to meet stress resolution goals. A number of commercially available alumina powders 

with different mean particle diameters were obtained and the peak positions at multiple locations in the powders were measured in an 

unstressed state to assess peak position variability. The results for a measurement spot diameter of 1 μm and 1 mm at 50 mW output 

laser power are presented in Tables 1 and 2 respectively. It can be seen that the standard deviation of the 1 μm spot size measurements 

are considerably larger than the target resolution. These variations are likely due to residual stresses, crystal anisotropy, chromium 

content differences or impurities that cause peak position variation at the microscopic level.  

The data for the 1 mm spot size measurements in Table 2 exhibits a considerably lower wavenumber standard deviation. It is believed 

that this occurs because the 1 mm spot size captures a much larger number of particles and, if the particle orientations are random, this 

will produce a more consistent average behavior for the measurement area. This data indicates that a number of the powders are suitable 

for use in the stress sensing material development. The intensity of the measured spectral response in terms of counts per second is 

presented in the last column of the tables. Larger intensity values are preferred because they reduce the measurement time required to 

compile a statistically representative peak shape that can be numerically fitted to locate the positions of the R-lines. There is clearly 

significant variation of this parameter for the different powders.  

It is noted that some heat treatment of powders was performed to determine if residual stresses could be relieved and standard deviation 

of peak positions reduced. There appears to be some improvement in response consistency but more experiments will have to be 

conducted to compile a statistically relevant conclusion. It is also observed that the intensity of signal progressively increased as the heat 

treat temperature approached the sintering temperature of 1400°C. A more in depth investigation that also evaluates chromium 

concentration in the powders will be considered in future work. 

Table 1: Standard deviation and intensities of commercially available alumina powders for 10 μm spot size 
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Table 2: Standard deviation and intensities of commercially available alumina powders for 1 mm spot size 

 

 

4.2 Stress Sensing Cement Preparation 

Test specimens were initially prepared using the following components with weight fractions summarized in Table 3: 

 Ordinary Portland cement (OPC) type I/II from Lafarge (Joppa plant),  

 An expansive mineral additive, KOMPONENT from CTS Cement Manufacturing Corp., 

 A high-range water-reducing admixture, MasterGlenium 7700, from BASF Admixtures Systems 

 A2 𝛼-Al2O3 from Alcoa   

To meet the third performance criterion defined at the beginning of this section, an expansive mineral additive was added to the OPC at 

the level of 15% to counteract the natural shrinkage of the specimen during curing. The dry blend components  ̶  OPC, Komponent and 

alumina  ̶  were weighed and mixed in a rotary mixer (30 rpm).  The grout preparation was made by first mixing the water and water 

reducer followed by addition of increasing amounts of dry blend and mixing well by hand after each addition. The piezospectroscopic 

response of the samples was then measured at different locations but found to be highly variable. Microscopic evaluation of the samples 

revealed that distribution of the alumina was found to be highly inconsistent due to clumping of the alumina particles.  

Table 3: Grout composition for initial specimen blend 

 

New mixing equipment was procured and a new preparation procedure was followed to address the deficiencies found in the initial 

samples. The new procedures and cement formulation were based on conventional oilfield practice. Subsequent test specimens were 

prepared using the following components with varying weight fractions of alumina:  

 API class H (HSR) cement from Lafarge (Joppa plant),  

 An expansive mineral additive, KOMPONENT from CTS Cement Manufacturing Corp., 

 A high-range water-reducing admixture, MasterGlenium 7700, from BASF Admixtures Systems 

 𝛼-Al2O3 nanopowder from US Research Materials with a particle size of  80 nm 

The component weight fractions for a high alumina blend is summarized in Table 4.  
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Table 4: Grout composition for second specimen blend 

 

The dry blend components  ̶  class H cement, Komponent and alumina  ̶  were weighed and mixed in a more efficient V-blender. The 

grout preparation was made by first mixing the water and water reducer.  The dry blend was added progressively and mixed by hand 

with the help of a spindle drink mixer. The high shear mixer was able to fluidify the grout well before the next dry blend addition.  At 

the end of the dry blend addition, the grout was mixed for about 30-45 seconds at high speed in the mixer.  

Length and weight changes for the grout prepared with the A2 alumina were monitored on prismatic specimens 25 mm × 25 mm × 250 

mm. following ASTM C806.  For curing, the specimens were kept in a plastic bag containing a wet piece of tissue to prevent drying. 

Measurements for samples with 2%, 5% and 10% 𝛼-Al2O3 by weight fraction are displayed in Figure 2. Results confirmed that a length 

expansion was obtained for all alumina concentrations up to 42 days of curing. 

     

Figure 2: Weight and length evolution of 2%, 5% and 10% alumina dry weight fraction samples vs. time 

 

4.3 Piezospectroscopic response characterization of samples 

Piezospectroscopic response of the cement mixtures was measured at different locations of the cured test coupons. Preliminary 

measurements indicated that the wavenumber standard deviation was more than an order of magnitude larger than desired for the target 

stress resolution. It was suspected that this variation might be due to localized heating differences produced by the laser stimulation. 

These temperature differences are likely due to local variations in the alumina concentration. A heterogeneous alumina distribution 

combined with a lower thermal conductivity of the cement compared to alumina (~1.8 W/m/K compared to 18 W/m/K) will affect the 

heat conduction rate away from the irradiated surface. This suspicion was confirmed by performing a series of measurements along a 10 

mm line with a 1 mm spot diameter on the cement sample surface at different laser power levels. Figure 3 shows a significant increase 

in the wavenumber standard deviation with increasing laser power for both wet and dry cement samples made from the 80 nm 𝛼-Al2O3 

powders. The standard deviation of the peak position for laser power levels below 100 mW is nearly equal to that of the powder levels 

before mixing. 
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Figure 3: R2 peak position measured for 1 mm spot size at different locations along a 10 mm line segment on dry (left) and wet 

(right) API class H cement sample with 33.3% 80 nm alumina solid volume fraction for different laser power magnitudes 

5. TESTING OF SAMPLES UNDER LOAD 

Uniaxial compression tests of stress sensing cement samples were performed to characterize the piezospectroscopic response as a 

function of loading. Results are shown for two representative samples in Figure 4. The loading curves for both samples indicate that the 

transfer of load from the cement to the alumina did not occur until the yield point of the cement was reached. Both samples displayed 

softening behavior between 30 MPa and 40 MPa as evidenced by drops in the load cell value when displacement was paused to make 

measurements. The unloading curves indicate improved transfer of the load between the cement and the alumina at the lower stress 

levels with the samples on the far left and far right exhibiting a linear response down to approximately 6 MPa and 13 MPa respectively. 

Additional investigation will have to be performed to understand the mechanism of load transfer, but it has been previously shown that 

the presence of voids, inclusions and defects such as microcracks contribute to load transfer in alumina-epoxy nanocomposites (Fugon-

Dessources, 2012). These results are nonetheless encouraging and provide preliminary indication that the alumina response can be used 

to provide a good measure of the stress response of the bulk material. 

       

Figure 4: Peak shift versus applied load for two API class H cement samples with 33.3% 80 nm Alumina solid volume fraction. 

Arrows indicate loading and unloading directions. Middle plot shows alumina stress versus strain during loading for 

sample test on left. 

A laboratory test setup was developed to determine if the stress sensing material could be used as a borehole stress gauge. The test 

simulates the elliptical deformation of the borehole (or relaxation from an initial elliptical shape) that would be expected with 𝜎𝐻 ≠⁡𝜎ℎ. 

A stainless steel pressure vessel (see Figure 5) was used to perform the experiment. The stress sensing cement sample was cast in the 

pressure cell while it was loaded on one face with a hydraulic press pressure of 24.5 MPa, which corresponds to approximately 17.5 

MPa on the face of the block (test setup shown in Figure 6). A Nitrogen gas bottle was used to pressurize the interior of the vessel to 

14.5 MPa while curing in order to simulate the hydrostatic pressure that might exist in a borehole. Following cure, a hole was drilled in 

the sample to produce a stress concentration in the cement. Piezospectroscopic measurements were then made at the points of expected 

minimum and maximum stress as the load was removed to simulate the stress relief that would be experienced in an overcoring 

operation. It is noted that the sample cast in the cell was based on the mixture described in Table 3. As stated in section 4.2, this material 

did not exhibit a consistent piezospectroscopic behavior due to alumina clumping. To account for this inconsistency, measurements at 

successive load levels were performed with the measurement probe fixed on the same point on the sample in order to evaluate the 

relative response of the stress sensing material. 

Measurement point locations on the sample with respect to load orientation are shown in Figure 7. The piezospectroscopic response for 

each of the four points was measured at hydraulic press pressures of 0 MPa, 7 MPa, 14 MPa, 21 MPa and 24.5 MPa. Three separate load 

cycles were measured for each point. The R2 peak position versus hydraulic press pressure for the four points are shown in Figure 8. 

The expected trend in this progressive loading scenario is decreasing peak position, corresponding to an increase in compressive stress, 

for points 1 and 3 (which are perpendicular to the load path) and increasing peak position, corresponding to an increase in tensile stress, 
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for points 2 and 4. Furthermore, the magnitude of the stress change at successive loads for points 1 and 3 should be three times larger 

than that for points 2 and 4 because they are located at the positions of maximum stress concentration. While the stress change trend 

appears to be present for points 1 and 3, it is less consistent for point 2 and is the opposite of what is expected for point 4. The 

magnitudes of the change in peak position are also considerably larger than expected when compared to the estimated stress levels that 

should be imparted to the cement through the pressure cell. For reference, the maximum deformation of the inner wall of the pressure 

cell was estimated to be on the order of 10 μm based on finite element analysis and maximum hydrostatic stress change was estimated to 

be on the order of 2 MPa, as opposed to the measured value of 7 MPa, for points 1 and 3 assuming an elastic modulus of 20 GPa. Also, 

it is known that temperature-induced peak shift on the order of 0.14 cm-1/K occurs so corrections should be made if the temperature 

varies during the experiment (Ma, 1993). Temperature was not measured during this experiment but will be monitored in the future. 

This experiment was also performed before the effect of laser heating on sample response was known. Measurements were made using 

500 mW laser power which was subsequently shown to amplify response differences related to material non-uniformities as described in 

section 4. The results of this test are therefore considered inconclusive and will have to be repeated. 

                       

Figure 5: Pressure cell disassembled (left) and in hydraulic press under load during curing (right) 

                        

Figure 6: Measurements being performed after one week of curing (left) and sample with 19 mm hole drilled in center of core to 

produce stress concentration (right) 

                     

Figure 7: Sample surface (left) and measurement points with respect to applied load (right)  
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Figure 8: R2 peak position vs hydraulic press pressure at different measurement locations for 38.5% by dry weight Alcoa A2 

alumina mixture with Portland cement 

5. CONCLUSION 

Progress in the development of a stress sensing material for downhole applications has been described in detail including a possible 

approach for in situ stress measurement based on the conventional overcoring technique. Control of the 𝛼-Al2O3 behavior in both 

powder and grout form for use as a stress gauge has proven to be challenging, but systematic improvements in material selection and 

preparation techniques have shown that a stress indicating grout can be created using both Portland and API class H based cement 

formulations. The consistency of the piezospectroscopic response of the best performing grout made to date is sufficient for measuring a 

spatially varying hydrostatic stress response of approximately 6 MPa. Further performance improvements will focus on control of 

impurities, chromium content, and the use of heat treatment to remove residual stress and increase signal intensity of the alumina. 

Improved grout preparation procedures will also be developed to better homogenize alumina distribution and mitigate heating variation 

during laser stimulation of the material. 

Pressure cell experiments that simulate the ability of the stress sensing material to measure borehole response in order to infer in situ 

stress conditions have been inconclusive to date, presumably due to material deficiencies and the need to compensate for ambient 

temperature variations. The experimental procedure and material formulation will be adapted to compensate for these deficiencies. 

Specifically, increase of the expansion and modulus of elasticity of the grout during cure will be pursued to better resist the deformation 

of the borehole wall and increase stress responsiveness. Compensation methods to account for temperature induced R1-line and R2-line 

peak position shifts will also be incorporated in future experiments. 
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