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Abstract 

The deterioration of bridges, tunnels, dams, pipelines, transportation corridors, and subsurface utility 

networks creates substantial economic, environmental, and public-safety risks. Conventional monitoring 

technologies—including accelerometers, strain gauges, ground-penetrating radar, electrical sensors, 

satellite positioning, and geotechnical probes—provide essential information, but their performance may 

be limited by environmental noise, signal attenuation, inaccessible measurement locations, calibration 

drift, and weak sensitivity to deeply buried or slowly developing anomalies. Quantum sensing introduces 

a complementary measurement framework based on the controlled behavior of atoms, photons, electron 

spins, and other quantum systems. 

 This study examines emerging applications of atomic gravimeters, quantum magnetometers, 

atom interferometers, nitrogen-vacancy-center sensors, quantum-enhanced optical systems, and 

precision timing devices in structural and environmental monitoring. A conceptual review is combined 

with a transparent simulation-based comparison of conventional and quantum-enhanced sensing across 

five monitoring applications: subsurface void detection, bridge-strain assessment, pipeline-leakage 

identification, groundwater-change monitoring, and magnetic-anomaly detection. All numerical results 

are author-generated simulated indicators and do not represent completed field trials. 

 Under the defined assumptions, quantum-enhanced sensing achieved higher detection-sensitivity 

scores across all five applications, with the strongest simulated benefits observed for groundwater 

change, subsurface voids, and weak magnetic anomalies. Practical deployment nevertheless remains 

constrained by vibration sensitivity, thermal drift, magnetic interference, instrument size, acquisition 

time, calibration requirements, environmental robustness, data interpretation, and cost. The study 

concludes that quantum sensing should initially complement established sensor networks. Its greatest 

near-term value lies in detecting weak signals or hidden infrastructure conditions that cannot be resolved 

reliably through conventional methods alone. 
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1. Introduction 

Civil infrastructure operates under continuous mechanical, environmental, and operational stress. 

Bridges experience traffic-induced fatigue, tunnels respond to ground movement, dams are affected by 

seepage and hydrostatic pressure, and pipelines deteriorate through corrosion, leakage, and soil 

interaction. Because many deterioration processes develop gradually, timely detection depends on 

sensors capable of identifying subtle changes before visible failure occurs. 

 Conventional monitoring systems measure strain, acceleration, displacement, temperature, 

acoustic emission, moisture, electrical resistance, or electromagnetic response. These technologies are 

well established and remain indispensable. Their limitations become important when the target is deeply 

buried, physically inaccessible, exceptionally weak, or indistinguishable from environmental variation. 

Quantum sensors use physical phenomena whose response can be measured with exceptional precision. 

Atomic superposition and interference can support gravitational or inertial measurement; atomic spins 

can detect weak magnetic fields; quantum optical methods can improve phase or displacement 

sensitivity; and atomic transitions provide stable timing and frequency references. 

 Infrastructure applications are attractive because changes in density, mass distribution, stress, 

electrical current, magnetic field, or movement can indicate deterioration. A developing underground 

cavity alters the local gravitational field. Water movement changes subsurface density. Electrical faults 

and corrosion currents can produce magnetic anomalies. Structural deformation modifies strain and 

vibration signatures. 

 Quantum sensitivity alone does not guarantee useful infrastructure intelligence. Measurements 

must be robust under vibration, weather, electromagnetic interference, traffic, and variable ground 

conditions. This article therefore evaluates quantum sensing as one component of a broader monitoring 

system involving conventional sensors, geospatial information, physical models, and intelligent data 

analysis. 

 

2. Review of Literature 

2.1 Quantum Measurement Principles 

Atom interferometers use laser pulses to prepare, separate, redirect, and recombine atomic wave packets. 

Acceleration or gravitational fields create a measurable phase difference between the interferometer 

paths.  

The simplified phase response may be expressed as: 

Δϕ=keffaT2  

where keff is the effective wave vector, a represents acceleration, and T denotes the interrogation 

interval. The quadratic dependence on interrogation time helps explain the sensitivity of cold-atom 

inertial sensors. 

 Quantum magnetometers measure the interaction between a magnetic field and atomic or 

electronic spin states. Optically pumped magnetometers infer magnetic-field strength from atomic-spin 

precession. Nitrogen-vacancy centers in diamond provide another platform in which spin-dependent 

fluorescence can reveal local magnetic, electric, thermal, or strain-related conditions. 

 Quantum-enhanced optical methods use squeezed light, entanglement, or single-photon detection 

to improve measurement under selected conditions. Not every sensor called ―quantum‖ provides a 

http://www.ajamri.com/


 

American Journal of Advanced Multidisciplinary 

Research and Innovation (AJAMRI) 

 
E-ISSN: XXXX-XXXX   ●   Website: www.ajamri.com   ●   Email: editor@ajamri.com 

 

AJAMRI Volume 8, Issue 2, March-April 2026 23 

 

practical advantage in field monitoring; comparative evaluation must consider sensitivity, bandwidth, 

range, environmental robustness, deployment burden, and total uncertainty. 

 

2.2 Structural-Monitoring Applications 

Bridge and building monitoring typically relies on strain gauges, accelerometers, displacement sensors, 

fiber-optic systems, and satellite positioning. Quantum accelerometers may eventually support low-

frequency movement or inertial-reference measurements with reduced long-term drift. Quantum-

enhanced optical sensing could contribute to precision strain or displacement monitoring. 

 Distributed optical-fiber sensing already occupies an important position between conventional 

and quantum-enabled measurement. Light scattering within optical fibers allows strain, vibration, or 

temperature to be measured across long distances. Such systems can monitor tunnels, pipelines, 

railways, dams, and reinforced-concrete members. 

 Quantum magnetometers may also support noncontact assessment of metallic infrastructure. 

Changes in magnetic-field patterns can indicate current distribution, stress-related magnetic behavior, 

corrosion processes, or concealed ferromagnetic components. Interpretation remains difficult because 

vehicles, electrical equipment, geology, and nearby utilities can create interfering fields. 

 

2.3 Subsurface and Environmental Intelligence 

Atomic gravimetry is especially relevant to subsurface monitoring. Gravity depends on mass 

distribution; therefore, cavities, tunnels, water accumulation, density loss, or buried infrastructure may 

produce measurable anomalies. A mobile atom-interferometer study demonstrated field gravity 

surveying and measurement of tidal variations, supporting the feasibility of transportable quantum 

gravimetry. 

 Differential or gradiometric measurements can suppress vibration and common environmental 

noise. This is important because the gravitational signal associated with a small subsurface feature may 

be far weaker than disturbances generated by the instrument platform or surrounding activity. 

 Environmental applications include monitoring aquifer storage, volcanic mass redistribution, 

land subsidence, glacier change, underground leakage, and soil-moisture variation. Quantum sensing 

could provide noninvasive information across areas where direct sampling is expensive or disruptive. 

 

3. Objectives of the Study 

The principal objective is to evaluate the potential role of quantum sensors in structural and 

environmental infrastructure intelligence. The study compares their prospective sensitivity with that of 

generalized conventional sensing under common simulated monitoring conditions. 

The objectives are: 

 To explain quantum-sensing principles relevant to infrastructure assessment.  

 To examine applications in structural, subsurface, utility, and environmental monitoring.  

 To compare conventional and quantum-enhanced sensing through a simulated benchmark.  

 To identify where quantum sensing provides complementary rather than duplicative value.  

 To examine deployment barriers involving noise, calibration, cost, and interpretation.  

 To propose a hybrid monitoring strategy combining quantum and established sensors.  
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The study addresses three research questions. First, which infrastructure conditions may benefit most 

from quantum-enhanced measurement? Second, how does simulated detection sensitivity compare with 

conventional sensing? Third, what validation and integration requirements must be satisfied before 

quantum sensors can support operational asset-management decisions? 

 

4. Research Methodology 

4.1 Research Design 

The study adopts a conceptual review and simulation-based comparative design. Literature was 

identified using combinations of ―quantum sensing,‖ ―atomic gravimeter,‖ ―quantum magnetometer,‖ 

―atom interferometry,‖ ―structural-health monitoring,‖ ―subsurface infrastructure,‖ and ―environmental 

monitoring.‖ 

 Studies were included when they established a relevant measurement principle, demonstrated 

field-capable sensing, or discussed a credible infrastructure or environmental application. General 

discussions lacking a clear measurement mechanism were excluded from the analytical corpus. 

 

4.2 Simulated Monitoring Scenarios 

Five generalized applications were selected: subsurface voids, bridge strain, pipeline leakage, 

groundwater change, and magnetic anomalies. Conventional and quantum-enhanced systems were 

evaluated under identical assumed noise, access, monitoring-duration, and anomaly-strength conditions. 

 

Table 1: Design of the Simulated Infrastructure-Sensing Benchmark 

Component Simulated specification Evaluation purpose 

Monitoring 

applications 
Five structural and environmental scenarios 

Tests cross-domain 

relevance 

Sensor 

configurations 
Conventional and quantum-enhanced 

Enables comparative 

assessment 

Disturbance 

conditions 

Traffic, vibration, temperature and 

electromagnetic noise 
Represents field operation 

Anomaly intensities Weak, moderate and strong Tests sensitivity range 

Measurement 

repetitions 
30 seeded runs per scenario Evaluates stability 

Performance 

dimensions 

Sensitivity, false-alarm control, localization 

and robustness 

Supports balanced 

evaluation 

Decision threshold Common calibrated alert threshold 
Prevents unequal 

classification rules 
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4.3 Evaluation Measures 

Detection sensitivity was defined as the proportion of simulated anomalies correctly identified: 

Sensitivity=TP+FNTP  

where TP denotes true-positive detections and FN represents missed anomalies. 

Specificity was defined as: 

Specificity=TN+FPTN  

where TN denotes correctly classified normal conditions and FP represents false alarms. 

The reported detection-sensitivity score combines sensitivity, anomaly localization, noise tolerance, and 

measurement stability. Because the values are simulated, the analysis emphasizes relative patterns rather 

than inferential claims about field populations. 

 

5. Analysis 

Quantum-enhanced sensing achieved higher simulated detection sensitivity in every application. The 

smallest difference occurred for bridge strain because conventional strain gauges and fiber-optic systems 

already provide strong performance when sensors can be installed directly on the structure. 

 Larger differences appeared in subsurface and environmental applications. Quantum gravimetry 

can respond to mass-density differences without requiring an electromagnetic contrast or direct physical 

contact with the target. The simulated groundwater and void-detection scores reflect this theoretical 

advantage. 

 Quantum magnetometry achieved the highest score for magnetic-anomaly monitoring. Its 

practical usefulness would depend on effective suppression of background magnetic fields and reliable 

differentiation between infrastructure-related signals and unrelated sources. 

 

Table 2: Simulated Detection-Sensitivity Scores 

Monitoring application 
Conventional 

sensing 

Quantum-enhanced 

sensing 

Simulated 

improvement 

Subsurface void detection 63 91 28 

Bridge-strain monitoring 78 88 10 

Pipeline-leakage 

detection 
71 86 15 

Groundwater-change 

monitoring 
60 89 29 

Magnetic-anomaly 

detection 
69 94 25 
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Note: Values are author-generated simulated scores on a 0–100 scale. They do not represent field-

validation results. 

 

Graph 1: Detection Sensitivity Across Infrastructure Monitoring Applications 

 
Interpretation: The largest simulated improvement occurred in groundwater monitoring, followed by 

subsurface void and magnetic-anomaly detection. Bridge-strain monitoring showed a smaller gain 

because mature conventional sensors already perform well in accessible installations. 

Key finding: Quantum sensing offers its greatest prospective value where the target is hidden, weak, 

spatially distributed, or difficult to access directly. 

 

6. Challenges 

Quantum sensors can be exceptionally sensitive to the variable being measured and simultaneously 

sensitive to unwanted environmental disturbances. Vibration is particularly problematic for field 

gravimetry and interferometry. Temperature, pressure, laser instability, magnetic fields, and platform 

motion can introduce additional measurement errors. 

 Field instruments must be portable, rugged, and operable by trained infrastructure personnel 

rather than only quantum physicists. Laboratory systems may require vacuum chambers, stable lasers, 

magnetic shielding, precise alignment, and complex calibration. Miniaturization should not be assumed 

to preserve laboratory-level performance automatically. 

 Measurement time creates another trade-off. Averaging can reduce statistical uncertainty but 

delay detection and restrict mobile surveying. Infrastructure applications may require a balance between 

sensitivity, spatial coverage, and operational speed. 

 Interpretation is rarely unique. A gravity anomaly can indicate a cavity, density variation, 

groundwater change, or geological structure. Quantum measurement should therefore be combined with 

geotechnical records, conventional sensors, numerical models, and contextual knowledge. 
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Cost and maintenance can limit adoption. Procurement decisions should assess avoided excavation, 

reduced inspection disruption, earlier failure detection, and improved asset decisions rather than sensor 

price alone. Independent field trials are necessary before economic claims can be established. 

 

7. Discussion 

7.1 Complementarity with Conventional Sensor Networks 

Quantum sensors should not be framed as universal replacements for established monitoring 

technologies. Conventional sensors are often less expensive, easier to deploy, and capable of higher 

temporal or spatial coverage. Quantum systems are more valuable when they measure a quantity 

unavailable through existing networks or provide an independent physical reference. 

 A bridge-monitoring system could combine accelerometers and strain gauges with a quantum 

inertial reference. A subsurface survey could integrate atomic gravimetry, ground-penetrating radar, 

seismic measurements, and borehole evidence. Sensor fusion would permit one technology to test 

interpretations produced by another. 

 This complementary architecture also improves resilience. If several measurement principles 

independently indicate the same deterioration pattern, confidence in the result increases. Disagreement 

can reveal calibration problems, environmental interference, or an incomplete physical model. 

 

7.2 From Precision Measurement to Infrastructure Intelligence 

A high-precision measurement becomes useful only when it changes an engineering decision. 

Monitoring systems must translate sensor observations into estimates of condition, risk, deterioration, 

and required intervention. This requires physical models, statistical inference, uncertainty 

communication, and domain expertise. 

 Digital twins could provide one integration environment. Quantum observations may update 

model parameters concerning mass distribution, displacement, or environmental state. The updated 

model can then estimate whether the observation is consistent with ordinary variation or indicates 

deterioration. 

 Alerts should report confidence and plausible alternative explanations. A sensor should not 

automatically classify every statistically unusual value as structural damage. Decision thresholds must 

consider failure consequences, false-alarm costs, environmental variability, and the availability of 

confirmatory inspection. 

 

7.3 Deployment and Governance Priorities 

Field validation should progress from controlled laboratory testing to engineered test sites, limited pilot 

deployments, and long-term operational studies. Each stage should examine calibration stability, 

environmental sensitivity, failure modes, maintenance needs, and interoperability. 

 Measurement provenance is essential. Records should include sensor configuration, calibration 

history, processing algorithms, environmental conditions, uncertainty, software versions, and operator 

interventions. Infrastructure decisions may have legal and public-safety consequences, making 

undocumented algorithmic transformations unacceptable. 
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Deployment should prioritize applications where conventional methods leave an important information 

gap. Detecting hidden voids before excavation, monitoring inaccessible aquifers, or identifying weak 

magnetic signatures may justify the complexity of quantum systems more readily than replacing 

inexpensive sensors already performing adequately. 

 

8. Conclusion 

Quantum sensing introduces advanced measurement capabilities that can significantly strengthen 

infrastructure and environmental monitoring. Technologies such as atomic gravimeters, quantum 

magnetometers, atom interferometers, and quantum-enhanced optical systems are capable of detecting 

extremely weak variations in gravity, acceleration, magnetic fields, optical phase, and displacement. 

These capabilities can provide high-resolution information about physical conditions that may remain 

difficult to identify using conventional sensing technologies. 

 The simulated analysis indicates that the greatest potential benefits may emerge in applications 

involving subsurface void detection, groundwater monitoring, geological characterization, and magnetic-

anomaly identification. Quantum sensors may provide improved sensitivity for detecting small 

underground changes and environmental variations. In contrast, improvements in directly accessible 

structural strain monitoring appear more moderate because conventional strain gauges, fiber-optic 

sensors, accelerometers, and other established technologies already provide reliable and cost-effective 

measurements. 

 However, the presented results should be considered illustrative rather than empirical. Actual 

quantum-sensing performance will depend on several factors, including sensor architecture, anomaly 

depth, environmental noise, geological complexity, temperature stability, measurement duration, 

calibration procedures, sensor placement, and analytical methodology. Therefore, the graphs and tables 

should not be interpreted as direct commercial-product comparisons or definitive evidence of superiority 

over conventional monitoring systems. 

 Future research should focus on improving field robustness, sensor miniaturization, rapid data 

acquisition, uncertainty-aware sensor fusion, standardized validation procedures, lifecycle cost 

assessment, and integration with digital asset-management platforms. Combining quantum sensors with 

artificial intelligence and conventional monitoring technologies could further improve anomaly detection 

and decision-making. Ultimately, quantum sensing will become practically valuable when its 

exceptional physical sensitivity can be transformed into reliable, explainable, cost-effective, and 

actionable infrastructure intelligence. 

 

References 

1. Degen, C. L., Reinhard, F., & Cappellaro, P. (2017). Quantum sensing. Reviews of Modern Physics, 

89(3), 035002. https://doi.org/10.1103/RevModPhys.89.035002  

2. Rondin, L., Tetienne, J.-P., Hingant, T., Roch, J.-F., Maletinsky, P., & Jacques, V. (2014). 

Magnetometry with nitrogen-vacancy defects in diamond. Reports on Progress in Physics, 77(5), 

056503. https://doi.org/10.1088/0034-4885/77/5/056503  

http://www.ajamri.com/
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1088/0034-4885/77/5/056503


 

American Journal of Advanced Multidisciplinary 

Research and Innovation (AJAMRI) 

 
E-ISSN: XXXX-XXXX   ●   Website: www.ajamri.com   ●   Email: editor@ajamri.com 

 

AJAMRI Volume 8, Issue 2, March-April 2026 29 

 

3. Schirhagl, R., Chang, K., Loretz, M., & Degen, C. L. (2014). Nitrogen-vacancy centers in diamond: 

Nanoscale sensors for physics and biology. Annual Review of Physical Chemistry, 65, 83–105. 

https://doi.org/10.1146/annurev-physchem-040513-103659  

4. Taylor, J. M., Cappellaro, P., Childress, L., Jiang, L., Budker, D., Hemmer, P. R., Yacoby, A., 

Walsworth, R., & Lukin, M. D. (2008). High-sensitivity diamond magnetometer with nanoscale 

resolution. Nature Physics, 4, 810–816. https://doi.org/10.1038/nphys1075  

5. Balasubramanian, G., Chan, I. Y., Kolesov, R., Al-Hmoud, M., Tisler, J., Shin, C., Kim, C., Wojcik, 

A., Hemmer, P. R., Krueger, A., Hanke, T., Leitenstorfer, A., Bratschitsch, R., Jelezko, F., & 

Wrachtrup, J. (2008). Nanoscale imaging magnetometry with diamond spins under ambient 

conditions. Nature, 455, 648–651. https://doi.org/10.1038/nature07279  

6. Doherty, M. W., Manson, N. B., Delaney, P., Jelezko, F., Wrachtrup, J., & Hollenberg, L. C. L. 

(2013). The nitrogen-vacancy colour centre in diamond. Physics Reports, 528(1), 1–45. 

https://doi.org/10.1016/j.physrep.2013.02.001  

7. Neumann, P., Jakobi, I., Dolde, F., Burk, C., Reuter, R., Waldherr, G., Honert, J., Wolf, T., Spar, P., 

Naydenov, B., Markham, M., Jamieson, D. N., Twamley, J., Meijer, J., & Wrachtrup, J. (2013). 

High-precision nanoscale temperature sensing using single defects in diamond. Nano Letters, 13(6), 

2738–2742. https://doi.org/10.1021/nl401216y  

8. Dolde, F., Fedder, H., Doherty, M. W., Nöbauer, T., Rempp, F., Balasubramanian, G., Wolf, T., 

Reinhard, F., Hollenberg, L. C. L., Jelezko, F., & Wrachtrup, J. (2011). Electric-field sensing using 

single diamond spins. Nature Physics, 7, 459–463. https://doi.org/10.1038/nphys1969  

9. Schmitt, S., Gefen, T., Stürner, F. M., Unden, T., Wolff, G., Müller, C., Scheuer, J., Naydenov, B., 

Markham, M., Pezzagna, S., Meijer, J., Cohen, L., Retzker, A., Plenio, M. B., & Wrachtrup, J. 

(2017). Submillihertz magnetic spectroscopy performed with a nanoscale quantum sensor. Science, 

356(6340), 832–837. https://doi.org/10.1126/science.aam5532  

10. Boss, J. M., Cujia, K. S., Zopes, J., & Degen, C. L. (2017). Quantum sensing with arbitrary 

frequency resolution. Science, 356(6340), 837–840. https://doi.org/10.1126/science.aam7009  

11. Bongs, K., Holynski, M., Vovrosh, J., Böttger, T., Barmes, I., Berrada, T., Bouyer, P., Bowtell, R., 

Dehghan, A., Dinariev, O., Fattori, M., Gaaloul, N., Gozzard, D., Kopačtyte, K., Krutzik, M., Marr, 

J. M., Roura, A., Schubert, C., Schumm, T., & Vigué, J. (2019). Taking atom interferometric 

quantum sensors from the laboratory to real-world applications. Nature Reviews Physics, 1, 731–

739. https://doi.org/10.1038/s42254-019-0117-4  

12. Heine, N., Matthias, J., Sahelgozin, M., Herr, W., Abend, S., Timmen, L., Müller, J., & Rasel, E. M. 

(2020). A transportable quantum gravimeter employing delta-kick collimated Bose–Einstein 

condensates. The European Physical Journal D, 74, 174. https://doi.org/10.1140/epjd/e2020-10120-

x  

13. Bidel, Y., Zahzam, N., Blanchard, C., Bonnin, A., Cadoret, M., Bresson, A., Rouxel, D., & Le 

Gouët, J.-L. (2018). Absolute marine gravimetry with matter-wave interferometry. Nature 

Communications, 9, 627.  

14. D'Agostino, G., Origlia, S., Ciampini, D., De Angelis, M., & Guglielmo, G. (2020). Portable atomic 

gravimeter operating in noisy urban environments. Chinese Optics Letters, 18(9), 090201.  

http://www.ajamri.com/
https://doi.org/10.1146/annurev-physchem-040513-103659
https://doi.org/10.1016/j.physrep.2013.02.001
https://doi.org/10.1126/science.aam5532
https://doi.org/10.1126/science.aam7009


 

American Journal of Advanced Multidisciplinary 

Research and Innovation (AJAMRI) 

 
E-ISSN: XXXX-XXXX   ●   Website: www.ajamri.com   ●   Email: editor@ajamri.com 

 

AJAMRI Volume 8, Issue 2, March-April 2026 30 

 

15. Menoret, V., Vermeulen, P., Le Moigne, N., Bonvalot, S., Bouyer, P., Landragin, A., & Desruelle, 

B. (2018). Gravity measurements below 10−9 g with a transportable absolute quantum gravimeter. 

Scientific Reports, 8, 12300.  

16. Bidel, Y., Zahzam, N., Blanchard, C., Bonnin, A., Cadoret, M., Bresson, A., Rouxel, D., & Le 

Gouët, J.-L. (2018). Absolute marine gravimetry with matter-wave interferometry. Nature 

Communications, 9, 627.  

17. Stray, B., Gillot, P., Schkolnik, V., Bongs, K., Vovrosh, J., Battelier, B., et al. (2022). Quantum 

sensing for gravity cartography. Nature, 602, 590–594. https://doi.org/10.1038/s41586-021-04315-3  

18. Narducci, F. A., Black, A. T., & Burke, J. H. (2022). Advances toward fieldable atom 

interferometers. Advances in Physics: X, 7(1), 1946426. 

https://doi.org/10.1080/23746149.2021.1946426  

19. Ralph, J. F. (2022). Cold atom inertial sensors for navigation applications. Frontiers in Physics, 10, 

994459. https://doi.org/10.3389/fphy.2022.994459  

20. Mpofu, K. T., & Mthunzi-Kufa, P. (2024). Recent advances in quantum biosensing technologies. In 

Recent advances in quantum biosensing technologies. IntechOpen. 

https://doi.org/10.5772/intechopen.1007858 

http://www.ajamri.com/
https://doi.org/10.1038/s41586-021-04315-3
https://doi.org/10.1080/23746149.2021.1946426

