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Abstract

This study investigates the effectiveness of elastic wave measurements in tracking the mechanical degradation
of a structured clay under monotonic and cyclic loading. Triaxial tests were carried out on both intact and
reconstituted specimens monitoring the evolution of the material state through ultrasonic transducers. The S-
wave propagation velocity Vs is shown to be affected by limited variations (< 6%). This can be explained
considering that material destructuration occurs in a rather narrow shear band. Conversely, the normalized
cross-correlation coefficient pg appears to be a more sensitive indicator of structural degradation, showing a
significant decrease — up to 40% — as failure is approaching. Such an effect reflects the changes in signal
amplitude and shape associated with the formation of the shear band. The p; evolution also mimics brittle and
ductile responses, demonstrating its potential as a robust parameter for monitoring the in-situ state of caprocks

in underground storage applications.
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Underground gas storage; wave measurements; monitoring; fabric/structure of soils; cyclic triaxial tests; UN

SDG 7: AFFORDABLE AND CLEAN ENERGY; UN SDG 13: CLIMATE ACTION



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

1 Introduction

Innovative geomechanics applications include exploiting depleted hydrocarbon reservoirs to store natural
gas or hydrogen for use as an energy vector (e.g., Aminu et al., 2017; Heinemann et al., 2021). Such
applications pose several challenges due to complex interactions between reservoir and non-native fluids. For
example, seasonal storage operations can induce cyclic loadings on the caprock, potentially compromising its
sealing integrity (e.g. Jeanne et al., 2020). Reliable monitoring systems are therefore essential to assess the

impact of such operations.

Elastic wave properties are promising monitoring parameters, as the small-strain stiffness of geomaterials
is strongly influenced by their state in terms of void ratio, saturation degree, stress state and structure, the latter
intended as a combination of particle arrangement and interparticle bonding (e.g., Santamarina et al., 2001;
Clayton, 2011). Upon chemo-hydro-mechanical loading, the material state evolves, leading to changes in
elastic stiffnesses and hence in wave propagation parameters (e.g., Shibuya, 2000; Falcon-Suarez et al., 2016).
This has been widely observed in laboratory studies on soils and rocks under monotonic (e.g., Stanchits et al.,
2006; Montoya & De Jong, 2015; Dutta et al., 2020) and cyclic (e.g., Zhou & Chen, 2005; Xiao et al., 2010)

loadings.

Wave velocity measurements are also attractive as wellbore sonic logs are typically recorded for site
characterization during hydrocarbon production operations. However, a potential limitation lies in the small
changes often observed in structured soils and rocks as failure approaches (e.g. Stanchits et al., 2006; Montoya
& De Jong, 2015). This paper proposes an alternative approach based on changes in shape and amplitude of
the recorded signals. The methodology is applied to wave measurements taken alongside monotonic triaxial
testing on either intact or reconstituted caprock specimens to highlight the differences between brittle or more
ductile responses. To demonstrate its effectiveness in relation to fatigue loading, the technique is then applied

to cyclic triaxial tests.

2 Materials and methods

Monotonic and cyclic consolidated undrained triaxial tests were performed on Santerno clay, a clayey
caprock from the Po valley in Italy (e.g. Benetatos et al., 2023), retrieved from a depth of approximately

1150 m and characterised by a relevant post-sedimentation structure.
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The tests were carried out using the medium pressure triaxial apparatus of the Politecnico di Torino (see
Barla et al., 2010). The testing protocol included an initial saturation stage which involved a flushing step and
a back-pressure sequence. This ensured that the specimen and the drainage lines were completely saturated.
The back-pressure procedure was considered concluded when Skempton’s B-values larger than 0.97 were
achieved. Thereafter, the specimens were subjected to anisotropic consolidation. Intact specimens were
consolidated up to the expected lithostatic stresses: p'y= 8.1 MPa and ¢,= 6.3 MPa, except one which was
consolidated at twice the in-situ stress. The lithostatic stress state at the relevant depth was computed by
integrating direct borehole measurements with the analysis of log data (Ciancimino et al., 2024). Reconstituted
specimens were prepared by starting from a slurry composed of the same material with a water content of 1.5
times the liquid limit, compacted one-dimensionally to an axial effective stress o', =9 MPa, and then
triaxially consolidated to p', and ¢,. The consolidation of test MR-TX 01 included a loading-unloading step
at constant stress ratio ¢, / p', to achieve an over-consolidation ratio OCR =1.5. Monotonic compression
tests were performed by imposing constant axial strain rates &, of either 0.01 %/min or 0.0005 %/min, while
cyclic stress-controlled tests imposed one-way sinusoidal deviatoric loadings of amplitude A, with a
maximum deviator ¢, , @ mean deviator ¢,.., =¢.. — A4, and a period 7 =5 min (corresponding to a

frequency of 0.0033 Hz).

A summary of the tests is given in Table 1. More details about the experimental procedures and setup,
along with a comprehensive analysis of the time-dependent monotonic and cyclic response of the material can

be found in Ciancimino et al. (2024; 2026).

Table 1: Summary of the anisotropically consolidated undrained triaxial tests

ID Material

éax N p ’0 ; qo - Gmax + A: N s

Reference
%/min MPa MPa MPa MPa .

MR-TX 01

MI-TX 01 Intact 0.0005 8.1 6.3 - - - Ciancimino et al. (2024)
MI-TX 02 Intact 0.01 16.2 12.6 - - - This study

Reconstituted
OCR=1.5

Reconstituted

0.0005 8.1(122)F 63(9.5)F - - - This study

MR-TX 02 NC 0.01 8.1 6.3 - - - This study

CI-TX 01 Intact - 8.1 6.3 13 3.25 18 Ciancimino et al. (2024)
CI-TX 09 Intact - 8.1 6.3 125  4.25 173 Ciancimino et al. (2026)

T Maximum stress applied during the consolidation stage
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The top cap and the base of the device are instrumented with compression (P-wave) and shear (S-wave)
transducers, which can receive and transmit high-frequency ultrasonic pulses. The measurements were carried
out by imposing as input signal a square pulse with a 1 us duration. Signals were recorded with a scan time of

500 ps and a sample time of 8107 ps.

For both P- and S-waves, the received signals were processed based on a reference scan x, recorded at
the end of consolidation. For this scan, the first-arrival time ¢, is obtained by manually picking out signals
with reverse polarization, in order to identify the instant at which the recorded waves appear coherent with
each other. To illustrate this, Figure 1 shows the manual picking carried out for P- and S-wave reference signals
for test MI-TX 01. It should be noted that the exact definition of #, has only a minor impact on the results, as

the analysis focuses more on relative variations in wave parameters than absolute values.

1+ P-wave signals
x \
g
T
< t /4
0P
-1 . .
14 S-wave signals
>
©
g
I 01 @
< A
0s
A1 : - :
0 0.05 0.1 0.15
t. ms

Figure 1: P- and S-wave reference signals with reverse polarization taken during test MI-TX 01

For any other scan x;, the variation of the first-arrival time Az, is obtained by a cross-correlation
algorithm. Specifically, x; is shifted by a tentative time-lag m , and the normalized cross-correlation

coefficient p(x,,x;) is calculated:

 Ry.(m)
P, ) = JRu0(0) R, 0) )

where R, ,(m) denotes the cross-correlation of signals x, and x;, with x; shifted by m . The time-lag Az is

identified as the m value associated with the maximum normalized coefficient p(x,,x;). When analysing two
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identical signals shifted in time, p(x,,x,)=1.In general, x, and x; differ in shape and amplitude, with p(x,,x;)

somehow reflecting these variations.

The first-arrival time ¢ for the x; signal and the associated propagation velocity are therefore:
t,=t, + At 2)
H.

V= 3
. 3)

with H; being the current specimen height measured using an external transducer calibrated to eliminate

spurious displacements caused by the deformability of the apparatus (after Ciancimino et al., 2026).

The above procedure applies to signals acquired for both P- and S-waves, resulting in the corresponding
coefficients p, and p;, and velocities ¥}, and V. Figure 2 shows its application for two pairs of normalized
signals acquired during test MI-TX 01. The signals at €,, =0 (i.e. grey lines) were used to pick the reference
times, 7, , and ¢, , as shown in the upper plots along with scans taken after monotonic shearing (i.e. for g,
= 0.05). The cross-correlation was applied in a time interval ranging from 0.9 to 1.9 of the reference times to
achieve a balance between robustness (since it includes a few periods) and accuracy (as non-direct waves are
less likely to be observed). The bottom plots show the good match after shifting the €, =0.05 signals by the

identified At values.
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Figure 2: P- and S-wave signals (a and b plots, respectively) taken during test MI-TX 01 before the start and at the end

(i.e. for g,=10.05) of the shearing phase; the upper plots show the raw data, the lower plots show the signals after

realignment

Experimental studies have shown the potential impact of the selected input frequency on ultrasonic wave
testing (e.g., Ferreira et al., 2021). However, preliminary checks were performed in this study, showing that
results were not significantly affected by the duration of the input pulse. Indeed, the proposed technique is
based on differential output signal analysis and therefore the impact of spurious wave groups is limited.
Moreover, the imposed input generates a broad frequency range. For instance, the frequency spectra of the
signals presented in Figure 2 are characterised by a peak amplitude at around 150 kHz for S-waves, while the

peak occurs at around 120 kHz for P-waves.

It is worth mentioning that the experimental tests considered in this study were deliberately chosen to
cover a wide range of material states and loading conditions (see Table 1). The relevant differences in loading

protocols (e.g. monotonic or cyclic), imposed strain rate (or frequency) and initial material state (e.g. intact vs.
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reconstituted) are known to result in markedly different stress-strain responses. Consequently, the selected tests
provide a robust benchmark against which the capabilities and limitations of the proposed methodology can

be assessed.

3 Results

3.1 Consolidation

Figure 3 shows a detailed analysis of the results of the consolidation stage for test MI TX-01. The stage
lasted five days: 48 hours of primary consolidation up to p', and g, , followed by 70 hours of constant external
load. €, increases significantly up to the end of primary consolidation, after which a smoother increase is
observed due to dissipation of residual excess pore pressure and creep phenomena (Figure 3a). As expected,

€. progressively stabilizes over time.

Wave measurements were taken every hour, and the data were processed adopting the last acquisition as
reference. Figure 3b shows the evolution of P- and S-wave velocities normalised to the values measured at the
end of consolidation, V;,, and Vs, respectively. The results mimic the g, trends, revealing a steep increase
during primary consolidation, followed by progressive stabilisation and almost constant values for the final 10
hours (shadowed zone in Figure 3).This interval was therefore used to assess the robustness and the reliability
of the proposed methodology, computing the average values and the corresponding coefficients of variation
which are reported in Figure 3b. The corresponding uncertainty is less than 0.1% upon stable conditions. Figure
3c shows the corresponding trends for the coefficients p, and pg. P-wave measurements appear to be more
stable, with p, values just below unity. In contrast, p; appears to be more affected by p', probably because
of the weaker coupling between the transducers and the specimens at low pressures and the more substantial
observed changes in V. Once again, over the last 10 hours, both values have remained almost identical,

demonstrating the excellent repeatability of the wave measurements.
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Figure 3: Evolution of the material state with time upon consolidation for test MI-TX 01 (intact material; p'y, ¢, ): (a)
effective mean stress p'; (b) axial strain €,,; (c) normalized P- and S-wave velocities Vp /Vp and Vs / Vs ; and (c)
normalized P- and S-wave cross-correlation coefficients pp, and P ; the shaded area shows the results used to compute
the average values and the associated coefficients of variation (in brackets)
Figure 4 shows, for each specimen, the evolution of the material state with ¢',, in terms of void ratio e,

Ve, Vs, and undrained Poisson’s ratio v, , the latter computed as a function of V, / V. Vs data are shown

only over a certain range of ', , as S-waves were overlapped by undesired parasite waves at low pressures.
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Figure 4: Evolution of the material state with c',, upon consolidation: (a) void ratio e ; (b) P-wave velocity V5 ; (c) S-

wave velocity Vy ; and (d) undrained Poisson’s ratio v,

Intact specimens exhibit a stiff response, suggesting that no substantial yielding occurred during the
consolidation, even up to twice the in-situ state (Figure 4a). Conversely, reconstituted specimens show an
elasto-plastic response for c',, > 9 MPa, with the specimen characterized by OCR = 1.5 reaching a void ratio

consistent with the intact material.
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For intact specimens as e decreases, both V., and Vs increase (Figure 4b-c), approaching the in-situ
ranges. The latter were obtained through continuous sonic logging within the caprock formation (data after
Ciancimino et al., 2024). For reconstituted specimens, a larger increase in V, is observed after yielding.
However, it never reaches the values measured for the intact material. Consolidation also induces a decrease
of v, (Figure 4d), which is more significant for intact specimens, while it is barely visible for reconstituted
ones. By the end of the consolidation, v, is about 0.38 and 0.45 for intact and reconstituted specimens,
respectively. These differences are again attributed to the natural post-sedimentation structure, which implies
a larger bulk modulus of the soil skeleton and, therefore, a lower v, for the intact Santerno clay. These trends
are consistent with those observed in other experimental studies involving stiff clayey materials retrieved from

similar or shallower depths (see, e.g., Mavko et al., 1998; Musso et al., 2015; Shibuya, 2000).
3.2 Monotonic Shear

Figure 5 presents the monotonic undrained responses in terms of ¢/ p' against the imposed ¢, upon
shearing. Test MI TX-01 shows a fragile response of the intact material when consolidated at in-situ stresses.
After reaching the peak shear strength, pronounced softening towards the post-rupture strength occurs due to
the degradation of the natural structure and the formation of a narrow shear band (Ciancimino et al., 2024).
Such brittle behaviour is partially inhibited by increasing the consolidation pressure, as shown in test MI TX-
02. Conversely, whether normally consolidated (test MR TX-02) or lightly over-consolidated (test MR TX-
01), the reconstituted material shows ductile behaviour. Consistently with previous findings (e.g. Burland et

al., 1996), both natural and reconstituted specimens tend toward similar ¢/ p'=1 at large strains.

1.4
1.2
3 1]

0.8 { Intact (p', q,)

— Intact (2p'0 2qo)
Recon. NC

— Recon. OCR=1.5

0.6 T T T T ‘

0 0.01 0.02 0.03 0.04 0.05

€
ax

Figure 5: Results of the monotonic undrained triaxial tests on intact and reconstituted specimens of Santerno clay
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Figure 6: Evolution of the material state with imposed &,, upon monotonic shearing for tests MI-TX 01 (intact material;
Po, qo) and MR-TX 01 (reconstituted, OCR = 1.5): (a) effective mean stress p'; (b) normalized P- and S-wave
velocities Vp /Vp, and Vs / Vs ; and (c) normalized P- and S-wave cross-correlation coefficients pp and pg

The material state evolution was tracked via the cross-correlation procedure. Figure 6 shows the results
for tests MI-TX 01 (intact) and MR-TX 01 (reconstituted, OCR =1.5), consolidated to the in-situ stress state.
The propagation velocities are shown after normalization with respect to the initial values V,, and Vs, . The
intact material shows an initial increase in V, /V,, and Vs / Vs, (Figure 6b) which is due to a corresponding
increase in p' (Figure 6a). For axial strains larger than 0.015, the sudden mechanical softening produces a

relatively steep decrease in the velocities, followed by a more gradual reduction. On the contrary, the
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reconstituted material shows a continuous slight increase in ¥, /V},, , probably due to the observed increase in
p', while a gradual reduction in Vs / Vs, is observed. The distinction observed for intact and reconstituted
material between a sharp or more gradual reduction in velocity closely matches with the deviatoric responses
shown in Figure 5. However, the variations in propagation velocities appear to be quite small in amplitude,

with a maximum decrease of about 2%.

The changes in the material state can also be inferred by means of the cross-correlation coefficients p,
and ps (Figure 6¢). For the reconstituted material, p; slightly decreases. Conversely, an abrupt drop to 0.6 is
observed for the intact specimen, especially after the peak shear strength is reached, reflecting the softening
associated with the formation of the shear band. Similar trends can be observed for p,, although the drop for
intact material after peak strength is attained appears much less pronounced. This difference can be attributed
to the minor influence that the destructuration process has on P-waves propagating through the shear band
compared to S-waves propagation. Consequently, in the following the discussion will be limited to the
evolution of pg, even though similar but less evident patterns can be observed for p,. Figure 7 compares pg
values of test MI TX-01, with the trends obtained in tests MI TX-02 and MR TX-01, performed respectively
on intact material consolidated to twice the in-situ stress state and on reconstituted normally consolidated
material. Interestingly, both tests present a rather gradual reduction in pg. In particular, the results of test
MI TX-02 suggest that pg is not only a reliable indicator of progressive destructuration, as shown by the
significant reduction observed, but its evolution also appears influenced by the mechanical behaviour of the
material. Indeed, for test MI TX-01 it reflects the brittle nature of the mechanical response shown in Figure 5,
which is somewhat inhibited by the higher consolidation pressures achieved in test MI TX-02.

1
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0.7 1
@ Intact (2;::;'D 2 qo)
@ Recon. NC
0.6 w T T . 1
0 0.01 0.02 0.03 0.04 0.05

€
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Figure 7: Evolution of the normalized S-wave cross-correlation coefficient pg with imposed &, upon monotonic

shearing for tests MI-TX 01 (intact; p'y, g, ), MI-TX 02 (intact; 2p'y, 2¢, ), and MR-TX 02 (reconstituted, NC)
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Figure 8: Evolution of the intact material state upon cyclic loading for tests CI-TX 01 and CI-TX 09: (a) effective mean
stress p'; (b) normalized S-wave velocity Vs / Vs, ; and (c) normalized S-wave cross-correlation coefficient pg

3.3 Fatigue Loading

The results of two cyclic tests on intact specimens (see Table 1) are plotted in Figure 8 as a function of
cycle number normalized to fatigue life N/ N, . The stress-controlled cyclic loading induces inelastic axial
strain accumulation, leading to progressive destructuration and ultimately brittle failure (Figure 8a). In the first
cycle, a sudden (although limited in amplitude) drop in Vs / Vs, is observed, likely due to initial pore pressure

build-up (Ciancimino et al., 2026), while subsequently it stabilizes (Figure 8b). As failure approaches, Vs / Vs,
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further decreases, following the trends observed for ¢, . Consistently with the monotonic tests, the decrease

is quite limited, with V5 / Vs, reaching a minimum of 0.94.

Similar trends are shown by the p; evolution, which closely follows the brittle material response during
fatigue loading (Figure 8c). However, its decrease is more pronounced, dropping to 0.6 as the specimens

approach failure, indicating stronger sensitivity of pg to material degradation with respect to Vs / Vs, .
4 Discussion and conclusions

The in-situ state of caprocks must be properly monitored during seasonal gas storage operations, as cyclic
loadings can potentially compromise the formation integrity. The S-wave velocity is an attractive monitoring
parameter, as it is strongly influenced by the material structure and therefore affected by degradation. This is
partially confirmed by the experimental results presented here, as V; decreases during mechanical loading.
However, the amplitude of the reduction is quite small. For brittle materials, failure is associated with the
formation of well-defined shear bands within which the degradation process occurs. In laboratory tests, Vs is
calculated as an average with respect to the specimen height, considering also those parts that are not affected
by destructuration. Therefore, the detected V; changes are barely visible, although in principle large variations
are to be expected in correspondence of the shear band. The same phenomenon is expected to occur in-situ,
with the possible formation of shear banding patterns induced by fatigue loading. These would be difficult to

detect by averaged measurements, given the additional uncertainties of in-situ measurements.

An alternative lies in the analysis of the changes in amplitude and shape of acquired signals that occur as
the material approaches failure. Shear banding affects the propagation path of transmitted waves, resulting in
reflected and refracted waves that alter the received signals. These changes could be tracked using the S-wave
cross-correlation coefficient pg; computed between two successive acquisitions. The evolution of pg is
strongly influenced by the degradation process, with a decrease of about 40% under both monotonic and cyclic
conditions when approaching failure. In addition, pg also appears to be a sensitive index of different
mechanical behaviours. The same material can exhibit either a brittle or a ductile response depending on the
confining pressure and the initial state (i.e. intact or reconstituted). Consistently, ps; will evolve differently,

showing either a gradual or abrupt drop as the peak shear strength is approached.

The consistency of the results obtained under different loading and initial state conditions, together with

the magnitude of the observed variations, suggest that ps could be a viable parameter for monitoring the



245  evolution of the material state on site. However, to confidently attribute the measured changes to the evolution
246  of the material state, repeatable and well-controlled source-receiver geometries must be adopted, such as those

247  of near-well or permanently installed monitoring systems.
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