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Abstract 14 

The seismic potential of faults has traditionally been assessed on the basis of frictional properties 15 

and geometric configurations, a framework derived largely from studies of cohesionless faults. 16 

However, this framework may not apply to strongly cemented and healed faults, such as those filled 17 

with quartz or calcite veins, whose reactivation involves cohesive failure and off-fault damage rather 18 

than purely frictional sliding. Through triaxial experiments on precut sandstone and shale samples 19 

with varying fault dip angles, we show that stress path, rather than fault dip angle, dominates the 20 

seismic potential of fault reactivation. Under the load-weakening path that simulates normal faulting, 21 

the seismic moment released by strongly cemented faults is two orders of magnitude higher than 22 

that under the load-strengthening path that simulates reverse faulting, whereas variations in dip 23 

angle yield only a onefold to twofold difference. Remarkably, under the load-weakening path, the 24 

mechanically unfavorable 60° dip angle triggers the most violent instability. Rupture not only 25 

fractures the cement but also propagates into the surrounding rock, generating a supersized seismic 26 

moment and indicating significant energy overspill. We propose the rate of cement cohesion loss as 27 

the controlling mechanism. Rapid cohesion loss under the load-weakening path forces energy to 28 

overspill into the host rock, whereas slow loss under the load-strengthening path confines 29 

dissipation within the fault zone. Finally, the observation of nearly constant seismic moment across 30 

experiments with different unloading rates further supports the dominant role of stress path in 31 

controlling the seismic potential of fault reactivation. 32 

 33 

Highlights: 34 

 Seismic moment of cemented faults is stress path controlled, not geometry controlled. 35 

 Unloading rate dictates fault rupture mode without changing seismic moment in healed 36 



 

 

faults. 37 

 A 60° unfavorable dip triggers the most violent rupture under load weakening path. 38 

 Rapid cohesion loss forces energy overspill into host rock; slow loss confines dissipation. 39 

 Tectonic stress path must be considered for seismic hazard assessment in extensional 40 

settings. 41 

Keywords: cemented faults; stress path; fault geometry; fault reactivation 42 

 43 

Introduction 44 

During the earthquake recurrence cycle, the natural fault experiences a cycle of healing and 45 

reactivation rather than always being weakened1,2. Deep hydrothermal upwelling and anthropogenic 46 

fluid injection can significantly alter the physicochemical state of subsurface formations. Under 47 

elevated temperature and pressure conditions, prolonged mineral dissolution and precipitation 48 

enable the fault zone to achieve substantial cementation and healing through the filling of quartz-, 49 

calcite-, and other vein-type minerals3,4,5,6,7,8, fully restoring or even surpassing its initial 50 

cohesiveness9 (Fig. 1A). This is the final stage of fault strength recovery during the earthquake 51 

recurrence period. Large earthquakes frequently originate from these faults, which are extensively 52 

developed in plate borders, rift zones, and intraplate tectonically active places10. Strongly cemented 53 

healing faults in the crust are frequently created by the selective cementation of calcite and quartz11. 54 

For instance, secondary faults and cross-cutting veins, which are quartz or calcite veins that 55 

obliquely intersect with the fault zone at a specific angle12 (Fig. 1B, C). The veins are not entirely 56 

filled along the fault plane, but they cut the fault and partially cement the nearby rocks on both sides. 57 

Cemented filling veins, in which the two fault walls are firmly �welded� together and the veins are 58 

fully filled along the fault plane to create a continuous �cemented film� or �cemented column�. 59 

According to Williams13, these two forms are the results of the same healing process under various 60 

stress fields, fluid migration pathways, and time stages. For instance, several healing fissures filled 61 

with quartz veins were discovered during deep drilling of the San Andreas fault. High temperature 62 

fluid-assisted healing is a crucial process for the recovery of fault strength, as evidenced by the 63 

formation of calcite veins in the fault zone7,14,15 (Fig. 1D). Normal faults typically experience 64 

periodic cementation healing in extensional tectonic environments like the East African Rift and the 65 

Rio Grande Rift16. 66 

The rate-state friction law serves as the foundation for most of the current fault mechanic research. 67 

According to Kang17, Brace18, and Scholz19, this concept effectively explains the sliding instability 68 

behavior of cohesionless or weak cohesion faults, such as gouge and unconsolidated breccia. 69 

However, the key assumption of this approach is that the fault is a cohesiveless frictional contact, 70 

which is fundamentally challenged in heavily cemented healing faults20. The latter instability must 71 



 

 

include brittle cement fracture and cohesiveness loss rather than simple friction sliding. Because of 72 

this mechanism discrepancy, the classic friction law may not completely represent the seismic 73 

nucleation process3. Meanwhile, there is still a dearth of systematic research on the mechanical 74 

behavior and seismic potential of strongly cemented faults with significant or even complete 75 

recovery of cohesion, as the majority of current experimental studies concentrate on uncemented or 76 

weakly cemented materials3,14,21,22 (such as quartz powder and volcanic ash rapid precipitation) (Fig. 77 

S1). 78 

It is well known that different loading paths commonly occur in natural fault zones. Load-79 

strengthening path (LSP) is commonly associated to reverse faults (in the absence of significant 80 

fluid pressure increase) and load-weakening path (LWP) to normal faults23. The fault dip angle, or 81 

the angle between the fault plane and the regional principal stress, is thought to be the main factor 82 

controlling the difficulty of its activation in the traditional fault seismic potential assessment24,25,26. 83 

Seismic risk assessment makes extensive use of the Mohr-Coulomb framework's �dominant angle� 84 

(~ 30 °) and �inferior angle� (~ 60 °) ideas27. Nonetheless, this framework's underlying assumption 85 

is that the fault is always in a comparable stress loading history. Do the historical stress paths 86 

encountered by natural faults, such as unloading confining pressure induced by uplift and 87 

pressurization caused by burial (transformation of tectonic compression and extension), influence 88 

their activation behavior? This topic has not received much attention in recent years21,28,29,30. There 89 

is also a dearth of experimental study to determine if the reactivation process is still subject to 90 

geometric control or may be subverted by the stress route, particularly for firmly cemented defects 91 

that have undergone full healing. According to Del31, Petruccelli32, and Schorlemmer33, the normal 92 

faults in the basin's basement may experience a stress path shift from tension to compression in the 93 

later inversion structure. This implies that one important factor influencing the reactivation behavior 94 

of faults might be the historical stress route. 95 

Because of the technical limitations of laboratory methods, there are still few systematic studies 96 

on the activation of strongly cemented faults in research laboratories despite these doubts and 97 

evidence34,35,36. The difficulty to duplicate the geological time scale of hundreds to thousands of 98 

years necessary for robust cementation processes is the primary emphasis of these limitations. To 99 

get around these issues, the prefabricated fault surface was cemented with epoxy resin to mimic the 100 

potent cementation healing effect of quartz and calcite veins. As a repeatable and controllable 101 

mechanical behavior simulation material, epoxy resin may successfully simulate the initial state of 102 

the fault with significant recovery of cohesiveness despite the material variances between it and 103 

natural minerals37. Bypassing the limitations of geological time scales, it enables us to concentrate 104 

on controlling reactivation processes through fault geometry and historical stress courses. We 105 

extensively investigated the impact of fault geometry dip angles and historical stress courses on the 106 

seismic potential of heavily cemented healing faults using a combination of macroscopic 107 



 

 

mechanical tests and microstructure characterisation. This study provides a new experimental basis 108 

and mechanical criterion that must be included in the constraint of �structural stress path� to evaluate 109 

the seismic risk of strongly cemented faults in tensile tectonic environments. 110 

Material and methods 111 

We performed triaxial saw-cut experiments with cylindrical samples of Zizhong sandstone (74.9% 112 

quartz, 18.5% feldspar, ∼6.1% clay, and 0.5% calcite38) with saw-cut oriented at 0°, 30°, 60°, 113 

and 90° to the sample axis. The sawing surface was polished using the same sandpaper mesh to 114 

remove the impact of section roughness39. The polished surface was then uniformly coated with 115 

epoxy resin, and the fault upper and lower rock masses were completely compressed to create a 116 

cemented layer that was roughly 1 mm thick37. To make sure the fault was completely cemented 117 

and healed, the initial fault samples were placed in the steel groove clamp and allowed to cure for 118 

roughly 15 days. The TAW-2000 rock mechanics test equipment, which has an injection pump to 119 

regulate pore fluid pressure and a Hoek-type confining chamber40 (Fig. 2A), was used to conduct 120 

triaxial loading testing. We carried out numerous pre-experiments and chose the highest 121 

compressive strength determined by each fault dip angle sample as the screening standard in order 122 

to lessen the discreteness of the cementation impact throughout the sample preparation procedure. 123 

For formal experiments, only the samples exhibiting the most stable mechanical behavior and the 124 

highest cementation healing effect were chosen. 125 

To reproduce different tectonic loading paths, we alternatively increased the axial stress (σ1) to 126 

simulate LSPs or decreased the confining pressure (σ3), to simulate LWPs40,41,42,43 (Fig. 2B). In order 127 

to achieve the predetermined starting stress condition, the sample was hydrostatically loaded at a 128 

rate of 0.033 MPa/s to the target σ3 for LSPs and the target σ1 for LWPs. An initial confining 129 

pressure of 50 MPa was first applied. Subsequently, the axial stress was raised to 90% of the peak 130 

strength. Upon confirmation of system stability, the experiment proceeded along two distinct paths: 131 

increasing the axial stress (LSP) and unloading the confining pressure (LWP), both continued until 132 

the onset of fault instability21. 133 

To ensure that the experimental results reflect the effect of stress path alone, we first conducted 134 

a series of LWP experiments at unloading rates ranging from 0.01 to 0.15 MPa/s (Fig. S2). The 135 

results show that the laboratory seismic moment remains nearly constant across this range, 136 

indicating that the reactivation potential of strongly cemented faults is not significantly influenced 137 

by loading rate within the range investigated (Fig. S3). Accordingly, an unloading rate of 0.05 MPa/s 138 

was selected for LWP experiments. Representative samples were chosen at the conclusion of the 139 

experiment to preserve the fault plane in order to examine the microstructure of the cement in the 140 

fault zone. Simultaneously, we conducted a comparative test on the strong heterogeneous shale 141 

under the same experimental settings in order to improve the reliability of the experimental data. 142 



 

 

Figure S4 in Supplementary Materials displays the preparation procedure and pictures of the 143 

pertinent samples. The detailed experimental design is shown in Table 1. 144 

Results 145 

Basic mechanical characteristics of faults 146 

Our experimental results demonstrate significant differences in mechanical strength and post-147 

peak behavior of strongly cemented, healed faults as a function of fault dip angle and historical 148 

stress path (Fig. 3A). Under the LSP path, the boundary condition faults (0° and 90°) exhibited the 149 

highest and lowest mechanical strengths, respectively, while the inclined faults (30° and 60°) were 150 

bounded between them. The 30° fault entered a stable slip regime after peak strength, whereas the 151 

60° fault maintained only a brief period of stable slip before undergoing rapid failure (Fig. 3C, D). 152 

The post-peak modulus and stress drop rate can serve as preliminary indicators of the rate of cement 153 

cohesion loss, which aligns with the Coulomb-Mohr criterion�s description of favorable and 154 

unfavorable fault dip behavior27. In contrast, under the LWP path, this mechanical pattern is reversed: 155 

the instability strengths of the boundary dip faults are bounded by those of the inclined faults. The 156 

favorably oriented fault (30°) was the first to fail under relatively small pore-pressure perturbations, 157 

whereas the unfavorably oriented fault (60°) required the highest pore-pressure threshold to reach 158 

instability (Fig. 3B). Moreover, the magnitude of the stress drops at instability also showed marked 159 

dip-dependent variation. These results indicate that the reactivation susceptibility and seismic 160 

potential of strongly cemented faults remain predominantly governed by the favorably oriented fault 161 

geometry as described by the Mohr-Coulomb criterion. Subsequently, we performed further 162 

statistical analysis of these mechanical parameters and results, and constructed Mohr circles for 163 

inclined faults under different stress paths, incorporating the stress states at failure for boundary dip 164 

faults. 165 

The variation in stress drop magnitude remained nearly consistent, unaffected by differences in 166 

the stress path, indicating that it is strictly governed by the fault geometric dip (Fig. 3E). This trend 167 

aligns with the favorable and unfavorable dip framework defined by the Mohr‑Coulomb criterion, 168 

as observed for the basic mechanical parameters: under favorable dip conditions (30°), the stress 169 

drop after fault instability is significantly smaller. Similarly, the critical pore pressure for triggering 170 

instability under the LWP path is also controlled by fault geometry; at a favorable dip (30°), 171 

instability occurs under very low pore‑pressure perturbation (11 MPa). We further analyzed the 172 

position and size of the Mohr circles for the inclined faults, revealing a strong correlation between 173 

the failure condition and both the fault dip and the stress path (Fig. 3F). For a given fault dip, the 174 

LWP path shifts the Mohr circle to the left, whereas under a fixed stress path, increasing the fault 175 

dip significantly enlarges the area of the Mohr circle. This indicates that both the fault geometric 176 

dip and the stress path substantially influence the risk of fault instability. Under the LWP path, the 177 

Mohr circle not only shifts leftward but also expands, whereas under the LSP path, no leftward shift 178 

is observed. This further suggests that the reactivation of strongly cemented faults is more sensitive 179 



 

 

to the stress path than to the fault geometric dip. The detailed calculation results are shown in Table 180 

2. 181 

Instability behavior after fault activation 182 

We analyzed the post-instability failure modes of the faults (Fig. S5). The failure modes of 183 

strongly cemented faults vary markedly under different stress paths. For horizontal faults (90°) and 184 

favorably oriented faults (30°), the stress path has little influence on their failure modes. Horizontal 185 

faults are dominated by axial compression and deformation of the surrounding host rock in both the 186 

hanging wall and footwall, indicated by the development of distinct white conjugate shear bands. 187 

In contrast, favorably oriented faults are governed primarily by frictional sliding along the fault 188 

surfaces. However, the stress path significantly influences the failure modes for vertical faults (0°) 189 

and unfavorably oriented faults (60°). For vertical faults, failure transitions from tensile fracturing 190 

under the LSP path to brittle shear fracturing under the LWP path. For unfavorably oriented faults, 191 

failure evolves from frictional slip along localized shear zones under the LSP path to a compound 192 

failure mode under the LWP path, involving slip along the fault plane coupled with brittle fracturing 193 

of the host rock in both the hanging wall and footwall. Correspondingly, the energy release pattern 194 

of the fault system shifts from localized energy dissipation via failure of the cemented fault core to 195 

pervasive shear-driven energy dissipation that breaches the cemented core and propagates into the 196 

surrounding rock. This transition indicates a marked energy spillover effect within the system44. 197 

These observations further suggest that, compared to fault geometry, the stress path may exert a 198 

more dominant control on the failure behavior and seismic potential of strongly cemented faults. 199 

Furthermore, comparative tests conducted on bedded shale under identical conditions reveal that the 200 

stress-path-induced differences in failure modes are even more pronounced in shale. Additional 201 

details and failure mode diagrams are provided in Fig. S5C, D. 202 

Microstructural analysis of cemented mass 203 

Based on microstructural observations of the post-failure cemented fault surfaces, we further 204 

analyzed the influence of stress path and fault geometric dip on the failure mechanisms of the fault 205 

system (Fig. 4A). In terms of fault geometry, the damage distribution within the cemented material 206 

on low-angle (favorably oriented, 30° dip) fault planes is more uniform compared to that on high-207 

angle faults. In contrast, high-angle (60° dip) fault cement exhibits significant cement cracking and 208 

even cataclasis (similar to fault brecciation45,46 and observed in some friction experiments36,47). A 209 

similar phenomenon was also observed in our supplementary shale experiments (Fig. 4B). From the 210 

perspective of stress path, the low-angle fault exhibits no significant change, whereas the cemented 211 

material on the high-angle fault plane shows a certain degree of damage intensification. To further 212 

investigate this, we quantified the surface roughness and multifractal spectrum of the fault planes 213 

and performed detailed data analysis (Fig. 5). We found that the surface roughness of the cemented 214 

material on the low-angle fault is more homogeneous, with a narrower multifractal spectrum width, 215 

indicating more uniform damage distribution without pronounced damage localization or stress 216 

concentration48. In contrast, the cemented surface of the high-angle fault is considerably rougher, 217 



 

 

with a significantly broader multifractal spectrum width than that of the low-angle fault. This 218 

suggests that the cement on the high-angle fault has undergone a marked localized damage process. 219 

This is likely due to the unfavorable geometric dip placing the fault under a state of higher shear 220 

and normal stress (Fig. S6). As the fault dip increases, the mechanical response of the cement 221 

transitions from compaction strengthening under low normal stress to crushing weakening under 222 

high normal stress49. Furthermore, increased shear stress drives local stress concentration within the 223 

cement, leading to its tearing and fragmentation as frictional slip progresses50. Building on the 224 

aforementioned mechanical characteristics of the faults (stress drop magnitude) and their failure 225 

modes, where energy is either localized within the cemented fault core or spills over, breaching the 226 

core into the surrounding host rock. We further hypothesize that the system-level energy release 227 

mode of strongly cemented, healed faults may be governed by the rate of cohesion loss within the 228 

cement. This, in turn, likely influences their seismic potential upon reactivation. Specifically, rapid 229 

cohesion loss (LWP path) prevents the fault zone from sufficiently dissipating the accumulated 230 

strain energy, forcing it to spill over into the host rock. In contrast, slow cohesion loss (LSP path) 231 

confines energy dissipation primarily within the fault zone itself.  232 

Discussion 233 

Seismic potential assessment of strongly cemented, healed faults 234 

Based on the experimental data, we calculated the seismic moment and magnitude for the dipping 235 

faults (Figs. 6, 7C). The cumulative deformation moment (including both seismic and aseismic 236 

components) is given by51: 237 𝑴૙ =  238 (1)      ࢙∆ ࡭ࡳ

where A is the total fault area (30
。

: ∼3,925 mm2 and 60
。

: ~2,267 mm2 for the elliptical fault plane 239 

used in this study), and G is the shear stiffness. The slip displacement is calculated by converting 240 

the axial strain and the geometric dip angle of the fault. Along the LWP path, fault displacement 241 

involved slip along a preexisting cemented plane as well as propagation of a new fracture surface. 242 

Consequently, the total fault area was increased by the area of this newly formed fracture surface 243 

(∼6,192 mm2). Δs is fault slip displacement. Figure S7 presents the experimental results of fault slip 244 

under different unloading rates. The results show that the instantaneous relative slip displacement 245 

varies only slightly across different unloading rates (within 1 mm), and consequently, the 246 

instantaneously released seismic moment remains relatively constant. 247 

Figure 7C illustrates the temporal evolution of the deformation moment. It is evident that both 248 

the stress path and the fault dip angle significantly influence the seismic moment of strongly 249 

cemented faults; however, the magnitude of their respective influence differs markedly. Most 250 

notably, the stress path predominantly controls the magnitude of the seismic moment: the moment 251 

released under the LWP path is approximately two orders of magnitude greater than that under the 252 

LSP path (Δlog Mw ≈ 2.6). In contrast, within the same stress path, variations in dip angle (e.g., 253 

30° vs. 60°) result in only a 1- to 2- fold difference in seismic moment, which is considerably smaller 254 



 

 

than the effect of the stress path. Particularly significant is the observation that, under the LWP path, 255 

the unfavorably oriented (60° dip) fault experienced rupture that breached the cemented fault core 256 

and propagated into the surrounding host rock, forming a through-going shear zone. This process 257 

generated an exceptionally large seismic moment. Approximately double that of the favorably 258 

oriented fault. This anomalous phenomenon indicates that, under the unloading confining pressure 259 

conditions, the system underwent a significant energy spillover effect. The cemented fault core itself 260 

became insufficient to dissipate the accumulated strain energy, forcing the rupture to extend into the 261 

adjacent host rock. We observed consistent results in supplementary experiments conducted on shale 262 

(Fig. S8), reinforcing the dominant role of the stress path in controlling the reactivation seismic 263 

potential of strongly cemented, healed faults. 264 

Figure 6 compares the moment magnitude estimated in this study with the moment magnitude 265 

predicted from the rupture area of natural faults, based on the empirical relation52: 266 𝑴࢝ = ૝. ૙ૠ + ૙. ૢૡ 267 (2)      (࡭)ࢍ࢕࢒ 

The moment magnitude of stick‐slip events is also calculated from the seismic moment using53: 268 𝑴࢝ = ૛/૜ ࢍ࢕࢒ 𝑴૙  −  ૟. ૙૟      (3) 269 

The MW values derived from seismic moment are slightly higher than those predicted from the 270 

rupture area, yet they remain within the confidence bounds of natural earthquake 271 

distributions52,54,55,56. This demonstrates that the system-level energy release mode of strongly 272 

cemented, healed faults govern their seismic potential57. The stress path and fault dip angle regulate 273 

the rate of cement cohesion loss, thereby controlling whether the fault system dissipates energy 274 

locally within the fault core or via rupture that breaches the core and propagates into the surrounding 275 

host rock. 276 

Stress path dependence of seismic potential in strongly cemented, healed faults 277 

Utilizing the rapid cementation capability of epoxy resin to form strongly healed fault zones, we 278 

investigated the influence of fault stress path history and geometric dip angle on the seismic 279 

potential of reactivated, strongly cemented faults. Cementation effects are negligible over short 280 

holding times but become dominant over prolonged periods3. This indicates that when a fault 281 

undergoes long-term cementation healing, its behavior during re-strengthening and re-shearing 282 

reflects a combination of enhanced shear dilatancy at cemented contacts and the fracturing of 283 

cohesive strength36,58. Therefore, the key to understanding the seismic potential of strongly 284 

cemented faults lies in quantifying the rate of cohesion loss within the cement during the failure 285 

process and linking it to the fault system�s energy release mode (Fig. 7). We provide clear evidence 286 

establishing that the stress path plays a dominant role in controlling the seismic potential of strongly 287 

cemented, healed faults upon reactivation. Under the LWP path, strongly cemented faults release a 288 

seismic moment approximately two orders of magnitude greater than under the LSP path (Δlog 289 

Mw ≈ 2.6), whereas variations in dip angle result in only a 1- to 2- fold difference in seismic 290 

moment. In our supplementary experiments, the seismic moment associated with the reactivation of 291 

strongly cemented faults remains relatively constant and does not vary significantly with the 292 



 

 

unloading rate. This finding further supports the dominant role of loading path in controlling the 293 

reactivation potential of strongly cemented faults, as established in this study.  294 

We quantified the rate of cohesion loss using the slope (K = dσ/dt) of the post-peak stress drop 295 

phase on the stress-time curve (Fig. 7A). This approach is based on the reasoning that during the 296 

instability, the drop in shear stress is primarily contributed by the loss of cohesion within the cement, 297 

with both exhibiting identical time-varying characteristics3. It should be noted that the magnitude 298 

of the stress drop itself is influenced by the fault�s frictional healing history59,60. However, this study 299 

focuses on the rate rather than the magnitude, revealing the control exerted by the stress path on 300 

instability dynamics. The results demonstrate that the stress path exerts a significantly stronger 301 

control over the cohesion loss rate than the fault dip angle. The average cohesion loss rate under the 302 

LWP path is approximately three orders of magnitude higher than that under the LSP path (Δlog C 303 

≈ 2.98), whereas variations due to geometric dip are less than twofold. This substantial difference 304 

suggests that under the LWP path, cohesion within the fault zone is lost in a burst-like, rapid manner, 305 

laying the groundwork for subsequent energy spillover within the fault system. 306 

The difference in the rate of cohesion loss is directly reflected in the post-activation evolution of 307 

the friction coefficient (Fig. 7B), which in turn indicates the energy release mode of the fault 308 

system61. Under the LSP path, the sliding friction coefficient after fault activation is significantly 309 

higher and decreases more gradually compared to that under the LWP path. Particularly for 310 

favorably oriented faults (30°), the coefficient remains almost constant at a residual level after 311 

activation, suggesting that the system�s energy is dissipated in a stable, localized manner within the 312 

cemented fault core (Fig. 7B, blue dashed line). This observation aligns perfectly with the instability 313 

mode described in Section 3.2, where rupture is confined to the fault zone. In contrast, under the 314 

LWP path, the friction coefficient drops sharply after activation. While energy release remains 315 

localized within the fault core for favorably oriented faults, a distinct two-stage behavior is observed 316 

for unfavorably oriented faults (60°): the friction coefficient first undergoes a rapid drop, followed 317 

by a period of stable sliding, before a second abrupt drop occurs (Fig. 7B, blue solid line). This two-318 

stage behavior corresponds precisely to the failure process observed in Section 3.2�initial rapid 319 

cohesion loss within the fault core, followed by energy spillover driving through-going shear 320 

fracturing in the surrounding rock. The transition from purely frictional instability to a combined 321 

frictional‑fracturing failure mode introduces a second critical slip distance, a phenomenon also 322 

reported in previous experiments on healed faults34,36,58. 323 

Finally, we compared the rate of cohesion loss and the corresponding seismic moment under all 324 

experimental conditions (Fig. 8). Regardless of the loading rate or lithology, the rate of cement 325 

cohesion loss during reactivation of strongly cemented faults under LWP is significantly higher than 326 

that under LSP (Fig. 8A). The corresponding seismic moments show the same evolutionary trend 327 

(Fig. 8B). 328 

In summary, we propose that the rate of cohesion loss within the fault core serves as a key 329 

governing parameter for the seismic potential of strongly cemented, healed faults. Rapid cohesion 330 



 

 

loss (LWP path) prevents the fault zone from dissipating the accumulated strain energy at its own 331 

scale, forcing energy to spill over into the surrounding rock and driving through-going shear failure, 332 

thereby releasing an exceptionally large seismic moment. In contrast, slow cohesion loss (LSP path) 333 

localizes energy dissipation within the fault core, resulting in a limited seismic moment. 334 

Implications for seismicity 335 

Traditional seismic hazard assessment frameworks heavily rely on geometric criteria, where the 336 

angle between the fault dip and the regional principal stress is considered as the primary factor 337 

controlling both the likelihood of reactivation and the magnitude of seismic events25,26. However, 338 

this study suggests that for strongly cemented faults that have undergone long-term healing, this 339 

geometry-centered paradigm may require revision. We find that under the LWP (normal-faulting) 340 

path, the classic �unfavorable� dip of 60° releases an anomalously large seismic moment, whereas 341 

the instability scale of the �favorable� 30° dip fault is relatively limited. This indicates that for the 342 

reactivation of strongly cemented, healed faults, the historical stress path may be more decisive than 343 

the geometric orientation. Therefore, incorporating the �tectonic stress path� into seismic hazard 344 

assessment frameworks is essential for accurately evaluating the seismic risk posed by such strongly 345 

cemented faults. 346 

In nature, normal faults in extensional tectonic settings (e.g., the East African Rift, the Rio Grande 347 

Rift, and the North Sea Basin) sometimes exhibit unexpectedly large displacements and seismic 348 

moments that are mismatched with their geometric scales16. This phenomenon has been difficult to 349 

explain with traditional frictional sliding theory. The �energy spillover� mechanism proposed in this 350 

study provides a new mechanical explanation. When strongly cemented, healed faults experience a 351 

reduction in confining pressure (e.g., due to uplift, denudation, or extension), rapid cohesion loss in 352 

the cement may cause the stored elastic strain energy in the system to exceed the dissipation capacity 353 

of the fault zone itself. This forces the rupture to propagate into the surrounding host rock, thereby 354 

releasing an anomalously large seismic moment. The transition in the failure mode of such faults 355 

from purely frictional to a combination of friction and fracturing introduces a second critical slip 356 

distance, a phenomenon that has been widely reported in other studies34,36,58. This mechanism 357 

suggests that strongly cemented faults in extensional tectonic regions that have undergone 358 

significant uplift or extension histories may have an underestimated seismic potential. 359 

The seismic recurrence cycle can be conceptualized as an alternating sequence of fault healing 360 

(strength recovery) and rupture (energy release)25,62. While traditional models have focused 361 

primarily on strength accumulation during the healing phase and frictional sliding during rupture, 362 

the mechanisms governing energy partitioning during the re‑rupture of healed faults remain poorly 363 

understood3,63. This study demonstrates that the energy‑release mode of strongly cemented faults 364 

upon reactivation is controlled by the rate of cohesion loss within the cemented fault core: rapid loss 365 

triggers energy spillover, driving fracture propagation into the surrounding host rock and generating 366 

anomalously large seismic events; slow loss, in contrast, localizes energy dissipation within the fault 367 

core, resulting in limited seismic moment. This finding implies that both the degree of fault healing 368 



 

 

(i.e., the level of cohesion recovery within the fault zone) and the stress path during reactivation 369 

jointly determine the partitioning of energy in the seismic cycle. Specifically, the proportions 370 

allocated to overcoming friction, breaking the cement, and shearing the host rock. These insights 371 

provide a new experimental perspective for building a more comprehensive energy‑budget model 372 

for earthquakes, although systematic energy‑partitioning analysis was not conducted in this study. 373 

The conceptual framework proposed in this study yields several testable predictions. For example, 374 

in extensional tectonic settings that have undergone significant uplift history (e.g., rift shoulders, 375 

passive continental margins), if a fault zone shows evidence of strong healing via quartz or calcite 376 

vein infilling7,9, its seismic potential may be underestimated by traditional geometry-based 377 

assessment methods. Conversely, if a fault has experienced a history of continuous burial or 378 

compression, its seismic potential may align more closely with traditional expectations. Future 379 

research could test this prediction by comparing the actual seismic activity of strongly cemented 380 

faults in different tectonic settings. Furthermore, the concept of �cohesion loss rate� highlighted in 381 

this study suggests that laboratory-scale measurements of the post-peak brittle behavior of fault 382 

rocks could provide a new lithological parameter for evaluating the seismic potential of natural 383 

faults. 384 

Conclusions 385 

This study conducted triaxial experiments on prefabricated sandstone sections bonded with epoxy 386 

resin, systematically revealing the core controlling factors and seismic potential of the reactivation 387 

process of strongly bonded healing faults (simulated quartz/calcite vein filled faults). The results 388 

show that the stress path dominates the scale of instability and can override geometric control. The 389 

seismic moment released by strongly cemented faults under the LWP path is about two orders of 390 

magnitude greater than that under the LSP path, while dip angle variations result in only a 1- to 2- 391 

fold difference. Crucially, under the LWP path, the 60° fault, classically considered a mechanically 392 

�unfavorable� dip, triggered the most intense instability, with rupture breaching the cemented fault 393 

core and propagating into the surrounding host rock, forming through going shear fractures and 394 

releasing an anomalously large seismic moment. This indicates a marked energy spillover effect 395 

within the system. We propose the �rate of cohesion loss within the cement� as a key governing 396 

parameter: rapid cohesion loss (LWP path) prevents the fault zone from dissipating the accumulated 397 

strain energy, forcing it to spill over into the host rock, whereas slow cohesion loss (LSP path) 398 

confines energy dissipation within the fault core. This mechanism provides a new mechanical 399 

explanation for large displacement normal fault earthquakes in extensional tectonic settings (e.g., 400 

rift systems, passive continental margins, and regions of differential uplift), suggesting that the 401 

seismic potential of strongly cemented, healed faults that have undergone significant uplift or 402 

extensional history may be underestimated by traditional geometry assessment methods. Moreover, 403 

this study reveals a fundamental distinction between the reactivation behavior of strongly cemented 404 



 

 

faults and the classical frictional slip framework. The former is dominated by cohesion loss driven 405 

brittle fracturing and energy spillover, while the latter is governed primarily by frictional dissipation. 406 

This highlights the need for future fault mechanics research to distinguish between �friction 407 

dominated� and �cohesion breakdown dominated� instability modes, and to incorporate the 408 

�tectonic stress path� into seismic hazard assessment frameworks. 409 

Data availability 410 

Data will be made available on request. 411 
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Table 1. Specific experimental design. 

Sandstone 

LSP LWP 

Sample ID Fault dip (°) Test conditions Sample ID Fault dip (°) Test conditions 

LSP-0° 0 

δσ1/δt =0.2mm/min 

LWP-0° 0 

δσ3/δt =0.05MPa/s 
LSP-30° 30 LWP-30° 30 

LSP-60° 60 LWP-60° 60 

LSP-90° 90 LWP-90° 90 

Shale 

LSP LWP 

Sample ID Fault dip (°) Test conditions Sample ID Fault dip (°) Test conditions 

LSP-0° 0 

δσ1/δt =0.2mm/min 

LWP-0° 0 

δσ3/δt =0.05MPa/s 
LSP-30° 30 LWP-30° 30 

LSP-60° 60 LWP-60° 60 

LSP-90° 90 LWP-90° 90 

LWP Sandstone 

Unloading Rate (MPa/s) Fault dip (°) Test conditions 

0.01 

30 δσ3/δt =0.05MPa/s 

0.02 

0.03 

0.04 

0.05 

0.06 

0.15 

Abbreviations: LSP: load-strengthening path. LWP: load-weakening path. δσ1/δt: loading rate. 
δσ3/δt: unloading rate.  

 



Table 2. Summary of calculation results. 

Sandstone 

LSP LWP 

Sample ID Dσd / dt (MPa/s) M0 MW Sample ID Dσd / dt (MPa/s) M0 MW 

LSP-0° / / / LWP-0° / / / 

LSP-30° 0.029 0.0156 -7.265 LWP-30° 122.725 25.29 -5.125 

LSP-60° 0.192 0.0856 -6.772 LWP-60° 88.309 46.56 -4.657 

LSP-90° / / / LWP-90° / / / 

Shale 

LSP LWP 

Sample ID Dσd / dt (MPa/s) M0 MW Sample ID Dσd / dt (MPa/s) M0 MW 

LSP-0° / / / LWP-0° / / / 

LSP-30° 1.21 4.8396 -5.603 LWP-30° 26.4 204.5 -4.52 

LSP-60° 0.08 0.3359 -6.627 LWP-60° 492.5 90.57 -4.755 

LSP-90° / / / LWP-90° / / / 

LWP Sandstone 

Unloading Rate (MPa/s) Dσd / dt (MPa/s) M0 MW 

0.01 21.2 47.73 -4.94 

0.02 63.27 53.63 -4.906 

0.03 77.25 43.49 -4.967 

0.04 73 53.05 -4.91 

0.05 70 46.57 -4.947 

0.06 75.5 43.18 -4.969 

0.15 60.46 48.03 -4.938 

Abbreviations: Dσd / dt (MPa/s): Stress reduction rate. M0: Deformation moment. MW: Moment magnitude. 



 

 

 1 

Fig. 1. A：Conceptual models and microstructural evidence of fault healing and reactivation. (A) 2 

Schematic diagram of fault healing and reactivation driven by deep hydrothermal upwelling and 3 

anthropogenic fluid injection. (B) Quartz-filled veins along a natural fault surface, forming a 4 

continuous cement film or bridge that fully occupies the fault plane. (C) Cross-cutting veins in 5 

secondary faults: quartz or calcite veins oriented at various angles to the main shear zone; although 6 

not fully filling the fault plane, they cross-cut the fault surface and partially cement the adjacent 7 

wall rocks. (D) Schematic illustration of accelerated fault healing under elevated temperature. 8 

 9 



 

 

 10 

Fig. 2. Experimental setup and loading paths. A. Schematic of the triaxial test system. A loading 11 

piston applies vertical (axial) force to the cylindrical specimen, while a Hoek cell delivers isotropic 12 

confining pressure via hydraulic oil (Giorgetti, et al., 2021). B. Stress paths applied to the samples. 13 

Stage 1: Isotropic loading, increasing the confining pressure to the target value. Stage 2: Differential 14 

loading until reactivation occurs�achieved either by increasing the axial pressure (LSP: 15 

Loading‑Strengthening Path) or by decreasing the confining pressure (LWP: Loading‑Weakening 16 

Path). 17 
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 19 

Fig. 3. A–D: Evolution of stress and strain with time for faults subjected to varied stress‑path 20 

histories. E: Stress‑drop magnitude and critical pore pressure as a function of fault dip for different 21 

stress paths. F: Mohr‑circle evolution under different stress paths. 22 
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 24 

Fig. 4. Microscale failure images of the cemented fault-core material in prefabricated sandstone and 25 

shale samples with different dip angles under distinct stress‑path histories. A: Micro‑scale failure 26 

patterns of the cemented sandstone fault core under different stress paths. The 60°‑dip fault core 27 

exhibits cracking and cataclasis, whereas the 30°‑dip core remains relatively intact. B: Micro‑scale 28 

failure patterns of the cemented shale fault core under different stress paths. 29 
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 31 

Fig. 5. Quantitative analysis of micro‑topographic complexity on prefabricated sandstone fault 32 

surfaces with different dip angles under distinct stress‑path histories. A: 3D surface‑topography 33 

extraction. The 30°‑dip fault exhibits a more uniform fracture surface, whereas the 60°‑dip fault 34 

shows pronounced local fragmentation. B: Roughness statistics. The 60°‑dip fault surface displays 35 

significantly higher roughness than the 30°‑dip surface. C: Multifractal spectra of the fracture 36 

surfaces. D: Statistics of multifractal‑spectrum width. The 30°‑dip fault surface has a markedly 37 

narrower multifractal spectrum than the 60°‑dip surface, indicating more uniform damage within 38 

the cement. 39 
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 41 

Fig. 6. Moment magnitude as a function of source area. The figure includes laboratory results from 42 

this study (sandstone and shale), as well as data compiled from natural and laboratory earthquakes 43 

by Wells and Coppersmith (1994), Hanks and Bakun (2002), Somerville et al. (2009), and Ji et al. 44 

(2019). 45 
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 47 

Fig. 7. Seismic potential and mechanism of reactivation for strongly cemented, healed faults under 48 

varying dip angles and stress‑path histories. A. Rate of cohesion loss within the fault core. B. 49 

Evolution of the friction coefficient as a function of slip displacement. C. Temporal evolution of 50 

deformation moment. D. Proposed mechanism for the reactivation seismic potential of strongly 51 

cemented, healed faults. The stress path dominates the instability scale and can override geometric 52 

control. Rapid cohesion loss (LWP) prevents the fault core from dissipating the stored strain energy, 53 

forcing energy to spill over into the surrounding rock and generating an exceptionally large seismic 54 

moment. In contrast, slow cohesion loss (LSP) confines energy dissipation within the fault core, 55 

resulting in a limited seismic moment. 56 

 57 



 

 

 58 

Fig. 8. A: Distribution of stress drop rates for strongly cemented and healed faults under all 59 

experimental conditions, including variations in lithology, fault dip angle, stress path, and unloading 60 

rate. B: Corresponding distribution of laboratory seismic moments. Regardless of lithology or fault 61 

dip angle, the stress drop rate during reactivation of strongly cemented faults under the LWP is 62 

significantly higher than that under the LSP, and the seismic moments exhibit the same evolutionary 63 

trend. Furthermore, within the range of unloading rates investigated (0.01�0.15 MPa/s), neither the 64 

stress drop rate nor the seismic moment is significantly affected by the unloading rate. These results 65 

further demonstrate that the stress path governs the seismic potential of strongly cemented fault 66 

reactivation by controlling the rate of cohesion loss within the cement. 67 
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