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1 Introduction 
Injection-induced seismicity has become a globally pervasive geophysical phenomenon that poses 
significant challenges for subsurface engineering applications, especially enhanced geothermal 
systems (EGS), shale gas wastewater reinjection, and CO2 sequestration projects (Ellsworth 2013). 
The current mechanistic understanding of injection-induced seismicity includes multiple coupled 
processes, pore pressure diffusion, thermal-water-mechanical interactions, seismic wave triggering, 
and aseismic slip transients (Guglielmi et al. 2015). Of these, pore pressure diffusion through fault 
zones is widely recognized as the predominant triggering mechanism (Shapiro et al. 2011), with 
elevated fluid pressures lowering the effective normal stress and facilitating fault reactivation 
(Elsworth et al. 2016). The dynamic interplay between permeability evolution and induced seismicity 
during high-pressure fluid injection is particularly important for optimizing EGS reservoir 
performance, ensuring the integrity of the nuclear waste repository, and advancing physics-based 
seismic hazard assessment (Woo et al. 2019). Field observations and laboratory experiments have 
consistently demonstrated that injection-induced sliding events exhibit complex magnitude-frequency 
distributions modulated by coupled hydrodynamic processes (Passelègue et al. 2018). 

The initial stress state of the fault is a key factor controlling the seismic activity by injection induced 
(McGarr 2014). The traditional theory, based on the assumption of moderate stress state, has 
established a fundamental theoretical framework between the release of seismic moments and the 
injected volume (Galis et al. 2017). Field observations and experimental studies have shown that stress 
states of many faults are closer to the critical instability conditions, which makes the classical model 
based on the assumption of moderate stress have obvious limitations in predicting actual seismic 
activities (Li et al. 2021). Faults under different initial stress states exhibit distinct response to fluid 
injection. This is not only reflected in the scale of seismic moment release but also affects the 
suddenness of instability and the mode of rupture propagation. 

The evolution of fault permeability also plays a critical role in injection-induced seismicity. As a key 
parameter governing pore pressure diffusion and fluid migration pathways, dynamic changes in 
permeability directly influence the redistribution of effective stress and the destabilization process of 
faults. Seismic events exert multifaceted control over hydrogeological systems by affecting dynamic 
permeability; seismic waves generated by seismic activity led to either increased or decreased 
permeability. The magnitude-frequency distribution provides a fundamental framework for the 
statistical patterns of seismic activity, typically described by the Gutenberg-Richter law (Gutenberg 
and Richter 1944). According to this law, a negative correlation exists between earthquake magnitude 
and occurrence frequency, corresponding to a low frequency for large magnitudes and a high 
frequency for small magnitudes (Tormann et al. 2015). 

We conducted fluid injection tests on granite samples containing smooth artificial faults, with pre-
loaded strengths at 80%, 84%, 88%, and 92% of peak shear strength. Faults closer to the critical 
instability state exhibited greater stress drop and higher peak slip rates. 

2 Materials and Methods 
Fluid injection experiments were conducted on fractured granite samples. The granite primarily 
consists of quartz (33%), feldspar (62%), and mica (5%), with an average grain size of approximately 
2 mm. The granite exhibits a porosity of about 0.6% and macroscopically uniform texture. 
Experimental results measured using the pressure pulse decay method indicate an intrinsic 
permeability of 1.3 μD for the granite matrix. Granite samples with a diameter of 50 mm and height of 
100 mm were cut at a 30° angle to the core axis, ensuring each sample contained a smooth fault 
inclined at 30° to the axial direction. Two drill holes with a nominal diameter of 2.5 mm were drilled 
in parallel along the vertical direction near the fault surface at the end of the sample, to allow fluid 
flow from the core holder inlet into the fracture and subsequently to the exit hole, which was 5 mm 
from the edge of the sample. The samples were fixed within the core holder using two layers of 
polytetrafluoroethylene and separated from the surrounding oil. 

The fluid-driven fault reactivation experiment was carried out by using a high-temperature and high-
pressure triaxial fault shear permeability test system at ambient temperature (20°C), and using silicone 
oil and distilled water as the enclosing fluid and injection fluid, respectively. The normal stress (σn) 
and shear stress (τ) of the fracture are calculated as: 
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𝜎௡ = 𝜎ଷ + ሺ𝜎ଵ − 𝜎ଷሻ𝑐𝑜𝑠ଶ𝜓 (1) 𝜏 = ሺ𝜎ଵ − 𝜎ଷሻ sin𝜓 cos𝜓 (2) 

where σ1 is the axial stress, σ3 is the confining stress, and the sampling frequency is 10 Hz; σ1-σ3 are 
the deviatoric stresses measured directly by the pressure measuring element in the vessel; ψ is the 
inclination angle of the fracture relative to the core axis. Since the pore pressure interacts with the 
positive stress on the fracture surface, the effective normal stress is calculated as: 𝜎௘௙௙ = 𝜎௡ − 𝑃௣௢௥௘ (3) 

During fluid injection, the normal and shear stresses on the fracture are maintained by controlling the 
axial and peripheral pressures through a servo system. The shear displacement along the fracture (dslip) 
is calculated as: 

𝑑௦௟௜௣ = 𝑑௟cos𝜓 
(4) 

where dl is the load point displacement, measured in a triaxial fault shear permeability test equipment 
vessel. The evolution of permeability (k) at rock fractures was calculated based on the cubic law: 

𝑘 = 𝑒௛ଶ12 
(5) 

where eh is the fracture aperture (m) at the fracture surface. In this study, it is considered that the fluid 
flows only at the fracture surface thus leading to induced shear slip, and the fracture aperture is 
calculated as: 

𝑒௛ = ൤− 12𝜂𝐿𝑄𝑤ሺ𝑃௜௡ − 𝑃௢௨௧ሻ൨భయ (6) 

where Q is the steady-state flow rate (m3/s), Pin-Pout (ΔP) is the pressure difference, and η is the fluid 
viscosity (1.002 × 10-3 Pa-sec for distilled water at 20°C). 

3 Results 

3.1 Injection-induced slip behaviour is controlled by vary initial critical stress 
state of the fault 

The initial stress state of faults governs the pattern and intensity of injection-induced fault reactivation. 
Under constant confining pressure σ₃=11 MPa and injection pressure p=1 MPa, granite specimens 
containing smooth interfaces inclined at 30° relative to the core axis were subjected to axial loading. 
This led to a progressive increase in resolved shear stress with slip until it reached 92%/88%/84%/80% 
of the peak shear strength τss. In the second stage, we maintained a fixed axial piston position to 
ensure zero displacement conditions at both ends of the granite specimens. Fluid injection then 
commenced at a rate of 1 MPa/min, increasing from 1 MPa to 10 MPa. Due to the high permeability 
of the fracture surfaces, fluid pressure rapidly reached millisecond-scale equilibrium within the 
specimens. During fluid injection, both representative sample sets exhibited distinct dynamic slip 
events throughout the pressure ramp, characterized by rapid shear stress decline and abrupt 
displacement increase. 

The dependence of injection-induced seismicity on the initial stress state of faults is summarized 
visually in Fig.1. The stress drop decreases from 1.38 MPa at 92% critical stress to 0.84 MPa at 80% 
critical stress. The injection pressure required to induce instability is inversely proportional to the 
fault's initial stress state. Faults with a critical stress of 92% slip when injection pressure to 4.1~4.7 
MPa, whereas faults with an initial stress state of 80% require a greater injection value to slip. 
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Fig. 1 Mechanical behavior of injection - induced fault slip under vary critical stress states. (a), (b), (c), (d) shows the 
mechanical behavior across 92% / 88% / 84% / 80% critical stress states. 

To sum up, our results jointly depict the continuous spectrum of the fault slip mode controlled by the 
initial stress state. There is a common trend that faults closer to the critical instability state exhibit 
more intense seismic slip instability, characterized by greater stress drop, faster sliding speed, earlier 
instability occurrence time and lower trigger pressure. In contrast, faults preloaded to lower stress 
levels exhibit progressive quasi-static sliding responses. 

3.2 Characteristics of injection-induced failure mode 
Fig.2 illustrates the AE response characteristics of injection-induced fault slip. Results indicate that the 
AE response intensifies as the initial stress state of smooth faults approaches critical instability (e.g., 
92% τₛₛ). For smooth faults, the maximum AE energy increased significantly from 109.25 mV*ms to 
139.83 mV*ms as the initial stress rose from 80% to 92%, while the ring-down counts (RDC) also 
increased from 28 to 39. This systematic increase in AE energy reveals that fault reactivation under 
higher stress states generates higher-energy microfracture activity, indicating a more violent brittle 
failure process. Furthermore, the initial stress state significantly influences the temporal characteristics 
of instability events. We found that faults closer to critical instability exhibited shorter failure 
durations, manifested as AE signals concentrated within a narrower time window. This indicates that 
fault instability under high stress states exhibits greater suddenness and faster fracture propagation 
speeds. 

 

Fig. 2 AE characteristics of injection-induced fault slip process. (a), (b), (c), (d) shows the mechanical behavior across 92% / 
88% / 84% / 80% critical stress states 

The most direct mechanism for injection-induced fault slip is the reduction in closure pressure due to 
increased pore pressure. Once reactivated, the fault's frictional response may lead to stable slip or 
unstable slip. In this study, smooth faults exhibited dynamic slip during injection-induced failure, with 
the friction coefficient abruptly decreasing from the static to kinetic value. 
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4 Discussion 
When fault instability occurs, permeability exhibits rapid growth (Fig.3). Sustained diffusion under 
high pore pressure reactivates faults previously at critical stress states. Dynamic slip events cause rock 
fracture expansion, facilitating fluid flow through fracture pathways and thereby increasing 
permeability. We estimated the b-value during the experiment using the maximum likelihood method 
and calculated its standard error σ(b). The data shows the temporal trend of b-value during the 
experiment, with black error bars representing the standard error. The abrupt decrease in b-value 
corresponds to a sudden increase in permeability, dropping from 1.42±0.1 during background events 
to 0.78±0.1 during slip events. Notably, the continuous decline in the b-value exhibited precursor 
characteristics earlier than the abrupt change in permeability. This advance time systematically 
increased with decreasing initial critical stress state, extending from 4 seconds at 92% critical stress to 
15 seconds at 80% critical stress. Furthermore, faults closer to failure exhibited greater increases in 
permeability during slip events. Following slip events, the experimental system entered a new stable 
state where permeability stabilized. Cracks reached a new equilibrium post-slip, and the stabilization 
of flow pathways eliminated severe permeability fluctuations. 

 
Fig. 3 Permeability and b-value characteristics of injection-induced fault slip process. (a), (b), (c), (d) shows the mechanical 
behavior across 92% / 88% / 84% / 80% critical stress states. 

Through meticulous experimental design, we systematically monitored the dynamic changes of 
permeability and b value during the microseismic activity stage. The experimental results reveal the 
connection between fluid injection and fault slip behavior under vary stress states. With the continuous 
injection of fluid, the fluid seeps through the fissures and eventually enters the slip zone, inducing the 
slip of the fault.  

5 Conclusions 
We conducted triaxial shear permeability tests on smooth-jointed granite samples to understand the 
mechanism of injection-induced seismicity under different initial stress states of faults. We reveal that 
the initial critical stress state of faults exerts primary control over seismic activity. During injection 
operations, the injection pressure rapidly increases before stabilizing at a constant level for fluid 
injection. Slip events occur abruptly, reflecting the sudden and destructive nature of injection-induced 
unstable slip. We found that faults closer to critical instability exhibited shorter failure durations, 
manifested as AE signals concentrated within a narrower time window. Concurrently, shear stress 
variations demonstrate fluid injection's impact on fault stability, with pore pressure increases initially 
causing a slight decrease in shear stress and a rapid drop during slip events. 
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