
1.  Introduction
The triggering of fluid injection-induced seismicity has become a key hazard in the recovery of geothermal 
energy, shale gas, petroleum, and natural gas and in the underground disposal of wastewater (Cornet, 2015; 
Ellsworth, 2013; Elsworth et al., 2016; McGarr et al., 2015; Weingarten et al., 2015). Fluid disposal induced 
events have reached Mw 5.8 in (Pawnee) Oklahoma and Mw 5.4 in (Pohang) South Korea for fluid injection 
in the stimulation of a potential deep geothermal reservoir (Kim et al., 2018; Kroll et al., 2017). These events 
result from both the injection and the recovery of fluids from the subsurface and are the focus of extensive 
theoretical, experimental, in situ, and numerical studies (Guglielmi, Cappa, et al., 2015; Moore & Lock-
ner, 2004; Raleigh et al., 1976; Troiano et al., 2013; Yoon et al., 2014). Key features implicated in the trigger-
ing involve a change in the pore pressure within the subsurface—this in turn reducing the effective strength 
of the reservoir or increasing the stress driving failure (Ellsworth, 2013; Kang et al., 2019). Controlling the 
seismic hazard while simultaneously maintaining normal operations of disposal or energy recovery is a key 
societal need. Fatigue hydraulic fracturing has been shown to effectively reduce levels of induced seismicity 
through cycled water injection, and cyclic injections tests on fault stability have been conducted, although 
mechanisms for improvement remain unclear (Bartlow et al., 2012; Chanard et al., 2019; Noël et al., 2019; 
Passelègue et al., 2018; Zang et al., 2013; Zhuang et al., 2019). Seismicity may also be reduced by aseismic 
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decrease, particularly as permeability decreases, while the number of induced events increases. The 
moment magnitude of induced events can thereby be controlled through cycled fluid injection.

Plain Language Summary Fluid injection-triggered earthquakes have been documented 
worldwide. Although it is clear that fluid pressure triggers fault slip and results in induced earthquakes, 
the possibility of controlling induced earthquakes through managed metering of water injection has not 
been rigorously examined. We performed experiments with single and cycled injection into laboratory 
faults. Our results show that cycled water injection into a fault could successfully reduce both the 
maximum magnitude of the individual induced seismic events and the total radiated energy—by setting 
appropriate water injection schedules. The magnitude and number of induced events are dependent 
on the number of water injection cycles and rock permeability. These results may provide a better 
understanding of managing and preventing large induced earthquakes.
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deformation driven by the small size of the activated faults, limited extent of activated patches accessed by 
the pressurization regime (Bourouis & Bernard, 2007; Wei et al., 2015) or by the dependence of slip rate on 
elevated pore pressure according to rate-state friction laws (Fulton & Rathbun, 2011; Guglielmi, Cappa, 
et al., 2015). In each case, cyclic fluid injection is one potential mechanism to reduce the magnitude of 
induced or triggered events by replacing a single large event with multiple cumulative small events. We 
explore this question in the following, under the pretext of controlling fluid-injection-triggered seismicity 
but with a potential role in controlling tectonic earthquakes.

2.  Materials and Methods
2.1.  Apparatus and Samples

An electro-hydraulic servo-controlled biaxial compression testing machine is used to load prismatic sam-
ples containing an angled laboratory fault (Figure 1). The prismatic samples are saw-cut along the diag-
onal to represent a laboratory fault. These fault surfaces are polished with #150 grit grinding compound 
(∼100 μm abrasive size) to create reproducible surfaces and eliminate the potentially uncontrolled influ-
ence of fault surface roughness on stress drop. The diagonally fractured samples are confined in a sealed 
steel pressure cell with servo-controlled rate of injection of water, as shown in Figure 1. Prismatic samples 
(220 × 220 × 100 mm3) are prepared from sandstone (Changsha, China) with permeabilities of 1.1e−18 m2 
(sample A), 7.7e−17 m2 (sample B), and 3.3e−16 m2 (sample C) representing varied sensitivities to injection 
rate. The permeability is measured on rock samples from the same rock blocks at an effective stress of 8 MPa 

Figure 1.  Schematic of biaxial compression experiment on a faulted rock sample with water injection into the fault: electro-hydraulic servo-controlled biaxial 
compression testing machine loads sample within a pressure cell. Servo-controlled water pressurization system. Linear-variable displacement transducer 
measure displacements.
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using an ultra-low permeability tester. All external surfaces of the sample are sealed with high-strength 
sealant to guarantee seepage only into and along the fault (Figure 1) and the sample is placed within the 
pressure cell.

2.2.  Loading and Water Injection Condition

The cell is water-filled and maintained at atmospheric pressure (0 MPa) while equal horizontal and vertical 
stresses are applied to the saturated sample (Fh = Fv = 8 MPa). Subsequently, Fh is fixed while Fv is increased 
by applying a displacement rate of 0.02 mm/s. At the same time, water is injected into the pressure cell and 
the pore pressure increases on the exterior of the unsealed fault within the prismatic block. In addition to 
one case without water injection (Case 1), seven other injection schedules match the same total injected 
volume over the same total duration (600s) but with intervening pauses in injection. These seven schedules 
include one case of continuous water injection at an injection rate of 2.5 × 10−4 m3/s (Case 2) and six sched-
ules of cycled water injection with varied injection-quiescence period for 3 cycles (100s of injection separat-
ed by 100s of quiescence; i.e., 100s:100s) (Case 3); for 6 cycles (50s:50s) (Case 4); for 12 cycles (25s:25s) (Case 
5); for 24 cycles (12.5s:12.5s) (Case 6); for 48 cycles (6.25s:6.25s) (Case 7); and for 96 cycles of (3.125s:3.125s) 
(Case 8). During the cycled water injections, the injection rate (q = 5.5 × 10−4 m3/s) is approximately double 
that of the continuous injection case and negligible (q = −0.5 × 10−4 m3/s) during the quiescence period. 
Water pressure on the laboratory fault is monitored using six precision pressure transducers fixed near the 
fault (red dots in Figure 1). The water pressures monitored by those six transducers are uniform. The shear 
stress and the effective normal stress on the fault are calculated as:

  
 1 3 sin 2

2 (1)

       
 1 3 f 1 3

n cos 2
2 2

P
 (2)

where E  and  
nE  are the shear stress and the effective normal stress, respectively; 1E  and 3E  are the vertical 

and horizontal stresses, respectively; E  is the angle between the vertical stress and the fault plane, and fE P  is 
the water pressure.

The total vertical displacement is measured using the external linear-variable displacement transducer 
(LVDT). Evolving fault slip is calculated from the total vertical displacement minus deformation of the 
loading frame and the rock matrix, as:


 

 LVDT 1 2

cos
d d dd (3)

where d is the fault-parallel slip, d1 and d2 are the deformation of the loading bar and the rock matrix, re-
spectively and magnitudes are corrected for the inclination of the fault relative to the vertical loading axis E  .

The criterion for fault activation is:
 
 

 0
n

 (4)

where is  0E  the static friction coefficient of the angled laboratory fault and obtained from laboratory shear 
testing. The static friction coefficients of the fault of Samples A, B, and C are broadly consistent at 0.30, 0.29, 
and 0.31, respectively.

2.3.  Total Seismic Energy and Moment Magnitude

Since the laboratory fault is planar, the total radiated seismic energy is the difference between the elastic 
strain energy and the energy consumed as frictional heat, where the fracture energy is negligible for such 
simple case (Abercrombie & Rice, 2005; Scholz, 2002). During loading and water injection, the stress and 
deformation of the sample and the water pressure along the fault are monitored and recorded. The effective 
shear stress and evolving shear displacement along the fault are recovered with three repeats of each exper-
iments conducted and averaged results reported here. We used shear stress drop, fault area and incremental 
fault slip (see Figure 2) to calculate the total radiated seismic energy and the moment magnitude ( wE M  ) of 
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the slip events for each water injection schedule with the following equations (Abercrombie & Rice, 2005; 
McGarr, 2012; Scholz, 2002):

 s aE dA (5)

 10 s wlog 1.5 4.8E M (6)
where sE E  is the total radiated seismic energy, aE  is the apparent stress and equal to a quarter of the stress 
drop,  E d is the incremental fault slip, and E A is the fault area.

3.  Results
3.1.  Stress Drops

We report biaxial compression tests on laboratory faults coupled with cyclic water injection (see Figure 1) 
to define controlling impacts of injection rates and permeability of the host on the size and frequency of 

Figure 2.  Fault slip behavior of Samples A, B, and C for water injection Cases 1, 2, 3, 4, and 5: shear stress versus fault slip of samples (a) A; (b) B; (c) (C) Cases 
1–5 refer to no water injection (Case 1), continuous water injection (Case 2), water injection for 3 cycles (Case 3), water injection for 6 cycles (Case 4), and water 
injection for 12 cycles (Case 5), respectively, where the total volume of water injected is the same in all cases (Cases 2–5). Changes in water pressure within the 
laboratory fault as a function of time for all cases are also illustrated. Each unstable slip is marked as  iE  (i = 1, 2, 3…).
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repeating induced earthquakes. The resulting fault slip behavior is shown to be strongly dependent on the 
water injection schedule. Notably, in all cases, the total injection volume into the cell is identical. Figure 2 
shows the fault slip behavior of the low (A), moderate (B), and high (C) permeability samples without water 
injection (Figure 1) in Case 1, with continuous constant-rate injection in Case 2 and cycled injections at an 
approximately doubled-rate (Figure 1) in Cases 3 (200s), 4 (100s), and 5 (50s). For Case 3, the cycle time is 
100s of approximately double-rate continuous injection (q = 5.5 × 10−4 m3/s) followed by 100s with almost 
no injection (q = −5 × 10−5 m3/s) for a composite full injection-quiescence period of 200s, and similarly 
for Cases 4 (100s) and 5 (50s). The injection rate for the cycled injections results in the same net injection 
volume with time for all cases. In Cases 1 and 2, the slip of Samples A, B, and C exhibit stick-slip behavior. 
In Cases 3, 4, and 5, aseismic slip and stick-slip events occur for Samples A, B, and C (Leeman et al., 2016; 
Tinti et al., 2016; Wu & McLaskey, 2019). Compared to the fault slip for Case 1 without water injection, slip 
occurred earlier for all cases with water injection–driven by the more rapid reduction in effective stress and 
related strength of the fault as tectonic driving stresses build at the same rate. A single stress drop occurred 
when either no water was injected (Case 1) or when injection was continuous (Case 2), with the stress drop 
for continuous injection (Case 2) both larger and earlier than that for no injection (Case 1). For three cycles 
of injection (200s; Case 3), three stress drops were observed for the lower permeability samples (A and B) 

Figure 2.  Continued.
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and two stress drops for the highest permeability sample (Sample C); each of these individual stress drops 
was smaller than that for the cases without water injection (Case 1) and with continuous water injection 
(Case 2). For Case 4, with six water injection cycles of 100s, five stress drops were observed for the lowest 
permeability samples (Samples A and B), while four stress drops were observed for the highest permeability 
(Sample C); again, each of these stress drops was smaller than those for either no injection or continuous 
injection (Cases 1 and 2). For 12 water injection cycles of 50s (Case 5), a total of 10 stress drops were ob-
served for the low permeability samples (A and B), while six stress drops were observed for the highest per-
meability sample (C); again, each of these stress drops was individually smaller than that for either no- or 
continuous-injection (Cases 1 and 2).

3.2.  Earthquake Moment Magnitude

Figure 3 shows the total radiated seismic energy and the moment magnitude (Mw) of the slip events for each 
water injection schedule. For low permeability (A), the number of slip events coincide with the number 
of shear stress drops, which increases with an increasing number of water injection cycles. Only a single 
large slip event occurs for both no injection (Case 1) and continuous water injection (Case 2). The mo-
ment magnitude and total energy are less for continuous injection (Case 2) than for no injection (Case 1)—

Figure 2.  Continued.



Geophysical Research Letters

ZHU ET AL.

10.1029/2021GL092885

7 of 11

presumably because failure is prematurely triggered before a large tectonic stress can build. Compared with 
the results for no injection (Case 1), the reduction in the total seismic energy for cyclic injection periodicities 
of 200s (Case 3), 100s (Case 4), and 50s (Case 5) were 65%, 81%, and 89%, respectively, with maximum mo-
ment magnitudes decreasing by 20%, 40%, and 51%, respectively. Comparing with the results for continuous 
injection (Case 2), the reduction in the total seismic energy for cyclic injection periodicities of 200s (Case 
3), 100s (Case 4), and 50s (Case 5) were 74%, 86%, and 92%, respectively, with maximum moment magni-
tudes decreasing by 26%, 47%, and 59%, respectively. All injection schedules result in the same volume of 
injected water into the functionally incompressible system. We conclude that compared with both natural 
tectonic earthquakes that occur absent water injection and triggered earthquakes that occur as a result of 
continuous water injection, maximum moment magnitude and total radiated energy during cyclic-injection 
triggered events are uniformly lower and decrease with an increase in the number of repeated cycles—for 
the same volume injected and average injection rate. The findings for the higher permeability samples (B 
and C) are the same as those for low permeability (sample A) except for the magnitude of the reduction in 
energy release—which is a greater reduction for the low permeability samples.

3.3.  Relation Between Earthquake Magnitude and Injection Cycles

Figure 4 shows the dependence of the number and the maximum moment magnitude of injection-induced 
earthquakes on the number of water injection cycles. In all instances, the total injected volume, loading 
rates and durations of the injection are identical. With an increasing number of water injection cycles, 
the number of induced events increases while the maximum moment magnitude and total energy of the 
induced earthquakes both decrease. The number of events scaled between 1:1 and 1:2 with the number of 

Figure 3.  Total seismic energy and moment magnitudes (Mw) of events distributed among the various water injection cases: (a) Sample A; (b) Sample B; (c) 
Sample (c) Cases 1–5 refer to no water injection (1), continuous water injection (2), water injection split over 3 cycles (3), water injection split over 6 cycles (4), 
and water injection split over 12 cycles (5), respectively. Total injected water volume identical in all cases (2–5).
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injection cycles–identifying that each pressurization cycle is able to trigger a single event in the low-perme-
ability rock.

4.  Discussion
Water injection into a fault may prematurely trigger fault failure before such an event would naturally oc-
cur. This is because fault failure will occur earlier when water is injected into a fault relative to the case of 
no injection if all other loading conditions are equivalent (Ellsworth, 2013). Figure S1 shows the time (t0) 
of initial fault failure of Samples A, B, and C for all cases. Compared with Case 1 without water injection, t0 
for Cases 2, 3, 4, and 5 with water injection are earlier, indicating early fault failure when water is injected. 
This is a result of reduced effective stresses reducing the shear strength. In contrast to Case 2 for continuous 
water injection, t0 for Cases 3, 4, and 5 with cycled water injection are smaller, indicating early fault failure 
occurs when water is cyclically injected, resulting from the higher pressurization rate relative to that for 
continuous injection (Figure 2).

The locus of peaks in shear stress for cycled pressurization (Figure S1) form a plateau slightly higher than 
the friction coefficient—representing the partial incursion of fluid into the fault—with part of the fault 
likely under-pressured. This horizontal locus of peaks represents a balance between the tectonic loading of 
the fault and the pressurization rate of the fault. This reactivation plateau is higher and the peaks earlier for 
the low permeability samples A and B relative to the highest permeability sample C. The high permeability 
promotes leak-off within the sample and reduces the effective pressurization rate of the fault while allowing 
the fault to be more fully infiltrated, delaying reactivation as the pressure builds to a peak.

Heat will be generated during seismic fault slip (Rice, 2017). Attributed to the interaction between frictional 
heat and water pressure (the wet stick-slip model), the wet dynamic frictional strength after water injection 
is lower than the dry dynamic frictional strength without water injection. Hence, the one-time stress drop 
due to continuous water injection and the total stress drop due to cyclic water injections are both larger than 
those without water injection.

Compared with both natural tectonic earthquakes that occur absent water injection and triggered earth-
quakes that occur as a result of continuous water injection, maximum moment magnitude and total radiat-
ed energy during cyclic-injection triggered events are uniformly lower. Both aseismic and seismic fault slip 
are triggered by fluid pressurization with aseismic deformation potentially culminating in a seismic event 
(Guglielmi, Cappa, et al., 2015; Scuderi & Collettini, 2016). During cyclic water injection, the water pressure 
in the fault does not reach steady-state and therefore it increases only intermittently between pressure drops 
(Figure 2) before being elevated by the onset of the next injection/pressurization cycle. An increase in water 

Figure 4.  Dependence of the number and the maximum moment magnitude of injection-induced earthquakes on the number of water injection cycles, for 
which the total injected water volume and the duration of water injection are identical: (a) number of injection-induced earthquakes versus the number of 
water injection cycles for Samples A, B, and C; (b) maximum moment magnitude of induced earthquakes versus the number of water injection cycles.
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pressure facilitates seismic fault slip but the following decrease in pressure may strengthen the fault and 
reinitiate aseismic fault slip (Scholz, 2002; Sibson, 1973) and shear stress redistribution. This is one poten-
tial reason why cyclic injection results in multiple aseismic slips, triggering a larger number of small earth-
quakes instead of a single large event. In addition, with an increasing number of water injection cycles but 
with identical total injection volumes and average injection rates, more small earthquakes are triggered, and 
hence, the maximum moment magnitude and total energy of the induced earthquakes must both decrease.

The number of events resulting from cycled injection increases with decreasing rock permeability. The 
number of injection-triggered slip events is similar to the number of water injection cycles for low perme-
ability but is less than the number of water injection cycles for high permeability. This is consistent with 
reducing fault pressure, through leakoff, and delaying the onset of failure by increasing the time taken to 
reach a critical combination of high fault shear stress and fluid overpressure—each driven at different 
rates. In addition, the maximum moment magnitude of the injection-triggered earthquakes decreases with 
decreasing rock permeability. This is because a higher water pressure is induced along the fault where rock 
permeability is lowest (e.g., Sample A in Figure 4a)—fluid mass loss into the surrounding rock matrix is 
staunched. Low permeability fault-adjacent rocks (e.g., Sample A) allow a greater increase in the water pres-
sure within the fault (due to both water injection and external loading) and decrease in the water pressure 
along a fault during fault slip, resulting in a greater increase then decrease of the critical stiffness of the 
fault, respectively. This change in fault stiffness potentially triggers a distinct switch between fault seismic 
(the critical stiffness of the fault is larger than the stiffness of the surrounding rock) and aseismic slip be-
haviors (the critical stiffness of the fault is smaller than the stiffness of the surrounding rock) (Alghannam 
& Juanes, 2020). In addition, secondary damage is observed in the host during fault rupture (see Figure S2), 
forming a damage zone that enhances the permeability of the surrounding rock, further lowering water 
pressure within the fault. This potentially leads to a decrease of the critical stiffness of the fault (Alghan-
nam & Juanes, 2020) and drives aseismic fault slip (Guglielmi, Cappa, et al., 2015; Guglielmi, Elsworth, 
et al., 2015; Zhu & Kang, 2020). Therefore, the potential for the occurrence of large injection-triggered (or 
natural) earthquakes may potentially be reduced via cycled water injection by inducing a number of small 
earthquakes, particularly in rocks with a low permeability, such as granite, limestone and shale.

Fault slip is a complex process and is shown to be dependent on a number of factors, including fault type 
and stress conditions. However, the observations and their interpretation, described in this paper, provide 
preliminary evidence of the feasibility of controlling the moment magnitude of induced (or possibly nat-
ural) events through cycled water injection. By setting appropriate water injection schedules, cycled water 
injection into a fault could successfully reduce both the maximum magnitude of the individual induced 
seismic events and the total radiated energy.

5.  Conclusions
Our laboratory findings about earthquakes induced by fluid injection have highlighted several points.

1.  Water injection into fault results in early occurrence of the fault seismic slip.
2.  Compared with the natural earthquake without water injection, the moment magnitude of the single in-

duced earthquake during continuous water injection is larger, while the maximum moment magnitude 
and total energy of the induced earthquakes during cyclic water injection are both lower.

3.  With increasing water injection cycles of identical total injection volume and injection rate, both the 
maximum moment magnitude and total energy of induced earthquake both decrease while the number 
of induced earthquakes increases.

4.  The effect of cyclic water injection on reducing the earthquakes becomes more significant with decreas-
ing rock permeability.
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