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8.1. INTRODUCTION

In this chapter we determine how and under what cir
cumstances laboratory stick‐slip source properties can be 
compared to those of natural earthquakes. To make such 
a comparison requires (1) a mechanical understanding of 
laboratory scale earthquakes (2) an accounting for any 
contributions to source properties that are unique to the 
laboratory test, and (3) if  source properties are scale 
dependent, a procedure to extrapolate laboratory source 
parameters to the Earth. To accomplish the first two goals 
we designed an experimental program of well‐instru
mented stick‐slip. The experiments access a wider range 
of fault slip, slip rate, and duration than in prior studies 
by systematically varying the combined elastic properties 

of the fault and testing machine. The approach provides a 
more detailed view of the mechanics of stick‐slip, the 
nature of the contributions to source properties from the 
testing apparatus, and allows us the necessary physical 
understanding to accomplish the third goal of properly 
relating stick‐slip source properties to earthquakes.

The control variable that affects slip, slip rate, and 
duration in the experiments is the elastic shear stiffness 
[Walsh, 1971], most often referred to simply as “stiffness” 
throughout this report. Stiffness is the amount that 
on‐fault shear stress in the direction of slip changes per 
increment of slip, i.e., the slip derivative of the shear 
stress on the fault, k = dτ/dδ, where τ is shear stress and δ 
is the fault slip. The particular value of stiffness provides 
fundamental control on the properties of the slip portion 
of a stick‐slip cycle, as we explain here with a simple 
example in which the fault follows a static‐kinetic fault 
strength relation. In a stick‐slip test [Brace and Byerlee, 
1966], the fault is loaded at a constant velocity. The fault 
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ABSTRACT

Stick‐slip experiments were performed to determine the influence of the testing apparatus on source properties, 
develop methods to relate stick‐slip to natural earthquakes and examine the hypothesis of McGarr [2012] that 
the product of stiffness, k, and slip duration, Δt, is scale‐independent and the same order as for earthquakes. The 
experiments use the double‐direct shear geometry, Sierra White granite at 2 MPa normal stress and a remote slip 
rate of 0.2 µm/sec. To determine apparatus effects, disc springs were added to the loading column to vary k. 
Duration, slip, slip rate, and stress drop decrease with increasing k, consistent with a spring‐block slider model. 
However, neither for the data nor model is kΔt constant; this results from varying stiffness at fixed scale.

In contrast, additional analysis of laboratory stick‐slip studies from a range of standard testing apparatuses 
is consistent with McGarr’s hypothesis. kΔt is scale‐independent, similar to that of earthquakes, equivalent to 
the ratio of static stress drop to average slip velocity, and similar to the ratio of shear modulus to wavespeed of 
rock. These properties result from conducting experiments over a range of sample sizes, using rock samples with 
the same elastic properties as the Earth, and scale‐independent design practices.
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remains stuck for some period of time during which the 
shear stress increases linearly with time, analogous to a 
natural earthquake recurrence interval. The rate of shear 
stress increase during this “stick” phase is the product of 
the loading velocity and the stiffness. Thus, the stiffness 
influences the length of the interseismic period, the recur
rence time of stick‐slip. When the shear stress eventually 
reaches the static strength, the fault fails, dropping 
strength to the kinetic level, allowing accelerating slip 
rate as the elastic strain stored in the rock and testing 
machine is released. During this “slip” phase, the stress 
drop is the product of the total slip and the stiffness. 
Equivalently, the unloading stiffness during the slip phase 
is the ratio of the static stress drop to total slip, Δτ/Δδ, 
and the stiffness influences the earthquake source proper
ties of stick‐slip.

In detail and depending on the particular design and 
dimensions of the testing machine and the rock samples, 
the stiffness can predominately reflect the elastic proper
ties and dimensions of the rock samples, those of compo
nents of the testing machine, or some combination of 
both [Shimamoto et  al., 1980]. For example, for tests 
employing bare fault surfaces, loading is often provided 
by a servo‐control system that is configured to load the 
fault at a constant slip rate, using a moving reference 
location on the loading column as the position feedback 
point for control. The position of the servo feedback 
point relative to the fault surface impacts the stiffness and 
therefore the stability of the control system. If  a fault slip 
measurement is made directly across the fault, with the 
sensor mounts very near the fault, and if  that measure
ment is used as the control measurement point, since the 
rock samples are relatively small and the elastic modulus 
of the rock sample is high, the loading stiffness is very 
high, directly reflecting the modulus of the sample mate
rial. If  instead the fault slip control reference point is else
where on the loading column, then the resulting loading 
stiffness is lower and can reflect a combination of the 
properties of the machine and the sample material.

In the present study, as in most studies of stick‐slip, the 
rock samples around the fault have high elastic modulus 
and small dimension, and are too stiff  to allow the fault 
to slide unstably [Johnson and Scholz, 1976]. That is, 
stick‐slip often is difficult to access in laboratory geome
tries (e.g., “triaxial” and “double direct shear”; see subse
quent descriptions) unless the loading system adds 
compliance in addition to that of the rock samples, result
ing in a stiffness that includes compliance from the 
machine. In particular, while our experiments are con
ducted under servo‐control loading, they are designed to 
reliably produce stick‐slip, in part by using highly pol
ished surfaces with a short slip weakening distance 
[Dieterich, 1978], and also so that the loading and unload
ing stiffnesses are approximately identical. These desired 

properties are achieved by selecting the value of stiffness 
that is determined, essentially entirely, by a compliant ele
ment placed in the loading column between the control 
point and the fault, and by placing the control point for 
loading far from the fault.

A few prior studies have explored the influence of stiff
ness on laboratory stick‐slip and the implications for 
natural earthquakes. Notably, Byerlee and Brace [1968] 
investigated how rock type, confining pressure, strain 
rate, and stiffness affect stick‐slip behavior in triaxial 
experiments. In these experiments the loading stiffness 
was varied between the design stiffness of the apparatus 
and a value an order of magnitude lower, by adding a 
compliant fluid column in‐line with the hydraulic axial 
loading. Their experiments showed that the stress drop 
depends on rock type and confining pressure, but not on 
stiffness. They concluded that the amplitude of motion 
from natural earthquakes would increase with depth, 
vary as a function of rock type, but, consistent with natu
ral scale‐independent stress drop, would not vary with 
stiffness. In contrast, by considering possible scaling 
between the stick‐slip and earthquakes, Walsh [1971] 
noted that the shear stiffness of large earthquakes, the 
ratio of shear modulus μ to the fault dimension L is 4 to 
5 orders of magnitude less than the laboratory stiffness, 
as measured by stress drop and total slip, Δτ/Δδ. As a 
consequence, Walsh [1971] cautioned that experiments at 
reduced stiffness are needed to determine how and 
whether stick‐slip results can be scaled to natural earth
quakes. Though no comprehensive experimental studies 
have been conducted to date, Walsh’s recommendation 
that differences in stiffness and in fault dimension must 
be taken into account in scaling laboratory slip to natural 
settings has been implemented in a number of applica
tions of stick‐slip to earthquakes [McGarr, 1994, 1999].

Similarly, fundamental differences between stick‐slip 
and earthquakes may affect the scaling of laboratory 
measured event durations to that of an earthquake. Since 
natural rupture propagation speeds are fixed by the 
 elastic properties of rock, earthquake duration is propor
tional to fault dimension. For example, assuming a 
crack‐like rupture expanding at 85% of the shear wave 
speed β, and then arrest proceeding as back propagating 
shear waves, the rupture duration would be t L1 1. / . 
There is not always such a straightforward expectation 
for the duration of laboratory stick‐slip. For example, in 
rupture propagation experiments, slip duration can be 
much longer than the fault length divided by the 
wavespeed [e.g., Beeler et al., 2012]. This is because the 
ends of the fault are not confined; instead of the slip 
beginning to slow down when the rupture front reaches 
the unconfined end of the fault, the slip continues. And in 
this case, stick‐slip duration is relatable to the resonance 
period of the testing machine [Johnson and Scholz, 1976], 
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which may not be controlled directly by the dimensions 
of the fault itself. Therefore, as with stiffness, there is an 
expected difference in duration between the lab and field 
because laboratory fault dimensions are not always 
explicitly tied to the elastic properties of the mechanical 
system. Since other earthquake source properties such as 
slip velocity and acceleration depend on the event dura
tion, more generally, scaling of laboratory stick‐slip to 
natural events requires an understanding of interactions 
between the on‐fault source and the testing machine. 
Experimentally determining those interactions is a pri
mary part of first of the three goals of this study, as 
described at the outset of this introduction.

Recent progress by McGarr [2012] relating stick‐slip to 
earthquakes provides the most immediate motivation for 
the experiments and analysis of our study. McGarr [2012] 
uses data from rupture propagation experiments of 
Lockner and Okubo [1983] and Johnson and Scholz [1976] 
to advance two hypotheses: (1) while stick‐slip stiffness 
and event duration might be individually expected to dif
fer substantially from those of natural earthquakes of the 
same fault dimension, the products kΔt for earthquakes 
and for stick‐slip are scale independent, and (2) the 
 products kΔt for stick‐slip and earthquakes are the same 

order of magnitude. That the product is scale independ
ent for earthquakes is expected from simple models of 
rupture propagation and arrest and is consistent with 
observed earthquake source properties, as follows. 
Combining the expected duration of the crack propaga
tion and arrest model described above with Walsh’s [1971] 
dimensional relation for stiffness leads to the product 
being approximately the ratio of elastic material proper
ties, the shear modulus to the shear wave speed,

 
k t 1 1. . (8.1a)

For shorthand, throughout the remainder of this  chapter, 
we refer to this ratio of the modulus and wave speed as 
the impedance. Here taking the ratio to be on the order of 
10 MPa s/m (e.g., μ = 30 GPa, β = 3 km/s), the product 
(8.1a) is around 11 MPa s/m, consistent with seismological 
data  (Figure  8.1a). Stick‐slip values of the product 
are similar (Table 8.1). Johnson and Scholz [1976] meas
ured  duration  and stiffness directly in rupture pro
pagation experiments on a 20 cm long fault and found 
k = 12 GPa/m, Δt = 1 ms, and the product to be approxi
mately 12 MPa s/m. In experiments on a 2 meter fault, 
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Figure 8.1 Scale‐independent laboratory and earthquake source properties. (a) Duration versus stiffness for stick‐
slip in three testing machines [Johnson and Scholz, 1976; Lockner and Okubo, 1983; Lockner et al., 2017] and 
for a typical earthquake [Wald et al., 1996]. The solid line is the scale‐independent prediction, equation (8.1a) 
with the impedance μ/β = 10 MPa s/m, and the two dashed lines are one half and two times equation (8.1a). (b) 
Static stress drop versus average slip velocity. Data for individual stick‐slip events are shown for the three testing 
machines in part (a) [Johnson et  al., 1973; Beeler et  al., 2012; Lockner et  al., 2017] and from five Japanese 
 earthquakes [Abe, 1975]. The solid and dashed lines are as in part (a). The lower dashed line is equivalently the 
prediction of the Brune model [Brune, 1970].
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Lockner  and Okubo [1983] found k = 3.3 GPa/m, 
Δt = 2 ms, and the product is 6.6 MPa s/m (Figure 8.1a). 
More recently, Lockner et al. [2010, 2017 (this volume)] 
conducted room temperature stick‐slip experiments on a 
5 cm long granite fault at elevated confining pressure in a 
triaxial geometry and found k = 135 GPa/m, Δt = 0.1 ms, 
and the product is 13.5 MPa s/m.

Furthermore, Johnson and Scholz [1976] note that the 
product can also be expressed using more standard 
 earthquake source properties as

 
k t

V
s

ˆ , (8.1b)

where ˆ ( )V t/  is the spatially and temporally aver
aged slip velocity. Consistent with the crack model esti
mate (8.1a), for the 1968 Saitama, Japan, earthquake 
the ratio estimated from equation (8.1b) is 11 MPa s/m 
[Abe, 1975]. Similarly for other large earthquakes in 
Japan, the 1931 Saitama, 1943 Tottori, 1948 Fukui, 
1963 Wasaka, and 1968 Saitama earthquakes are con
sistent with scale independence and a representative 
value of  ~10 MPa s/m [Abe, 1975] (solid line, Figure 8.1b). 
These data are  superimposed as open diamonds on 
Figure 8.1b along with individual experiments from the 
Lamont [Johnson et  al, 1973], USGS 2 meter [Beeler 
et  al., 2012], and USGS triaxial [Lockner et  al., 2010, 
2017] testing machines. The lab data are consistent with 
the earthquake data within reasonable uncertainties. 
The lower dashed line is a stress drop one half  that of 
the solid line (equation [8.1b]), effectively a Brune 
model, s V̂ ( )/ 2  with μ/β = 10 MPa s/m [Brune, 
1970], whereas the upper dashed line is a stress drop 
twice as large as the solid line. There are deviations from 
these apparent bounds for the very lowest stress drops in 
Beeler et al. [2012] and largest stress drops of  Lockner 
et al. [2010, 2017]; these deviations that are reasonably 
well understood are discussed in section 8.4.2.

While Johnson and Scholz [1976] point out that similar 
values of the product (8.1a) for earthquakes and for stick‐

slip in the Lamont biaxial could be “a fortuitous result of 
the loading machine design,” the fact that the relationship 
holds in two other testing machines with fault lengths that 
vary by more than an order of magnitude suggests instead 
a robust and useful relationship for relating stick‐slip exper
iments to earthquakes [McGarr, 2012]. In any event, the 
origin of this scale independence of stick‐slip properties 
warrants further investigation and it is the primary moti
vation for the present study. In this chapter we report the 
results from stick‐slip experiments conducted in a biaxial 
double direct shear configuration (DDS) [Dieterich, 1978]. 
Stick‐slip is documented by directly measuring shear 
stress drop, fault slip, slip velocity, event duration, and the 
stiffness of various components of the loading system. 
The experiments are intended to determine the physical 
and machine‐dependent controls on stick‐slip source 
properties. The focus is on seismically observable quanti
ties and how those values relate to their natural counter
parts. The measurements are also used to develop a 
mechanical model of the experiments. With these new 
observations of stick‐slip source properties and insights 
on interactions between the source fault and the testing 
machine, we determine the origin of and limits on the 
scale independence of stick‐slip.

8.2. EXPERIMENTAL PROCEDURES

The experiments were conducted at ambient room 
 temperature and humidity conditions using the DDS test 
apparatus (Figure  8.2a, b) [Dieterich, 1978; Linker and 
Dieterich, 1992; Kilgore et al., 1993, Kilgore et al., 2012] 
and samples manufactured from Sierra White granite 
from Raymond, California. The sample geometry is the 
standard for this apparatus: two smaller side blocks of 
granite with linear dimensions of 5 × 5 × 2 cm and one 
larger center block measuring 8 × 5 × 4 cm. The two slid
ing fault areas are each 5 × 5 cm. A constant normal 
stress of 2 MPa is maintained by the horizontally aligned 
hydraulic ram where the output of a load cell is the servo 
feedback signal. The applied shear force is generated by 

Table 8.1 Testing machine properties.

Apparatus Δt (ms)
Stiffness 
(GPa/m)

kΔt
(MPa s/m)

Sample 
Mass (kg)

Fault 
Area (m2)

Sample 
Dimension (m)

Estimated Sample kΔt
(MPa s/m)

Lamont 20 cm 
biaxial

1.2 10 12 1.46 0.006 0.18 30.5

USGS 2 m
biaxial

2 3.3 6.6 2430 0.8 1.5 37.4

USGS 1 inch
triaxial

0.1 135 13.5 0.087 0.001013 0.064 30.5

USGS DDS
(this study)

0.5 27 13.5 0.432 0.005 0.08 27.3

Note: DDS = double direct shear configuration.
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Figure 8.2 Experimental geometry. (a) Photograph of the apparatus. The configuration from left to right is load cell 
for normal stress, steel spacer block, left stationary sample, center sample, right stationary sample, and steel 
spacer blocks. The configuration from top to bottom is load cell for shear stress, steel piston, springs, steel spacer, 
and center sample. The channel structure below the center sample block holds a 45° mirror which directs the 
laser vibrometer beam to the bottom surface of the sample. The fault displacement sensor in front has a white wire 
protruding from it. (b) Detailed scale drawing of the apparatus, including the measurement and control points of 
displacements used to determine the stiffness of the apparatus and fault slip. 
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the vertically aligned hydraulic ram. The position of the 
shear force piston (located between the hydraulic ram and 
load cell) relative to the shear‐loading frame is the servo 
feedback signal and the load point for these tests. In  all 
tests, the shear‐forcing piston is advanced at a  constant rate 
of 0.2 µm/sec. Position feedback from the load point, rather 
than force feedback from the load cell, prevented the shear 
loading servo system from overcompensating after each 
stick‐slip event and, depending on the stiffness, usually 
allowed the system to complete more than one stick‐slip 
cycle without interruption until the position sensors moved 
beyond their range and needed to  be reset. Examples of 
complete experiments are found in a Supplement that is 
available from the corresponding author. A computer con
trol program provided the  reference signals for both the 
normal stress and shear force servo systems.

The fault surfaces are prepared by first machine grinding 
those surfaces flat with a #100 grit abrasive wheel, then fin
ished by hand lapping the sliding surfaces on dry #600 SiC 
wet‐dry sand paper attached to a glass plate. The fault sur
faces are resurfaced with new #600 SiC wet‐dry sand paper 
after each run. The average roughness of the prepared fault 
surfaces was measured to be approximately Ra ≤ 0.5 microns, 
using a Qualitest TR200 portable surface roughness tester. 
The flatness and smoothness of the fresh fault surfaces is 
qualitatively demonstrated by the adhesion between two 
fault surfaces when those surfaces are pressed together by 
hand with a twisting motion. The fault surfaces adhere to 
each other, though with less strength than the bonding 
observed when machinist’s gauge blocks are “wringed” 
together. After each run, no sliding surface damage or accu
mulated fault gouge was readily apparent, though a finger 
swipe revealed the presence of fine fault gouge.

The principal measurements in these tests are shear 
and normal stress applied to the simulated fault surfaces, 
fault shear and normal displacement, motion of  the 
shear‐loading piston relative to the loading frame, and 
fault slip rate. To properly document the rapid and tran
sient stick‐slip motions in these tests, all the sensors and 
signal conditioning used in these experiments to docu
ment those motions were either selected, or designed and 
built in the lab, to produce signals with a linear response 
to 50 kHz or better. The canister load cells measuring the 
shear and normal stresses applied to the faults are the 
only exception; they have a resonant frequency of  4 kHz 
and a linear response below that. All sensor signals were 
recorded continuously at 500,000 samples per second, 
averaged on the fly, and data were saved to disk at the 
rate of  1,000 samples per second. During rapid slip 
events, all signals were recorded for approximately 
0.5 seconds using a pre‐trigger/post‐trigger transient 
waveform recorder, saving data to disk at the rate of  a 
million samples per second.

Fault‐parallel slip and fault‐normal displacement are 
measured with small eddy‐current position sensors 
mounted within a few millimeters of one of the sliding 
faults. The proximity of these position sensors to the 
fault motion minimizes the sensitivity of those measure
ments to the elastic deformation of the surrounding test 
apparatus and the granite samples. The motion of the 
shear and normal stress loading pistons relative to the 
loading frame, as well as the deformation of the loading 
frame, were measured using similar position sensors. The 
velocity of the center sliding sample block during stick‐
slip was measured directly using a single‐point laser 
vibrometer that is mounted on a tripod with feet that rest 

Figure 8.2 (Continued) (c) Sketch of the details of the sample configuration (not to scale).
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upon small vibration isolation pads on the concrete floor 
of the laboratory. The floor provides a stable and station
ary reference for the velocity measurement. The laser is 
directed at a 45° mirror that is held by an extending arm 
attached to the vibrometer itself. The mirror directs the 
laser to the bottom of the center block, where it reflects 
back to the mirror and the vibrometer.

The primary goal of  these experiments is to determine 
the dependence of  earthquake source properties on the 
characteristics of  the testing machine. This was accom
plished by inserting small disc springs between the shear 
force load cell and the center sample block (Figure 8.2c), 
which allowed the stiffness of  the shear‐loading column 
of  the test apparatus to be reduced incrementally. The 
disc springs were selected with ratings that exceeded the 
forces applied during the tests, no springs showed any 
signs of  permanent deformation during the tests, and it 
is assumed that the springs performed within their fully 
elastic limits. The number and orientation of  the disk 
springs permitted the stiffness of  the shear force column 
to be adjusted over an order of  magnitude. The disc 
springs are not individually calibrated devices, although 
each has a manufacturer’s intended spring constant of 
about 14 N/µm. Friction between stacked springs and 
between the springs and their mounting device was not 
accounted for during these tests. Accordingly, shear 
loading and unloading stiffness was determined empiri
cally in all tests. The loading stiffness was determined 
from fitting the linear portion of  the stress versus load 
point displacement records during loading (see exam
ples in the Supplement available from the corresponding 
author). Unloading stiffness was determined using the 
ratio of  the static stress drop to the total event slip, as 
inferred from the high‐speed records (see below).

8.3. RESULTS

Experiments were conducted at eight different values 
of  shear loading stiffness, here and throughout defined 
as the increment change in shear stress per meter of 
advancement of  the shear load piston. Stiffness was var
ied between approximately 0.92 and 23.3 GPa/m, and 
between 6 and 16 stick‐slip events were recorded for 
each stiffness. The summary values of  number of  events, 
slip, slip velocity, static stress drop, stiffness, and their 
measurement uncertainties are listed in Table  8.2. 
Figure  8.3 shows two representative examples of  the 
scaled data from slip events at the highest (Figure 8.3a) 
and lowest (Figure 8.3b) stiffnesses. The horizontal axis 
is time and both events are shown at the same total scale 
(0.0017 s). The vertical stress axis is the same for both 
events while the velocity and slip have different scales 
for each event. At high stiffness (Figure  8.3a) stress 
drop, slip and slip velocity are relatively small. Event 
duration is also much shorter than at low stiffness. 

In detail, the velocity record at high stiffness is complex, 
showing three local maxima. These may be related to 
slip on the two parallel faults in the DDS geometry not 
being exactly coincident in time. However, at low stiff
ness, ignoring the small‐amplitude high‐frequency oscil
lation (Figure  8.3b), the velocity‐time history is so 
simple as to be well represented by a sine function, simi
lar to the study by Johnson and Scholz [1976]. There are 
complications in the stress measurements. For both 
events shown, and as is typical throughout this suite of 
experiments, the normal stress is not exactly constant 
over the slip event. Apparently, vibrations produced by 
rapid slip have shorter periods than the response time of 
the fault  normal servo‐control system. These vibrations 
are larger and have longer periods for the larger stress 
drop at low stiffness, but we do not find that these nor
mal stress artifacts affect any of  the conclusions of  this 
study. At low stiffness where the slip speeds are the larg
est, the shear stress record shows a systematic oscilla
tion with a period around 0.00016 seconds (Figure 8.3b). 
This is of  the order of  the resonance frequency of  the 
load cell (4 kHz) and is likely to be related to the instru
ment rather than the fault behavior. Although this is not 
ideal, for all events at all stiffness we use the initial and 
final values of  the load cell measured stress to deter
mine stress drop, in other words, the static stress drop, 
and so we believe that the oscillations do not affect any 
of  the conclusions of  this study.

As seen in Figure 8.3b, for the stick‐slip generated by 
the least stiff  shear loading column, the shear stress 
dropped more or less gradually to a new static level. For 
the stick‐slip generated by the most stiff  shear loading 
column (Figure 8.3a), the shear stress drop displays an 
apparent rapid stress overshoot, followed by recovery to 
a new static stress level. The duration of the rapid shear 
stress drop in the events with the stiffest shear loading 
column unfortunately coincides with the resonant period 
of the load cell, and since the stress recovery following 
the overshoot occurs after slip has stopped, it is unclear 
whether the overshoot is real or instrument resonance. 
Improved measuring stress techniques are planned for 
future work to resolve this issue. While the static stress 
drop is used to estimate the unloading stiffness, this 
apparent overshoot is a relatively small fraction of the 
static stress drop, and the uncertainty associated with the 
apparent overshoot also does not effect the overall con
clusions of this study. That is because this is a study of 
scaling; the eventual scaling relations presented below are 
power law, and even first‐order measurement errors do 
not have a significant impact (see Figure 8.5 and associ
ated discussion).

For most stick‐slip events (see Figure 8.3), the onset of 
slip was characterized by an emergent signal from the 
fault slip sensor. The emerging slip signal is likely caused 
by a combination of accelerating fault creep and a small 



Table 8.2 Stick‐slip of granite at 2 MPa normal stress, 0.2 µm/s loading rate, and variable stiffness.

N Δtobs (µs) Δδ(μm) V (m/s) Vpeak (mm/s) Δτs (MPa) kload (MPa/m) kunload (MPa/m)

Spring 
Assembly 
Mass (kg)

Total 
Mass (kg)

Loading 
kΔt 

(MPa s/m)

Unloading 
kΔt  

(MPa s/m)

 6 1095.7 ± 21.1 816.4 ± 157 0.7451 1064.4 ± 185.9 0.744 ± 0.101 977.5 ± 147.1 922.3 ± 85.2 0.1412 0.6472 1.071 1.011
11 759.3 ± 32.2 293.8 ± 29.5 0.3869 628.9 ± 35.2 0.5031 ± 0.0348 1570.9 ± 105.6 1719.1 ± 83.1 0.0954 0.6008 1.193 1.305
15 908.3 ± 7.3 192.1 ± 18.5 0.2115 345.6 ± 31 0.5108 ± 0.0398 2473.2 ± 76.9 2664.7 ± 77.4 0.0478 0.5532 2.246 2.420
11 560.6 ± 34.6 47.1 ± 11.6 0.08402 131.5 ± 25.8 0.209 ± 0.055 4522.5 ± 341.9 4428.3 ± 394 0.0305 0.5359 2.535 2.483
16 329.1 ± 8.2 18 ± 0.7 0.05469 106.4 ± 1.8 0.264 ± 0.019 15319 ± 622.5 14673 ± 624 0.0478 0.5532 5.042 4.829
11 359.2 ± 14.1 51.6 ± 2.4 0.1437 215.7 ± 10 0.514 ± 0.038 9267.7 ± 416 9267.7 ± 416 0.0689 0.5743 3.329 3.329
16 257.3 ± 5 12.9 ± 0.2 0.05014 89.6 ± 2.3 0.277 ± 0.018 20876 ± 153 21538 ± 1594 0.0911 0.5965 5.372 5.542
15 281.7 ± 8.8 10.7 ± 0.4 0.03798 78 ± 3.2 0.25 ± 0.004 20323 ± 207.1 23308 ± 893 0.133 0.6384 5.725 6.566
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component of elastic shear deformation of the sample 
between the mounting points of the fault slip sensor on 
each side of the fault. In contrast, the slip velocity of the 
center sliding block, measured by the laser vibrometer, 
revealed a more abrupt onset of fault motion. We use the 
abrupt acceleration of fault slip from the velocity records 
to determine the start of fault slip and the subsequent 
zero crossing of the velocity record to determine the end 
of fault slip. Those same start and end picks were also 
used to determine event duration.

The average velocity is the ratio of total slip to duration 
while the peak velocity was measured directly by the laser 
vibrometer. A simple integration of the observed slip 
velocity (not shown) produces a slip record that closely 
matches the observed slip record, demonstrating the 
validity and self‐consistency of the separate velocity and 
slip measurements. The unloading stiffness is the ratio of 
the static stress drop to the total slip while the loading 
stiffness was determined by measuring the stress change 
on the loading column per increment of loading displace-
ment over much of the shear loading portion of each 
stick‐slip cycle. The loading and unloading stiffnesses are 
similar, as expected (Table 8.2). The results for all events 
at each stiffness were averaged, and the resulting values 
and associated standard deviations of the measurements 
are tabulated in Table  8.2. The average values of slip, 
duration, slip velocity, and stress drop with unloading 
 stiffness are also shown in Figure 8.4.

Decreasing stiffness by a factor of 25 increases slip/
event and slip velocity. Slip increases monotonically by 74 
times from 11 to 816 microns, and average slip rate 
increases by 19 times from 0.04 to 0.74 m/s, also following 
a well‐constrained trend. It is worth noting that these 

 systematic changes in slip rate differ from earthquake 
scaling; as typically reported, slip rate is independent of 
rupture dimension, i.e., stiffness. A decrease in duration is 
similarly well defined, but the variation is much weaker 
than for slip and velocity, changing by 3.9 times from 1.1 
to 0.28 ms. In contrast to total slip, average slip velocity, 
and duration, there is no systematic dependence of static 
stress drop on stiffness. There is a net decrease from 0.74 
to 0.25 MPa, but this is a factor of only 3. The weak rela-
tionship is perhaps complicated by the tests at unloading 
stiffness of ~9.3 GPa/m that show a high stress drop rela-
tive to the trend from the other tests. However, we have 
no reason to exclude this result and conclude that these 
preliminary tests show no clear dependence of stress drop 
on stiffness.

These above‐described relations between stiffness, slip, 
duration, slip velocity, and stress shown in Figure 8.4 are 
the new experimental observations of possible stick‐slip 
scaling from this study. A summary of the dependences 
of slip, duration, and slip velocity on the imposed changes 
in stiffness are indicated by the curves superimposed on 
Figure 8.4; these are fits to the data with a power law that 
captures the relationships. Thus, the qualitative interpre-
tation is that all of these quantities depend nonlinearly 
on stiffness. In contrast, the dependence of stress drop on 
changes in stiffness is unclear. The linear relation fit to 
the stress drop data shown in Figure 8.4 (open diamonds) 
is a poor representation, even given the uncertainty of the 
measurements. That is, the dependence of stress drop on 
machine stiffness is not resolved by this dataset. The vari-
ability seen between data at different stiffnesses may 
reflect actual variations of the physical properties of the 
fault surface.
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Figure 8.4 Duration, average slip velocity, slip, and stress drop with unloading stiffness. Error bars indicate +/− 
one standard deviation. Data are listed in Table 8.1.
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8.4. INTERPRETATION AND SCALING  
RELATIONS FROM STICK‐SLIP

The systematic relationships between stiffness, dura
tion, stress drop, and slip rate in this dataset do not follow 
the expected scaling of earthquakes seen in previous 
stick‐slip studies as compiled in Figure 8.1 and as sug
gested by McGarr [2012]. In the following section, we 
develop explanations for the scaling relationships 
depicted in Figure 8.5. Analysis relating laboratory stick‐
slip to natural earthquakes is found in the subsequent 
section (8.4.2) below.

8.4.1. Slider Block Model

The systematic relationships in this dataset closely 
 follow expectations from modeling the fault and testing 
machine as a slider‐block [Johnson and Scholz, 1976; Rice 
and Tse, 1986]. Accordingly, the duration of a slip event, 
Δt, is half  the resonance period of the machine, T, and is 
inversely proportional to the square root of the system 
stiffness. In the case of undamped motion the relation is

 
t

m
Ak

, (8.2a)

where m is mass and A is fault area [Johnson and Scholz, 
1976; Rice and Tse, 1986]. In the test configuration 
(Figure  8.2b), the compliant disc springs are below the 
end of the shear loading piston and immediately above 
the center fault block. The rest of the testing machine 
above the springs, including the piston, load cell, platen, 
and frame is much stiffer and can be treated as stationary. 
The two side fault blocks are stationary, so the “fault” 
consists only of the center block and the spring assembly, 
consisting of the springs and a center post and screw. 
The mass of the spring assembly varies between tests at 
different stiffnesses, while the center block has a mass 
of ~ 0.432 kg, resulting in variations in fault mass of up to 
21% (Table 8.2). Measured duration from the experiments 
is shown as the black dots on the log log plot of duration 
versus stiffness in Figure  8.5a. Predicted duration from 
equation (8.2a) based on the known mass, the area of 
both faults in the DDS geometry, and unloading stiffness 
is shown by the open diamonds. A fit to those predictions 
with equation (8.2a) is shown as a dashed line. The predic
tion, based on a model with no free parameters, matches 
the observations to within the data uncertainties. Two 
other fits to the observations are also shown. The first 
empirically uses the form of equation (8.2a) where dura
tion varies inversely with the square root of stiffness, treat
ing the constants such as mass, fault area as a single free 
parameter (black dashed line). The second is the power 
law fit first shown in Figure 8.4 (in Figure 8.5a, it is the 

black solid line). The slope of the power law fit is −0.46, 
very close to the expected −0.5 from equation (8.2a). 
From this analysis we conclude that the weak systematic 
dependence of duration on stiffness (Figure 8.4) likely is 
independent of the frictional properties of the fault (stress 
drop) and is imposed by the nature of the testing machine‐
fault interaction.

Although the predicted and observed durations agree to 
within the data uncertainty, the respective fits with equa
tion (8.2a) (dashed lines) are slightly offset. An apparent 
offset of this sense, while not resolved in these experiments, 
is expected due to radiation losses or fracture energy not 
accounted for in equation (8.2a). The appendix develops 
an approach for estimating apparent stress, radiated energy 
and overshoot, based on this offset. Nonetheless, because 
of the offset we use the empirical data fit (solid line, 
Figure 8.5a) to illustrate other predictions from the slider 
block model that are consistent with the systematic varia
tion of slip velocity and slip with stiffness, as follows. 
For slip velocity, the average velocity is V̂  = Δδ/Δ . As the 
stiffness is k = Δτs/Δδ, the expected relation between 
 velocity and stiffness for undamped motion is

 
ˆ .V

A
mk

s  (8.2b)

In this case the relationship involves the fault properties 
via the stress drop, as well as a dependence on stiffness 
from the testing machine. In any event the prediction 
(8.2b) (Figure 8.5b, dashed line) matches the observations 
and differs little from a fit of a power law to the data 
(black line). Note here that the prediction in Figure 8.5b is 
not a fit to the data with the power law exponent fixed at 
1. Rather, it is the prediction of the spring slider relation 
(8.2b) using the coefficient 10−1.43 from the fit of that equa
tion to the duration and stiffness data shown in Figure 8.5a 
(dashed line). The expected total slip resulting from 
undamped motion is

 
ˆ .V

m
Ak

 (8.2c)

Again, the prediction from the model (dashed line, 
Figure  8.5c) is consistent with the observations and is 
nearly identical to an unconstrained power law fit to 
the data.

8.4.2. Relationships Between Stick‐Slip and Earthquake 
Source Properties

Since scaling of duration with stiffness in these experi
ments follows a slider‐block model, the experiments do 
not conform to McGarr’s [2012] hypothesis (Figure 8.6a) 
and cannot be directly scaled to natural earthquakes. 
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Figure 8.5 Comparisons between data and predictions from a slider block model. (a) Duration versus stiffness. 
Open diamonds are the predictions of equation (8.2a) for duration from the known fault mass, stiffness, and area 
(Table 8.2). The dashed line is a constrained fit to these predictions with n = −1. Black dots are the observed dura-
tions. The black solid line is a fit of these data to a power law y = Cxn, where C = 10−1.58, n = −0.46. The black 
dashed line is a constrained fit with n = −0.5, resulting in C = 10−1.43. The dotted line is a reference line for an 
inverse proportionality between duration and stiffness, a constrained fit to the data with n = −1. (b) Average sliding 
velocity versus stress drop/(stiffness0.5). The solid line is a fit resulting in n = 1.07. The dashed line is a prediction 
from the power law relation equation (8.2b) using the appropriate coefficient from the fit shown in (a) (101.43). 
(c) Total slip versus average velocity/sqrt(stiffness). The solid line is a fit resulting in n = 0.96. The dashed line is a 
prediction from the power law relation equation (8.2c) using the coefficient from the fit shown in (a).
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Figure 8.6 Earthquake source properties from stick‐slip. (a) Duration versus stiffness as shown in Figure 8.1a with 
the addition of the design stiffness and observed duration of stick‐slip in the USGS double direct shear (DDS) 
machine (solid triangles), and the results from the same machine with its stiffness systematically reduced (open 
black circles). The solid line is the scale‐independent prediction, equation (8.1a) with μ/β = 10 MPa s/m, and the 
two dashed lines are one half and two times equation (8.1a). (b) Duration versus stiffness as shown in part (a) for 
the four testing machines. X’s are estimated durations assuming the rock samples of the four testing machines are 
the most compliant element in the system (see text). Dash-dotted line is a constrained fit to an inverse proportion-
ality resulting kΔt = 31 MPa s/m. The +’s squares result from reducing the stiffness ten times less than that of the 
rock samples (see text). (c) Stiffness versus sample dimension for the four testing machines. The dashed line is an 
inverse scaling relationship that suggests apparatus stiffness is approximately inversely proportional to sample 
size for these machines collectively. Shown for reference is the estimated stiffness of the rock samples, which is 
calculated from the sample dimension in Table 8.1 and an assumed modulus (see text for discussion).
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Furthermore, while slip decreases with stiffness as it does 
for natural earthquakes, the dependences of duration and 
slip velocity on stiffness are inconsistent with results for 
earthquakes. Despite these complications, there may be 
some value in these measurements. In particular, the 
static stress drops in this study are in the range of 0.25 to 
0.74 MPa, within the bounds, but in the lower range 
observed for natural earthquakes [Baltay et  al., 2010, 
2011] probably owing to the low normal stress (2 MPa). 
The lack of a strong or systematic dependence of stress 
drop on stiffness is also consistent with the natural obser
vations. Nevertheless, given the expected and observed 
normal stress dependence of stress drop [e.g., Lockner 
et  al., 2017], the resemblance with natural stress drops 
may be fortuitous. Similarly, the estimate of apparent 
stress in the appendix is consistent with earthquakes, but 
it is unclear whether this is a coincidence. In prior studies 
of rapid slip with a slider‐block model [e.g., Beeler, 2001] 
the ratio of apparent stress to stress drop for stick‐slip is 
fixed at about 0.25, which agrees well with the 0.22 as 
estimated in the appendix. These values are not unlike 
standard earthquake models [e.g., Brune, 1970; Singh and 
Ordaz, 1994] and are consistent with natural observations 
[Baltay et al., 2011]. Unfortunately, the estimated average 
ratio of apparent stress to stress drop determined from 
the data, 0.22, is not well constrained by the observations, 
and it is unknown to what degree this measure of effi
ciency is influenced by the properties of the machine; slip 
during unconfined rupture in most test geometries is 
mechanically constrained to overshoot.

Despite these questions concerning relevance to earth
quakes, in the next few paragraphs we develop a broader 
view of scaling of stick‐slip by considering the proce
dures used in the experiments, the unaltered properties of 
all the testing machines shown in Figure  8.1, and the 
properties of the DDS apparatus. This analysis is qualita
tive in nature but is strongly supported by the empirical 
data, leading to a more optimistic perspective on the 
value of stick‐slip to understanding the earthquake 
source and additional support for McGarr’s [2012] 
hypothesis. Experiments conducted at the unaltered 
machine stiffness of the DDS apparatus 27 GPa/m 
(Table  8.1), result in a measured duration of ~0.0005 s. 
These values plot well within bounds of the prior studies 
(Figure 8.6a), and the product of stiffness and duration is 
13.5 MPa s/m, of the same order as in the other testing 
machines. So, while the duration and stiffness from 
the  primary experiments plot well off  trend from the 
results of prior studies (Figure  8.6a) and earthquakes 
(Figure 8.1a), this seems to result entirely from the testing 
procedure where the stiffness is reduced. A simple view, 
which we will expand upon momentarily, is that the rela
tionships between stiffness and duration (Figure  8.5a), 
stress drop and loading velocity (Figure 8.5b), and slip 

and slip velocity (Figure 8.5c) are “artificial” due to the 
stiffness being changed, independent of the scale of the 
fault. Implicit in this interpretation, which we will also 
expand upon momentarily, is that the scaling of earth
quake source properties, such as between stress drop and 
slip speed, can only be inferred from stick‐slip experi
ments in a single machine when the stiffness is constant at 
the design value and stress drop varies significantly 
(Figure  8.1b). Similarly, the relation between duration 
and stiffness can only be inferred from comparing values 
between machines (Figures  8.1a and 8.6b), where stiff
ness and scale are apparently interdependent in the same 
way as for earthquakes.

Throughout the remaining discussion, we use the adjec
tives design or natural to refer to the stiffness or stick‐slip 
duration that results when these various rock testing 
apparatuses are used as intended by their designers and 
manufacturers. These adjectives should not be interpreted 
to imply that resulting stiffness or stick‐slip duration was 
intended to produce realistic earthquake source proper
ties. On the contrary, as described below, our conclusion 
is that realistic and scale‐dependent earthquake source 
properties result during stick‐slip largely as a conse
quence of using rock samples with the same elastic prop
erties as the earth and from consistent but unintentional 
design practices that are themselves scale‐independent.

McGarr’s [2012] hypothesis requires both that the 
product kΔt is scale independent in experiments, as it is 
for earthquakes, and that the product is of the same order 
as for earthquakes. How these requirements are met in 
practice, apparently fortuitously [Johnson and Scholz, 
1976], can be understood qualitatively by further examin
ing constraints of the particular experimental geometries, 
noting the mechanical requirements for stick‐slip, and by 
considering the intended purpose of the various testing 
machines. While a detailed mechanical analysis of the 
four individual machines is beyond the scope of the 
 present study, the scale independent kΔt arises primarily 
from basic requirements of doing faulting tests at 
 different scales. For example, even though there are four 
different machines and three different fault geometries 
(direct shear, double direct shear, and triaxial), collec
tively the rock sample masses, fault areas, and character
istic dimensions L (Table 8.1) conform to the requirements 
of kΔt being scale independent. That is, we assume the 
rock sample is the most compliant element in each of the 
four machines. Then, taking the loading stiffness to be 
E/L, ρ = 2700 kg/m3 and E = 70 GPa results in the dura
tions calculated from equation (8.2a) shown as X’s in 
Figure  8.6b. The product of  the sample stiffness and 
this duration is included in Table 8.1 as the “estimated 
sample kΔt.” A power law fit to these sample‐inferred 
duration and stiffness produces a slope of −1.08, very 
close to the inverse proportionality. A constrained fit for 
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the inverse proportionality results in the product being 
31 MPa s/m (dashdotted line), only a factor of three 
larger than the ~10 MPa s/m, appropriate for earthquakes 
and the representative value for the testing machines. 
That stick‐slip is not possible if  the rock samples provide 
all of the system compliance is a rationale for why the 
testing machines that are capable of producing stick‐slip 
have a smaller stiffness, larger duration, and smaller 
product than the samples they load. A comparison of the 
sample stiffness to the stiffness of the testing machines 
and how these stiffnesses scale with sample dimension is 
in shown in Figure 8.6c.

In the case of the triaxial and DDS configurations, 
these machines were intended to be primarily used for 
stable frictional sliding, rather than stick‐slip, and indeed 
their loading frames are quite stiff. For example, Lockner 
et al. [2017] find that about two thirds of the compliance 
of the triaxial is from the sample itself  and one third from 
the apparatus (Figure 8.6c). Stick‐slip can be accessed in 
these stiff  machines in their design configuration by con
ducting experiments at high normal stress in triaxial 
[Lockner et al., 2017] or in DDS experiments using faults 
with highly polished surfaces [Dieterich, 1978]. Similarly, 
though the Lamont and 2 meter biaxial machines were 
intended for rupture propagation and stick‐slip, they are 
not highly compliant relative to the others once the differ
ences in scale are accounted for. Although there is scatter 
in the scaling relation (Figure 8.6c), the dashed line indi
cates an inverse proportionality. Based on this plot we 
conclude that even though the intended purpose of these 
testing apparatuses was not for stick‐slip in all cases, their 
stiffnesses scale approximately inversely with the size of 
the samples; furthermore, the scaling is in part just a 
requirement of conducting experiments on different‐
sized samples. This scaling can be rationalized by noting 
that all designs consist of similar components (platens, tie 
bars, pistons, hydraulics) of the same composition (steel, 
hydraulic oil). Likely, the relatively tight scaling is also 
influenced by design practice requirements for the rela
tively compliant machines to nonetheless have fairly high 
stiffness to reduce long period vibrations, and to mini
mize bending and stored elastic energy for performance 
and safety considerations.

Returning to the scaling of duration and stiffness esti
mated from the four samples (Figure 8.6b, X’s), since the 
requirement for stick‐slip is more compliance than the 
rock samples and the time constant goes as 1/ k , a reduc
tion in stiffness increases the time constant. The net effect 
is a smaller reduction in the kΔt than in the stiffness. So, 
for example, a 10x reduction from the stiffness of the rock 
samples produces an approximate 3x increase in duration 
and 3x reduction in the product (Figure 8.6b, +’s). While 
the shift from the sample stiffness and duration in this 
simple calculation is not an exact match for all four of the 

machines, a 10x reduction in stiffness produces overall 
shifts of the duration and the product that are consistent 
with the  collective observations.

8.5. LIMITATIONS, CONSTRAINTS  
ON LAB‐INFERRED SOURCE PROPERTIES, 

AND CAUTION

Significant experimental limitations on the data from 
this study include the measurement problems associated 
with shear stress measured at the load cell (Figure 8.3b). 
This issue may be resolved by replacing the present 
load  cell with an instrument with a higher resonance 
 frequency. Direct measurement of  on‐fault shear resist
ance using strain gauges and also employing a near 
fault   thermocouple that could be used to determine 
the  average shear resistance should complete energy 
accounting during stick‐slip and provide measurement 
redundancy. It would be ideal to measure radiated dis
placements directly and to determine radiated energy 
for comparison with calculations described in the 
appendix. Complications include small sample dimen
sions relative to the normal and shear loading column 
lengths, which lead to returning reflected waves from the 
piston‐sample interface that are nearly instantaneous 
relative to the total duration of  fault slip if  the measure
ments are made on the rock samples. Nevertheless, the 
calibration approach described by McLaskey et  al. 
[2015] may be suitable for this kind of  accounting.

The experiments in this study were intentionally lim
ited to a single normal stress and loading rate to focus on 
mechanical interactions between the fault and the testing 
machine. Experiments over a range of normal stresses are 
necessary to fully relate stick‐slip results to natural seis
mogenic depths. The 2 MPa normal stress in the present 
tests correspond to a depth of a few hundred meters in 
the Earth, whereas, for example, the effective normal 
stress at the base of the seismogenic zone on the San 
Andreas may be roughly 100 times higher. Experiments 
with variations in loading rate and experiments at the 
same stressing rate are also needed for a more complete 
study of stick‐slip source properties. The extrapolation to 
the Earth entails much lower stressing rates than in the 
present suite of experiments. The lowest stressing rate in 
our experiments is about 5.8 GPa/yr compared with 
tenths or hundredths of an MPa/year for natural M6 and 
larger earthquakes. Unfortunately, experimental difficul
ties arise in the unconfined double direct shear geometry 
at higher normal stress. To increase the normal stress 
significantly requires a larger testing machine or a different 
geometry. Similarly, since our double direct shear appara
tus lacks confinement, such as in the triaxial experiments 
in Figure 8.1 [Lockner et al., 2010, 2017], tests at  elevated 
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temperature and pore pressure would allow more confi-
dent application to natural faulting.

Since reducing the machine stiffness in the DDS appa-
ratus produces stick‐slip source properties that scale 
 differently from the natural counterparts (Figure  8.6a), 
the source properties stress drop, duration, slip, and slip 
speed from high‐speed laboratory faulting and stick‐slip 
are only directly relevant to natural earthquakes under 
limited conditions. The bounds depicted in Figures  8.6 
and 8.7 are necessary requirements for earthquake‐like 
source properties, namely, that the product of stiffness 
and duration, equivalently the quotient of static stress 
drop and sliding speed, lies between 5 and 20 MPa s/m. In 
reference to values well outside those bounds, as shown in 
Figure 8.7, these are offered here as examples of interest-
ing experiments that may not be directly relevant to 
 typical natural earthquakes. The very lowest stress drops 

in the Beeler et al. [2012] study (Figure 8.7) lie to the left 
of the bounds and therefore are “slow” relative to earth-
quakes. As described in more detail in the original study, 
these tests are conducted at the lowest normal stresses on 
a fault with high fracture energy. The fracture energy 
reduces the slip speed, and these events would be faster 
and have shorter durations were slip not damped by this 
dissipation. These may be relatable to “low‐ frequency 
earthquakes” [Shelly et al., 2006], events that have both 
lower rupture propagation rates and slip speeds  when 
compared with typical earthquakes with the same 
moment. Fracture energy is not accounted for in equa-
tions (8.1) or (8.2).

At the other extreme are the largest stress drops of the 
Lockner et al. [2010] study (black solid circles). These also 
plot to the left of the bound and are slower than earth-
quakes of equivalent stress drop, despite having inferred 

equation (1b)
2 × equation (1b)
USGS 2 m [Beeler et al., 2012]
USGS 1” [Lockner et al., 2010] USGS DDS modi�ed sti�ness [this study]

Lamont 20 cm [Johnson et al., 1973]
earthquakes [Abe, 1975]
1/2 × equation (1b) aka Brune [1970]

limits on natural stress drop [Baltay et al., 2010; 2011]
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Figure 8.7 Scaling of earthquake source properties from  laboratory stick‐slip. Static stress drop versus average slip 
velocity. Data for individual stick‐slip events from this study (open circles) are shown along with the prior studies 
in three different testing machines [Johnson et al., 1973; Beeler et al., 2012; Lockner et al., 2017] and from five 
Japanese earthquakes [Abe, 1975]. The solid line is the scale‐ independent prediction, equation (1a) with the 
impedance μ/β = 10 MPa s/m, and the two dashed lines are one half and two times (1a). The horizontal dotted lines 
demark the range of typical natural stress drops (0.1 to 40 MPa) inferred from recent analysis using a Brune [1970] 
source model [Baltay et al., 2010; 2011].
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slip speeds in excess of 4 m/s. The origin of the damping 
of slip for these events is not yet completely understood. 
These produce enough shear heat to melt the fault zone, 
at least in part, and it is possible that there is dissipation 
associated with the generation or subsequent freezing of 
the shear melt that reduces the sliding speed [e.g., Koizumi 
et al., 2004]. Could this be shown definitively it may pro
vide a signature frequency content of natural melt‐gener
ating earthquakes. However, another possibility is that 
the slow slip is due to contributions from the testing 
machine. These tests are at the highest confining pres
sures in the Lockner et al. [2010; 2017] study. The confin
ing fluid is a silicone oil whose viscosity increases with 
pressure and may contribute to slowing the slip rate at 
high confining pressure. Further limits on the relevance 
of laboratory‐inferred fault properties come from typical 
earthquake stress drops that are in the range of 0.1 to 
40 MPa [Baltay et al., 2010; 2011] (heavy dotted horizon
tal lines, Figure 8.7). These imply limits on average slip 
speed of 0.005 to 8 m/s. Both the upper limit on stress 
drop and slip speed are exceeded in the Lockner et  al. 
[2010] experiments at the highest confining pressures. 
Explaining those differences and other implied differ
ences between laboratory stress drops and earthquakes 
[e.g., Di Toro et al., 2011] is beyond the scope of the pre
sent study but is an important remaining challenge for 
the experimental fault mechanics community.

8.6. SUMMARY AND CONCLUSIONS

Laboratory stick‐slip in standard direct shear, triaxial, 
and double direct shear testing configurations have effec
tively scale‐independent values of the ratio of static stress 
drop to average slip rate, between 5 and 20 MPa s/m, so 
long as the experiments are conducted on rock and at the 
design elastic properties of the testing machine. The ratio 
is essentially the same as found for natural earthquakes 
and, as in seismic source theory [e.g., Brune, 1970], is of 
the same order as the impedance, the ratio of the elastic 
modulus to the wave speed; the ratio is also equal to the 
product of the stiffness and the rise time. Collectively, 
these results confirm the hypothesis of McGarr [2012] 
that the product of stiffness and rise time for stick‐slip is 
scale independent and the same as for earthquakes. The 
constant ratio arises because the square root of the ratio 
of the product of sample mass and stiffness to fault area 
of experimental samples is independent of scale, the 
apparatus stiffnesses vary inversely with sample size, and 
the stiffness of the testing machines is approximately ten 
times smaller than that of the rock samples. Expected 
and documented exceptions to this rule are cases where 
fault slip is damped by fault properties (or machine 
effects), producing events that have lower slip rates than 
their natural counterparts of equivalent stress drop, and 

cases where the testing machine stiffness is reduced from 
the design values, resulting in larger slip rates than for 
natural earthquakes of the same stress drop.
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APPENDIX

Estimating Radiated Energy During Stick‐Slip

In our experiments radiated energy is not directly meas
ured using high‐frequency seismic instrumentation; 
nonetheless, it might be reliably estimated from slip veloc
ity measurements under some circumstances. For fixed 
fault area the amount of energy available to be radiated 
as shear waves due to fault slip is

 
E

A
V dtnf

t

2 0

2  (8.A1a)

[e.g., Kanamori, 2001], where ζ is the impedance. For a 
fault in an elastic continuum, ζ = μ/β. As pointed out by 
McGarr and Fletcher [2001], for an earthquake, some of 
this available energy (8.A1a) remains in the near‐field and 
goes into producing the static elastic distortions about the 
rupture. Laboratory experiments typically lack such a 
near‐field reduction of equation (8.A1a) because spatially 
uniform slip on the fault nearly always results once rup
ture reaches the free surfaces at the fault ends, and there is 
no increase in near‐field static strain energy. Therefore, 
arguably, Er = Enf and the radiated energy during stick‐slip 
is given by (A1a). Accordingly, all that is needed to esti
mate radiated energy is the slip velocity. As the apparent 
stress relates to radiated energy as a rE A/ , then
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Equation (A1b) for apparent stress is consistent with 
 continuum and slider block models that are radiation 
damped [Rice, 1993; Beeler, 2001]. However, for our 
stick‐slip experiments the elastic impedance is con
strained by the observations to be much less than μ/β. 
For example, assuming constant slip rate at the average 

velocity, the apparent stress in (A1b) becomes a

V̂
2

; 

taking the impedance to be 10 MPa s/m and the average 
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slip rate from the lowest stiffness tests, ~0.75 m/s, appar
ent stress would be 3.75 MPa, an order of magnitude 
larger than the stress drop and higher than the normal 
stress on the fault. This is a physically impossible value 
for apparent stress.

A more appropriate estimate for the impedance can be 
made using a slider block model that accounts for radia
tion loss [Beeler, 2001]. The idea is to attribute to radia
tion loss the difference between the observed event 
durations and those inferred using the undamped slider 
block model, equation (8.2a) (Figure 8.5a, Table 8.2). For 
a static‐kinetic fault strength relation with dynamic stress 
drop Δτd and a single degree of freedom spring‐slider 
block model, the equation of motion is the balance of the 
mass times acceleration against the difference between 
the spring force and the frictional resisting stress, less the 
radiated energy:

 

T
t k k t

d

2 2

2 2

2 . (8.A2a)

T is the undamped characteristic oscillation period, and 
the event duration in the absence of radiation is Δt = T/2. 
k is stiffness, ζ is impedance, and δ is slip on the fault. The 
third term on the right‐hand side of (A2a) is the “radia
tion damping” term, used to approximate energy lost as 
propagating seismic waves, here assumed to be planar 
shear waves [Rice, 1993]. The observed event duration 
Δtobs is larger than Δt when radiation losses are signi
ficant. That condition is met when the impedance is a sig
nificant fraction of the characteristic impedance kT of  

the undamped spring slider. Averaging the slip velocity 
over an entire event produces a stress measure of the 
 radiated energy, the apparent stress

 a

V̂
.

2
 (8.A2b)

To estimate radiated energy and apparent stress, equa
tion (8.A2a) is solved numerically for slip, stress, and slip 
rate with time for a range of values for the impedance, 
representing possible amounts of radiation loss, for com
parison with the experiments. Figure 8.A1 shows the ratio 
of observed duration normalized by the characteristic 
duration Δtobs/0.5 T resulting from a range of impedances 
from zero to 40% kT. To apply these simulations to the 
observations shown in Figure  8.5a, the experiments are 
treated collectively by interpreting radiation loss as the 
difference between the observed event durations and those 
inferred using the undamped slider block model, equation 
(8.1a) (Figure 8.5a, Table 2). That is, using the difference 
between the dashed lines in Figure 8.5a as a lengthening 
of event duration due to energy lost to radiation. On aver
age the observed durations (Figure  8.5a, sliderblock 
model fit line) are around 10% higher than expected 
(sliderblock prediction line). The corresponding ratio of 
the predicted duration to the observed duration is 

t tobs / 1 09. . To produce this relative increase requires a 
value of the impedance that is about 25% of product of 
the stiffness and the resonance time constant T as indi
cated by the dashed reference lines on Figure 8.A1. In terms 
of the observed event duration and average velocity, 
apparent stress for these experiments is

 0.22 ˆ .a obsVk t  (8.A2c)

Resulting values from equation (8.A2c) using the tabled 
values of average velocity, stiffness, and duration 
(Table 8.2) range from 0.05 to 0.18 MPa. The estimated 
average radiation efficiency, the ratio of apparent stress 
to static stress drop [Savage and Wood, 1971], is 0.22. This 
ratio fixes the average slip overshoot, 0 5. a s/  
[Savage and Wood, 1971], to be 0.28. These results com
pare favorably with estimates for earthquakes, stick‐slip 
experiments, and prior slider‐block models [McGarr, 
2012, and references therein].
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