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Abstract

The temperature variations during deformation of a compressive en echelon fault set in a rock sample were measured by

a surface measurement system with multi-point platinum resistance thermometers and an infrared thermal image system. The measure-
ments obtained by the two systems were in agreement with each other, indicating a relationship between temporal-spatial variations of the
thermal field and changes of stress and strain. At varied structural positions of the rock sample, the rising of the temperature was differ-
ent, implying distinct stress distributions at these positions. In the experiment, the deformation process of the sample included three
stages: elastic deformation, stick-slip, and rupture. Correspondingly, the variation process of temperature had also three stages, each of
which had its own temperature rising profile. And the thermal radiation field showed a similar process. These phenomena mean that the
dominant mechanisms of temperature rising in all stages of deformation are different. Experimental results provide a physical basis for the

study of current fault activities by using data of satellite infrared images.

Keywords: en echelon fault set, stick-slip, thermal infrared radiation, temperature, mechanism of temperature rising.

Studies of faulting using NOAA satellite infrared
image data have shown that variations of infrared im-
ages contain information associated with current ac-
tivities of faults, some of which are closely related to

changes of regional stress and strain fields'. Images
of satellites are, however, influenced by variations of
many kinds of factors, including stress and strain as
well as changes of mass state, like involvement of wa-

,3 . . .
(23] " Therefore satellite images are inte-

ter and gas
grated results, from which the information on the

stress related to faulting is hard to get.

Physically, mechanical deformation of rock can

[4.51 When a rock sam-

cause temperature variations
ple experiences a deformation, such as elastic defor-
mation, plastic deformation, rupture, or frictional
slip, the intensity of stress at varied positions in the
sample should be different. Now the questions are
whether these differences can be recognized from
changes of the thermal field, what effect on infrared
radiation will be produced by changes of deformation
mechanisms, and how to identify the variations of in-
stability of the fault and the sudden stress drop in a
rock sample on the thermal images.

Physical modeling in laboratories is one of possi-

ble approaches to address these issues. Because in lab-
oratories temperature and other conditions of rock de-
formation can be artificially controlled and mass state
is usually known, so that we can design various
schemes of experiments to measure thermal variations
during faulting of samples. Based on these observa-
tions, we can study further the mechanisms of tem-
perature rising associated with faulting, and interpret
information from satellite images. This paper presents
our experimental results of variation of thermal fields
during the deformation of an en echelon faults.

1 Experimental conditions and apparatuses

In the experiment, we used a thermal imaging
system and platinum resistance contact-type ther-
mometers to simultaneously measure temperature
variations caused by rock deformation. Meanwhile
stress and displacement were also measured.

The thermal imaging system was an IR913A
type apparatus produced by the Gaode Corporation,
Wuhan, China. It has the following technical param-
eters: spectrum range was 8—14 pm, temperature
range 10—350C, mode transform 16 bit, tempera-
ture resolution 0.06 K, focal length of lens 40 mm,
focusing range 0.5— m, and spatial resolution 320
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X 240 pixels[6J. By adding an 1394 interface, this
system can perform continuous data transmission and
recording with the largest recording time merely de-
pending on the room of the disk and the fastest
recording rate of 50 pictures per second. In this ex-
periment, the distance between the thermal imaging
system and the sample was 0.65 m and the thermal
image sampling was 12.5 pictures per second. Before
and after the experiment, thermal image sections at
uniform temperature were recorded respectively to
serve the background field correction for data process-
ing.

Since the employed thermal imaging system is of
the non-refrigeration type, long-time recording has
serious zero drift and distortion of the background
field. Hence, corrections were made by using the
recorded uniform temperatures before and after the
experiment. In addition, low-pass filtering was per-
formed to overcome the problem of strong noise at
high frequencies in the thermal infrared thermal im-
age data. As the thermal imaging apparatus used in
this test has a large deviation of temperature its cali-
bration needs to be solved, here we concern only the
relative variations of the measured brightness temper-
ature of thermal radiation ( Tg) instead of accurate

values of temperature changes.

Meanwhile, we also used a set of platinum resis-
tance thermometers to measure temperatures of the
sample in a synchronous manner with the thermal
imaging system. These thermometers have the fol-
lowing parameters: temperature measurement range
—10—607C, temperature resolution 2 mK, and sam-
pling rate S Hz. The sensitivity of these thermome-

ters is one magnitude higher than that of the thermal -

imaging system, so it can serve as the calibration
standard for the thermal imaging system. By rapid
scans over many points on the sample, these ther-
mometers can obtain spatial distribution patterns and
temporal evolution processes of the temperature field
on the sample, which can be compared with the in-
frared images for analysis.

During the experiment, a thermo-hygrograph
and an infrared thermometer were used to monitor the
environment of the laboratory. And many measures
were taken to suppress infrared background noise and

disturbancel®. The actual temperature and humidity

of the environment in the laboratory were 24.8C and
0.75, respectively.

The sample was made by granodiorite from the
Fangshan District, Beijing with a size of 500 mm X
300 mm X 50 mm. On the sample a slot-cutting was
made at an angle of 31° to Y axis and filled with gyp-
sum. The structure of the sample is shown in Fig. 1,
in which blue circles are positions of thermometers,
and the area drawn by dashed rectangle is the target
of thermal image analysis.

Considering many experimental results concern-
ing physical field evolution of en echelon samples in
our laboratory, we did not use other types of detec-
tors to measure strain, displacement in order to avoid
interference on thermal field measurement by these
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Fig. 1.
studied area of thermal image. Red lines denote faults, blue circles

Structure of the sample and positions of thermometers and

with numerals are measured points on the specimen where ther-
mometers were fixed. Dashed rectangular area is the studied area of
thermal radiation, where slats a, b and c indicate the studied area of
brightness temperature curves in Fig.5.

The two-direction servo-control system was used
to apply load on the sample. During the experiment,
the load in both directions was forced to 5 MPa and
maintained constant (5 MPa) in the X direction,
then the load in the Y direction was applied by dis-
placement rate of 0.5 pm/s. Fig.2 shows the varia-
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Fig. 2. Process of differential stress o, and displacement in X and

Y directions. Red line indicates differential stress o, Dy and Dy

represent the displacement in X and Y directions, respectively.
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tion of stress and displacement in both directions with
time, where the curves Dy and Dy represent the dis-
placement in X and Y directions versus time, Dy
keeps the displacement rate of 0.5 pm/s until 6000 s.
And the o, curve shows differential stress with time,

where o, =0y — 0.

Compared with previous work done by oth-
ers[”_m, this experiment was performed by the
strictly controlled temperature and humidity in the
laboratory, and characterized by the synchronous
measurement of temperature variation with time by
two independent tools, and continuous transmission
of thermal imaging data with improved temporal reso-

lution.
2 Experimental results

As shown by the curve o in Fig. 2, the defor-
mation of the rock sample includes three stages: state
of elastic deformation (0—3000 s), stick-slip
(3000—5700 s), and failure (after 5200 s). In the
state of elastic deformation, relationship between
stress and displacement is quasi-linear. When enter-
ing the second stage, many times of slick-slip oc-
curred with varied sizes and an average interval of 280
s between large events. During the test, temporal-
spatial variations of thermal images on the sample in
these stages of deformation were observed.

2.1 Temperature elevation versus positions with re-
spect to the faults

Temperature variation with time was measured
at some points on the sample (Fig.3) by the platinum
resistance thermometers, where point 8 located with-
in jog area, point 6 near the ends of the faults, points
1, 5, and 7 on the both sides of the faults with dif-
ferent distances to the faults, and point 2 relatively
far from the faults (see Fig.1). The curves in Fig.3
represent temperature variations during deformation
of the sample at these points. The characteristics of
curves are as follows: (1) the temperature at point 2
elevates at a small rate, with the final increment
about 0.1 K till the failure of the sample; (2) at the
initial stage of deformation, the temperature curve of
point 8 almost coincides with other curves, gradually
rises with stick-slip, and rapidly increases in the final
stage of sample failure, which is in agreement with
the stress change (Fig.2). The temperature varia-
tions at point 6, which is close to the ends of the
faults, are getting remarkable during the rupture of

the jog area; (3) variation of temperature at points
1, 5 and 7 is different and depends on the distance
from fault; (4) it was observed that rapid tempera-
ture elevation and stress drop occurred synchronously
at the points in the jog area and near the faults during
the stick-slip event, while such responses did not
happen at the point far from the faults. It implies
that variations of temperatures are closely associated
with the stress state of varied positions on the sam-
ple.

Fig. 3. Temperature variations with time at measurement points.

Numerals on the curves represent point positions as shown in Fig. 1.

2.2  Temperature rising rates versus deformation

stages

Curves in Fig. 3 shows not only temperature
variation versus positions, but also temperature rising
rate at measurement points on the sample in different
deformation stages. Table 1 lists these varied average
rates of temperature elevation for each deformation

stage.
Table 1.  Average temperature rising rate at measurement
points on the sample in each deformation stage (unit: mK/s)
Point Elastic deformation Stick-slip Failure

2 0.011 0.024 0.042

6 0.013 0.031 0.177

7 0.015 0.034 0.101

8 0.016 0.041 0.274

5 0.02 0.035 0.129

1 0.02 0.042 0.204

In the elastic deformation stage (0—3000 s),
temperature was raised with differential stress. The
least growth rate (0.01 mK/s) appeared at point 2
and the largest rate (0.02 mK/s) appeared at points
1 and 5. In conjunction with the curve o, of stress
versus time (Fig. 2), the temperature growth rate
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with stress was calculated to be 1.2 mK/MPa on av-
erage.

In the stick-slip stage (3000—5000 s), the tem-
perature rising rate was much larger than the first
stage. The temperatures near the faults elevated with
time in a step-like manner, where the temperatures
rose suddenly when stick-slip occurred, and main-
tained constant or declined slowly between stick-slip
events. At the points distant from the faults, the re-
lationship between temperature elevation and stick-
slip was not conspicuous. For this stage the lowest
temperature elevation rate was .02 mK/s at point 2
and the highest one was 0.04 mK/s at points 1 and
8. The average temperature increasing rate with
stress was 3—4 mK/MPa.

The third deformation stage, i. e. the failure
stage of the sample was characterized by high rates of
temperature elevation, even including the points dis-
tant from the faults. At point 2 appeared the smallest
rate of 0.04 mK/s and the largest rate 0.2—3 mK/s
was observed at points 8 and 1.

2.3  Stick-slip and temperature variations

We observed that different temperature varia-
tions occurred at measurement positions on the tested
specimen in response to stick-slip events of the faults.
For instance, the temperatures at points 1 and 5 ele-
vated greatly, and that at point 7 increased by a rela-
tively small amplitude during stick-slip event (Fig. 4,
Table 2). As shown in Figs.1 and 4, points 1 and §
lie in areas with high stress and point 7 is in an area
of low stress. Point 8 in the jog area exhibits a dis-
tinct feature, where the temperature grows rapidly
with stick-slip events. Physically, each stick-slip
event along the faults can cause stress increase at the
site which is the reason for the temperature elevation.
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Fig. 4. Variation of temperature at measurement points and dif-

ferential stress with time in stick slip stage. Gray curve denotes
change of siress.

The temperature rising becomes obvious after 3858 s.
It may be resulted from the failure in the jog area and
heating by frictional sliding.

Table 2.  Rising rate and declining rate of temperature before
and after stick-slip event at 3849 s (unit: mK/s)

Point number Rising rate Declining rate
8 0.906 ~0.045
1 0.296 0
5 0.283 -0.011
7 0.074 ]

2.4  Stick-slip and thermal image variation

In the experiment, we focused on the thermal
images of the central portion of the sample. From
these images, we calculated variation of average val-
ues Ty(brightness temperature of thermal radiation)
in the jog area (rectangle a in Fig. 1) and left and
right faults (rectangles b and ¢ in Fig.1) on the sam-
ple (Fig.5). It was a general trend that values of T},
increased with the stick-slip process on the faults.
Every stick-slip event was followed by a rapid eleva-
tion of Ty which was equivalent to temperature ris-
ing. In the jog area a rapid elevation of T followed a
stick-slip and then the T declined gradually. Differ-
ent from this case, in the fault area Ty increased syn-
chronously with stick-slip events and then dropped
rapidly. It means that the high temperature caused by
stick-slip keeps up only ~ 20 seconds, which is 20%
of that in the jog area. Another observed phenomenon
was that the rising process of T was different on two
faults. Sometimes the rising amplitude of T on the
right fault was larger than that on the left fault. And
at other moments it was the contrary. This means
that the two faults of the en echelon structure alterna-
tively come into active, as rising of Ty is primarily
associated with the portion of active faulting.
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Fig. 5. Variation of brightness temperature of thermal radiation

(Tpg) in the jog area (red), left fault (green) and right fault (blue)
with differential stress (grey).
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There are two possible mechanisms for tempera-
ture elevation during faulting: strengthened stress
and friction. For the first case the amplitude of tem-
perature rising is of small, but with a large thermal
amount. The thermal diffusion is slow because the
scope concerned by the variation of stress is large.
This may be the reason that Ty drops relatively slow
after stick-slip in the jog area. In contrast, frictional
sliding along fault generates thermal radiation or tem-
perature elevation. Such a process is confined near the
fault, producing a relatively small thermal amount
which will lose quickly. Thus the temperature near
the fault rises considerably in response to a stick-slip
event, and after that declines rapidly.

3 Conclusions and discussions

3.1 Similarities and differences of temperature mea-
surements by two kinds of instrumentations

Measurements were made at the same sites by a
platinum resistance contact-type thermometer and an
infrared thermal system. Comparison of their curves
shows a rough consistence. For instance, both are
characterized by synchronous temperature elevation
produced by stress drop of stick-slip in the jog area
and along the faults of the rock sample. The measure-
ments by these two instruments have, however, also
distinctive differences. First, for the thermal image
system, the temperature fluctuation during the stick-
slip process is clearly visible after data correction and
filtering, implying that its resolution has been greatly
improved with respect to the specified value of the
manufacturer. But there are still major residual errors
in the measured data of the thermal image system,
which makes its temperature resolution is lower than
that of the platinum resistance contact-type ther-
mometer. For example, the general trend of tempera-
ture change on the left fault has a relatively large de-
viation, which was generated by non-uniform heating
of the thermal image system itself when it was oper-
ating, as well as residual errors after correction. Sec-
ond, the temperature response of the infrared thermal
image system is obviously faster than that of the plat-
inum resistance contact-type thermometer. This dif-
ference can be noted from the temperature curves of
the fault areas observed by the thermal image system,
which show a sudden rising and rapid drop of temper-
ature near the fault during stick-slip. Apparently, the
response of the infrared thermal image system to such
signals is faster than that of the platinum resistance
contact-type thermometer.

3.2 Connections of temperature and thermal radia-
tion with stress and strain

In the laboratory, we carried out an experiment
of rock deformation and measured variations of the
thermal field associated with faulting on the rock
specimen. Two apparatuses were used for observa-
tions in the test: one measured temperature and the
other recorded thermal images on the specimen, from
which thermal radiation could be calculated. The ex-
periment was performed under a stable environmental
temperature and humidity without atmospheric inter-
ference. There was no water and gas involvement in
the deformation of the specimen. The measurements
of both apparatuses are consistent, demonstrating a
relationship between variation of the thermal field
with the variation of stress and the stick-slip faulting
on the rock specimen.

3.3 Temperature elevation differs at different posi-
tions of the faults

Three kinds of temperature elevation were
recorded during the experiment. At the points distant
from the faults, temperature increases with deforma-
tion at a stable and small rate, which reflects the
change of the background stress for the entire speci-
men. At points near the faults, temperature increases
in response to stick-slip at a relatively large rate, of
which the growth amplitude depends on the distance
from the faults. In the jog area the rate of tempera-
ture rising was obvious when stick-slip began, imply-
ing that fault offset makes the compressive stress of
the jog area get large. And in the late stage of defor-
mation, i.e. failure and friction of the jog, tempera-
ture rose at a large rate. These phenomena indicated
the spatial relationship between the thermal field and
stress field during faulting(Fig.6).

3.4  Mechanisms of temperature elevation during
stick-slip near faults

It was observed that the temperature elevation
rates during stick-slip at the points near the faults
were much larger than those distant from the faults,
and thermal image and temperature records revealed a
step-like temperature elevation near the faults. Com-
pared with recorded stress changes, this kind of tem-
perature elevation was synchronous with stress drops
of stick-slip, which differs from the results of Liu et
al. 1! , who reported that compression generated tem-
perature growth and extension caused temperature de-
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Fig. 6.

at two moments. (a) shows higher temperature in the jog area by

The thermal images on the central portion of the sample

stress concentration. (b) shows higher temperature along faults by
frictional sliding and a piece of rock flaked away in the jog area.

cline. Hence, there should be another mechanism un-
derlying this temperature changes. We noted that at
most of points near the faults there was a rapid tem-
perature decline for a short time before a sudden tem-
perature elevation, which was particularly prominent
at the moment 5791 s when stress dropped. At this
moment, the failure and instability of the jog area
caused stress drop, making the temperature at points
1, 5, and 6 decline first and then rise. Therefore, it
can be concluded that rapid temperature decline is di-
rectly related with stress drop and the sudden temper-
ature elevation is associated with the following fast
frictional sliding on the faults. It means that change
of the deformation mechanism leads to the change of
mechanism of temperature elevation.

3.5 A dominant mechanism of temperature eleva-
tion in different deformation stages

In the experiment, the sample experienced three
deformation stages: elastic deformation, stick-slip
sliding, and failure. In the elastic deformation, the

temperature rose in the range of 0.01—0.02° mK/s,

which was almost the same for all measured points,
attributed to stress increasing. When the deformation
entered into the stick-slip stage, the rate of tempera-
ture elevation at points distant from the faults re-
mained around 0.02° mK/s, a little enlarged; while
that near the faults became two times the rate of tem-
perature increasing in the elastic stage, caused by
friction on the faults. In the failure stage, the rate of
temperature for the areas distant from the faults also
changed a little, though having some increase due to
the effects of nonlinear growth of stress and surround-
ing areas of high stress. In contrast, the temperature
in the jog area and near the faults was greatly elevated
by several magnitudes because of the failure and high
speed friction. These analyses demonstrate that the
dominant mechanism of deformation changes in dif-
ferent stages, which controls the process of tempera-
ture elevation with stress as well as variations of the
thermal field.

All of the results may provide a physical basis for
analysis of regional tectonic deformation and faulting
process including fault instability and dislocation by
using satellite thermal image data. In this aspect,
there are still many problems to be studied further.
For instance, although the experimental results re-
vealed clearly variations of the thermal field caused by
stress. The results were recorded in the laboratory
where the observation was made in a short distance
and with less interference and the data were processed
by corrections. In practice satellite data are recorded
from a long distance with much interference, so de-
spite the thermal image system may have a much
higher resolution. It is still very difficult to analyze
temperature rising caused by deformation based on
satellite data. Our measured temperature increment is
much smaller than the reported temperature anoma-

lies observed prior earthquakes[zo], thus, there likely
exist other mechanisms induced by stress change.
Moreover the relationship between strain rate and
heat dissipation rate is also an important issue to be
concerned and whether the phenomena found in the
laboratory reflects the true in the nature also needs to
be proved.
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