
1. INTRODUCTION 

Compared to surface structures, there has been 
relatively little research effort expended on the 
dynamic performance of underground excavations. 
Although it has been observed that underground 
excavations are relatively less susceptible to 
dynamic loads than surface structures [1], the 
underground excavations can fail under a single or 
repetitive impulsive loading induced by explosions, 
earthquakes, and mining-induced seismicity [2]. 
The fundamental failure mechanism for an 
excavation subjected to repetitive seismic loading is 
through the accumulation of shear displacements 
along joints or existing discontinuities. This 
behavior may be important to the performance of 
the emplacement drifts for the potential geologic 
repository at Yucca Mountain, Nevada, during both 
preclosure and postclosure periods. The cumulative 
effect, however, cannot be analyzed by 
extrapolation of the response data from a single 
earthquake. To better maintain stability of 

underground excavations located in seismically 
active regions, an understanding of the responses of 
the underground to repetitive seismic events is 
needed. 

A comprehensive study was carried out to 
investigate the potential effects of repetitive seismic 
events on jointed rock mass surrounding 
underground excavations. This study consisted of a 
field investigation of rock-mass responses in a deep 
underground mine subject to mining-induced 
seismicity and laboratory experiments of the 
similitude of a jointed rock mass under repetitive 
episodes of seismic ground motions. The field study 
was conducted in two sites located on opposite sides 
of an anticline in the Lucky Friday Mine [3]. The 
instrumentation at the Lucky Friday Mine included 
multiple-position extensometers for measuring 
rock-mass displacements, point anchors for 
measuring excavation convergence, and triaxial 
velocity gages for monitoring mining-induced 
seismic signals. In addition, seismic signals at the 
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ABSTRACT: A field study and modeling experiments at laboratory scale were conducted to investigate the effects of repeated 
episodes of seismic motions on dynamic behavior of jointed rock mass around underground excavations. Results of the studies 
show that a threshold level of seismic amplitude appears to exist before significant permanent rock mass deformation will occur 
and begin to accumulate. Seismic events with magnitudes lower than this threshold will not significantly affect the excavation 
stability. Multiple seismic events at higher amplitudes are likely to influence stability through the accumulation of permanent 
deformations around excavations. This observation confirms the notion that the fundamental failure mechanism for an excavation 
in a jointed rock mass subjected to repeated episodes of seismic events is the accumulation of shear displacements along joints. 
Depending on the state of stress on individual joints and strengths and material properties of both intact rock and joints, 
progressive accumulation of damage through slippage along the joints tends to weaken the rock mass and leads to instability of the 
excavations. Therefore, if underground facilities are to be located in seismically active regions and are expected to experience 
several episodes of seismic activity during their intended service life, consideration of the effects of repeated seismic loads in the 
design of such facilities seems to be necessary. 



site were also monitored through a mine-wide 
macro-seismic monitoring system. Laboratory 
experiments were conducted on a similitude. This 
scale model consisted of two joint sets with joint 
roughness scaled to 1/15 of welded tuff natural 
joints. A 15.2-cm (6 in) diameter circular opening 
was located at the center of the scale model. During 
the tests, a simulated horizontal ground motion was 
applied at the base of the model. Measurements 
included joint shear and normal displacements, 
opening convergence, strains, and seismic 
accelerations.  

The results of the field investigation and the 
laboratory scale model tests were presented in 
literature in the past [3, 4]. This paper attempts to 
bring the knowledge gained in both activities 
together to advance the knowledge on effects of 
seismicity on stability of underground excavations. 

2. FIELD INSTRUMENTATION 

The Lucky Friday Mine located in the Coeur 
d'Alene region, Idaho, had a significant problem in 
mining-induced seismicity, which has been 
considered a reasonable alternative to natural 
earthquakes in obtaining a better understanding of 
the dynamic responses of underground excavations. 
The recurrence time for mine-seismic events with 
relatively large magnitudes (Richter 1.5 to 3.5) was 
short, which provided an excellent opportunity for 
studying the effect of repetitive ground motions 
over a reasonable time span. The macro-seismic 
system, which was in operation at the mine, 
provided waveform history records at different 
locations in the mine. Equally important was that 
the mine was well characterized geologically [3].  

2.1. General Description 
The rock formation at the Lucky Friday Mine 
consisted mainly of the St. Regis member (the 
upper formation) and Revett member (the lower 
formation). The Revett formation, in which the 
mechanical response investigation was performed, 
was composed of interbedded units of vitreous 
quartzite, sericitic quartzite, and greenish siltite-
argillite. In terms of material properties, the vitreous 
quartzite was the strongest and the siltite-argillite 
was the weakest among the three units [5, 6]. 

The mining was conducted in the Lucky Friday 
vein. This vein was bounded on its north and south 
extents by faults and was cut by several major fault 

structures. The bedding planes at the 
instrumentation areas dipped approximately 70° 
from horizontal as compared to nearly vertical for 
the vein. The depth of mining at the time of 
investigation was approximately 1600 m (5250 ft) 
below ground surface. The in situ horizontal 
stresses were higher than the vertical stress in the 
region. 

2.2. Instrumentation 
Two sites, located near the bottom of the ramp 
system and relatively undisturbed by the ore 
mining, were selected for instrumentation to 
monitor the mechanical response of underground 
openings under repeated seismic events. Figure 1 
shows a portion of the ramp where the two sites 
were located [3, 7]. The LFM95-C1 site was 
approximately 1591 m (5220 ft) below ground 
surface, and the LFM95-C2 site was approximately 
1598 m (5243 ft) below ground surface. The two 
sites were located on the opposite sides of an 
anticline shown in the figure. The bedding planes 
intersected the instrumentation cross section of the 
LFM95-C1 site at an approximately 50° angle and 
at a 15° angle for the LFM95-C2 site [3, 7]. The 
LFM95-C2 site was about 30.5 m (100 ft) from the 
orebody, and the LFM95-C1 site was about 76.2 m 
(250 ft) away. In other words, the LFM95-C2 site 
was about 45.7 m (150 ft) closer to the Lucky 
Friday vein than the LFM95-C1 site. Both sites had 
a 3.05-m (10-ft) square cross section, and were 
supported by resin-grouted rebars and chain-link 
meshes. At the LFM95-C2 site, fiber-reinforced 
shotcrete was also used for support [3, 7]. 

Three different measurements were conducted at 
both sites: (i) transient response of the rock at 
excavation surfaces as a result of seismic 
impingement, (ii) permanent displacement changes 
around excavations, and (iii) closure of opening. 
Triaxial velocity gages were used to record seismic 
velocity history. At each site, five five-anchor 
extensometers were used for displacement 
measurements. A tape extensometer was used for 
closure measurements. All the instruments were 
calibrated in the laboratory before installation [7]. 

Figure 2 shows the instrumentation array at the 
LFM95-C2 site. The cross section was taken when 
facing the ore body. The instrumentation at the 
LFM95-C1 site was essentially the same with two 
exceptions. Extensometer No. 5 was installed 
horizontally at the LFM95-C1 site, while 



Figure 1. Locations of instrumentation and mine seismic 
events at the Lucky Friday Mine. 

 
Figure 2. Instrumentation array for the LFM95-C2 site. 

extensometer No. 5 was installed at a 15° angle 
downward from the horizontal axis at the LFM95-
C2 site. In addition, a triaxial velocity gage was 
installed on the left-hand side wall.  

Observations using a TV borehole camera before 
extensometer installation [7] seemed to suggest a 
yield zone, containing fractures with wide-gaps, 
around the excavations at both sites. However, the 
extent of the yield zone at both sites was fairly 
restricted. Fractures at the LFM95-C2 site were 
more extensive than observed at the LFM95-C1 
site, an indication that the extent of yielding at the 
former site was larger. This seemed to imply that 
the rock mass around the opening at the LFM95-C2 
site was somewhat weaker than that at the LFM95-
C1 site. Another important observation was the 
borehole shear offset along a fracture in hole No. 3 
at both sites. At the LFM95-C1 site, the shear offset 
was observed about 3.3 m from the opening. This 
offset was large enough that it prevented the 
borehole camera from proceeding further. At the 
LFM95-C2 site, the small fracture dislocation was 



observed at about 1.5 m from the opening. Figure 3 
shows the fracture distributions in two extensometer 
boreholes at the LFM95-C2 site. Fracture 
information at distances approximately 3 m beyond 
the opening wall and roof was removed from Figure 
3 to provide clarity. 

 

 
Figure 3. Observed fracture patterns in two extensometer 
boreholes at the LFM95-C2 site using TV borehole camera. 

2.3. Mine Seismicity 
During the period of the investigation, mining was 
conducted in a stope near the LFM95-C2 site 
(Figure 1), and the vein was mined from 1579 m 
(5180 ft) progressively downward to 1606 m (5269 
ft) below surface. More than 50 seismic events with 
a magnitude greater than 1 on the local Richter 
scale were recorded within the period. The 
maximum magnitude experienced was 
approximately 3.5. Figure 1 also shows the spatial 
distribution of the mine-seismic events that 
occurred near the study sites with magnitudes 
greater than 1.5. Information regarding the event 
date (month/day/year), magnitude (Richter scale), 
peak particle velocity at each site (mm/sec), and 
approximate depth of source location below surface 
(m) is also provided in Figure 1 along with the 
depth of the instrumented locations. 

The source locations of the events were estimated 
through a trial-and-error process using the first 
arrival times of seismic signals at different 
monitoring locations of the mine obtained from the 
macro-seismic system [3, 7]. Figure 1 shows that 

most seismic events occurred below the study sites 
and relatively closer to the LFM95-C2 site. 

The peak particle velocity was determined from the 
resultant of the three orthogonal wave signals 
measured using the triaxial velocity gages located at 
the instrumentation sites. Particle velocities 
measured from the triaxial velocity gage at the 
LFM95-C2 site for a seismic event are shown in 
Figure 4. An empirical equation [7] was also 
developed to estimate the peak particle velocities 
for seismic events with measured signals distorted 
due to a high gain setting, originally intended to 
minimize the effect of noise, at the early stage of 
the investigation. Peak particle velocities for events 
before September 1991 were calculated using the 
empirical equation; for events after that, they were 
measured from the triaxial velocity gages. 

 
Figure 4. A velocity history recorded at the LFM95-C2 site. 

Two aspects of a seismic motion may have potential 
effects on rock-mass response: (i) duration of the 
event and (ii) peak motion (peak particle velocity). 
General observation of the seismic signals recorded 
throughout the mine indicated that the durations of 
vibration were relatively short. Most events were 
over in 0.5 sec. It is, therefore, not possible to 
evaluate the potential impact of event durations on 
mechanical responses.  

2.4. Seismic Responses of Underground 
Excavations 

Displacements measured by extensometers in two 
boreholes are shown in Figures 5 and 6. The 
recorded displacements were the results of mining-
related activities and mining-induced events. 
Position (Pos.) Nos. 1 through 5 were the anchor 
positions of an extensometer with the anchor at Pos. 
No. 1 closest to and the anchor at Pos. No. 5 farthest 
from the opening. Displacements shown in both 
figures were measured relative to the assembly head 
of the respective extensometer, which was at the  



 
Figure 5. Displacement measurements for anchors of 
extensometer No. 1 at the LFM95-C2 site (Note: 1 cm = 0.39 
in). 

 
Figure 6. Displacement measurements for anchors of 
extensometer No. 5 at the LFM95-C2 site (Note: 1 cm = 0.39 
in). 

collar of the borehole. Positive values indicated that 
an anchor and assembly head moved away, while 
negative values meant that the two moved toward 
each other.  

General observation of the extensometer 
measurement results indicated that the movements 
of anchors were of two types. The first type was 
caused by ore mining operations that induced stress 
redistribution in the rock mass and represented by a 
gradual increase in displacement. The second type 

of displacement exhibited a distinct pattern of step 
increase or decrease and may be attributed to the 
combined effects of slip and opening of joints or 
fractures located between an anchor and the 
assembly head. The combined effects may be 
triggered by stress changes in the region. The stress 
changes may be either gradual or sudden and 
induced by ore mining, mining-induced seismicity, 
rock-mass strength time-dependency, and other 
mining-related activities. 

As can be noticed from Figures 5 and 6, seismic 
events that had impacts on opening deformation 
(indicated by extensometer measurements) at the 
LFM95-C2 site included the events occurred on 
March 21, 1991 [134 mm/sec (5.3 in/sec) peak 
particle velocity], May 22, 1991 [199 mm/sec (7.8 
in/sec)], May 23, 1991 [200 mm/sec (7.9 in/sec)], 
and November 11, 1991 [221 mm/sec (8.7 in/sec)]. 
Similar observations could also be made from the 
measurements of the remaining extensometers. In 
addition, local rock mass containing extensometer 
No. 5 also responded to seismic events occurred on 
January 30, 1992 [180 mm/sec (7.1 in/sec)] and 
March 27, 1992 [199 mm/sec (7.8 in/sec)]. The 
smallest peak particle velocity to cause permanent 
displacements for the rock mass around the opening 
at the LFM95-C2 site is 134 mm/sec (5.3 in/sec). 
However, in responding to the March 27, 1991 
event [143 mm/sec (5.6 in/sec) ], no permanent 
displacement was observed. The March 27, 1991 
event is not shown in Figures 5 and 6. 

Figure 7 shows the closures of the openings for the 
LFM95-C2 site as a function of time. More than 
220 mm (8.7 in) of horizontal closure and 113 mm 
(4.4 in) of vertical closure were observed. 
Considerably larger closure at the LFM95-C2 site 
may be due to higher stress changes induced by 
mining and weaker rock mass at the site. The 
observed closures for the LFM95-C1 site were 
much smaller―26.9 mm (1.06 in) for the vertical 
closure and 5.4 mm (0.21 in) for the horizontal 
closure.  

Both closure curves in the figures were purposely 
broken into line segments to highlight the effects of 
seismic events. Both horizontal and vertical 
closures for the LFM95-C2 site gave a clear sign of 
seismic effects. The large closures observed for the 
March 21, May 22 and 23, and November 11, 1991, 
events corresponded well with the responses of 
extensometer measurements. The November 11,  



 
Figure 7. Closure measurements at the LFM95-C2 site (Note: 
1 cm = 0.39 in). 

1991, event [221 mm/sec (8.7 in/sec)] induced more 
than 50.8 mm (2.0 in) of horizontal closure, which 
was substantially greater than the horizontal closure 
induced by the combination effect of the May 22 
and 23, 1991, events [199 and 200 mm/sec (7.8 and 
7.9 in/sec)]. This observation could be related to the 
higher peak particle velocity of the November 11, 
1991 event than that of either May 22 or May 23, 
1991, event. Also, the rock mass at the LFM95-C2 
site might be weaker before the November 11 event 
than before the May 22 and 23 events because of a 
continued process of deterioration induced by 
mining and seismic activities.  

Careful examination of the extensometer 
measurements presented in Figure 5 appeared to 
suggest that after the May 22 and 23, 1991, seismic 
events, anchors at Pos. Nos. 1, 2, and 3 moved 
closer to the assembly head by closing up the 
fractures at angles perpendicular or sub-
perpendicular to the extensometer as a result of the 
seismic events and mining activities. It should be 
noted that this extensometer was installed on the 
floor of the opening (Figure 2). Anchors at Pos. 
Nos. 4 and 5 continued to move away from the 
assembly head, indicating the potential widening of 
the fractures in the region at angles perpendicular or 
sub-perpendicular to the extensometer. Also, as can 
be observed in Figure 5, the anchors at Pos. Nos. 3, 
4, and 5 appeared to move away from each other. 
Comparing the extensometer measurements in 
Figure 5 to the vertical closure measurements in 

Figure 7, it may be concluded that, between the 
May 22 and November 11, 1991, seismic events, 
deformation in the rock mass beneath the floor 
resulting from both seismicity and mining activities 
was limited mainly between the opening and the 
anchor at Pos. No. 5. After the November 11, 1991, 
event, the anchor at Pos. No. 4 moved toward the 
assembly head. The anchors at Pos. Nos. 3 and 5 
might have malfunctioned after the November 11, 
1991, event as they provided flat signals. 

The rock-mass deformation behind the opening wall 
near extensometer No. 5 (Figures 2 and 6) could be 
divided into three major areas. The first area of the 
rock mass was between the anchor at Pos. No. 1 and 
the opening. The second area involved the rock 
mass between the anchors at Pos. Nos. 1 and 5. The 
third area was the rock mass beyond the anchor at 
Pos. No. 5. The deformation in the first area was 
large, as evident in Figure 5. The rock mass in the 
third area moved toward the opening as could be 
observed from the horizontal closure, shown in 
Figure 7. Subtracting the horizontal closure 
resulting from mining-induced seismicity and other 
activities from the total closure measurements gave 
the aseismic closure, which could be attributed to 
the ore mining. This horizontal closure was 
considerably larger than the combined displacement 
measurements from extensometers Nos. 2 and 5. 
This observation supported the notion that the rock 
mass beyond the anchor at Pos. No. 5 moved 
toward the opening. The extent of rock mass 
involved in the deformation could not be estimated 
because the rock mass in this area was beyond the 
instrumentation area. The rock mass between the 
anchors at Pos. Nos. 1 and 5 was more or less 
moved toward the opening in unity. As could be 
observed from Figure 6, the related displacements 
among the anchors at Pos Nos. 1 through 5 were 
relatively small. The only large displacement 
difference observed was between the anchor at Pos. 
No. 1 and the rest of the anchors after the 
November 11, 1991, seismic event. 

One reason to select the LFM95-C1 site was to 
assess the potential effects of the state of stresses on 
dynamic responses of underground excavations. As 
discussed previously, the LFM95-C2 site was 
approximately 48.8 m closer to the vein than the 
LFM95-C1 site. Instrumentation results indicated 
that rock-mass displacements and opening closure 
induced by mining around the LFM95-C1 site were, 
in general, much smaller than those measured at the 



LFM95-C2 site. It was also observed that the 
LFM95-C1 site was relatively insensitive to seismic 
events induced by mining compared to the 
responses of the opening at the LFM95-C2 site. 
Smaller displacement and closure in addition to 
relative insensitivity to the seismic events at the 
LFM95-C1 site may be explained by the difference 
in distance from the sources of the seismic events 
between the two sites. Other reason may be the 
relatively higher stress changes at the LFM95-C2 
site resulting from mining of ore, given that this site 
was closer to the area of mining than the LFM95-
C1 site. Intuitively, a location closer to the mining 
area would be subjected to greater stress 
modification and higher stress changes [8, 9, 10]. 
As discussed previously, the aseismic closure 
amount attributed to the ore mining could be 
determined by subtracting the closure resulting from 
mining-induced seismicity and other activities from 
the total closure measurements. This closure was 
considerably larger at the LFM95-C2 site than at the 
LFM95-C1 site. This finding also supported the 
notion that the LFM95-C2 site was subjected to 
relatively higher stress changes due to mining than 
the LFM95-C1 site. Furthermore, the fact that the 
rock mass at the LFM95-C2 site was relatively 
weaker than that at the LFM95-C1 site, as indicated 
by the borehole scoping results, also made the 
LFM95-C2 site more susceptible to seismic impact. 

Although the LFM95-C1 site was relatively less 
sensitive to mining-induced seismicity, 
extensometer measurements did indicate opening 
responses to seismic events occurred on May 23, 
1991 [173 mm/sec (6.8 in/sec)], and June 18, 1991 
[104 mm/sec (4.1 in/sec)]. However, the rock mass 
displacement and opening closure changes as a 
direct result of these events were very small. 
Consequently, these events were not likely to 
induce opening instability. Although the opening at 
the LFM95-C1 site responded to an event with a 
peak particle velocity as low as 104 mm/sec(4.1 
in/sec), it did not respond to several other events 
with peak particle velocities greater than 104 
mm/sec (4.1 in/sec). 

2.5. Potential Rock-Mass Deterioration 
As can be inferred from the field investigation 
results, displacement of the rock mass around an 
opening is a result of compression; tension; and slip 
of joints, fractures, or bedding planes (to facilitate 
the discussion, the term “joints” is used here) near 
the opening [3, 7]. Step changes in displacement 

may be most likely related to joint stick-slip 
behavior. The extent of stick-slip behavior may be a 
function of joint roughness and the state of stresses, 
especially the normal stress. 

When the state of stresses on a joint exceeds the 
shear strength, joint slip begins. This slip will 
continue until an increase in joint shear resistance 
(e.g. through increase in normal stress or joint 
roughness) increases the ability of the joint to resist 
slip (i.e., until the joint shear strength is increased 
such that the state of stresses on the joint no longer 
exceeds the shear strength). Another possibility is 
for the shear stress to fall below the shear strength 
during the course of slipping. The termination of a 
joint slip is the stick component of the phenomenon. 
The amount of increase in resistance (joint residual 
shear strength) is a function of the joint roughness 
and normal stress. Further slip will be initiated if 
this newly established resistance (joint residual 
shear strength) is exceeded. Please note that the 
term “slip” used in this discussion is narrowly 
defined to mean the shear displacement at the 
condition when the shear strength is exceeded [7]. 

Under the mining environment, the state of stresses 
changes constantly. The sources of the change may 
come from mining-induced seismicity, mining 
itself, or mining-related activities such as drilling 
and backfilling operations. Time-dependent 
degradation of rock mass may also have a 
contribution to the stress changes. Therefore, the 
likelihood for a joint to experience successive slip is 
high. The stick-slip mechanism adequately explains 
the phenomenon of the openings responding to 
some seismic events, but being unresponsive to 
others, and step changes in displacement occurring 
without the effects of mining-induced seismicity 
and other mining-related activities. 

The stress conditions on the joints in the rock mass 
around the opening change constantly, when an 
opening is subjected to a seismic motion. If the 
condition is favorable, joint shear can be induced in 
the form of step increase in displacement (slip). As 
discussed earlier, the condition may be either that 
the joint shear stress exceeds the residual shear 
strength or that there is a reduction in normal stress 
substantial enough to cause the residual strength to 
fall below shear stress. On the other hand, if an 
incoming seismic wave cannot provide sufficient 
energy to create the condition described above, it is 
not likely to cause joint slip. The magnitude and 



incident angle of an incoming or reflected seismic 
wave with respect to a joint play important roles on 
the likelihood of joint slip. The joint stick-slip 
behavior forms the basis for the progressive 
accumulation of joint deformation and, 
consequently, rock mass fatigue. 

3. LABORATORY MODEL EXPERIMENTS 

The phenomena observed in the field investigation 
were also studied in a laboratory-scale experiment. 
The objective of the experiment performed was 
intended to investigate the effects of repeated 
episodes of seismic motions on the dynamic 
behavior of jointed rock mass around underground 
excavations in a controlled environment so that the 
results could be used to relate the field observations. 
Simulated rock ingots were made with appropriate 
physical and surface (interface) roughness 
properties to simulate, to the extent practical, at a 
1/15 scale those of a naturally jointed, welded tuff 
[4]. This scale model was tested on an 
electrohydraulic shaker table under various levels of 
seismic shaking using a displacement time history 
developed and scaled from an acceleration response 
signal for the earthquake that occurred in Mexico on 
September 19, 1985. Although this table was 
capable of producing simultaneous independent 
earthquake motions along both the horizontal and 
vertical axes, only the horizontal motion was used 
for the experiments to simplify the analysis process. 

3.1. Experimental Setup 
The scale rock-mass model, with an opening and 
associated dimensions, is shown in Figure 8. This 
model consisted of approximately 670 cast 
simulated rock ingots aligned within a testing frame 
at 45° to the horizontal. In the center of the 
simulated rock mass is a 15.2-cm circular opening. 
The rock mass model is about 122 cm (48 in) wide, 
122 cm (48 in) high, and 61 cm (24 in) thick. The 
simulated rock ingots were 5 × 5 cm (2 × 2 in) in 
cross section and 61 cm (24 in) long. In addition to 
using the square cross sections for basic ingots, 
half-section ingots were used at the boundaries, and 
curved-section ingots were used around the center 
circular opening. 

The four boundaries of the simulated rock mass 
assembly were interfaced with 6.4-mm- (0.25-in-) 
thick rubber, which was bonded to the rock on the 
inside and lubricated with silicone at the interface 
with the confining box boundaries. These 

 Figure 8. Rock mass scale model. 

boundaries were a very stiff construction of welded 
aluminum plates and 10.2-cm (4-in) I-beam frames. 
The boundary pressure was maintained using eight 
vertical cables and eight horizontal cables 
connected to the aluminum plates. The two end 
structures were hinged to the bottom support 
structure at the baseplate and held against top rollers 
at each upper corner, allowing the end structures to 
pivot laterally. 

3.2. Instrumentation 
The near side of the opening was heavily 
instrumented, while the instrumentation on the far 
side was limited. Bentley probes were used for 
measuring normal rock motions between two 
adjacent ingots, and cantilever beams were used for 
measuring shear displacements between adjacent 
ingots. Linear variable differential transducers 
(LVDTs) were used to measure opening 
convergences, while load cells monitored cable 
tensions. Accelerometers and strain gages were 
used for monitoring accelerations and ingot strains 
at various locations of the model. A computer-
driven data acquisition system consisting of 50 
channels was used to make these measurements. In 
addition to the above identified transducers, larger 
motions were recorded by means of two video 
cameras. A typical instrumentation at the near side 
of the model is shown in Figure 9. All instruments 
were calibrated before use [11]. 

 



 
Figure 9. Instrumentation on the near side of the opening (LV: 
LVDT, CB: cantilever beam, and BP: Bentley probe, AC: 
accelerometer, SG: strain gage). 

3.3. Experimental Results 
Test runs began at a very low peak displacement 
amplitude (input amplitude) level. This amplitude 
was incrementally increased as the runs progressed. 
A total of 21 runs were conducted for the 
experiment. A series of still photographs was taken 
for each side of the model before and after each test 
to document the initial and final positions of ingots. 

As tests progressed, the normal and shear 
displacements along interfaces and opening 
convergence measurements showed a general 
pattern of continuous dynamic response coupled 
with discrete permanent shifts associated with rock 
ingot dislocation. In general, the opening was 
closing vertically while expanding horizontally. 
This process would be expected as the ingots move 
toward the opening under the influence of gravity 
during horizontal shaking. 

It was estimated that permanent displacements on 
the order of 0.5 mm (0.02 in) or larger were 
discernible with normal viewing of the video tape. 
The first discernible displacement was noted 
following Run 15. The ingots on the left side moved 
toward the opening (view from far side). This 
observed trend of displacement was in agreement 
with that observed from the UDEC [12] numerical 
modeling results (Figure 10). In conducting the 
modeling analysis, properties consistent with those 
characterized for the ingots and interfaces were 
used. The Mohr-Coulomb joint model was used to 
represent the interface behavior [7]. Note that the 
numerical model shown in Figure 10 corresponds 

with the view from the near side of the scale model. 
The displacement observed in Run 15 increased 
continuously at the end of the subsequent runs until 
Run 21. It should be noted that Runs 13 to 19 used 
the same seismic input signal with a peak 
displacement amplitude of 15.5 mm (0.61 in). The 
observed permanent displacement after each test 
from Runs 13 through 19 gave a clear indication of 
the cumulative nature of rock ingot displacement. 
Figures 11 through 13 show the progressive nature 
of joint normal and shear displacements under 
repeated seismic ground motions at the far side of 
the opening. Similar large deformation could not be 
observed visually at the near side of the opening 
because the relative normal and shear displacements 
along interfaces at that side of the opening were 
relatively small, an indication that the small-scale 
rock mass model did not behave truly as a two-
dimensional model as originally planned. This 
deviation was reasonable since the interfaces 
between ingots were made to possess some 
roughness. Thus, it was not possible to produce a 
strictly symmetrical surface layout at both ends of 
the opening such that the model would behave two-
dimensionally. 

Although the permanent displacements of ingots at 
the near side of the opening are not as pronounced 
as those observed at the far side, some shear and 
normal displacements did take place. Figure 14 

Figure 10. Numerical analysis of the laboratory scale model 
using a 3.8-mm (0.15-in) peak displacement amplitude. 



Figure 11. Far side opening following Run 13, peak 
displacement input 15.5 mm (0.61 in). 

Figure 12. Far side opening following run 16, peak 
displacement input 15.5 mm (0.61 in). 

Figure 13. Far side opening following Run 19, peak 
displacement input 15.5 mm (0.61 in). 

shows the shear displacement changes near the 
opening on both sides of the model resulting from 
each test run (Runs 1 through 19). Cantilever beams 
Nos. 1 through 6 (CB1 to CB6), shown in the 
figure, are located on the near side and around the 
opening, while CB7 and CB8 are located on the far 
side. The curve named as AMP in Figure 14 
represents the peak displacement amplitude for the 
input ground motion for each run. As shown in the 
figure, the peak displacement amplitude was 3.8 
mm (0.15 in) for Runs 1 through 4, 7.6 mm (0.3 in) 
for Runs 5 through 8, 11.7 mm (0.46 in) for Runs 9 
through 12, and 15.5 mm (0.61 in) for Runs 13 
through 19. 

As can be observed, the first several groups of runs 
with the same seismic motion produced the largest 
permanent displacement, while the subsequent runs 
produced negligible permanent displacement when 
the input amplitude of the seismic motion was 
relatively small. As the seismic input displacement 
amplitude increased to 15.5 mm (0.61 in) for Runs 
13 through 19, the trend observed at the lower 
amplitudes changed. At this amplitude, incremental 
permanent displacements were apparent for 
multiple runs. Also, the permanent shear 
displacements measured with both CB5 and CB7 
were the largest for run 15 instead of that for Run 
13, which was the first run for the 15.5 mm (0.61 
in) input displacement amplitude. Note that CB5 
was located at exactly the opposite side of CB7. The 
results shown in Figures 11 through 14 supported 
the observation of the cumulative nature of joint 
displacements. Measurements of opening closure 
changes (Figure 15), in general, show a similar 
trend. The negative values in Figure 15 denote 
convergence, while the positive values denote 
opening expansion. Note that LV6 represents the 
horizontal expansion measured at the far side of the 
opening. 

As discussed previously, when a joint is subjected 
to a seismic motion and the stress conditions on the 
joint is favorable, joint shear can be induced in the 
form of step increase in displacement (slip). This 
statement is confirmed further by the laboratory 
measurement on joint displacements of the scale 
model during a seismic event. 

The permanent displacement of rock blocks toward 
the opening is of primary concern in assessing 
opening instability. The fundamental failure 
mechanism for an excavation in a jointed rock mass  



Figure 14. Interface shear displacement changes after each test run (Note: 1 mm = 0.04 in). 

Figure 15. Opening closure changes after each test run (Note: 1 mm = 0.04 in). 

 

-0.1

0.1

0.3

0.5

0.7

0.9

1.1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Test Run Num ber

Sh
ea

r 
D

is
pl

ac
em

en
t, 

m
m

0

2

4

6

8

10

12

14

16

Se
is

m
ic

 In
pu

t A
m

pl
itu

de
, m

m

CB1
CB2
CB3
CB4
CB5
CB6
CB7
CB8
AMP

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Test Run Number

Tu
nn

el
 C

lo
su

re
 (m

m
)

0

2

4

6

8

10

12

14

16

18

Se
is

m
ic

 In
pu

t A
m

pl
itu

de
 (m

m
)

LV1
LV2
LV3
LV4
LV5
LV6
AMP



subjected to repeated episodes of seismic events is 
the accumulation of shear displacements along 
joints. Thus, cumulative damage accumulation 
along joints/interfaces appears to affect opening 
stability and should be considered when dealing 
with opening closure under repetitive seismic loads. 
The general visual trends of the data presented in 
Figures 11 through 15 indicate that relatively large 
permanent displacement occurs when certain 
threshold peak input amplitude is exceeded. This 
minimum threshold amplitude appears to be at 15.5 
mm (0.61 in) for the small-scale rock mass model 
under consideration. A similar threshold can also be 
found for the field investigation at the LFM95-C2 
site, and this value is approximately 134 mm/sec 
(5.3 in/sec) in peak particle velocity. For seismic 
input amplitude greater than this threshold, the joint 
displacement appears to be cumulative in nature. 

4. CONCLUSION 

The response of a rock mass around excavations to 
seismic events is very complicated. Results of the 
field investigation and laboratory experiments show 
that a threshold level of seismic input amplitude 
seems to exist before significant permanent rock 
mass deformation will occur and begin to 
accumulate. Thus, seismic events with magnitudes 
lower than the threshold level are not likely to 
significantly affect the underground opening 
stability. Multiple seismic events at relatively 
higher amplitudes, on the other hand, are likely to 
influence stability through the accumulation of 
permanent deformations around underground 
excavations. The seismic threshold and 
accumulation of permanent deformations are likely 
to be controlled by the state of stresses and depend 
on the rock mass conditions. Results of the field 
investigation suggest that an underground 
excavation is more susceptible to the effects of 
seismic events under a relatively higher state of 
stresses. In addition, an underground excavation in 
a weaker rock mass is more susceptible to the 
effects of seismic events. As the rock mass 
deterioration continues, as observed at the LFM95-
C2 site, the excavation is likely to become more and 
more vulnerable to seismic events. 

Results of the field investigation and laboratory 
experiments confirm the notion that the 
fundamental failure mechanism for an excavation in 
a jointed rock mass subjected to repeated episodes 

of seismic events is the accumulation of shear 
displacements along joints is consistent with the 
modeling results by other researchers [13, 14]. 
Thus, once the threshold seismic amplitude is 
determined, it may be used as a limiting value for 
seismic design of underground facilities. Depending 
on the state of stress on individual joints and 
strengths and material properties of intact rock and 
joints, progressive accumulation of damage through 
slippage along the joints tends to weaken the rock 
mass and may lead to excavations instability. 
Therefore, if underground facilities are to be located 
in seismically active regions and are expected to 
experience several episodes of seismic activity 
during their intended service life, consideration of 
the effects of repeated seismic loads in the design of 
such facilities seems to be necessary.  
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