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ABSTRACT 
 
For tunnel construction, it is difficult to grasp the geological condition ahead of tunnel faces. This may 
hinder the high-speed and economical excavation, particularly in complicated ground conditions.  
Therefore the authors have developed a system which enable to predict the geological condition 
ahead of tunnel faces by using a seismic reflection survey. This surveying system is called Three-
dimensional Seismic Reflector Tracing System (TRT). TRT creates a 3-D isometric map of geological 
structures some 100 m out and up to 30 m around the tunnel alignment in “near-real time”. 
 Kajima has applied TRT to about 100 tunnelling projects since its introduction in February 1999. The 
images produced by TRT have been used satisfactorily to manage the risk caused by encountering 
unforeseen geological conditions. 
In addition, the authors have also developed a new prediction methods using seismic tomography 
technique between tunnel and ground surface using a precise time synchronization wireless system 
with GPS time. This system enable to illustrate P-wave velocity contour ahead of tunnel faces. 
This paper describes the principle and applicability of both survey systems. 
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1 INTRODUCTION 
 
Assessing and accurately predicting the geological conditions ahead of a tunnel face are important in 
constructing mountain tunnels reasonably and safely. The survey techniques, for instance, enable us 
to avoid unexpected collapses at a tunnel face. Seismic refraction survey conducted on the ground is 
normally carried out as a preliminary survey; however it does not provide sufficiently accurate 
information of faults and fracture zones. While horizontal boring conducted from a tunnel face provides 
good accuracy, they are infrequently conducted because they are costly and time-consuming.  
Therefore, the authors have developed two investigation techniques. One is a Three-dimensional 
Seismic Reflector Tracing System (TRT) and the other is new Tunnel-to-Surface Seismic 
Tomography .  
This paper describes each surveying system and the results of applying these systems to an actual 
site. 
 
 
2 THREE-DIMENSIONAL SEISMIC REFLECTOR TRACING SYSTEM (TRT) 
 
2.1 Principles of TRT 
 
The concept of using seismic reflection for imaging 
ground conditions in three-dimensions is shown in 
Figure 1. For each source and receiver of known 
location, the locus of all possible reflector positions 
defines an ellipsoid. For a sufficient number of 
sources and receivers forming a three-dimensional 
array, each boundary/reflecting horizon can be 
identified as an area where a majority of ellipsoids 
intersect. This system usually uses ten 
accelerometers as receivers and twelve sources 
arrayed three dimensionally as shown in Figure 2, 
so that innumerable ellipsoids, which are enough to 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Conceptual image of TRT        
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define reflecting horizons, can be drawn through 
the combinations of source/receiver points in the 
explored space. Reflecting horizons, which are 
likely to be faults, fractured zones, rock boundaries 
and cavities, are described as the distributions of 
the “reflection number” which is the ratio between 
the average level of measured amplitude for 
reflected signals and the source signal. 
 
 
 
2.2 Method for data acquisition 
 
The seismic energy is generated by sledge-
hammer striking on the tunnel wall or a new TRT 
oscillator developed by the authors (shown in 
Figure 3) at multiple source points. This oscillator 
composed of a super magnetostrictive actuator is 
able to dominantly generate S-waves with high 
repeatability as shown in Figure 4. 
Propagated and reflected seismic waves from 
sources are received by the accelerometers 
mounted on the tunnel wall with the special 
brackets shown in Figure 5, and are recorded into 
the seismograph through the amplifier. 
 
2.3 Application to an actual site 

 
2.3.1 Overview of the survey  
 
The pilot tunnel in this site was excavated parallel 
to the main tunnel and advanced 1.0 km ahead of it. 
At the time of exploration, mainly limestone 
occurred up to the face. Geological investigations 
such as geological reconnaissance and seismic 
refraction surveys conducted before the excavation 
predicted the existence of a relatively large fault in 
the vicinity, being concerned that this would 
present a large obstacle during excavation. Then, 
the TRT was conducted from the pilot tunnel in 
order to confirm the presence of the fault and 
understand its continuity to the main tunnel. 
Simultaneously, drill loggings were conducted from 
the face in order to validate the prediction accuracy 
of the TRT. 

 
2.3.2 The survey results  
 
Figure 6 shows a comparison of the results of the 
TRT, the drill loggings and the geological 
observation recorded during the excavation. The 
TRT result indicates three areas of geological 
concern in which reflection surfaces in block form 
appear together: (1) around TD 570 m, (2) around 
TD 595 m, and (3) around TD 610 m (where TD is 
tunnel distance). Because the dark blocks 
appearing closer to the face represent “hard to soft” 
discontinuous surfaces, and the light blocks 
appearing closer represent “soft to hard,” the area 
of geological concern (1) is predicted as the “hard 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Standard array of 
              sources and receivers 

 

 

 

 

 

 

 

Figure 3. New TRT oscillator. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Concept of new TRT oscillator  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Accelerometer with bracket  
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to soft” boundary, and the areas of concern (2) and (3) are predicted as deteriorated zones 
approximately 15m wide. In Addition, it is interpreted that the large blocks visible from TD 650 m 
onward is artefacts, and those from the area of concern (3) onward is hard rock. Regarding the 
continuity to the main tunnel, clear continuity would not be found around area of concern (1), whilst the 
areas of concern (2) and (3) would continue to the positions approximately 15m before their 
appearance in the pilot tunnel. 

 
 
 
 
3 TUNNEL -TO-SURFACE SEISMIC TOMOGRAPHY 
 
3.1 Principles of Tunnel –to-Surface Seismic Tomography 
 
Figure 7 shows an overview of the survey. Seismic waves 
generated near a tunnel face penetrate ahead of and around 
the tunnel face, and are detected by geophones located on 
the ground surface. Using the arrival time of the seismic 
waves, seismic tomography analysis is conducted to obtain 
the velocity distribution of P-wave. Based on its velocity 
distribution, not only the location but also the velocity value 
of geological changes can be evaluated. Moreover, by 
increasing source points as the face advances, the velocity 
distribution of seismic waves can be updated, which makes it 
possible to estimate the geological conditions with higher 
precision. 
 
3.2 Verification by numerical simulation 
 
In order to verify the applicability of tomographic analysis to 
predict geological conditions ahead of a tunnel face, a 
numerical simulation using a simulated geological profile 
was performed as shown in Figure 8. The target profile was 
located in bedrock having a P-wave velocity of 4.0 km/s 
where four poor geological zones (2.5 to 3.0 km/s) occur.  
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Figure 6. Comparison of TRT image with drill energy coefficient and observed geology 

Figure 8. Simulated geological profile 
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As the face advanced, vibrations were generated at 25-meter intervals, and received by geophones 
installed on the ground surface with 25 meter spacing.  
Figure 9 shows the analysed P-wave velocity distribution of the ground where the tunnel face 
advanced at 50 meters, 275 meters, and 500 meters, respectively. As shown in Figure 9 (a), when the 
tunnel face was located at 50 meters, a decrease in the velocity was observed in the poor geological 
zone near the tunnel face. However, due to the small number of wave rays passing through the zone, 
a decrease in seismic wave velocity can be observed all over, not only in the poor geological zone. On 
the other hand, as shown in Figures 9 (b) and (c), as the number of passing wave rays increased, the 
ability to detect both the width of the poor geological zone and the decreased velocity value also 
increased. In particular, it is clear in Figure 9(b) that the width and the velocity of fault fracture zones 
distributed ahead of the tunnel face can be estimated with high precision. 
 
3.3 Development of a high- precision time synchronization device 
 
As source points inside a tunnel and 
geophones installed on the ground surface 
are set apart at an actual site, it is difficult 
to use conventional seismic tomography 
devices due to the wire connection 
between sources and geophones. 
Therefore, the authors have developed a 
wireless synchronization system. In order 
to conduct seismic tomography analysis, 
the clocks of sources and receivers must 
be synchronized. Thus, a GPS receiver 
and a high-precision GPS time marker 
were installed in each system, and the 
source system and the receiving system 
were synchronized within 0.1 msec error.  
Figure 10 shows an overview of this 
surveying system. As GPS data cannot be 
received inside the tunnel, an optical 
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transmission device (consisting of an optical transmitter, a junction cable, and an optical receiver) was 
used to receive the data. Figure 11 is a photograph of the surveying system. 
 
 
3.4 Application to an actual site 

 
3.4.1 Overview of the survey  
 
Around the survey point, there are mudstones that are fractured finely and softened inhomogeneously, 
indicating that large local deformation would occur. Thus, the authors decided to perform the Tunnel-
to-Surface Seismic Tomography in order to verify the applicability of the new method by comparing the 
results with those of exploratory boring and actual construction conducted around the point. Figure 12 
is a photograph of a generation of seismic waves inside the tunnel, while Figure 13 is a photograph of 
the measurement system on the ground surface. 
 
 
 

3.4.2 The survey results  
 
Figure 14 shows a comparison of the results of tomographic analysis with exploratory boring and the 
observed geology. It is clear in the results of the vertical boring around TD 655 meters that fractured 
mudstones are distributed down to around 15 meters below the ground surface. Taking into account 
the results of preliminary boring conducted in the vicinity of the survey point, it appears that fractured 
mudstones occur in a ridge-like shape at this point. The results of the tomographic analysis also show 
an increase in the seismic wave velocity around this point, which is consistent with the results of the 
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preliminary boring. 
Furthermore, around TD 680 meters to 700 meters ahead of the tunnel face, the results of the 
tomographic analysis show that the seismic wave velocity decreases to around 2.0 km/s in the 
fractured mudstone zone (P-wave velocity = around 2.5 km/s), which indicates that fragmentation led 
to further softening of the geology. In fact, the observed geology turned worse at this point. 
By applying the newly-developed the Tunnel-to-Surface Seismic Tomography to predicting the 
geological conditions ahead of the tunnel face, it becomes possible to use seismic wave velocity to 
evaluate the poor geological zone and the hard rock zone distributed ahead of and around the tunnel 
face with high precision.  
 
 
4 CONCLUSION 
 
The authors have developed the Three-dimensional Seismic Reflector Tracing System (TRT) and the  
Tunnel-to-Surface Seismic Tomography. This paper describes two surveying methods and the results 
of applying them to two actual sites. Using TRT, the reflected waves from a geological discontinuous 
plane could be identified and analysed, which enabled us to estimate the location and inclination of 
fault fracture zones and hard rock zones with high accuracy. Also, using the Tunnel-to-Surface 
Seismic Tomography, the direct waves propagating through ground could be detected on the ground 
surface, which enabled us to grasp not only the locations but also the velocity values. Therefore, we 
could estimate the geological conditions ahead of and around the tunnel face with higher accuracy. 
However, this system requires the installation of geophones on the ground surface, and seismic 
waves may not reach the ground surface when overburden is huge. Thus, in some cases, the survey 
conditions may make it difficult to use this method. 
In future studies, the authors hope to apply the techniques to more tunnelling sites to examine the 
applicability of both surveying systems. We are thinking of combining these two techniques to improve 
prediction accuracy, and the expansion of survey distance using drilling and blasting as oscillation 
sources. 
 

Table 1.  Comparison of the TRT and the Tunnel-to-Surface Seismic Tomography 
Surveying m othod Type of w aves O utput

Three-dim ensional seism ic
Reflector Tracing

 (TRT)
Reflected w aves

Location and inclination of
fault fracture zones and hard rock zones

Tunnel-to-Surface Seism ic
Tom ography

D irect w aves
Location and velocity values of

fault fracture zones and hard rock zones
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