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Assigned Subcontractor and
Assigned Supplier

When the  
 
method is used for installing
instruments and collecting data, the
project owner or designer negotiates
!  %  
 
 "  #    
procedure, and assigns the contract
to the construction contractor for
administration. Payment is made on
the basis of actual work done, and
the cost is included in the total bid
price. A line item in the bid schedule
is designated as an    
and       
      is
entered in the description column.
The cost estimate is included in the
bid schedule. An explanation of this

procedure is included in the contract
documents. After contract award, the
construction contractor is instructed
to enter into a subcontract with the
assigned subcontractor, and payment
is made to the subcontractor via the
construction contractor under the
allowance item. The construction
contractor’s
monthly
payment
requests to the owner are supported
by including copies of subcontractor
invoices. The cost estimate should
not be regarded as a not-to-exceed
 %       
increased by change order if needed.
Opposition to this procedure sometimes includes the concern that the
subcontractor, who has been selected
by the project owner or designer, is
under contract with the construction

contractor, hence is there uncertainty
about contractual commitment? In
my experience, with appropriate people-communication, this has never
      '
When the   
method is used for buying instruments a similar procedure is used
with another allowance item,           
states that, after contract award, the
owner’s representative will determine instrument descriptions, sources, quantities, and prices and will
provide this information to the construction contractor. The contractor is
then required to place orders, within a
     %   ment suppliers become assigned suppliers.
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Acronyms Used in this Article






GPS: Global Positioning System
RTS: Robotic total stations
SAR: Synthetic Aperture Radar.
SInSAR: Satellite SAR Interferometry
 TInSAR: Terrestrial SAR Interferometry
 TLS: Terrestrial Laser Scanner
 DTM: Digital Terrain Model
Introduction

The geotechnical community is
looking with increasing interest at
emerging technologies. Innovative
techniques able to solve problems that
have been unsolved for decades are
now available. However, geotechnical
engineers and engineering geologists
 
      
before applying them, and especially
on the reliability of collected data.
Remote sensing techniques are one
     
      
of geotechnical monitoring, since

they are changing the philosophy
from “contact” to “non-contact”
monitoring. In other words, by remote
sensing techniques, some geotechnical
parameters are collected by equipment
located away from the investigated
area. However, ground-based remote
sensing instruments such as manual or
robotic total stations and GPS (Global
     
 

as fully “non-contact” instruments
since they need targets or sensors
installed on the monitored ground or
structure. Among the ground-based
techniques, only Terrestrial Laser
Scanner (TLS) and the Terrestrial
SAR Interferometry (TInSAR) can be
considered completely “non-contact”
remote sensing techniques.
       !  
developed at the end of the 1990s, and
      "   
back to 4-5 years ago. Seven years experience with TInSAR has allowed me
    !    "     

     #   ful applications for complex geotechnical problems.
In what follows, the basic principles
of this technique, together with a detailed description of its performance,
main advantages and limitations and
lessons learned from real cases will be
discussed.
Theoretical Basis and
Performance

The Terrestrial SAR Interferometry
(Bozzano et al. 2010; Luzi 2010) is a
displacement monitoring technique
based on the same operational principles
of Satellite SAR Interferometry
(Massonet & Fiegl 1998). The SAR
principle consists of a combination of
several radar images collected while
the emitting and receiving antennas
       
 $  
(an orbit for a satellite, a route for
an airplane or a rail in the case of
terrestrial equipment) (Figure1). The
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Advantages and Limitations

            !  "  
      
combination by the focusing technique
of radar images that are acquired during
the movement of the antennas allows
2D SAR images to be obtained. These
images are characterized by range
(instrument-scenario joining direction)
and cross-range (direction normal to
the range direction in the horizontal
      *+  /'  
SAR image consists of several pixels
whose size strongly depends on the
equipment features and on the radarscenario distance.
By comparing the phase difference,
i.e interferometric technique, of each
pixel of two or more SAR images collected at different times, the displacement along the instrument line of sight
can be estimated by using the following equation:
where d      % 3   
!      67
is the phase difference between the
two acquisitions. However, additional
processing aiming at remove the
      " '  
output of TInSAR monitoring is 2D
color images where the magnitude of
displacements along the instrumental
line of sight, in the computed elapse of
 %   " <  *+ 
2). In addition, displacement time
histories of each pixel of the image can
be achieved.
The pixel resolution of a SAR image
ranges from few decimeters to several

 " 

meters (depending on the equipment
and on the monitoring distance) and
the displacement accuracy ranges from
few tenths of millimeters to a few millimeters, depending on the operational

distance and the atmospheric conditions. For example, at a distance of 1
km, commercial equipment has a range
resolution of about 0.5 m and a crossrange resolution of 4 m; as regards the
accuracy values ranging from 0.5 to 3
mm are reasonable at a distance of 1
km. This equipment has a maximum
range capability of few kilometers
and a maximum temporal frequency
of images collection of few minutes.
However, future TInSAR equipment is
expected to be faster in data collection
and smaller in size.

As already stated, TInSAR is one of the
two “real” remote monitoring sensing
techniques, since it does not require the
installation of sensors or targets in the
monitored area. This is probably one of
the main advantages of TInSAR as the
access to the monitored areas is often
dangerous (e.g. active landslides),
  * ''      
local authorities, such as heritage
situations. Sometimes, we are faced
with movements so rapid, e.g. rapid
landslides, that sensors are quickly
destroyed or made unusable. In these
cases remote TInSAR monitoring can
         '   
advantage is related to the control of
an area (i.e. pixel) instead of single
         %  >  
etc. This feature can reduce the
misinterpretation, which is a frequent
problem in the case of points-based
monitoring. On the other hand, the
analysis of an area instead of a point
can also be a limitation if this area
behaves in a heterogeneous way, or if
              
required. In these cases passive corner
 >         %
thus allowing the increase of the signal
to noise ratio of the pixel and also the
          
point.
A further advantage of TInSAR is
the full operability under all lighting
(day and night) and weather conditions
(rainfalls, clouds, fog etc).
      
for “spatial” monitoring. This means
that TInSAR can be used to simultaneously monitor the displacement of

  #        $     %    $  
 &              
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several adjacent pixels over large areas. In other words, TInSAR images
can be seen as a very dense network of
adjacent sensors (i.e. pixels) collecting
data simultaneously over a large area.
The main practical advantages of this
feature are:
 increasing the statistical reliability of monitored displacements because data are collected in several
adjacent pixels
 monitoring of large areas, thus
avoiding the risk of underestimating the size of the displacement
area
        
and gradient of displacement.
Additional features such as the high
data sampling rate (few minutes),
        *     
kilometers) and the high accuracy in
the displacement measurement make
this technique a valuable monitoring
solution for appropriate geotechnical
problems.
However, in spite of its advantages,
this technique is characterized by some
limitations which must be taken into
  '       ment, processing and interpretation of
data are probably the main limitations.

Mistakes can be made if the technique
is not used in the appropriate way and
if data are not analyzed carefully. Some
additional limitations related to technical features are:
 the large size of commercial equipment, having a rail of at least a couple of meters long
 the cone of view is limited to a few
tenths of degrees (depending on antennas) in the horizontal and vertical planes
 the displacement can be measured
only along the line-of-sight direction, i.e., the displacement monitored by TInSAR is only a component of the real displacement
 phase ambiguity, i.e. the displacement between two subsequent images can be measured without ambiguity only if the phase difference
 !  @CE* J'K 
the typical signal frequency used
by the Terrestrial SAR Interferometers).
However, the above mentioned
limitations can be reduced by a careful
monitoring planning (in terms of the
installation site and the monitoring
plan). For example, in order to
optimize the displacement detection

  '        (        " $    )
 * '      "      % 
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capabilities the equipment can be
installed as parallel as possible to
the real displacement direction. The
phase ambiguity can be solved (up to
a threshold velocity on the order of
meters/day) by a high data sampling
rate.
Comparison with Conventional
Techniques

       
be with Satellite SAR Interferometry
(SInSAR), since they are based on the
same operational principle. However,
due to the different platforms (groundbased and satellite-based respectively)
there are several differences between
them, especially in terms of achievable
results. SInSAR is a suitable technique
for monitoring large areas characterized
by slow movement (e.g. subsidence,
volcanic structures, unstable regions
etc.), while TInSAR is more suitable for
the detailed and continuous monitoring
of small areas, up to few square kms,
that are characterized by both slow and
rapid movement (e.g. single unstable
     %      > <  '
Also, due to the low data sampling
rate (about one image per month),
SInSAR is not suitable for control and
continuous emergency monitoring, but
is more appropriate as an investigation
tool (especially if the historical
database of satellite images available
from 1992 is considered). In contrast,
TInSAR images can be collected only
after the installation of equipment.
The comparison of TInSAR with
robotic total stations (RTS) is probably
more appropriate because these techniques are often used for similar applications, even though they are based on
different operating principles. In what
follows a brief comparison between
these two techniques is given. First
of all, RTS is based on Laser technology, while TInSAR is based on Radar
technology; i.e. RTS uses Light or
Infra-Red waves while TInSAR uses
Microwaves. From the practical point
of view the main difference is related
to the monitoring effectiveness of
TInSAR with the presence of fog and
clouds (not acceptable for RTS). Furthermore, RTS requires the installation
of targets in the monitored area while
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TInSAR is a completely remote monitoring technique. This is an important
feature when faced with heritage situations and unsafe areas such as landslides.
On the other hand TInSAR can only
measure line-of-sight displacements
while RTS can be used for measuring
 QU   '
The accuracy of displacement mon    !   "  
to compare, since it strongly depends
           
site conditions. However, experiments
under ideal conditions have demonstrated that similar accuracies can be
achieved.
Successful Applications and
Lessons Learned

In recent years successful applications
of TInSAR have demonstrated that
such a technique is a very powerful and
versatile solution for the monitoring
of different types of geotechnical
and structural engineering problems,
and especially for the continuous
monitoring in emergency conditions,
''          > <'
The recent application at an unstable
     <      <   
a mountainous region (up to 3000 m
above sea level), frequently affected by
fog, demonstrated the effectiveness of
TInSAR under any weather conditions:
a basic requirement for 24/7 emergency
monitoring.
But in the author’s experience, the
most complex application of TInSAR
has been the monitoring of a slope affected by construction of a tunnel. Because of the presence of a large and
deep active landslide in rock material,
continuous monitoring of the slope
stability was required. Displacement
monitoring by conventional on-site
techniques (e.g. inclinometers, total
 %X!    
geomorphology of the area and the ongoing construction work at the tunnel
entrance (gabions, anchored bulkheads
etc). Furthermore, a technique with
minimum intervention of personnel on
the slope for installing instruments or
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targets was necessary for 24/7 emergency monitoring. The continuous
monitoring of this slope by TInSAR,
from a distance of about 1 km, allowed
monitoring of every type of displacement that affected the slope: excavated
debris, gabions, bulkheads etc. This allowed engineering decisions to be made
  %     Ycavation as a consequence of sudden
increases of slope displacement such as
an increase of one order of magnitude
of the velocity in a few hours. 3½ years
of continuous monitoring by TInSAR,
continuing to this date, demonstrated
the long-term reliability of this technique and its effectiveness in monitoring both rapid and slow movements.
This feature, together with the capability of monitoring without any targets on
the slope, makes TInSAR particularly
suitable for the monitoring of ground
movements that are characterized by
a high and non-homogeneous velocity
       ' dition to the project just described, several cases of ground movement have
been monitored by TInSAR in recent
years, both for emergency and investigation purposes.
Further suitable applications of TInSAR for geotechnical problems are the
monitoring of dams and mines.
But the new frontier of TInSAR is
probably monitoring for investigation
purposes. For example, displacement
monitoring of several points over large
areas by TInSAR has recently been
proven for susceptibility analyses of
cliffs. In this application TInSAR has
been used for determining and mapping the most susceptible sectors of
cliffs, slopes and man-made structures.
The monitoring of buildings and
heritage situations in urban areas is a
new challenge for TInSAR. On one
hand there is the great advantage of
having highly accurate displacement
images by a non-contacting technique,
but on the other hand there must be
separate monitoring for vertical movements. At present, combining with con-

ventional techniques is considered a
basic requirement in such applications.
Conclusion and Outlook

Terrestrial SAR Interferometry is an
emerging technique for geotechnical
monitoring.
Although
not
yet
extensively used in common practice,
TInSAR has been successfully proven
for monitoring some geotechnical
problems such as landslides and dams,
and is a promising method for some
others, such as cliffs and buildings.
The high price of equipment and
the complexity of data processing
and interpretation of results can
be considered the main limitations
for extensive use of this technique.
However, TInSAR can be more
         %
and in some cases also less expensive
if rational monitoring plans are made.
Private companies specializing on
TInSAR already exist. Furthermore,
the combination of TInSAR with other
techniques such as Terrestrial Laser
Scanner and robotic total stations may
further strengthen its effectiveness and
simplify the interpretation of results—
see an example in Figure 3.
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