
 

 

 
Abstract—Foundation differential settlement and supported 

structure tilting are an occasionally occurred engineering problem. 
This may be caused by overloading, changes in ground soil properties 
or unsupported nearby excavations. Engineering thinking points 
directly toward the logic solution for such problem by uplifting the 
settled side. This can be achieved with deep foundation elements 
such as micro-piles and macro-piles™, jacked piers, and helical piers, 
jet grouted mortar columns, compaction grout columns, cement 
grouting or with chemical grouting, or traditional pit underpinning 
with concrete and mortar. Although, some of these techniques offer 
economic, fast and low noise solutions, many of them are quite the 
contrary.  

For tilted structures, with the limited inclination, it may be much 
easier to cause a balancing settlement on the less-settlement side 
which shall be done carefully in a proper rate. This principal has been 
applied in Leaning Tower of Pisa stabilization with soil extraction 
from the ground surface. In this research, the authors attempt to 
introduce a new solution with a different point of view. So, the 
micro-tunneling technique is presented in here as an intended ground 
deformation cause. In general, micro-tunneling is expected to induce 
limited ground deformations. Thus, the researchers propose to apply 
the technique to form small size ground unsupported holes to produce 
the target deformations. This shall be done in four phases: 1. 
Application of one or more micro-tunnels, regarding the existing 
differential settlement value, under the raised side of the tilted 
structure. 2. For each individual tunnel, the lining shall be pulled out 
from both sides (from jacking and receiving shafts) in the slow rate. 
3. If required, according to calculations and site records, an additional 
surface load can be applied on the raised foundation side. 4. Finally, a 
strengthening soil grouting shall be applied for stabilization after 
adjustment.  

A finite element based numerical model is presented to simulate 
the proposed construction phases for different tunneling positions and 
tunnels group. For each case, the surface settlements are calculated 
and induced plasticity points are checked. These results show the 
impact of the suggested procedure on the tilted structure and its 
feasibility. Comparing results also show the importance of the 
position selection and tunnels group gradual effect. Thus, a new 
engineering solution is presented to one of the structural and 
geotechnical engineering challenges. 

 
Keywords—Differential settlement, micro-tunnel, soil-structure 

interaction, tilted structures. 

I. INTRODUCTION 

ILTING is one of the most critical problems that threat the 
stability and safety of buildings. Tilting of structures 

causes soil overstressing beneath foundation. If the soil 
settlement and building inclination have been controlled and 
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stopped, the structure may reach a new stable state. Otherwise, 
structures may face continuous slow-rate soil settlement 
resulting in unstable condition or even a complete failure for 
the whole building. 

Residents usually do not feel safe to live in tilted buildings. 
However, demolishing and reconstruction of tilted structures 
is waste of money, unless no other solution exists. Moreover, 
the demolishing of valuable historical buildings is out of 
choice. Thus, restoration processes for tilted structures should 
be considered and developed. Various methods are used to 
rectify tilted structures including compaction grouting, 
underpinning of the foundation, chemical grouting, jacking 
technique, and soil extraction technique [1]-[3].  

Rectifying using soil-extracting technique, tilting building 
should go through a short unstable, but controlled, stage that is 
required to reduce the soil differential settlements. There are 
limited reports and researches investigate the possibility and 
the efficiency of using soil extraction process to rectify tilted 
structures. In 1832, James Trubshaw used soil extraction 
method to rectify the Wybunbury tower (England). It has 
square cross section with 9.8 m side length, 29.3 m height and 
weighs 1,500 tons. The tower was leaning over 1.56 m from 
its vertical axis and it had large crack with few centimeters 
width. After reaching the bottom level of the foundation, 
Trubshaw drilled rows of extraction auger-holes under the 
higher side of the foundation. The tower gradually began to 
sink and the fracture kept gradually closing up. This process 
was continued until the tower became perfectly straight [4]. 

Pisa tower (most famous leaned structure) has a hollow 
cylinder shape with 4.5 m inner diameter, 58 m height and 
19.6 m foundation diameter. The angle of inclination of the 
Pisa tower reached 5.5°. In 1962, Terracina suggested a soil 
extraction technique by drilling holes and extracting soil from 
beneath the less settled side of the foundations [5]. Under-
excavation was performed in two stages from year 1999 to 
2001. The first excavation stage was completed by the 
extrusion of 7 m3 of soil (29% of the soil was extracted from 
beneath the foundation). The second stage was completed by 
extracting 38 m3 of soil (40%of the extracted soil was taken 
from the beneath of the tower foundation). The method of 
under-excavation is thought to have majorly contributed to the 
current apparently stable situation for the Pisa tower. The 
excavation process stopped the leaning instability and reduced 
the angle of inclination of the tower by about 10% [5]. 

This research suggests a micro-tunneling based technique as 
an alternative delicacy technique for the process of soil 
excavation under tilted structures. Micro-tunneling is defined 
as remotely controlled, steerable, continuous pipe jacking [6]. 
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Fig. 3 Details of tilted building (case study) and the forces and stresses applied on its raft foundation 
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Fig. 4 Alternative suggested locations of the micro-tunnels 
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