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ABSTRACT: Coal mining is a continued industrial activity in the North East of the 
United States.  At present, the prevalent technique is called long wall mining and 
eventually removes entirely coal seams over extended areas.  The removal of 
underground material causes subsidence, a significant settlement and horizontal 
displacements above the mined seam.  Structures located on affected areas are subjected 
to differential foundation displacements that can induce stresses beyond the capacity of 
structural members.  This was the case at an electrical substation that had to undergo 
estimated settlement of about 5 feet or more due to subsidence originated by mining 
underneath.  Typically, there is a need to maintain the substation operating to supply 
energy to inhabitants in the vicinity and in particular to the mining machinery.  This 
requires preservation of the structural integrity of the substation frames, towers and 
equipment and very limited relative displacements in stiff structures such as the control 
room.  This paper describes the analyses and design of measures taken to mitigate and 
monitor distress of substation components and foundations during the progressive 
occurrence of the subsidence. 

 

1 INTRODUCTION 

Today, most coal-mining in the eastern US coal province is completed by longwall 
mining.  In longwall mining, large rectangular blocks of coal are then extracted in a 
single continuous operation.  Generally each defined block of coal, or panel, is created 
by driving a set of headings some distance into the panel.  These roadways are then 
joined to form the longwall face.  As the coal is cut and extracted, the longwall face is 
temporarily supported by hydraulic supports (Figure 1).  As the face advances, the 
immediate roof above the coal is allowed to collapse behind the line of supports creating 
planned subsidence. Subsidence is a time-dependent deformation of the ground surface 
resulting from readjustment of the overburden above a mine.  Vertical components of 
movement are usually largest, but horizontal movements and the resulting strains and 
displacements also can cause surface damage.  Some movements take place during 
mining and some after, depending on the type and extent of mining, the thickness and 
character of the overburden and the mine floor, and other details of the site. 

With total extraction, subsidence is essentially contemporaneous with mining.  The 
amount and areal extent of subsidence above active mines is schematically shown in 
Figure 2.  Estimation of subsidence movements at the ground surface is governed by the 



5th International Conference on 
Structural Health Monitoring of Intelligent Infrastructure (SHMII-5) 2011 
11-15 December 2011, Cancún, México 
 
 
composition, strength and deformability of the overburden strata, the dimensions of the 
mined-out area, the thickness of the overburden, the degree of caving, the 
compressibility of the caved material and other factors.  Gray and Bruhn (1984) provide 
a more detailed discussion of subsidence mechanics and parameters. Surface 
movements during total extraction mining follow the traveling ground wave that 
accompanies the mine face as it passes from one end of the panel to the other.   

  

Figure 1.  Longwall mining. (Department of Primary Industries, New South Wales 
2006) 

 

Figure 2.  Diagram of mine subsidence development from underground coal mining. 
(Mine Subsidence Board, undated) 
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Figure 3.  Subsidence profile for subcritical width mined areas. (Gray and Bruhn, 1984) 

Current methodologies for estimating of subsidence displacements and deformations are 
summarized in Gutiérrez et al. (2010).  Predictions procedures have been calibrated 
against actual measurements and provide accurate averages for the shape of the curve of 
the subsidence wave, and three-dimensional displacements can be estimated as shown in 
Figure 4.  Analytical methodologies also allow calculation of displacement derivatives 
(strains and curvature).   

  

Figure 4.  Idealized subsidence basin overlying a typical longwall panel. (Gutiérrez, et 
al., 2010) 

 

2  POTENTIAL STRUCTURAL DAMAGE 

It is known that uneven ground displacements can result in structural damage. Typical 
mine subsidence operations originate ground settlements of several feet.  The severity of 
the damage of facilities on the impacted surface is commensurate with the magnitude of 
the displacements.  Buildings move along with the ground exhibiting different levels of 
distortion as the mining wave progresses, as schematically shown on Figure 5.  Masonry 
rigid buildings are particularly sensitive, more so when they are reinforced by framing 
tension resisting members.  Long structures with multiple supports are also very 
sensitive to the relative motion of their supporting points.  Both types of structures are 
usually part of electrical substations which have long lattice steel frames to support 
electrical equipment and wiring and limited, but important, masonry rooms to house the 
control hardware. 

 

  

Figure 5.  Typical surface motion due to longwall mine subsidence. (Gray et al, 1984) 
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The following effects of mine subsidence are the most relevant for evaluation of 
structural distress in any facility: relative vertical displacements, relative horizontal 
displacements, tilting, and ground curvature.  Once settlement displacements have been 
estimated, with the help of finite element codes is straightforward to model the 
structures of interest and to impose on them the estimated displacements, as shown in 
Figure 6.  The results of the stress analyses reveal parts of the structures that will be 
subject to the most damaging effects. Deformed structural configurations indicate what 
non-rigid body displacements can be of major concern. 

  

Figure 6.  Multi-span frame subjected to estimated support displacements. 

 

3 MITIGATING MERASURES 

Measures to mitigate the impact of subsidence displacements on surface structures are 
divided in three general categories: 1) stiffening of panels and foundations to promote 
rigid body structural movements; 2) loosening of connections between structural 
members and at foundation locations to allow some extend of mechanism movements; 
and 3) tying members and foundations to provide temporary resistance to tensile and 
shear deformations.  The purpose of these measures is to reduce surface ground strains 
at structure locations, compensate subsidence induced deformations in the structures, 
and reinforce structures to tolerate anticipated deformations.    

To implement these concepts in electrical substations where subsidence was anticipated, 
the writers used tying of cables to increase the rigidity of the foundation and in-turn the 
supported structure, and to minimize concrete cracking or to prevent expansion of 
existing cracks. The concept is illustrated in Figure 7, and an example of its 
implementation is shown in Figure 8.   

  

Figure 7.  Tying of separated foundations of a tower with four legs. 

For masonry control buildings, where minimal distortions are required to maintain 
operation of the substation, the foundation was embraced by a reinforced concrete collar 
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beam, as illustrated in Figure 9.  Thus, the control equipment was encapsulated in a 
rigid box.  

 

  

Figure 8.  Tying of the four separate foundations of the same structure. 

  

Figure 9.  Stiffening and reinforcements of the strip footing of a masonry control room. 

 

Figure 10.  Rigid bus members. 

On the other hand, rigid bus elements, such as those shown in Figure 10, were replaced 
by flexible counterparts to minimize their damage and to provide some isolation 
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between connected structures allowing them to move more independently.  Loosening 
of bolts of some structural connections was conducted to permit rotation at select joints 
that are normally restrained.  The sag of cables connected to transmission towers outside 
the substations was increased to allow lateral motion without generating excessive cable 
tensions. 

 

4 MONITORING OF SUBSIDENCE MOVEMENTS 

Predictions of total subsidence displacements are quite accurate.  However, these 
estimates do not reflect local deviations from average values due to the randomness of 
the subsurface materials, cracking (see Figure 11), local sinking and other effects that 
can cause damaging strains and deformations from differential displacements of a few 
inches, which are small compared with total settlements.  Thus, a plan to monitor 
movements at critical locations in the structural and foundation elements was developed 
and implemented.    

  

Figure 11.  Cracking at ground surface from subsidence. 

First we established a baseline by surveying corners and foundation points of the 
structures before mining.  Surveying during the subsidence allowed determination of 
relative displacements between different points.  Figure 12 summarizes the 
measurements for the two six-span lattice frames.  In this case, the differential 
settlements followed almost a straight line indicating that the frame stiffness was 
sufficient to promote rigid body motion.  The exception was the sixth span of Bay B, 
which was more closely monitored. 
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Figure 12.  Differential displacements of the column lines of two multi-span frames. 

Monitoring also included examination of movements at the joints whose bolts have been 
loosened, and at the base of slab foundations.  Figure 13 shows the separation of a 
connection angle from the supporting concrete footing.  Figure 14 presents the 
separation between the corner of a concrete slab and the ground, previously in full 
contact.  No cracking was observed in this slab, in part to the tied cable.  Figure 15 is an 
example of the separation and rotation of the connection at the base of a stiff frame. 

  

Figure 13.  Separation of connection angle and concrete footing. 

  

Figure 14.  Separation of concrete slab and supporting ground. 
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Figure 15.  Rotation at the base of one column of a rigid frame. 

 

5 CONCLUDING REMARKS 

Long wall coal mining causes significant settlement and horizontal displacements above 
the mined seam, in particular at the ground surface.  Structures located on affected areas 
are subjected to differential foundation displacements that can induce stresses beyond 
the capacity of structural members.  Observed settlements easily reach several feet.  
Despite this significant disturbance, some critical facilities, such as electrical 
substations, need to remain operational.  In this paper we show that the structural 
integrity of the substation components can be maintained by devising, implementing 
and monitoring mitigation actions that reduce surface ground strains, compensate 
induced deformations in the structures, and reinforce components to tolerate anticipated 
deformations.  Depending on the materials, geometry, and foundation layout of 
particular structure, the impact of subsidence can be significantly alleviated by 
stiffening of panels and foundations to promote rigid body movements, and/or by 
softening connections to facilitate limited mechanism type of movements.  This was 
successfully performed in a substation in Pennsylvania. 
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