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ABSTRACT 
 
     Expansion joints are usually provided in large buildings to minimize the adverse 
effect of temperature changes. However, they divide the structure into separate parts 
which may collide at those joints during seismic activities. Different methods have been 
proposed to mitigate pounding between adjacent structures or parts of the same 
structure with separation distance not complying with the seismic design code 
requirements. This paper discusses using localized interconnection between adjacent 
parts of the structure as a new technique for mitigating pounding. The effect of 
interconnecting the building blocks at different levels and at various locations of the 
same level are studied under different seismic excitation and thermal effect. This 
mitigation approach is applicable to adjacent buildings in one line or forming L shape 
with expansion joints dividing the building into several blocks. Three-dimensional finite 
element models are developed for the various buildings and analyzed under the effect 
of seismic excitation using nonlinear time history analysis. It is found that 
interconnecting existing buildings can significantly reduce pounding and minimize the 
developed forces due to thermal changes. This technique can be very useful for 
pounding mitigation in existing structures. 
 
1. INTRODUCTION 
 
     Adjacent buildings with insufficient separation distance collide to each other under 
seismic excitation causing what is known as pounding phenomenon. An instance of 
rapid strong lateral impact forces is generated where its value may be several times 
greater than the value of the earthquake forces calculated by the design codes. 
Previous research, as well as field observations, showed that pounding can cause 
severe damage to both structural and non-structural elements of the buildings, 
particularly during strong earthquakes Rosenblueth and Meli (1986), Zembaty et al. 
(2005), Komodromos et al. (2007), and Cole et al. (2011). 
 
     In the past several decades, significant efforts have been attempted to model 
seismic pounding between buildings. There are two approaches used to model 
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pounding, namely: the classical theory of impact and the direct model of the impact 
force. The first approach does not consider the deformation of the colliding elements 
Ruangrassamee and Kawashima (2001). The second approach depends on modeling 
of impact force during contact. Various elements are used to model pounding force of 
which are the elastic and viscoelastic impact elements Mohamed and Jankowski (2011). 
Different methods have been used to mitigate pounding. Anagnostopoulos et al. (2008) 
used collision shear walls to minimize pounding effect between buildings. Abdel 
Rahmeem (2013) carried out a parametric study on buildings pounding response as 

well as proper seismic hazard mitigation practice for adjacent buildings. Abdel Mooty 
and Nasser (2016) evaluated pounding forces and mitigation in adjacent buildings with 
different heights and stiffnesses. The method used in most design codes to mitigate 
pounding is by using a minimum separation between structures to prevent pounding or 
limiting its effect. This can be achieved also by increasing the stiffness of the structures 
to reduce their lateral displacement. Another approach, used mainly in the existing 
structure is strengthening the structure to accommodate pounding. Improving the 
behavior of the structures by using pounding reduction devices is yet another technique 
used for pounding mitigation.   
 

Although, an extensive previous research on pounding mitigation has been 
carried out there are still open issues regarding the mitigation of pounding in existing 
structural parts separated by expansion or structural joints that do not meet current 
code provisions. The main objective of this research is to propose localized linking of 
building parts as pounding mitigation technique and investigate its effect on the 
pounding as well as on the dynamic response of the linked buildings.  
 
 
2. RESEARCH OBJECTIVES AND SCOPE 
      

Early seismic design codes did not give due attention to the pounding between 
closely spaced buildings. Thus most of the existing adjacent buildings do not satisfy the 
current code provisions for avoiding seismic pounding. Furthermore, structures with 
large dimensions in plan are usually provided with expansion joints in order to alleviate 
the adverse effect of thermal changes on the various structural components. However, 
the introduced expansion joints separate the different parts of the same building so 
they structurally behave as separate buildings under applied load. Of a particular 
importance is the seismic response of the different parts at the separation joint or 
seismic joint. In many situations, these joints may not be large enough to prevent the 
seismic pounding of the opposing parts of the same building. This is particularly the 
case of seismic upgrading of existing buildings not originally designed for recent and 
more stringent seismic codes requirements to accommodate additional loads or change 
of use. 

 
One way to avoid seismic pounding in a large building is by eliminating the 

expansion joints and having the building perform as one coherent unit. However, this 
may result in the development of large internal forces in the vertical members due to 
temperature changes. The floor diaphragm exposed to temperature changes would 



  

undergo large in-plane deformation cumulating to large displacement,  at the 
building exterior inducing large internal forces in exterior columns due to their shear 
and bending stiffnesses. Dividing the floor into two equal parts by expansion joint at the 
middle results in a reduction in the floor maximum thermal deformation to half of its 
original value and thus reduces the resulting internal forces in the columns due to 
thermal effect. However, the created expansion joint, if not large enough to allow for 
free seismic movement of the two building parts, may result in pounding. Alternatively, 
introducing localized inter-connection between the building parts at selected floors can 
reduce the adverse effect of both thermal deformation and seismic pounding. While the 
connected floor diaphragm thermal deformation still large, the column shear 
deformation is distributed over several floors which reduces its shear stiffness and thus 
the resulting internal forces due to thermal effect. Furthermore, having the two building 
parts initially moving together as one unit may eliminate or at least reduce pounding 
possibility. Figure 1, illustrates this concept of localized interconnection. 

 
 

 
 
 
 
 
 
 
 
 
 

a). No expansion joints: 
Large thermal effect but no 

pounding 

b). Expansion joints: 
Small thermal effect but 
possibility of pounding 

c). Localized interconnection: 
Small thermal effect and no or 

small pounding possibility 
 

Fig. 1 Concept of localized interconnections between building parts.  

 
Of course introducing the localized connection between two building parts creates 
coupling through which the two building part forms a new building with different 
dynamic characteristics that need to be incorporated into the design. The new coupled 
buildings will have new natural frequencies and modes of vibrations and thus new 
seismic demand that needs to be evaluated. Furthermore, the localized interconnection 
may be at selected locations in the floor diaphragm, and thus special attention to the 
seismic performance of the floor diaphragm action needs to be evaluated. The force 
within the localized connection itself must be evaluated for safe design of the building. 
While this approach is applicable to both new and existing construction, it provides 
robust and cost-effective mean for mitigating pounding effect in existing buildings with 
insufficient separation/expansion joints with minimum structural intervention. There are 
different ways for introducing the interconnections between the buildings parts of 
existing structures as proposed in the next section. 
 
      

  
Localized interconnection 

 



  

The aim of this research is to study the pounding effect between closely spaced 
buildings or parts of the same buildings and to investigate the effect of localized 
interconnection of adjacent buildings on pounding mitigation. Different design aspects 
are considered in this work including: 

- Building configurations: buildings in series, as well as corner buildings in 
blocks, are considered  

- Building height: three-story, six-story, and nine-story buildings are presented. 
Then, different cases of adjacent buildings are studied. Pounding between 
three to three story, three to six story, three to nine story, and six to nine story 
buildings are studied and investigated.   

- El Centro Earthquake Records scaled to 0.15g is considered in this work in 
order to illustrate the concept.   

- Interconnection location: the interconnection of adjacent buildings at a 
different floor are demonstrated.   

 
A set of five buildings of different lengths and heights is considered in this study. 

These buildings are analyzed and designed using ETABS software package.   
 

  
3. POUNDING MITIGATION APPROACH 

 
3.1 Mitigation Methods Overview 
Pounding generates colliding forces that should be added to those induced by the 

earthquake itself. Adjacent buildings have to be modified to accommodate these 
colliding forces. Several ways have been utilized to prevent or to control pounding 
effect. These methods are categorized based on their approach to the pounding 
problem. These methods are: 

- Methods to prevent pounding or control its effect: This is achieved by using an 

adequate separation distance or seismic gap between buildings or parts of the 

same building to prevent or limit pounding. This approach is used by most of the 

seismic design codes for newly constructed buildings (ECP 2012, Eurocode 8, 

and IBC 2012). However, increasing the gap distance between buildings is not 

always possible particularly for limited land areas. Also, large expansion joints 

between parts of the same building is not a cost effective solution. Pounding can 

be controlled by using shear walls at buildings perimeters and design of these 

walls as colliding walls.     

- Methods to strengthen buildings to accommodate pounding: These methods 

depend on increasing the lateral stiffness of the buildings. This is accomplished 

by strengthening of columns by concrete or steel jacket, adding concrete shear 

walls, or using steel bracing (Loring and Wylli 1996, Malhorta et al. 2004, and 

Divyashree et al. 2014). These methods are most suitable for existing buildings 

but sometimes are not applicable due to its effect on the usage of the buildings 

and also due to its high cost. 

- Methods to enhance the behavior of building to pounding effect (Kasai and 

Jagiasi 1993, Patel and jangid 2010 and Mattia et al. 2014): This is achieved by 



  

using pounding reduction devices between buildings like seismic isolation, 

metallic yielding dampers, viscoelastic dampers and fluid viscous dampers. In 

this approach, attention should be given to the generated high force on these 

devices as well as the displacement required for reconnection to work. 

3.2 Proposed Mitigation Technique   
The proposed mitigation technique aims to eliminate the dynamic impact between 

closely spaced parts of the same building by locally connecting these parts together. 
The advantage of this method is its simplicity and its relative cost effectiveness among 
other methods. This interconnection between buildings can be achieved through 
connecting the adjacent slabs by reinforced concrete patch or steel plates or by 
connecting the adjacent columns at the joint of the two buildings by a steel belt as 
shown in Fig 2. This connection is then designed according to the forces resulting from 
the analysis.    

 

 

Fig. 2 Proposed connections of the adjacent buildings.  

 
Reconnection of adjacent parts of the building may result in a number of effects 
comprising: 

- Potential high forces in the connectors; 
- Change in dynamic characteristics and thus seismic demand of linked buildings; 
- Interaction between the two linked parts which may lead to larger seismic forces 

on one of the parts than its original forces; 
- The total length of the linked parts may be large enough to cause additional 

forces on the structural elements of the building due to thermal effects. 
Connector location at various floors or at the top floor is investigated to identify its effect 
on the dynamic characteristic as well as thermal forces of the linked buildings. To 
illustrate these effects, two identical adjacent buildings consist of three-story reinforced 
concrete building one bay each are considered (Table 1). The bay length of the building 
is 6m and the story height is 4m.    
 

3.2.1 Effect of the connector location on the free vibration of the linked buildings 

Table 1 summarizes the first three natural frequencies and vibration modes of the 
buildings linked at different levels. It could be seen that the first mode of the different 
linking is almost the same. Also, it is expected that linking buildings at the top floor may 

Slab Connector Steel Plate Connector Columns Connector 



  

be the most efficient location in mitigating pounding. 
 

Table 1 Effect of Linking on building mode shapes 

 
Building 

Time Period (sec) 

Mode 1 Mode 2 Mode 3 

 1.067 0.276 0.153 

 1.071 0.277 0.154 

 1.068 0.387 0.276 

 1.068 0.291 0.276 

 1.068 0.493 0.277 

 1.069 0.277 0.194 

 

3.2.2 Effect of connector location on thermal forces of the linked buildings 

The thermal analysis of the studied buildings, considering different connector 

 

 

 

 

 

 

   

   

   

   

   

   



  

location, are investigated.  The top floor is exposed to increase in temperature of 20 
degree Celsius. Table 2 summarizes the maximum straining action resulted in the 
different structural elements. Also, the percentage increase in the results between the 
cases of the different connector locations is calculated. It can be seen from the results 
that linking buildings at first or second floor has no impact on the elements forces when 
increasing the temperature of the top floor. However, this may result in pounding at top 
floor as can be expected from the second mode of this case (Table 1). Linking at top 
floors has a minimum impact on the forces of the building elements where no axial 
force increase and about 20% increase in the columns moment, and at the same time 
results in less possibility of pounding. Similar results can be expected when changing 
the temperature of other floors depending on the location of coupling relative to that 
floor. 

    
Table 2 Effect of linking location on thermal analysis of building 

Straining Actions No link 
Links at 
all floors 

Link at 
first floor 

Link at 
top floor 

Maximum normal force in beams, kN 2.9 6.28 2.9 2.9 

Maximum bending moment in columns, kN.m 4.76 10.83 4.67 5.67 

Percentage increase in beams axial forces - 116.6% 0% 0% 

Percentage increase in column moment - 127.5% 0% 19.1% 

 
 

4. NONLINEAR MODAL TIME HISTORY ANALYSIS OF LINKED STRUCTURES 
 
The equation of motion under seismic excitation for the adjacent buildings linked 

at each floor by gap element, as shown in Fig 3, can be written as: 

[ ]{ ̈}  [ ]{ ̇}  [ ]{ }  [  ]{ }   [ ]{  ̈}      (1) 

Where [M], [C] and [K] are the mass, damping and stiffness matrices of the linked 

buildings respectively; {U}, { ̇} and { ̈} are the relative displacement, velocity and 

acceleration with respect to the ground for all degrees of freedom respectively. [  ] is 

the stiffness matrix of the linking elements. {  ̈} is the input ground acceleration. The 

structural system of the buildings is considered as linear elastic except for the links 
between buildings which is considered as nonlinear. Fast nonlinear analysis technique 
within the finite element program ETABS has been used to solve this nonlinear 
dynamic equation. Ritz-vector method is used to perform modal analysis. In each time 
step, iteration is carried out in solving the nonlinear modal equations. The iterations are 
continued until the solution converges. 
 

El Centro seismic site Imperial Valley 1940 ground motion record is selected in 
this study. The peak ground acceleration of record is 0.31 of the ground acceleration 
while its magnitude is 6.9 on Richter scale. The records of the ground motion are 
scaled to 0.15g according to the requirements of the Egyptian code of practice for Cairo. 



  

  
 
 
 
 
 
 
 
 
 
 

Fig. 3 Model of three-degrees of freedom linked buildings 

 
    

4. PROTOTYPE BUILDINGS 
 
4.1 building Models 

A set of five reinforced concrete buildings with a number of floors ranges between 
3 to 9 story are considered in this study. 3D views of the selected buildings are shown 
in Fig 4. The story height of the buildings is 4m and the typical span length of all bays is 
6m in the two directions. All buildings have slab and beams type structural system 
where a two-way solid slab of thickness 150mm is supported on rectangular beams of 
dimensions 300X800mm. the buildings are designed to sustain gravity and lateral loads 
according to the Egyptian standard. Table 3 summarizes the dimensions of the different 
structural elements of the considered building prototypes. 

 
4.2 Pounding cases 

Four pounding cases between selected buildings are considered and presented 
in this paper as shown in Fig 5. All buildings have a constant separation distance of 20 
mm which is the typical expansion joint width commonly used in most existing buildings 
not designed for recent seismic codes requirements.  

 
Table 3 Buildings design data 

Building 
Layout 

dimensions 
(m) 

No. of 
Floors 

Slab 
(mm) 

Beams 
(mm) 

Columns Dimensions (mm) 

Corner Edge Central 

B1 24×30 3 

150 300×700 

300×300 300×500 500×500 

B2 24×30 6 400×400 400×700 700×700 

B3 30×30 3 300×300 300×500 500×500 

B3 30×30 6 400×500 400×700 700×700 

B4 30×30 9 500×500 500×900 900×900 

 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  3-D view of the prototype buildings  

 

  

 

 

Building B1 Building B2 

Building B4 
 

Building B3 

Building B5 



  

 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Pounding cases  

 
 
5. RESULTS AND DISCUSSIONS 

 
5.1 No pounding case in well separated buildings 

Nonlinear time history analysis was carried out, using El Centro earthquake 
record, for the selected buildings to get the response for the case of no pounding, i.e. 
sufficiently separate buildings. Table 4 indicates the maximum displacement response 
of the buildings at the level of the top of the short building. It, also, shows the minimum 
separation distance required by the ECP 2012 to avoid pounding. The minimum 
separation distance specified by the Egyptian, which is similar to most of the 
international seismic codes, is the square root of the sum of the squares of the 
maximum displacement that resulted from the response of the adjacent buildings with 
no pounding. The code specifies a reduction of 30% on the computed separation for 
adjacent buildings having same floors levels. It could be seen that all the studied 
building do not comply with the code requirements since the 20 mm separation was 
used in this study, and thus pounding is inevitable in all considered cases.  

 

5.2 Pounding Assessment and Mitigation  

Table 5 indicates the fundamental natural time period of the adjacent buildings 
resulted from the modal analysis of the analyzed buildings. These time period will be 
useful in the interpretation of the response of the buildings for both of pounding 
assessment and mitigation studies. 

 

Case A (B1-B3) 

 

Case B (B1-B4) 

  

Case C (B1-B5)  Case D (B2-B5) 



  

Table 4 No pounding displacements  

Pounding 
case 

Left building 
disp. (mm) 

Right building 
disp. (mm) 

Separation 
(mm) 

Case A 66.6 56.8 61.3 

Case B 66.6 68.3 66.8 

Case C 66.6 71.3 68.3 

Case D 117.6 111.2 113.3 

Table 5 Natural time period of the adjacent buildings 

Pounding case 
Fundamental time period in (sec) 

Left building Right building 

Case A 1.651 1.308 

Case B 1.651 2.041 

Case C 1.651 2.298 

Case D 2.195 2.298 

 
Nonlinear time history analysis was performed for all pounding cases including 

linking at different levels. Figure 6 through Figure 11 demonstrate the effect of local 
interconnection at different floor levels on the maximum story displacement, inter-story 
drift and maximum story shear of the adjacent buildings. No pounding and pounding 
results are shown in the same figure for comparison. On the figures, (a) and (b) refer to 
the results of the left and the right building respectively. Also, positive and negative 
values present leftward and rightward results respectively. The maximum pounding 
force at different floor levels, for pounding cases, are indicated in Table 6 through Table 
9.  

 
For case A, pounding between buildings of equal height, comparing the values 

of the maximum displacement response for no pounding and pounding cases reveals 
that pounding has a minimal effect both of the left and the right building as shown in 
Figure 6. This may be becasue the two buildings have a close time period. However, 
pounding increase the maximum story shear for both the left and the right building. 
Linking buildings at any floor eliminates the pounding between the buildings as 
indicated in Table 5. Aslo, linking buildings, particulary at roof level, reduce the 
response of the buildings. 

 
For case B, C and D, adjacent buildings with unequal hights, pounding 

decreases the displacemnt of the short stiffer building and increase the displacment of 
the tall flexiable building; as demontrated in Figures 7-9. However, the story shear 
increases in pounding case for both buildings. Also, linking buildings at the roof level of 
the short building elminates the pounding between adjacent buildings as demonstrated 
in Tables 6-8. Although, locally linking buildings of uneqal hights eleminates or reduces 
their pounding, it increases the repsone of the building particulary the displacment of 



  

the short building which is afected by the displacment of the tall building due to 
coupling. Furthermore, sudden increase in story shear is noticed in floor above linking 
level. 

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Response of case A 3-story to 3-story buildings  

  

  

(a) Left 3-story building (b) Right 3-story building 

  



  

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Response of case B 3-story to 6-story buildings  

 

  

  

(a) Left 3-story building (b) Right 6-story building 

 



  

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Response of case C 3-story to 9-story buildings  

 

 
 

  

(a) Left 3-story building (b) Right 9-story building 

  



  

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 Response of case D 6-story to 9-story buildings  

 

  

  

(a) Left 6-story building (b) Right 9-story building 

  



  

Table 6 Pounding Force for case A in kN. 

Floor No Link Link at 3rd floor Link at 2nd floor Link at 1st floor 

1 0 0 0 0 

2 673 0 0 0 

3 652 0 0 0 

 
Table 7 Pounding Force for case B in kN 

Floor No Link Link at 3rd floor Link at 2nd floor Link at 1st floor 

1 0 0 0 0 

2 684 0 0 0 

3 1544 0 0 1248 

 
Table 8 Pounding Force for case C in kN 

Floor No Link Link at 3rd floor Link at 2nd floor Link at 1st floor 

1 192 0 0 0 

2 290 0 0 0 

3 996 0 0 1124 

 
Table 9 Pounding Force for case D in kN 

Floor No Link Link at 6th floor Link at 3rd floor 

1 0 0 0 

2 170 0 0 

3 975 0 0 

4 972 0 0 

5 490 0 0 

6 2482 0 1168 

 
 

6. CONCLUSIONS 
 

This paper addresses localized interconnection of adjacent buildings as a 
technique for mitigating their pounding during seismic events. At the same time the 
proposed localized interconnection allows for reducing the adverse effect from 
temperature changes in buildings with large plan extensions. This concept is illustrated 
and presented in this paper. Buildings with different plan dimensions and with different 
heights are considered as adjacent buildings in the different case studies presented. 3-
D finite element models are constructed and pounding is simulated using nonlinear, 
compression only gap element. Nonlinear time history analysis is performed for the 



  

building subjected to El Centro ground motion seismic record to illustrate the 
effectiveness the proposed mitigation scheme. Seismic analysis is performed for three 
cases: no pounding in well separated buildings; pounding of adjacent buildings; and 
pounding in locally linked buildings at different levels. Results are illustrated using 
figures and tables to show the effect of localized interconnection or linking on the 
buildings seismic response. The main findings of this study can be summarized as 
follows: 

 
- Pounding increases the response of the flexible buildings adjacent to stiffer 

building. 
- Linking of adjacent buildings, particularly at roof level of the short building is an 

effective technique in eliminating and reducing their seismic pounding. 
- Linking buildings with equal heights eliminates pounding and at the same time 

has a minimal effect on the seismic response of the buildings. 
- Linking buildings with considerably unequal height increases the lateral 

displacement of the short building and amplify the story shear in floor above the 
linking level, however reduces pounding. 

- Time period of the adjacent buildings has a significant effect on the response of 
buildings in pounding case. 

- Linking floors at spaced vertical distance decreases the additional thermal stress 
on the structural elements of the buildings while reduces pounding possibility. 
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