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(ABSTRACT) 

Structures built next to each other in congested cities are likely to pound on each other 

during strong ground shaking caused by earthquakes. The main objective of this study is 

to examine the problem of mutual structural pounding to identify its effect on structures 

and then propose solutions to mitigate its effects. Mutual pounding of structural systems 

with varying mass, stiffness, and seismic joint gaps, subjected to several different input 

motions are examined. To evaluate the effects of pounding, the numerical results with and 

without pounding have been considered. The resilience between two impacting masses is 

represented by linear springs and also nonlinear Hertz model contact stiffness. Pounding 

causes a large increase in the shear force in the stories higher than the top pounding story, 

a large increase in the accelerations of the pounding floors and also large overturning effects 

on both structures. The parametric study of pounding of structures in series showed that 

in most cases the corner structures are penalized more than the interior structures. The 

study of the effect of foundation flexibility on the structural pounding response showed that 

a proper consideration of this parameter must be included in the analysis. 

To alleviate the pounding effects to avoid damage to structural elements and supported 

secondary equipment, it was found necessary to join the structures by rigid links and brace 

all the stories of at least the taller structure. Joining of the floors is required to reduce 

the excessive floor accelerations caused by impact, whereas the story bracings are required 

to reduce the excessive story shears or bending moments in the higher stories caused by 

pounding of the lower floors. It is observed that except for very soft soils, the proposed 

pounding mitigation scheme will increase the shear force transmitted to the foundation, 

thus requiring a strengthening of the foundation as well. Since the forces in the rigid 

links connecting the two structures were observed to be reasonable, the joining of the two



structures does not pose any special problem; it can be easily accomplished by using large- 

size steel rods hooked properly with both structures. In the case of column pounding where 

the floors of one structure pound on the columns of the other structure, the pounding 

mitigation strategy is to provide K-bracings on all pounding columns and diagonal bracing 

in the other stories to reduce high bending moment in the column, and to rigidly join them 

to avoid high pounding acceleration.
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Chapter 1 

INTRODUCTION 

Because of pressure on land, buildings in large cities are often constructed next to 

each other with no or small clearance between them. When the dynamic characteristics of 

such closely spaced buildings are different, their motions during an earthquake will usually 

not be in phase. If the clearance between such buildings is not adequate, they are likely 

to collide during an earthquake. Such collisions are commonly referred to as “mutual 

pounding”. Indeed, such mutual poundings have been reported in several past earthquakes 

[3, 4, 5, 27, 37, 38]. 

The pounding can cause local as well as overall failure of pounding structures. The 

post-earthquake analytical investigation of the failure of a stair tower, warehouse and other 

structures at Olive View Hospital [23] confirmed that pounding during the San Fernando 

Earthquake did, indeed, contribute to damage and failure of these structures. Although no 

other confirmatory analytical studies have been reported, several other damages observed 

in past earthquakes have been attributed to pounding. Widespread occurrences of mutual 

poundings, causing severe building damages and even collapses, have been reported in the 

1985 Mexico City Earthquake [5, 14] and in the more recent 1989 Loma Prieta Earthquake 

[3]. 

The structural pounding is a vibro-impact problem. This problem is commonly encoun- 

tered in machines and mechanical equipment and as such it has been of significant interest 

to mechanical engineers for some time now. The literature [9, 10, 12, 13, 22, 30, 31, 34, 39, 

40, 44] on this subject which includes books [11, 21] is fairly rich. In the study of mechanical 

vibro-impact problems, the primary interest is in reducing the wear and tear and noise level, 

whereas in structural engineering the motivation to study seismic pounding problem is to



lessen its local and overall damaging effects on civil structures. 

The easiest approach to eliminate pounding is to provide enough clearance between 

the pounding structures. However, for existing structures, it is not possible to change the 

clearance. In such cases, it is of interest to study this problem to understand and ascertain 

the effect of impact and propose impact mitigating schemes. This is the main objective of 

this study. 

The fact that pounding can indeed occur has prompted a few investigators to study the 

behavior of single-degree-of-freedom impacting structures subjected to base motions. Miller 

[28] has investigated the problem of vibro-impact of two single-degree-of-freedom structures 

subjected to harmonic base motion with single-impact-per-cycle oscillations. The impact 

effects and loss of energy were included through the coefficient of restitution. For the case of 

a harmonic input and single-impact-per-cycle, the exact solution of the equations of motion 

was obtained. Parametric studies were conducted to examine the effect of the excitation 

frequency and amplitude, gap size and coefficient of restitution. The results indicate that 

if the coefficient of restitution between the impacting bodies is small, a beneficial energy 

dissipation can occur, thereby leading to a reduction in the overall response. This however, 

need not be the case all the time, as reported in another investigation [45, 46]. 

A significant study on this topic was conducted by Wolf and Skrikerud in 1979 [45] 

and reported in a rather extensive form in 1980 [46]. This study examined a single-degree- 

of-freedom system impacting stiff boundaries on one and both sides (asymmetrical and 

symmetrical impacts), subjected to harmonic as well as transient base motion. The im- 

pacting surfaces were modeled by stiff springs acting in parallel with the oscillator spring. 

Thus the entire system was assumed to have a hardening bilinear spring. The energy dis- 

sipation during impact was included by providing viscous dashpots with damping factors 

related to the coefficient of restitution through an exponential relationship, well-known in 

vibro-impact studies [13]. The study identified subharmonic and hyperharmonic response 

characteristics along with the “break even” frequency below which the response of impacting 

system is lower than that of the nonimpacting system. An analysis of the impact between



the multi-degree-of-freedom reactor building and adjacent auxiliary building, modeled as 

a single-degree-of-freedom mass-spring system, was also conducted to ascertain the forces 

induced by a possible impact. For this specific problem it was concluded that impact was 

not a problem with regard to the safety of the reactor building, and it only caused local 

effects. The analyses were also carried out to see what effect a spring placed between the 

two impacting structures would have on the response. It was observed that the use of a 

precompressed spring between the structures reduced the high-frequency response as well 

as the acceleration induced in the structures. 

In a study by Davis [8], pounding was modeled by a single- degree-of-freedom oscillator 

which may impact against either a stationary or moving neiboring barrier and subjected 

to harmonic excitation. Non-linear Hertzian contact law is incorporated to present the 

impact stiffness. The spectra of impact velocity versus excitation period for a range of 

model parameters show a strong peak near a period equal to one-half the natural period of 

a similar non-impacting oscillator. Bands of response in which periodic multiple impacts 

and non-periodic or chaotic impacts occur are found. 

Another study which has considered impact in the collapse of buildings is by Wada 

et al. [41]. Simple single-degree-of-freedom models of impacting buildings with stiffnesses 

characterized by elasto-plastic rotational springs at the base were considered to investigate 

the effect of gravity on collapse. For this assumed model, the study showed that gravity 

effects can, indeed, aggravate the situation leading to a collapse, indicated by very large 

displacement response of the masses in the analysis. 

In another study, Anagnostopoulos [1] considered a series of single-degree-of-freedom 

oscillators representing a set of buildings in a city block. The numerical results have been 

reported for four such oscillators impacting with each other. The bilinear force deformation 

relationship was used to characterize the stiffness of the structures as well as the impacting 

bodies. The parametric studies were conducted in which the clearances between the masses, 

yield levels of bilinear stiffness elements and the ratios of the stiffnesses of the outside and 

inside oscillators were varied. One conclusion of the study was that the outside or corner



structures in a row of buildings would experience higher levels of deformation than the 

inside structures. They are, thus, particularly vulnerable to pounding effects and are more 

likely to get damaged than the inside structures. This has also been reported to be the case 

in some past earthquakes [37, 38]. In a more recent study [2], Anagnostopoulos basically did 

the same parametric investigation [1] but for MDOF structures with the bases supported 

on translational and rocking spring-dashpots. 

In a rather different context, there have also been studies where impact has been con- 

sidered with the primary purpose of reducing the response of structures and equipment by 

providing constraints [26]. Such devices have been called impact dampers. In another re- 

lated study, Iwan [15] has developed an interesting response spectrum procedure to predict 

seismic response of equipment with motion-limiting constraints. The possibility of extend- 

ing this approach to predict the response of multi-degree-of-freedom systems with motion 

limiting constraints by means of equivalent linear modal analysis has also been briefly men- 

tioned [15]. 

A study of the pounding problem involving MDOF buildings has been reported by 

Maison and Kasai [24, 25] and Kasai et al. [19, 20]. In these studies, the pounding responses 

of MDOF structures colliding at a fixed level against a rigid obstruction as well as a flexible 

structure have been examined. The effect of various problem parameters on the pounding 

response has also been reported. Jeng et al. [16] presented a spectral difference method 

based on random vibration theory with the assumption of fixed level pounding to estimate 

the minimum building separation necessary to avoid seismic pounding. 

The problem of multilevel structural pounding between a MDOF structure pounding 

against a rigid as well as a MDOF flexible structure has been reported by the writers for 

the first time [35]. 

Jing and Young [17, 18] have studied the random response of vibro-impact systems 

subjected to white-noise input. The Hertz’s contact law is used to model the contact 

or pounding stiffness. The Fokker-Planck equation is solved for the stationary transition 

density function of the response.



On the alleviation of the pounding effects, the work by Westermo [42] is significant. 

In that study, the pounding structures are connected by a link and beam system which 

transmits the connection forces to the floors of the structures. It is shown that for structures 

with closely similar properties the linkage prevents the two from oscillating out of phase 

while transmitting a relatively small force through the connection. 

1.1 Scope of This Work 

In the present study, we examine the pounding response of a multi-degree-of-freedom 

structure pounding at several levels against a rigid as well as a multi-degree-of-freedom 

deformable structure. To understand and evaluate the pounding effects, the displacements, 

story shears, overturning moments, floor accelerations and floor spectrum responses have 

been obtained with and without pounding. 

In Chapter 2, the simpler problem of a multi-degree-of-freedom structure colliding 

against a rigid obstruction of different heights has been examined. This is followed by 

the study of pounding of two deformable multi-degree-of-freedom structures in Chapter 3. 

Extensive parametric studies have been conducted to understand the characteristics of the 

pounding response. As a part of the parametric study, the nonlinear Hertz’s model for the 

contact stiffness at the pounding interface has been considered. The problem of pounding 

of structures in series is examined in Chapter 4. As structural foundation may not be com- 

pletely rigid, in Chapter 5 the effect of foundation flexibility on the structural pounding 

response is investigated. In Chapter 6, several methods to alleviate the pounding problem 

are investigated and pounding mitigation strategies are proposed. Finally, the study and 

its main findings are summarized in Chapter 7.



Chapter 2 

POUNDING OF A FLEXIBLE STRUCTURE 

AGAINST AN OBSTRUCTION 

2.1 Introduction 

As a simplification to study pounding, in this chapter we consider the case of a multi- 

degree-of-freedom flexible structure pounding at its floor levels against a rigid obstruction 

(Figure 2.1). A parametric study is conducted, where the parameters of the pounding 

structure are changed to study their effect on the pounding response. In the following, we 

first describe the equations of motion and then present the numerical results. 

2.2 Equations of Motion 

We will model the vibrating structure as a p degrees-of-freedom shear building, being 

pounded at its first s lower floors by a rigid obstruction. To develop the equations of motion, 

consider the free body diagram of a typical mass m; as shown in Figure 2.2 for the two 

cases of pounding and no-pounding. Using Newton’s law, the equation of motion for the 

no-pounding case can be written as: 

mi&;, — kgay-1 + (hi + Aig) ei — Kigi tiga = —MiXy(t) (2.1) 

where m; is the 7th floor mass; k; = stiffness of the ith story; Z(t) = ground acceleration; 

zi= displacement of mass m;, relative to the ground. 

When the free displacement of the mass exceeds the gap between the mass and adjacent 

obstruction, the collision will occur. In such a case, the free body diagram is as shown in



Figure 2.2(a). Using Newton’s law in this case, the equation of motion for this mass can be 

written as: 

mf; — kag + (hi + Riga) ti — Riga tiga + dit; + 8;(2; — 93) = —m;%,(t) (2.2) 

where g; is the size of the gap at the level of mass m; and s; is the coefficient of the contact 

stiffness during pounding. Here it is assumed that this stiffness is linear. A nonlinear 

contact stiffness will be considered later. 

Equations for different masses can be collected and written in matrix form for the no- 

pounding case as: 

[M]{X} + [C]{X} + [K]{X} = -[M]{r};,(t) (2.3) 

and for the pounding case as: 

[M]{X} + [C+ D]{X} +[K + S]{X} = -[M]{r}4,(z) + [5] {9} (2.4) 

where [M] = mass matrix; [AK] = stiffness matrix; {r} = influence coefficient vector; {g} = 

the vector of clearances (gaps); and [.S] is the supplemental stiffness matrix provided by the 

contact springs whenever pounding occurs. In equations 2.3 and 2.4, we have now added the 

system damping matrix [C] to include the energy dissipation effects. This matrix is defined 

in terms of the modal damping ratio and eigenproperties of the structure using standard 

procedures [5]. This structural damping matrix is supplemented by the damping matrix 

coming from the dashpots provided at the pounding surfaces. These dashpots are provided 

to include the loss of energy which occurs during any pounding. 

In equations 2.3 and 2.4, the mass matrix is diagonal. The stiffness matrices [A’] and 

[S$], supplemental damping matrix [D] and vector {g} are defined as:
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0 SQ ae 0 j=] oS (2.7) 
0 O Ss 
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{gh =(q g2 ... gs 0... 0) (2.8) 

The elements s; and d; are zero for the floors which do not pound. Also if only s number 

of the floors are likely to pound, then the vector {g} contains only s nonzero elements. 

The equations of motion 2.3 and 2.4, with and without pounding, are both linear. 

Thus, if desired, they can be solved by the modal analysis approach. However, since [D] 

and [5S] matrices constantly change because of the pounding and no-pounding situations, 

the problem is essentially nonlinear. It was, therfore, found to be best to solve it by a step- 

by-step integration approach. Here the Newmark-/ [5] approach as well as Runge-Kutta [6] 

approach have been used. The time steps of the integration were kept very small to capture 

the everchanging “pounding” and “no-pounding” states as the motion proceeded.



2.3. Problem Parameters for Numerical Analysis 

Numerical results have been obtained for several configurations of two pounding struc- 

tures. The assumed basic configuration is a ten-story structure pounding against a five-story 

rigid structure as shown in Figure 2.1. Some results of pounding against a rigid structure of 

varying height have also been obtained. In the basic configuration the structural parameters 

are: the floor mass —6.02E +5 Kg, story stiffness =1.81E +9 N/m and the stiffness of the 

impact spring =8.76£ +9 N/m. The damping ratio of 0.05 has been assumed in each mode. 

Also a dashpot with coefficient d; = 2.04E +7 Kg/sec has been added at each pounding 

interface to include some loss of energy due to pounding in the analysis. Each of these 

problem parameters has also been varied to examine its effect on the pounding response. 

Another parameter which has been considered is the clearance between pounding floors. 

Also the cases of pounding at a fixed level as well as possible pounding at all lower level 

floors have been considered. It is assumed that pounding occurs only at the floor levels. 

The case of a floor mass pounding in the middle of a column will be considered elsewhere. 

The seismic base motion used to obtain the numerical results is the 1941 N-S El Centro 

component with maximum ground acceleration level of 0.2 G. The plot of the acceleration 

time history for this input motion is shown in Figure 2.3. For this input, the response 

time histories have been obtained for the floor displacements, story shears and overturn- 

ing moments at all floor levels. Figures 2.4 and 2.5 show the time histories with and 

without pounding of the shear forces in the 6th and 10th stories, respectively. Similarly, 

Figures 2.6(a) and (b) show with and without pounding time histories for the overturning 

moments at the base. As the maximum response values are of design interest, these values 

have been obtained from the calculated response time histories and compared with each 

other to evaluate the pounding effect. These maximum values usually occur at the instant 

of pounding, as shown by the spikes in the response time histories for the pounding cases 

shown in Figures 2.4(b), 2.5(b) and 2.6(b). 

To evaluate the effect of pounding on supported equipment, the floor acceleration time



histories have also been obtained. Figure 2.7 shows the acceleration time histories with 

and without pounding at floor 10. The presence of acceleration spikes is noted in these 

time histories. Also the presence of high frequency components can be clearly noticed in 

the acceleration and other response time histories obtained in the pounding cases. The 

floor acceleration time histories obtained in the pounding cases have been utilized to gen- 

erate floor response spectra to examine the changes in the frequency content caused by the 

pounding of structures. 

The fundamental frequency for the basic configuration is 1.304 cps; the remaining fre- 

quencies are shown in Table 2.1. In the table are also shown the maximum displacement of 

each floor for the ground motion under consideration. These displacements also define the 

minimum clearance required at the top of the adjacent building for no pounding between 

the floors. 

The following set of figures shows the maximum positive and negative values of the floor 

displacements, story shears and overturning moments. The positive and negative values 

are defined according to the covention shown in Figure 2.8. Although the shear in a story 

remains constant over the story height, in the figure presented herein it is shown at the top 

floor level of the story. These shear values are then joined by straight lines. The effect of 

changing various parameters on the pounding response will now be discussed. 

2.4 Effect of Gap Size 

Figure 2.9 shows the effect of changing the clearance or gap size on the response when 

the pounding is permitted only at the top of the adjacent rigid building, that is, at the fifth 

floor level. Such a pounding will be referred to as single level pounding. The case when 

the pounding occurs at all possible levels is referred to as multiple pounding. The results 

for the multiple pounding are shown in Figure 2.10. The results are also shown for the 

no-pounding case when the gap size at the fifth floor is larger than the displacement shown 

in Table 2.1 for the fifth floor (that is, the gap > 0.0545 m). Also shown are the results 

10



for gap sizes of about 90%, 50% and 0% (that is, no clearance) of the minimum gap for the 

no-pounding case. 

The results in Figure 2.9(a) show that the displacements on the pounding side are 

reduced because of the obstruction due to the adjacent structure. The displacements on 

the opposite side are also seen to decrease slightly, especially for larger gaps; for the no-gap 

case, they increase slightly for the lower floors and decrease for the higher floors. The most 

dramatic effect of pounding is, however, felt in the story shears and overturning moments. 

The positive story shears increase dramatically for floors above the pounding floor whereas 

the negative shear forces are seen to increase as well as decrease depending upon the case. 

The magnitudes of the negative overturning moments increase but more significantly at the 

ground level. Similar observations can be made form the results in Figure 2.10 shown for 

the multiple pounding case; in fact, the results of the two cases are almost identical. This 

is more clearily seen from the results shown in Figure 2.11 where the ratios of the response 

values in the multiple pounding case to the values in the single pounding case are plotted. 

In most cases this ratio is about one, except for the positive displacements and shear force 

values below the pounding level where this ratio is less than 1, thus indicating that the 

response in the multiple pounding case is less than the response in the single pounding 

case. 

To show the effect of pounding vis-a-vis no-pounding more clearly, in Figure 2.12 we plot 

the ratios of the multiple pounding responses to the no-pounding responses. As seen from 

the figure, the positive displacements are, of course, reduced because of the obstruction due 

the adjacent structure. Also reduced are the positive shear force values in the stories below 

the pounding levels, but this has little design implication as the shear forces on the negative 

side for these levels are essentially unchanged. A dramatic increase in the shear force and 

overturning moment in the top stories, compared to their values in the no-pounding case, 

has, of course, definite design implications. The top floors are seen to be affected the most 

by pounding. Also, the case with no gap is most severe and, as we would expect, increasing 

the gap size reduces the overall pounding effect. 

11



2.5 Effect of Story Stiffness 

The next set of four figures shows the effect of changing the story stiffness of the ten- 

story structure on the pounding response. Two additional story stiffnesses, with i and ra 

of the original story stiffness, have been considered. All other structural parameters are 

the same as in the basic configuration. Also, the gap between the pounding structures is 

assumed to be zero. 

Figure 2.13 is for the single level pounding case whereas the next figure (Figure 2.14) 

is for the multiple pounding case. A decrease in the story stiffness causes the pounding 

displacement response to increase and the shear and moment responses to decrease. Simi- 

lar observations also apply to the multiple pounding case (Figure 2.14), although a slight 

increase in the overturning moment at the base for the case of a flexible structure is also 

noted. Comparison of the responses in the multiple and single pounding cases is again best 

shown by their ratios which are plotted in Figure 2.15. In general, below the pounding 

level, the multiple pounding seems to cause lower displacement and shear responses than 

the single pounding case. The overturning moment response, on the other hand, is seen to 

be higher in the multiple pounding case at the lower levels of the softer structures. 

In Figure 2.16, we compare the multiple pounding to no-pounding responses for struc- 

tures with different stiffnesses by plotting the ratios of the two responses. It is seen that 

decreasing the stiffness does not necessarily decrease the pounding effect of increased shear 

above the pounding level as the curve for the stiffest structure is in between the curves of 

the two softer structures. The overturning moment due to pounding, however, increases at 

the lower levels when the structure becomes softer. 

2.6 Effect of Floor Mass 

The next four figures show the effect of changing the floor mass and keeping all other 

parameters the same as in the basic case. Again the gap size is taken as zero. The response 

results for the structures with I and 1 of the original mass have been compared with 

12



the response for the basic case. The lower the mass, the higher the fundamental frequency. 

Figures 2.17 and 2.18 show the results for the single and multiple pounding case. The larger 

mass structure is seen to experience a higher level of response in pounding. Comparison of 

the responses in the multiple and single pounding cases is shown by plotting the ratio of 

the two responses in Figure 2.19 for different mass parameters. It is noted that changing 

the mass does not seem to change the ratio of the multiple to single pounding responses 

except in the vicinity of the top floor and the pounding floor in the case of shear response 

and near the base in the case of the overturning moment response. As in the previous case, 

the displacement and shear force responses are in general less in the multiple pounding case 

with some exceptions near the fifth floor in the shear response and near the base in the 

moment response. 

In Figure 2.20 we compare the responses obtained in the multiple pounding case with 

the responses in the no-pounding case. The figures for all three responses show that the 

pounding effect is most severe in the case of the structure with the largest mass, except 

near the top in the shear and moment responses where the structure with the lowest mass 

seems to be more severely affected by the pounding than the heavier structure. 

In Figure 2.21 we put together the results of Figures 2.16 and 2.20 to compare the 

effect of the fundamental frequency of the structure on its pounding susceptibility. The 

fundamental frequencies ranged between 0.326 and 2.604 cps. Comparing the results for 

various frequencies we observe that there is no particular correlation between the funda- 

mental frequency of the structure and pounding severity measured by the increase in the 

response caused by pounding. Pounding, being an impact phenomenon, probably interacts 

with the higher frequency modes the most and not with the lower fundamental frequency 

of the structure. The fundamental frequency of a structure, thus, does not seem to be a 

significant parameter in predicting the pounding effects. 
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2.7 Effect of Pounding Stiffness 

Next we examine the sensitivity of the results with respect to the assumed value of the 

stiffness coefficient of the pounding spring (8.76E + 10 N/m), a parameter which is hard 

to predict. We consider three values of the stiffness coefficient which are 1, 2 and 4 times 

the stiffness used in the previous figures. In Figure 2.22 we plot the ratio of the multiple po 

pounding to the single pounding case. We observe that the shear response ratio near the 

top pounding floor is reduced by an increase in the stiffness. Thus with stiffer pounding 

spring, neglecting the multiple pounding can overestimate the response. At the same time, 

however, neglecting the possibility of multiple pounding can also lead to underestimation 

of the overturning moment effect, especially near the base. 

In Figure 2.23 we plot the ratio of the response with pounding to the response without 

pounding for structures with three different pounding stiffnesses. For the range of stiffness 

variation considered here, the displacement and shear responses are not changed very much 

with a change in the pounding stiffness. The overturning moment effect at the bottom 

level is increased with an increase in the pounding stiffeness. That is, a stiffer spring tends 

to cause a higher overturning moment response at the lower levels of the structure due to 

pounding than a softer spring. 

2.8 Effect of Change in the Pounding Level 

Here we compare the response results obtained when the height of the rigid structure is 

changed. We consider pounding with rigid structures of 1 to 10 story heights. The response 

values for the displacement, story shear and overturning moments obtained in the multiple 

pounding cases are shown in Figures 2.24 and 2.25. We observe that the displacements on 

the pounding side become smaller as the number of floors invloved in pounding increases. 

The displacements on the other side do not necessarily increase with the number of pounding 

floors; they seem to be reaching their maximum values when about five or six floors are 

involved. For higher level poundings, these displacements seem to become less, as is seen 

14



from Figure 2.25. As noted before, the shear decreases below the top pounding floor, but 

increases dramatically above this floor. It is always the next higher story which experiences 

the highest shear force. The maximum shear force values attained in all cases are about the 

same (see Figure 2.24), except for the pounding higher than level six the maximum shear 

becomes small (see Figure 2.25). It seems that for the ten-story structure considered here, 

the pounding against a five or six story rigid structure would seem to cause the highest 

deformation and maximum story shear responses. The negative shears, however, do not 

seem to have any particular trend with a change in the height of the rigid structure, but 

pounding against a five or six story structure again causes the largest response. 

The overturning moment response has a definite trend: as the height of the adjacent 

rigid structure is increased, the overturning moment is also increased. A very large increase 

in the overturning moment is noted for the case when all floors impact (see Figure 2.26). 

Figures 2.26 and 2.27 show the ratio of the pounding to no-pounding responses for 

different numbers of floors involved in the impact. It is noted that as more floors are 

engaged, the effect of impact as measured by the increase in the positve shear force above 

the pounding level is increased. The increase in the negative shear caused by pounding, 

however, does not have any particular trend. The increase in the overturning moment due 

to pounding with an increasing number of floors is quite obvious: when the top floor is 

also engaged, the overturning moment on the negative side can increase dramatically due 

to pounding. This is primarily due to large impacting forces applied at the top with large 

lever arms. 

2.9 Effect of Pounding on Floor Accelerations and Floor Response Spec- 

tra 

In Figure 2.28 we plot the maximum accelerations of various floors caused by pounding 

of the basic configuration ten-story structure against a five-story rigid structure. Also shown 

are the accelerations obtained with no pounding. A large increase in the acceleration due to 
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pounding is noted at all floor levels. The acceleration of the highest floor of pounding (fifth 

floor) is, of course, the highest. In Figure 2.28(b) we also plot the ratio of the maximum 

accelerations obtained with and without pounding. It is seen that in this case the pounding 

accelerations are up to about 7 times the no-pounding accelerations. 

In the next two figures(Figures 2.29 and 2.30) we also plot the acceleration floor response 

spectra of all floors. These spectra give a more complete picture about the frequency 

content of the floor acceleration time histories. In these figures are also plotted the floor 

spectra without any pounding. It is seen that floor spectra are greatly amplified in the 

high frequency range, indicating that pounding introduces high-frequency components in 

the response. 

In Figure 2.31 we plot the ratio of the floor response spectrum values obtained with and 

without pounding. It is noted that this ratio is more than 1.0 for almost all frequencies 

higher than 1.5 cps. For frequencies higher than 10 cps there is a large increase in the floor 

response spectrum values due to pounding. Also, it is noted that there are two distinct 

groups of amplifications. The pounding floors are seen to experience a much larger increase 

in the spectrum values (as high as 14 times the no-pounding spectrum values) than the non- 

pounding floors, although the non-pounding floors also experience a significant increase (as 

high as 7 times the no-pounding response spectrum values). The lowest floor experiences 

the highest amplification in the response spectrum values. Thus pounding can severely 

affect equipment which has high-frequency characteristics, especially those supported on 

the lower floors. 

2.10 Effect of Structural Damping on the Response due to Pounding 

To examine the effect of structural damping on the pounding response characteristics, 

all the results described above for 5% structural damping were also repeated for 2% and 

0% structural damping ratios. Qualitatively all the response characteristcs of the 2% and 

0% structure were very much similar to the response characteristics of the 5% damping 
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structure. We will therefore not present all the results, but for 2% damping, we will give 

the results of the ratios of the pounding to no-pounding responses for various parameters 

considered before. 

Figure 2.32 showing the effect of the clearance on the pounding response should be 

compared with Figure 2.12 showing similar results for 5% damping. The appearance of the 

figures is very similar, but the numbers are slightly different. The structure with smaller 

damping seems to experience a larger pounding effect. 

The results in Figure 2.33 showing the effect of changing the structural stiffness parame- 

ter for the 2%-damping structure should be compared with their counterparts in Figure 2.16 

drawn for the 5%-damping structure. Similarly, Figures 2.34, 2.35 and 2.36, drawn for 2% 

must be compared with the corresponding Figures 2.20, 2.21 and 2.23 drawn for a 5% damp- 

ing ratio. Although there are some differences in the relative positions of various curves 

and numerical values, qualitatively the two sets of results are similar. Comparison of Fig- 

ures 2.37 and 2.31, plotting the floor response spectra ratios of various floors, shows that 

there is a larger amplification of the spectral response due to pounding in the 2%-damping 

structure. 

In general, it is observed that a structure with a smaller damping value will invite a 

higher level of response due to pounding than a structure with higher damping. This con- 

clusion is also attested by the numerical results obtained for a structure with 0% damping, 

although these results have not been reported here. 

2.11 Summary 

In this chapter, the effect of pounding of a 10-story structure against a rigid obstruction 

was examined. A parametric study involving the following structural parameters has been 

conducted: (1) clearance between the structure and adjacent obstruction, (2) stiffness, mass 

and frequency of the structure, (3) pounding stiffness coefficient, (4) height of rigid obstruc- 

tion and (5) damping ratio of the structure. The numerical results for the displacement, 
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story shear, overturning moment and floor acceleration responses have been obtained. The 

pounding responses were compared with the no-pounding responses to ascertain the effect 

of pounding. The main observations of this study are: 

1. The pounding causes a severe increase in the shear force in the stories above the 

pounding stories, with the largest relative increase occurring in the top story. The 

supporting columns in the higher stories will, therefore, experience a large increase in 

their bending moments and are likely to be damaged first by pounding. 

2. The overturning moment at different story levels and at the base level is also increased 

significantly. This increase may affect the stability of individual columns of the lower 

stories and also the entire structure. 

3. Pounding causes a large increase in the floor accelerations, especially of the floors 

involved in pounding. Also floor acceleration response spectrum values are ampli- 

fied many times in the high frequency range. Thus, the high-frequency equipment 

supported on the lower floors is most vulnerable to structural ponding. 

The conclusions of the parametric study are: 

1. The pounding effects are most severe when there is no clearance between the structure 

and the adjacent obstruction. 

2. The stiffness, mass and fundamental frequency of the vibrating structure are impor- 

tant parameters affecting the pounding response. However, no special trend in the 

response change with respect to these parameters could be identified. 

3. For the range of pounding stiffness coefficient values considered in the analysis, the 

pounding response was not found to be very sensitive. 

4. For the 10-story example problem considered herein, the increase in the story shear 

was observed to be most severe when the adjacent obstruction was about five to six 
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stories high. The overturning moment at the base increased with the height of the 

obstruction. 

5. The structures with smaller damping are likely to be affected more severely by pound- 

ing. 
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Table 2.1: Natural frequencies and maximum positive displacements of the basic configu- 

ration 

  

  

Frequency No. | Frequency (cps) | Floor No. | Maximum Floor Displacement (m) 

1 1.304 1 0.0124 

2 3.884 2 0.0243 

3 6.377 3 0.0355 

4 8.727 4 0.0457 

5 10.882 5 0.0545 

6 12.795 6 0.0622 

7 14.421 7 0.0686 

8 15.725 8 0.0738 

9 16.678 9 0.0775 

10 | 17.259 10 0.0794           
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(c) Overturning Moment Ratio 

  

Figure 2.12: Ratio of multiple pounding to no-pounding responses for various gap sizes
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(c) Overturning Moment Ratio 

  

Figure 2.15: Ratio of multiple pounding to single level pounding responses for various story 

stiffnesses
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(c) overturning moment ratio 

  

Figure 2.16: Ratio of multiple pounding to no-pounding responses for various story stiff- 

nesses
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(c) Overturning Moment (MN-m) 

  

placement, story shear and overturning moment responses — single level pounding case, 

Figure 2.17: Graphs showing the effect of changing the floor mass on the maximum dis- 

gap size = 0.0
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(c) Overturning Moment (MN-m) 

-1000 

placement, story shear and overturning moment responses — multiple pounding case, gap 

Figure 2.18: Graphs showing the effect of changing the floor mass on the maximum dis- 

size = 0.0
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(c) Overturning Moment Ratio 

  

Figure 2.19: Ratio of multiple pounding to single level pounding responses for various floor 

masses
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(b) Story Shear Ratio (a) Displacement Ratio 
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(c) Overturning Moment Ratio 

Figure 2.20: Ratio of multiple pounding to no-pounding responses for various floor masses 

40



 
 

 
 

  

 
 

  
  w
e
 

‘\ Y
 

x 
Ny, 

Lory 
“ 

N
O
A
M
 

‘
S
a
 

Ay 
&
 

VN 
i
s
e
 

4
 

N
O
N
S
 

0
 
T
A
s
 

V
O
C
s
 

‘ 
r
e
 

“ 
~
 
a
e
 

‘ 

se 
SL 

OFAN 
he 

e
m
c
e
e
 

. 
+] 

wR 
a
g
o
 
\
s
 

o 

X
M
 

hme 
\
 

m
 >
 

N
a
e
 

a 
5
 

t 
T 

v 
¥ 

t 
T 

T 
T 

T 
t 

ao 

2 
a 

> 
wa 

“
 

7
0
2
 

Z
e
e
 
o
n
e
 

~
 

Seda 
a
e
 

e
e
e
 

~
~
 

- 
DQ 

s
n
 

a
t
t
 
t
e
e
 

r
e
e
 

S
e
m
e
n
 
e
r
e
 

re 
8 

-
 

w
o
e
s
 
p
e
n
n
e
 
e
S
 

ag 
ae 

o
S
 
S
e
 

en e
r
e
 
r
e
e
r
 

8 
O
e
 
U
e
 
a
e
 

o
d
 

w
e
r
e
 

we 
E
S
 

L
T
 
e
e
 

— 
i 

~
"
 

e
T
 
e
e
 
TR 

tt 
an e
r
 

=_ 
= 

e
e
 

The 
ae 

0 
S
T
L
 

FL 

H
e
t
 

B
e
a
n
w
m
a
 

° 
Be 

Bs Oe 
ey 

i 
—
 

T 
T 

T 
a
 

=
 

T 
T 

Oo 

oS 
1a 

L? 
o
n
w
i
o
d
y
 

” 
4 

_ 

N
W
M
O
H
W
D
 
2
 

2 
2 

e
e
e
 

a
 
e
e
 

~ 
| 

prone 
acres 

teen 
wane 
0
 

- 

S
O
u
s
t
a
 

“— 
D
e
t
 

e
r
 
t
a
s
 

o
e
 

oe 

nit 
oe 

e
e
e
 

x 
0
 

AURORA 
aoe a

a
a
 

3 
” 

sere 
“. 

eo 
—
 

o
r
e
 

~s. 

° 
s
e
r
 

oo 
ee 

‘s 
° 

.
 

a
o
 

re 
Paty 

a 
, 

-
 

t
a
l
,
 

“sy 

mee 
se 

- 

w
a
l
t
,
 

\ 
. 

~ 
~ 

5, 
l
w
 

~~ 
te 

tS, 
° 

. 
& 

—
 

~ 
a
s
 
I
h
,
 

L
S
 

2
 

t 

hawt 
~
 

oe 
t
e
 

S
N
S
 

3 
° 

a 
~
 

a 
—
 

S
Q
 

R
 

~
 

' 

a
N
 

w
e
e
r
 
a8 

e
y
 

o
 

ted 
N
L
 

oc 
”-—-rrr”—~—-«* 

T 
a 

o 
! 

~ 
a 

o
a
 

ov £ 
Lo 

oO 
) 

Oo 
3
 

tee 
eee 

a
S
 

S
I
L
 
e
e
n
 
E
P
 

| 
jo™ 

I
.
 

=
F
 

B 

A
 

e
a
r
s
a
c
s
n
e
r
 
e
t
t
 

° 
~
-
 
S
a
n
 

. 
L
O
 

“oO 

s
e
 
M
w
 

~
 

—
 

t
e
t
 

t
r
e
e
 

’ 

. 
Q 
2
 ~~ § 

41 

(c) Overturning Moment Ratio 

Figure 2.21: Graphs showing the effect of fundamental frequency of the structure on the 

multiple pounding to no-pounding responses



  
  

      

    

10- ; 7 
| i 

| 10 (' 

I 4 
\ 4 f | ¢ | pf 

! poy 4 | | i ft 3 po] 
fi | ait 5- wet t 5 ~ eek | v | i : 

We { | / Oe 
hy \ ae it ( |" hi 

t a We t | i i it 
qui 

~2 =I "Oo 1 2 ~2 “1 a i 2 
(a) Displacement Ratio (b) Story Shear Ratio 

seecees s=8.76E+09 N/m 
---- s=1.75E+10 N/m 
-—- — s8=3.50E+10 N/m 

10- 

| 4 , i 
i 
j a | 

ee i 

1 ft 5 
| 

] 1 

| t \ 

“i | 
/ A 7 

/ ii | 

— _ i —f — —1 ~2 ~1 0 i 2 

(c) Overturning Moment Ratio 

Figure 2.22: Graphs showing the effect of the impact stiffness coefficient on the ratio of 

multiple pounding to single level pounding responses 
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Figure 2.23: Graphs showing the effect of impact stiffness coefficient on the ratio of multiple 

pounding to no-pounding responses 
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(c) Overturning Moment Ratio 

Figure 2.34: Ratio of multiple pounding to no-pounding responses for various floor masses 

(2% structural damping)
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Figure 2.35: Graphs showing the effect of fundamental frequency of the structure on the 
multiple pounding to no-pounding responses (2% structural damping)
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Chapter 3 

POUNDING OF MDOF FLEXIBLE 
STRUCTURES 

3.1 Introduction 

In chapter 2, we examined the pounding of a multi-story structure against a rigid ob- 

struction. In this section we will consider both pounding structures to be flexible. In the 

following section we develop the equations of motion. The numerical results parallel to 

those presented in chapter 2 are also obtained for this case. They are discussed and com- 

pared with the results for the rigid case in the subsequent section. Also considered is the 

nonlinear Hertz model for pounding stiffness. The numerical results for the nonlinear and 

linear pounding stiffness models are also compared. 

3.2 Equations of Motion 

Two multi-story flexible shear buildings are considered and identified as p and s-structures. 

The properties associated with these structures will be identified by subscripts p and s, re- 

spectively. 

Let the p-structure be modeled as a p degrees of freedom [DOF] system described by 

stiffness matrix [A], damping matrix [C,], and mass matrix [M,]. Similarly, the s-structure 

be modeled as an s DOF system with stiffness matrix [A], damping matrix [C,] and mass 

matrix [M,]. It is assumed that p > s. 

It is assumed that the floor heights of both structures are the same and, therefore the 

pounding will occur only at their floor levels. A schematic of the two structures is shown 

in Figure 3.1. As assumed before, the impact is modeled by a linear spring and dashpot 
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element introduced between the colliding floor masses of the two structures. 

Figure 3.2 shows the free body diagram of the colliding masses of the two structures. 

Using Newton’s law, the equation of motion for the two masses can be written as: 

Mipbip(t) + (Kip + Kipti + $i)tip(t) — Kiptip—1(t) — Kips 12ipti(t) 

+d;%ip(t) — ditig(t) — sizis(t) — sig; = —Mip%,(t) (3.1) 

Miskis(t) + (his + kisti + $i) @is(t) — histis_1(t) — Kisti 2isgi(t) 

+d;z;,(t) _ d;< jp(t) — Sj Zjp(t) + 8g; = —™Mis 9(t) (3.2) 

where z;,, Mip and kjp, respectively, are the relative displacement, mass and the combined 

column stiffness of the ith story of the p-structure. Similar quantities with subscript s 

pertain the s-structure. The stiffness and damping coefficient of the impact element are s; 

and d;. The gap between the two colliding masses is denoted by g;. 

It is noted that when 6; = zip — tis — 9; < 0, there will be no pounding. In that case 

the terms containing s; and d; in equations 3.1 and 3.2 are set equal to zero. 

Collecting equations for all masses, the combined equations of motion of the two pound- 

ing systems can be written as: 

[M]{X} + [C]{X} + [K]X} + {FP} = -[M]{r} é,(2) (3.3) 

where 

fy j=[ bel | a



  
  

    

[Cp] 0 
[C] = + [D] (3.5) 

0 [Cs] 

K 0 
[K] = A] (3.6) 

0 [K,] 

a o pe esa “ 

a ~O 0 0 0 —-s, 0... O 

S52 0 0 0 0 — S89 0 

s, 0 0 0 O —S, 

0 0 0 0 0 

[S] = (3.7) 

0 0 0 0 

SYM. s, 0 0 

82 0 

Ss 

91 

92 

{F}=-[5]4 gs | (3.8) 

0 

[0 |     
where [M,], [Cp] and [K,] are the mass, damping and stiffness matrices of the p-structure. 

They are the same as those defined in chapter 2. The matrices associated with subscript s 
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belong to the s-structure. The matrix [D] in equation 3.5 is of the same form as matrix [5]. 

except that s; in equation 3.7 are replaced by d; to obtain [D]. The sizes of submatrices in 

[5], and similarly in [D] are shown in equation 3.7. 

The system of equations 3.3 is solved by the Newmark-{ approach to obtain numerical 

results for the parametric study, the results of which are presented in the following section. 

3.3 Numerical Results 

Numerical results have been obtained for several configurations of two pounding struc- 

tures. The assumed basic configuration consists of a ten-story flexible structure pounding 

against a five-story flexible structure, as shown in Figure 3.1. In the basic configuration 

the structural parameters for both structures are: the floor mass =6.02EF + 5 Wg, story 

stiffness =1.81E +9 N/m and the stiffness of the impact spring =8.76E +9 N/m. The 

damping ratio of 0.05 has been assumed in each mode. Also a dashpot with coefficient 

d; = 2.04E +7 Kg/sec has been added at each pounding interface to include some loss of 

energy due to pounding in the analysis. A parametric study parallel to the study presented 

in chapter 2 has been conducted here to examine the effect of changing various parameters 

of the two systems. 

The seismic base motion considered to obtain the numerical results is the 1941 N-S El 

Centro component with maximum ground acceleration of 0.2 G. 

3.4 Effect of Gap Size 

To evaluate the effect of pounding, the ratios of multiple pounding to no-pounding 

responses for different gap sizes are shown in Figure 3.3 for the ten-story structure and in 

Figure 3.4 for the five-story structure. The results in Figure 3.3 show that on the pounding 

side the displacement ratio is less than 1.0 for the gap size of zero, and converges to 1.0 

as the gap size increases. The story shear above the top pounding level increases, and 

this increase becomes less as we widen the gap between the two structures. In the case of 
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overturning moment, pounding causes a large increase in the negative overturning moment, 

especially at the base and top stories. Again these increments become small and approach 

the no-pounding case as the gap size is increased. The negative displacements, negative 

story shears and positive overturning moments remain essentially unchanged. 

For the five-story building, the displacements on the pounding side (that is, the negative 

displacements) are reduced because of the obstruction from the adjacent structure, as seen in 

Figure 3.4. Also reduced are the negative story shears. The positive displacements, positive 

story shears, and positive and negative overturning moments, however, increase due to 

pounding. These increases are more noticeable at the top story of the structure. The most 

severe effect of pounding is felt in the story shears and overturning moments. The positive 

overturning moments increase dramatically with decreasing gap size. Increasing the gap 

size causes the responses to approach those for the no-pounding case. 

Figure 3.5 shows the plot of the story shear ratio versus the gap ratio. The gap ratio is 

defined as the ratio of the clearance between the structures to the unobstructed maximum 

displacement of the taller structure at the highest pounding floor. It is seen that, like a 

whiplash effect, the largest relative increase in the shear occurs in the highest floor, as is 

indicated by the shear ratio of story 10; for zero gap, the pounding has caused the shear force 

to increase by about 140% in this particular story. Thus if the higher floors are designed 

with a tight safety margin they are likely to fail first due to this relatively large increase 

in the shear force caused by pounding. However, as expected, the effect of pounding is 

reduced as the gap size is increased. For a gap ratio of slightly higher than 1.0, the shear 

ratio also approaches a value of 1.0, indicating no pounding of the structures. Figure 3.6 

shows results similar to those shown in the previous figure but not in ratio form. It is seen 

that although the relative increase in the shear force due to pounding is larger in the higher 

stories, the magnitude of the shear force is actually larger in the lower stories. Thus lower 

stories may still be required to be designed for higher shear forces. 

In Figure 3.7 is shown the variation of the absolute accelerations of various floors versus 

the gap. Similar information is shown in Figure 3.8 in the ratio form where the ratio of 
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pounding acceleration to the no-pounding acceration is plotted against the gap ratio. From 

these figures it is seen that all pounding floors experience a rather large increase in their 

accelerations due to pounding (about 8 to 9 times the no-pounding accelerations). This 

effect is reduced (more so for the lower floors) as the gap ratio is increased. Later on it is 

shown that the corresponding floor acceleration spectra are also increased significantly by 

pounding. This is of direct relevance in the design of supported secondary systems. 

3.5 Effect of Story Stiffness of the Five-Story Structure 

In this section the effect of changing the story stiffness of the five-story structure on the 

pounding response is investigated. Two additional story stiffnesses, with i and iz of the 

original story stiffness, have been considered. All other structural parameters of the two 

pounding structures are the same as in the basic configuration. Also the gap between the 

pounding structures is assumed to be zero. 

Figure 3.9 is for the ten-story structure whereas Figure 3.10 is for the five-story structure. 

In these figures we compare the multiple pounding to no-pounding responses for structures 

with different stiffnesses by plotting the ratios of the two responses. 

In Figure 3.9 it is seen that decreasing the stiffness of the five-story structure does not 

necessarily decrease the pounding effect of increased shear above the top pounding level, as 

the positive shear ratio for the highest and lowest stiffnesses are about equal and they are 

larger than the ratio for the medium stiffness. A similar observation can also be made for 

the negative overturning moments at the lower levels. In fact, it is interesting to note that 

the ratio of pounding to no-pounding response is about 1.0 at all floor levels for the case 

when the stiffness of the shorter structure is reduced to 4.53£ +8 N/m. For this particular 

stiffness value of the shorter structure, the fundamental frequencies of the two structures 

are nearly equal. This causes them to vibrate in phase with each other, with minimum 

collision and pounding effect. 

Figure 3.10 shows that the negative displacement responses of the five-story structure 
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due to pounding decrease when the structure becomes softer. It is also seen that the story 

shear responses are highest for the stiffest structure. Also the overturning moment increases 

dramatically for the softest structure. Again for the case when the two structures have equal 

fundamental frequencies, the response ratios are nearly equal to unity as the two structures 

vibrate in phase with each other with a minimum number of collisions. 

3.6 Effect of Story Stiffness of the Ten-Story Structure 

The effects of changing the story stiffness of the ten-story structure on the pounding 

responses of the two structures are shown in Figures 3.11 and 3.12. As in the previous 

section, two additional story stiffnesses, with } and 4 of the original story stiffness, have 

been considered. All other structural parameters of the two buildings are the same as in 

the basic configuration. 

Figure 3.11 shows that the positive displacement responses at the lower levels decrease 

when the structure becomes softer. Also, decreasing the stiffness does not necessarily de- 

crease the pounding effect of increased shear above the pounding level, as the curve for the 

stiffest configuration is in between the curves of the two softer structures. The overturning 

moment due to pounding, however, increases at the lower levels when the structure becomes 

softer. 

Figure 3.12 shows the pounding to no-pounding response ratios for the five- story struc- 

ture. As the ten-story structure becomes softer, the negative pounding displacement and 

story shear responses increase. For the story shear this increase is highest at the top story. 

A large increase in pounding overturning moment response occurs for the softest structure. 

3.7 Effect of Floor Mass of the Five-Story Structure 

The next two figures show the effect of changing the floor mass of the five-story structure 

and keeping all other parameters of the two pounding structures the same as in the basic 

configuration. The pounding to no-pounding response ratios for the structures with ; and 
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; of the original floor mass are shown for the ten- and five-story structures in Figures 3.13 

and 3.14. respectively. As shown in Figure 3.13, for the largest mass of the five-story 

structure. the pounding response is largest for the ten-story structure. On the other hand, 

Figure 3.14 shows that, for the largest mass of the five-story structure, the pounding re- 

sponse is the lowest one. Generally as the mass decreases, the pounding response increases. 

This increase is more severe for the story shear (especially at the top story) and overturning 

moment. 

3.8 Effect of Floor Mass of the Ten-Story Structure 

Next we examine the effect of changing the mass of the ten-story structure by keeping 

all other parameters of the two pounding structures the same as in the basic configuration. 

The pounding to no-pounding response ratio for the structures with 5 and ; of the original 

mass are shown for ten- and five-story structures in Figures 3.15 and 3.16, respectively. 

Figure 3.15 shows that as the mass of the ten-story structure decreases, the positive 

pounding displacement response increases. The same kind of behavior can be seen in the 

positive story shear for the pounding floors. The positive shear for the top floors and 

negative overturning moments are higher for the heavier ten-story structure. Again as the 

fundamental frequencies of the two structures become closer, the ratio of pounding to no- 

pounding response is nearly equal to 1.0 for all stories due to the fact that the motions of 

the two structures are in phase with minimal collision and pounding effect. 

The effect of increase in the mass of the ten-story structure on the response of the five- 

story structure is seen in Figure 3.16. The positive displacements, shears and moments are 

larger for the heavier ten-story structure. Again when the fundamental frequencies of the 

two structures become closer, a uniform decrease in the pounding response of the five-story 

structure is observed in the figures. That is, whatever pounding occurs in this case, it only 

reduces and not increases the story shear and overturning moment. 
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3.9 Effect of Pounding Stiffness 

To examine the sensitivity of the pounding responses with respect to the assumed value 

of the stiffness of the pounding springs, we consider three values of the stiffness coefficient 

which are 1, 2 and 4 times the stiffness used in the basic configuration. 

In Figure 3.17 we plot the ratio of pounding to no-pounding responses with three differ- 

ent pounding stiffnesses. For the range of stiffness variation considered here, the displace- 

ment and shear responses are almost unchanged with a change in the pounding stiffness. 

The overturning moment effect at the lower pounding levels is, however, increased with an 

increase in the pounding stiffness. That is, a stiffer spring tends to cause a higher overturn- 

ing moment response at the lower levels of the ten-story structure due to pounding than a 

softer spring. 

In Figure 3.18 we plot the ratio of pounding to no-pounding responses for the five-story 

structure. The displacement and shear responses are not changed much with a change in the 

pounding stiffness. The overturning moment pounding response increases with an increase 

in the pounding stiffness. 

3.10 Effect of Change in Height of s-Structure 

In this section we consider the pounding of the p-structure against the s-structure with 

different heights. The height of the s-structure is changed from one story to nine stories. 

The properties of the two structures are the same as in the basic configuration. The gap 

between the structures is assumed to be zero. The results are again presented in the form 

of ratios of the pounding to no-pounding responses. Figures 3.19 and 3.20 are for the taller 

structure and 3.21 and 3.22 are for the shorter structure. Figures 3.19 and 3.21 show the 

results for the s-structure heights of 1, 2, 3, 4 and 5 stories, whereas Figures 3.20 and 3.22 

show similar results as Figures 3.19 and 3.21 but for the s-structure heights of 6, 7, 8 and 

9 stories. 

From Figures 3.19 and 3.20, it is noted that below the highest pounding level in the taller 
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structure, the positive displacements and story shears decrease slightly whereas the over- 

turning moment and floor accelerations increase dramatically. Above the highest pounding 

floor level. the story shear and overturning moments also increase significantly. Also the 

most severe pounding effect is observed when the s-structure is 5 or 6-stories high, that is, 

when it is about half as tall as the taller structure. 

The effect on the s-structure is shown in Figure 3.21 and 3.22. A very short structure 

shows higher displacement and story shear ratios and lower overturning moment and ac- 

celeration ratios. As the height of the s-structure is increased, the shear ratio is seen to 

decrease. The overturning moment and acceleration ratios on the other hand increase with 

an increase in the height up to 5 stories and then decrease thereafter. That is, a medium- 

height s-structure experiences the maximum overturning effect and floor acceleration due 

to pounding. 

3.11 Effect of Pounding on Floor Response Spectra 

As was done in chapter 2, here also we plot the floor response spectra of various floors for 

the pounding and no-pounding cases. The floor spectra for the ten-story building are shown 

in Figures 3.23 and 3.24, and for the five-story structure in Figure 3.25. In all these cases, 

it is seen that floor response spectra with pounding are very high compared to the spectra 

with no pounding, especially in the high-frequency range. To show the relative increase, in 

Figures 3.26 and 3.27 we plot the ratio of pounding to no-pounding floor spectra at various 

frequencies for the ten-story and five-story structures, respectively. First we note that due 

to pounding the floor spectrum values of the pounding floors are amplified much more than 

the spectrum values of the higher (no-pounding) floors. A similar observation was also made 

when we discussed Figure 2.32 in chapter 2. However, a comparison of the amplification 

values obtained in Figure 3.26 with those in Figure 2.32 also shows that the pounding floors 

of the ten-story structure are more severely affected, especially in the high-frequency range 

when the adjacent structure is considered flexible. Also a comparison of the ratios for the 
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pounding floors in Figure 3.26 for the ten-story structure with the ratio shown in Figure 3.27 

for the five-story structure shows that the floor spectrum values of the ten-story structure 

floors are more severely affected by pounding than those of the five-story structure. 

3.12 Pounding Response of Equal Fundamental Frequency Structures 

While discussing Figures 3.9 and 3.15, it was observed that when the fundamental fre- 

quencies of the two structures were the same, the pounding effect was somewhat lessened. 

To examine this effect further, we considered three sets of pounding structures with fun- 

damental frequencies of 0.653 cps, 1.304 cps and 2.484 cps. We show the pounding to 

no-pounding response for displacement, story shear, overturning moment and absolute ac- 

celeration ratio for the ten-story structure in Figure 3.28 and for the five-story structure in 

Figure 3.29. It is noted that for the ten-story structure the displacement, story shear and 

positive overturning moment ratios are near 1.0, indicating that there is not much pounding 

effect. The negative overturning moment and floor acceleration values for the flexible case 

show the same pounding effect. Similar observations are also applicable to the five-story 

structure (Figure 3.29) as well, except that in this case now the overturning moment and 

acceleration values which are affected by pounding are on the opposite side from those of 

the ten-story structure. 

3.13 Pounding Against a Flexible Versus Rigid Structure 

In chapter 2, the s-structure was assumed to be rigid, whereas in this chapter it is 

assumed to be flexible with the same mass and stiffness parameters as the first structure. 

To show the effect of the s-structure flexibility in the pounding analysis, in Figures 3.30 

through 3.33 we plot the ratios of the flexible to rigid responses for various parametric 

variations from results shown in Figures 3.3, 3.11, 3.15 and 3.17. The s-structure properties 

are taken the same as in the basic configuration. Thus we plot the ratios of flexible to 

rigid responses obtained for different gap sizes in Figure 3.30, for different stiffness and 
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mass parameters of the ten-story structure in Figures 3.31 and 3.32, respectively, and for 

different contact stiffness coefficients in Figure 3.33. In all cases, ratios greater than 4, which 

occur for the positive displacements and shears for the pounding floors, are not shown as 

these two responses are not critical or significant. In all other response quantities, it is 

noted that this ratio is not exactly equal to 1.0 but does fluctuate around the value of 1.0 

for various cases. These fluctuations are quite large in the floor acceleration response. This 

implies that, for calculating the response, it will not be accurate to consider the smaller 

structure rigid when it is not. The inclusion of s-structure flexibility might complicate the 

analysis somewhat, but for evaluating the pounding effects it is necessary that flexibility of 

the smaller structure is also reflected in the analysis. 

3.14 Pounding with Hertz’s Spring Model 

A study of structural pounding involves several parameters. We do have a better handle 

on most of these parameters except the parameter of stiffness and coefficient of damping 

of the contact element at the pounding interface. In the numerical study in the previous 

section and in chapter 2, it was assumed that the pounding stiffness was linear. However in 

pounding studies, the Hertz contact model has also been adopted to represent the pounding 

stiffness. In fact it has been claimed to be more realistic [14,15], as it has been derived on 

the basis of elastic behavior during contact of two bodies. Without going into the details 

of the merits or validity of this model, it is considered appropriate to include this model as 

well in the parametric study presented herein. In this section, therefore, we now assume 

that the contact stiffness is such that the contact force is given by the following nonlinear 

relationship: 

w
]
e
 

F, = 8;(2ip — Lis — Gi) (3.9) 

Since no damping model is available in the literature to represent the energy loss, here 

we have assumed the same model as the one used in the previous numerical study. 
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The numerical responses have been obtained for pounding between two flexible struc- 

tures. Since the primary purpose of these results is to see what effect this nonlinear model 

will have on the response compared to the previously used linear model, here we present 

the numerical results only for the standard configuration (that is, the taller building is ten- 

stories high and shorter building is five-stories high). The stiffness and mass parameters 

are the same as described at the beginning of this chapter. 

3.14.1 Equations of motion with nonlinear model 

The free body diagram in this case remains the same as shown in Figure 3.2, except 

that the interface force between the colliding masses, instead of being s;(2ip — tis — gi), is 

now replaced by s;(2ip — Lis — 9i)?- This changes the form of the combined equations of 

motion to the following: 

[M]{X} + [C]X} +[K{X} + (FY = -[M]{r}é,(t) (3.10) 

where [M] and [C] are the same as in equations 3.4 and 3.5. The new stiffness matrix [.A’] 

and vector { F’} are, however, defined differently as: 

[Kp] 0 [K’] = (3.11) 

0 [K;,] 

3 ) 
(21 - Ln+1 — 91)? 

(v2 — tp42 — 92)? 

{F} =[S]4 (tp»-2p4s—9s)? (3.12) 

0 

0     
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It is noted that because of the nonlinear terms, these equations of motion are of different 

form than equations 3.3 - 3.8. 

To solve these equations, the fourth order Runge-Kutta method was used. The details 

of the method are quite standard and are available in texts on numerical methods [6]. 

Here, however, only the basic information needed to implement this method is provided for 

completeness sake. 

The (p+s) second order system of differential equations in 3.10 can be transformed into 

2(p+ s) first order differential equations as: 

[0] [J] {0} 

{Y} = {Y}+ (3.13) 

—[M|""[K)) -[M]""[C] —[M]{F"} — {r}#4(t) 

where 

21 

22 

{(Y} = vets , (3.14) 
Ty 

£2 

    | pts | 

The fourth-order Runge-Kutta method is applied to equation 3.13 directly to compute 

the solution across the ith interval accrding to the following equation: 

1 
Tir = Tj + GAM Kj + Whjo + Bhjs + kya) 
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where 

kyr = fi(tis 21, Cais. ++, La(ps),a) 

ee = 25+ pathy 

kjo = f(t t+ st tii the +++ 20(p45),4) 

Ty = Thi + 5 Ath;2 

kj3 = f;(ti t+ SAM Bis Fai +++) E2(p4s),i) 

Ti = Ty + Athys 

k54 = fyi + At, T1412, .s 1 F2(p45),i) 

j =1,2,...,2(p+ s) (3.15) 

3.14.2 Numerical results 

In Figure 3.34, we show the displacement, story shear force, overturning moment and 

floor acceleration responses for the taller (p-structure) obtained with linear and nonlinear 

models of the contact spring. It is interesting to note that the displacement and shear 

force responses are nearly the same for the two cases, but the negative overturning moment 

and floor acceleration of the colliding floors are quite different. The nonlinear model is 

associated with the lower values of these response quantities. In Figure 3.35, we compare 

the ratio of the nonlinear to linear responses. As observed before, this ratio is nearly equal 

to 1.0, except for the overturning moment and floor acceleration responses where it is less 

than 1.0. 

Results similar to those in Figures 3.34 and 3.35 are also presented in Figures 3.36 

and 3.37 for the smaller (s-structure). Here again we observe that the differences in the 

displacements and story shears are not large but the overturning moments and acceleration 

values for the impacting floors are significantly different. Again, these values are smaller 

for the nonlinear case. 
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Thus we conclude that in general the nonlinear model will lead to a prediction of smaller 

response values than the values predicted by the linear model. 

The next set of figures shows the effect of nonlinear models on the floor response spectra. 

Figures 3.38 and 3.39 are for the taller structure and Figure 3.40 is for the smaller structure. 

Again we observe that the nonlinear case gives lower floor response spectrum values than the 

values given by the linear case. This is more clearly shown in Figures 3.41 and 3.42 where we 

plot the ratio of the nonlinear to linear spectra for the ten-story and five-story structures, 

respectively. Except in the low-frequency range, this ratio is less than 1.0, indicating a 

smaller impacting effect if the impacting spring behaves according to Hertz’s model. 

To compare the effect of pounding on the floor spectrum response in the nonlinear case, 

we have plotted the ratio of pounding to no-pounding floor response spectrum values for the 

taller structure in Figure 3.43 and for the smaller structure in Figure 3.44. We observe that 

the floor response is affected by pounding. This effect is specially large for the pounding 

floors. However, when we compare these figures with Figures 3.26 and 3.27, we observe that 

the impacting effect is significantly reduced if the impact springs are nonlinear. 

3.15 Summary 

In this chapter, the pounding response of two flexible structures was examined. The 

parametric variation study involving the parameters of gap size, masses and stiffness of the 

two structures, stiffness coefficient of the pounding springs and the height of the smaller 

structure has been conducted. The response quantities calculated are displacement, story 

shear force, overturning moment, floor acceleration and acceleration response spectra. Also 

considered is the pounding of structures with equal fundamental frequencies as well as 

pounding of structures with pounding springs modeled according to Hertz’s contact law. 

The main conclusions drawn from this parametric study are that: 

1. The shear forces in the higher stories not involved in pounding are significantly in- 

creased. 
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2. Accelerations and high-frequency acceleration spectrum values of the floors involved 

in pounding are greatly increased. 

3. Overturning moments at the levels of the lower floors and the foundation are also 

increased. 

4. It is important to consider the flexibility of the shorter structure to assess the effect 

of pounding more accurately. That is, inaccurate conclusions can result in the study 

of a pounding problem if the shorter structure is considered perfectly rigid. 

Other conclusions of the parametric variation study are: 

1. The closer the structure, the more serious the pounding effects. 

2. The pounding effects depend upon the relative velocity as well as the relative mag- 

nitude of the colliding floor masses. The relative velocity depends upon the dynamic 

characteristics of the two structures such as frequency, damping and modal response 

characteristics, and not how the masses or stiffness of these structures change individ- 

ually. Therefore, any two simple shear structures with equal fundamental frequencies 

will experience minimal pounding as they are likely to move in phase with respect to 

each other during an earthquake. 

3. For the range of values considered for the impact spring stiffness, the pounding re- 

sponse was generally insensitive to this parameter. 

4. The consideration of nonlinearity in the impact stiffness according to the Hertz’s model 

mainly affected the magnitudes of the overturning moments and floor accelerations. 
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Figure 3.1: Schematic of a 10-story deformable structure pounding against a 5-story de- 

formable structure 
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Figure 3.2: Free body diagram of two typical floor masses of the p and s-structure in state 
of pounding 
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(c) Overturning Moment Ratio 

  

Figure 3.3: Ratio of multiple pounding to no-pounding responses for various gap sizes 

(10-story structure)
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Figure 3.4: Ratio of multiple pounding to no-pounding responses for various gap sizes 

(5-story structure) 
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(c) Overturning Moment Ratio 

Figure 3.9: Ratio of multiple pounding to no-pounding responses of the 10-story structure 

for various story stiffnesses of the 5-story structure
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(c) Overturning Moment Ratio 

Figure 3.11: Ratio of multiple pounding to no-pounding responses of the 10-story structure 

for various story stiffnesses of the 10-story structure
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Figure 3.12: Ratio of multiple pounding to no-pounding responses of the 5-story structure 
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(c) Overturning Moment Ratio 

Figure 3.13: Ratio of multiple pounding to no-pounding responses of the 10-story structure 

for various floor masses of the 5-story structure 

87



  
      

    

‘ 6- a ' : / i 
| : : / 13 é “" “7 : 4 : ‘i / aid , -” -7” 

| i pg iF poe i 4 ‘ ‘ / b! 4 ; a 7 | ; ! (i : ' , 
| i _ : é / ‘ ‘ 4 : / / | i : ! [ i roy iio. t ' if foo gy 

t T 6 an — -1 0 1 2 § 4 6 & 2 o 2 4 6 Bt 
(a) Displacement Ratio (b) Story Shear Ratio 

ceeseee m=8.02E+05 Kg 
-~-- m=3.01E+05 Kg 
-~—- m=1.51E+05 Kg 

§- 

4 i 7 i ‘ 
wt my 
wii J : st 
tht : 4 
moi, sos uf roy 
voy : ! ' 
{ ij : po 

r+ r 2 T T T T T if. T T T L, Tt 

~4 -2 0 2 4 6 8 10 12 14 

(c) Overturning Moment Ratio 
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(c) Overturning Moment Ratio 

  

Figure 3.15: Ratio of multiple pounding to no-pounding responses of the 10-story structure 

for various floor masses of the 10-story structure
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(c) Overturning Moment Ratio 

Figure 3.16: Ratio of multiple pounding to no-pounding responses of the 5-story structure 

for various floor masses of the 10-story structure 
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  (d) Absolute Acceleration Ratio 

pounding responses of the p-structure (s-structure heights: 6, 7, 8 and 9 
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(c) Overturning Moment Ratio 

Figure 3.20: The effect of changing the height of the s-structure on the ratio of multiple 
pounding to no 

stories)
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(c) Overturning Moment Ratio 

pounding to no-pounding responses of the s-structure (s-structure heights: 6, 7, 8 and 9 
Figure 3.22: The effect of changing the height of the s-structure on the ratio of multiple 

stories)



FLOOR 2 
10.0 10.0 

   co S 

i i 
10 . 

E E 
3 3 8 3 
a a 
< < 

01 
On 0.1 

FREQUENCY (CPS) FREQUENCY (CPS) 

10.0 FLOORS 10.0 FLOOR 4 

S o 

iy af 
8 8 
< 1.0 < 1.0 

E ps 
2 > 
5 3 
8 a 

< 2 

  

0.1 

  

FREQUENCY (CPS) FREQUENCY (CPS) 

10.0 

A
B
S
O
L
U
T
E
 
A
C
C
E
L
.
 

(G
) 

Ron
ey,

 

> 

  

07 

FREQUENCY (CPS) 

Figure 3.23: Floor acceleration response spectra of various floors in pounding and no- 

pounding cases for 10-story structure (multiple pounding against 5-story structure) 

97



10.0 10.0 

   C S 
J J 
o o 
g 1.0 < 1.0 

E E 
3 3 
2 a 
< < 

. 0.1 
° ha 0.2 

FREQUENCY (CPS) FREQUENCY (CPS) 

10.0 FLOOR 8 FLOOR 9 

cS S 
J 7 
o iW 
°o 3G 
wu 1.0 < 

5 E 
5 3 
2 2 
< < 

Oo    
FREQUENCY (CPS) FREQUENCY (CPS) 

FLOOR 10 
10.0 

1.0 

A
B
S
O
L
U
T
E
 
AC

CE
L.

 
(G

) 

0.1 

  

FREQUENCY (CPS) 

Figure 3.24: Floor acceleration response spectra of various floors in pounding and no- 
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(c) Overturning Moment Ratio 

  

Figure 3.28: Pounding response of equal fundamental frequency structures: response ratios 

for the 10-story structure
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Figure 3.30: The ratio of responses obtained in pounding against a flexible and a rigid 
5-story structure for various gap sizes
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(d) Absolute Acceleration Ratio 
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(c) Overturning Moment Ratio 

Figure 3.31: The ratio of responses obtained in pounding against a flexible and a rigid 

5-story structure for various story stiffnesses of the 10-story structure
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(d) Absolute Acceleration Ratio 
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(c) Overturning Moment Ratio 

Figure 3.32: The ratio of responses obtained in pounding against a flexible and a rigid 

5-story structure for various floor masses of the 10-story structure
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Figure 3.37: The ratio of nonlinear to linear pounding responses of the 5-story structure
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Figure 3.39: Floor acceleration response spectra of various floors of the 10-story structure 

obtained with linear and nonlinear impact spring model 
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Figure 3.40: Floor acceleration response spectra of various floors of the 5-story structure 

obtained with linear and nonlinear impact spring model 
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Figure 3.41: Nonlinear to linear pounding floor response spectrum ratios for the 10-story 
structure 
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Figure 3.42: Nonlinear to linear pounding floor response spectrum ratios for the 5-story 

structure 
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Figure 3.43: Nonlinear to no-pounding floor response spectrum ratios for the 10-story struc- 
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Figure 3.44: Nonlinear to no-pounding floor response spectrum ratios for the 5-story struc- 

ture 
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Chapter 4 

POUNDING OF STRUCTURES IN SERIES 

4.1 Introduction 

In chapters 2 and 3 the effects of pounding on the response of two adjacent structures 

were investigated. In many cities, however, several buildings in a row are commonly put 

next to each other. During an earthquake they can pound against each other. The end 

buildings will be subjected to one-sided pounding whereas a building in middle will be 

subjected to pounding on both sides. In this chapter, therefore, the problem of earthquake- 

induced pounding of multi-degree-of-freedom adjacent structures in a row will be examined. 

There can be many different possible arrangements of buildings in a row. Here, however, 

the numerical results for a simpler case of three buildings of the same height in a row are 

obtained. The effect of pounding on the response of the interior building subjected to two- 

sided impact, and the response of the exterior structures, subjected to one-sided impact, 

are investigated. 

4.2 Equations of Motion 

Let there be q adjacent buildings in a block, each modeled as a p degrees-of-freedom 

shear building. It is assumed that the floor heights of the structures are the same, and 

therefore the pounding will occur only at their floor levels. A schematic of such pounding 

structures in series is shown in Figure 4.1. As before, the impact is modeled by a linear 

spring and dashpot elements introduced between the pounding floor masses. 

To develop the equations of motion, consider the free body diagram of a typical mass 

m, of the interior and exterior buildings in a state of pounding shown in Figures 4.2 and 4.3 
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respectively. Using Newton’s law. the equations of motion for the masses of the interior and 

exterior buildings can be written as: 

Interior Building: 

mij Big(t) + (hig + Kiti,y + 8j-1 + $5) @6,5(t) — fej i-1,5(¢) 

— hig tiga g(t) + (dy-1 + dj )#i5(t) — dj-18i3-1 (4) 

— 523541 (t) — 8j-12ig-1(t) — $524,541 (2) 

+83-19j-1 — $39; = —™Mi,j F(t) (4.1) 

Exterior Building: 

mirdia(t) + (kia + kigaa + $1)eia(t) — kirti-1,1(t) 

— kina 1 2igai(t) + dizia(t) — dy 2%; 2(t) 

—8,2;(t) — 8191 = —Mj174(t) (4.2) 

where z;,;, m;,; and k;,;, respectively, are the relative displacement, mass and the combined 

column stiffness of the z-th story of the 7-th structure. The stiffness and damping coefficients 

of the impact element introduced between colliding masses, m;,; and m;;41, are s; and d,, 

respectively. The gap between these masses is denoted by g; and Z,(t) is the ground 

acceleration. 

Equation 4.1 is the general equation of motion of the mass m; for either interior building 

which undergoes the two-sided impact or the exterior building which is pounded on one side 

only. It is noted that equation 4.2 can also be derived from equation 4.1 by setting 7 = 1 and 

letting the terms containing s;_, and d;_; become zero. Also in the case of no-pounding 

when: 

61 = Fij-1 — Fig — gj-1 < 0 

62 = 2g — Bijt1— 9) <9 (4.3) 

120



then the terms containing s;_;, s;, d)_, and d; in equation 4.1 are set equal to zero. 

Collecting equations for all masses, the combined equations of motion of the q pounding 

buildings can be written as: 

    

[M]{X} + [C]{X} + [K]{X} + {F} = -[M]{r}2,(t) (4.4) 

where 

L [M1] 0 -«--. Q ] 

[M2] 0 

M = (4.5) 

SYM. * : 

[Mt] | 

| 1c) 0 0 | 

[C2] --- 0 

[c}- fo] a 
SY M. “Ot 

on     
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L [Ay] 0 0 

[ho] 0 

| x | = +| 5] (4.7) 

SY M. , 

KI | 

(S:] -[%] 0 0 

[Si] + [S2] —[52] wee 0 

§ | = me, me, : (4.8) 

SY M. [Sq—2] + [Sq-1] —[Sq-1] 

[Sq-1] ] 

where 

S; 0 0 

8 ... O 
| Si = (4.9) 

SYM. "Ot 

and 

122



    

f {Fi} | 

{£2} 

{ F I= 4 (4.10) 

{Fq-1} 

. {Fa} J 

where 

91 

tap = -[s]y 
f1 

91 92 

(ef= fs ]y i pois yy: 
91 G2 

(4.11) 

Jq—2 Jq-1 

{rea} = [sa}] ffs] 
| Gq-2 | Gq-1 

/ a 

fry=([sa]t: | 
| 9q-1 |     

Each structure is described by stiffness matrix [A], damping matrix [C,,], and mass 
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matrix [\7,,], where n = 1,...,q. They are the same as those defined in chapter 2. The 

matrix [D] in equation 4.6 is of the same form as matrix [S], except that s; in equation 4.8 

are replaced by d; to obtain [D]. It is noted that matrix [5] is of order g and submatrices 

[S;] are of order p. 

The system of equations 4.4 is solved by the Newmark-{ approach to obtain numerical 

results for the parametric study. 

4.3 Numerical Results 

Numerical results have been obtained for three pounding shear beam structures in a 

row. Each structure has ten stories. The “observed” structure or “examined” structure for 

which the response values are presented in the following pages could be an interior or an 

exterior structure. The structural parameters for the examined structure are: the floor mass 

=6.02F +5 Kg, story stiffness =1.81E +9 N/m and the fundamental frequency =1.304 cps. 

All the results discussed in the following and presented in Figures 4.4 through 4.7 are for 

this structure with these mass and stiffness properties. When this structure is placed at the 

corner, it is referred to as the exterior structure and when it is in the middle of the row, it is 

called the interior structure. The stiffness of the impact spring is chosen as 8.76£ +9 N/m 

and a dashpot with coefficient d; = 2.04F + 7 Kg/sec has been added at each pounding 

interface to include some loss of energy due to pounding in the analysis. The damping ratio 

of 0.05 has been assumed in each mode. 

Based on the study in the previous chapter, the effect of varying the important param- 

eters of fundamental frequency, floor mass, gap size and impact element stiffness on the 

pounding response is examined in this chapter. 

The seismic base motion used to obtain the numerical results is the 1941 N-S El Centro 

component with maximum ground acceleration level of 0.2 G. 

Effect of Adjacent Building Frequency 

In Figure 4.4 we show the pounding to no-pounding displacement, story shear, floor 
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acceleration and overturning moment responses of the exterior and interior structures for 

different frequency ratios (3,). Here, the floor masses of all three buildings in the row are 

equal to 6.02F +5 Kg. The parameter (, denotes the ratio of the fundamental frequency 

of the examined structure (for which the results are shown in the figure) to that of the 

neighboring structure. When the parameter 6, = 0.5, the fundamental frequency of the 

neighboring structure is 2.608 cps. To obtain this value of the frequency, the stiffness 

parameter for the neighboring structure must be 7.24E +9 N/m. For 6, = 1.5, which 

corresponds to a softer neighboring structure, the stiffness and frequency of the neighboring 

structure are equal to 8.04E + 8 N/m and 0.869 cps, respectively. From Figure 4.4 it is 

observed that: 

1. A softer (than its neighbor) exterior building will experience a higher response than a 

softer interior building. That is, one-sided pounding will aggravate the situation more 

than two-sided pounding for a softer building. 

2. If the observed building is stiffer than its neighbor, then the story shear is slightly 

higher when it is placed on the exterior (except at top). The acceleration and over- 

turning moment responses, on the other hand, are increased for a stiffer building 

placed in the interior. 

3. For an interior structure, the displacement and story shear responses are greatly 

affected by changes in the stiffness of the adjacent structures. On the other hand, the 

acceleration and overturning moment responses are not very sensitive to the changes 

in the stiffness of adjacent structure. 

4. For an exterior structure, the opposites of the statements made in paragraph (3) 

above are true. That is, displacement and story shear responses are less sensitive to 

the stiffness changes in the adjacent structure than the acceleration and overturning 

moment responses. 

5. A softer exterior structure will feel a large increase in acceleration and overturning 
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moment responses due to pounding. 

Effect of Adjacent Building Mass 

In Figure 4.5 we examine the effect of changing the mass of pounding structures. The 

mass of the observed structure is kept the same as in the previous figure, and the masses 

of the adjacent structures are varied. The spring constant of the adjacent structures is also 

varied to keep the frequency of these structures at 0.95 cps. Here, the ratio of the mass of 

the examined structure to that of the neighboring structure is denoted by G2. For 82 — 0.5, 

which corresponds to a heavier neighboring structure, the mass, stiffness and fundamental 

frequency of the neighboring structure are 1.204F +6 Kg, 1.92EF +9 N/m and 0.95 eps, 

respectively. For 82 = 2.0, which corresponds to a lighter neighboring structure, these 

parameters are equal to 3.01EF +5 Kg, 4.80F + 8 N/m and 0.95 cps, respectively. The 

following observations can be made from Figure 4.5: 

1. The displacement of a building on the exterior is amplified by pounding, whereas for 

an interior building it may be reduced. 

2. The story shear for an exterior building, whether heavier or lighter than its neighbor, 

is amplified by pounding. For an interior building, the shear is in general reduced by 

pounding, except for a building whose neighboring buildings are heavier. The shear 

at the top may be increased by pounding. 

3. Pounding increases the acceleration of all buildings. However, for an exterior heavier 

building this increase is not as large as for other three cases. 

4. The overturning moment is also increased due to pounding, except that for a heavy 

exterior building the increase is not as significant as it is for the other three cases. 
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Effect of Gap Size 

In Figure 4.6 we examine the effect of increasing the gap size on the pounding response of 

the interior and exterior structure. The structural parameters for the neighbouring structure 

are: the floor mass =6.02E + 5 Ag, story stiffness =9.60F + 8 N/m and the fundamental 

frequency =0.95 cps. It is observed that: 

1. For smaller gap size, the displacement and story shear ratios of the exterior building 

are larger than those of the interior structure. The acceleration ratio of the exterior 

building is somewhat smaller than that of the interior structure. The overturning 

moment ratios of the exterior and interior structures are almost the same. 

2. For larger gap size, the response ratios of the exterior and interior structures are 

almost the same, except the overturning moment ratios, which are larger for the 

interior structure. 

3. The increase in the gap size does not seem to reduce the effect of pounding as far as 

acceleration response is concerned. However for the overturning moment response, a 

larger gap size does mean a smaller overturning moment, especially for lower stories, 

both for interior and exterior structures. 

Effect of Impact Element Stiffness 

In Figure 4.7 the effect of impact element stiffness on the response of the exterior and 

interior buildings is examined. The structural parameters for the neighboring structure 

are: the floor mass =6.02F + 5 Kg, story stiffness =9.60F + 8 N/m and the fundamental 

frequency =0.95 cps. The following observations can be made from this figure: 

1. For both impact element stiffnesses examined, the displacement and story shear ratios 

(except at the top floor) of the exterior structure are larger than those of the interior 

structure, whereas the acceleration and overturning moment ratios of the interior 

structure are larger than those of the exterior structure. 
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2. Increasing the impact element stiffness by four times does not affect the displacement 

and story shear very much, but there is a relatively large increase in the acceleration 

and overturning moment responses of both interior and exterior structures. 

4.4 Summary 

In this chapter the effects of different parameters on the pounding responses of the 

exterior and interior structure of the same height in a row were investigated. The results 

show that the pounding responses of the exterior structure (subjected to one-sided impact) 

are very different from those of the interior structure (subjected to two-sided impact). Due 

to pounding, the exterior structure is usually penalized more than the interior structure 

when it is adjacent to either a stiffer or a heavier structure. If the neighboring structure 

is either softer or lighter, then the floor acceleration and overturning moment responses of 

the interior structure are larger than those of the exterior structure. The parametric study 

showed that, although the displacement and story shear responses are not very sensitive to 

the impact element stiffness, the floor acceleration and overturning moment responses are 

very sensitive to this parameter. 
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Figure 4.1: Schematic of adjacent structures in series undergoing the pounding 
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Figure 4.2: Free body diagram of a typical floor mass of the interior structure undergoing 

the two-sided pounding 
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Figure 4.3: Free body diagram of a typical floor mass of the exterior structure undergoing 

the one-sided pounding 
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Figure 4.6: Pounding to no-pounding response ratios of the observed structure (exterior or 

interior) for different gap sizes 
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Chapter 5 

EFFECT OF SOIL-STRUCTURE 

INTERACTION ON THE STRUCTURAL 
POUNDING 

5.1 Introduction 

In the previous chapters, it was assumed that the two pounding structures were sup- 

ported on a rigid base. In this chapter, we will consider structures supported on a flexible 

soil foundation to examine the effect of soil-structure interaction on the pounding response. 

Inclusion of a flexible foundation will also permit us to evaluate the effect of pounding on the 

foundation forces. In the later chapters, we will be considering various pounding mitigation 

strategies. The consideration of foundation flexibility will also permit us to evaluate the 

effect of various pounding mitigation strategies on the forces transmitted to the foundation. 

5.2. Model for Foundation Flexibility 

The topic of soil-structure interaction has been the subject of extensive studies in the 

1970’s in connection with the design of nuclear power plants for seismic loads. Various 

analytical methods were considered then to incorporate the effect of soil foundation on the 

response of superstructures and supported subsystems. One of the popular and simpler 

approaches has been to use soil springs to represent the foundation flexibility. To include 

the dissipation of vibration energy due to internal friction and radiation damping in the 

foundation, viscous dampers have been utilized. In this study, the spring and dashpot 

coefficients proposed by Parmelee et al. [32] have been adopted. Although these coefficients 

are frequency-dependent, Parmelee et al. have shown that for most practical considerations 
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they can be assumed to be frequency-independent. The frequency-independent spring and 

damping coefficients corresponding to the translation and rocking degrees of freedom are 

defined by Parmelee et al. [32] as follows: 

ky = 4.4V,?pr (5.1) 

Cy = 2.7V,pr? (5.2) 

kg = 2.3V,*pr° (5.3) 

cg = 0.31V,pr* (5.4) 

where k, and kg are the spring coefficients for the translation and rotation springs, re- 

spectively, and c, and cg are the corresponding damping coefficients for the two degrees of 

freedom. V;= the shear wave velocity of the foundation medium, p= the mass density of 

the foundation soil and r= the radius of the base mat of the structure. For the numerical 

values of these parameters, r has been assumed to be one-half of the base dimensions of the 

structures. The numerical values used in this study for p and r are shown in Table 5.1. 

The shear wave velocity V, is an important parameter representing the foundation stiff- 

ness. A higher shear wave velocity means a stiffer soil. Here in the parametric study several 

values of the shear wave velocities between the range of 77 m/sec to 600 m/sec have been 

considered to calculate the numerical results. 

5.3 Equations of Motion 

Two multi-story flexible shear buildings, identified as p and q-structures, are considered. 

It is assumed that the number of floors in the p- and q-structures are, respectively, p and 
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q. As before. the properties associated with these structures will be identified by subscripts 

p and q, respectively. 

As in chapters 2 and 3, it is again assumed that the floor heights of both structures are 

the same, and therefore the pounding will occur only at their floor levels. A schematic of 

the two structures is shown in Figure 5.1. The impact is again modeled by a linear spring 

and dashpot element introduced between the colliding floor masses of the two structures. 

Considering the translation and rocking motions of the base, the equations of motion 

for the zth colliding masses of the two structures can be written as: 

Mip[Zip(t) + tip(t) + h:,(t)] +d) cis, F5o(t) + di{[2i,(t) + tp(t)+ 

hiBp(t)] — [4ig(t) + tq(t) + hiBg(t)]} + (Kip + kG 41), )@ip(t) - 

KipZ(i~1)p(t) — Ais), 2 (it1)p(t) + Si{[zi,(t) + p(t) + 2i8p(t)] — 

[zi,(t) + Ug(t) + hi, (t) + gil} = —mi,Z4(t) (5.5) 

Mig [¥ig(t) + tig(t) + h.Bq(t)] + D2 csj,85q(t) + dif{[ei,(t) + tq(t)+ 
j=l 

h;6q(t)] — [4i,(t) + tp(t) + hiDp(t)]} + (hig + kei41),)@i,(t) — 

Kig@(i—1)q(t) — Kit1) 2 (itayg(t) + Sit[zig(t) + ug(t) + hi, (t)] - 

[zi,(t) + up(t) + hi, (t) — gi]} = —mi,@,(t) (5.6) 

where 2;, is the relative displacement with respect to the base of the 7th mass m,, of the 

p-structure; k;, and Cijps respectively, are the stiffness and damping coefficients for the ith 

story of p-structure; u,= relative displacement with respect to the ground and @, = rotation, 

both of the foundation mat; h;= the height of the zth story; and s; and d;, respectively, 

are the stiffness and damping coefficients of the impact elements at the ith level. Similar 

quantities appearing in equation 5.6 with subscript q pertain to the q-structure. The at-rest 

gap between the two colliding masses is denoted by g; and Z,(t) is the ground acceleration. 
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Two additional equations of motion associated with the translational and rotational 

DOF of the foundation are derived by summing the external forces and moments of the 

entire structure about the base. These equations for the p-structure can be written as: 

S~ mj,d:,(t) + CO mi, + mp)tip(t) + (D> mihi )Op(t) + S- dif [ei,(t)+ 
t=1 t=1 i=l t=1 

tip(t) + hiB,(t)] — [4i,(t) + dg (t) + AiOg(t)]} + S> sif{[zi,(t) + 
t=1 

up(t) + hiPp(t)] — [we,(t) + ug(t) + hiPg(t) + gil} + Keup(t) + 

cottp(t) = —(S> mi, + mp)¥ Q(t) (5.7) 
t=1 

Ym hilig(t) + p(t) + hidp( )] + (SLs + IpOp(t) +2 dh 4s, (04+ 
t=1 t=1 t=1 

ilp(t) + hiBp(t)] — [i,(t) + ttg(t) + AiBg(t)]} + > schifles,(t) + 

tip(t) + 4:0,(t)] — [2,(t) + ug(t) + hiB,(t) + gel} + oO (t) + 
ca8p(t) = —(D- mp hi)Eg(t) (5.8) 

t=1 

Equations similar to equations 5.7 and 5.8 can be written for the q-structure by merely 

changing the subscript p to q. 

It is noted that when 6; = z;, — 2:;, — gi < 0, there will be no pounding. In that case 

the terms containing s; and d; in equations 5.5, 5.6, 5.7 and 5.8 are set equal to zero. 

Collecting equation 5.5 for each mass of the p-structure and q-structure along with 

equations 5.7 and 5.8 and similar equations for the q-structure, the coupled system of 

equations of motion of the two pounding structures can be written as: 

[M]{X} + [C]{X} + [K]{X} = -([M]{r} + {ms})¥9(t) — {F} (5.9) 
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where [Af] = system mass matrix; [C] = system damping matrix and [A] = system stiffness 

matrix are defined as: 

| M | = | “ | | | (5.10) 

[C]= Cr] 0 + [D] (5.11) 
0 [Cy] 

[K]= Ko] 0 + [5] (5.12) 
[KG] 

The unknown displacement vector {X}, the influence coefficient vectors {r}, the base mass 

vector {mz} and the supplemental force vector {F} are defined as: 

{x}? = [Tips ++ *s pps Ups Ops igs ++ +s Lqqs Us 9] (5.13) 

p 2 q 2 
oOo Oe Cees ss = $e ee 

{rf}? =[1, ..., 1, 0, 0, 1, ..., 1, 0, 0] (5.14) 

P 2 q 2 
T mm Nem prem mmm Nem prema, 

{mp}° =[0, ..., 0, my, 0, 0, ..., 0, mg, 0] (5.15) 

{F} = -[S]{g} (5.16) 

where 

q p+4 
—————=>=————r_ 7 . {g}’ =[%, 92 + Go 0, «--, 0] (5.17) 
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In equations 5.10, 5.11 and 5.12, [4,]. [C,] and [A;,] are, respectively, the mass, damping 

and stiffness matrices of the p-structure. The matrices associated with subscript q belong 

to the q-structure. The matrices M,], |K,] and [C,] are defined as: 

    

    

L my 0 .) O my myhy 

mz ... 0 mg mMyhy 

[M,] = CS (5.18) 
Mp Mp Mphy 

SYM. Qy QA) 

ba Q3 oS 

ki thy hp 0 .. 0 0 0 0. 

ko + ks —k3 ase 0 0 0 0 

[Kp] = ct (5.19) 
kyp-ttkp —k, 0 0 

SYM. kp 0 O 

kz 0 

Le ko 

[CA] 

IC] = Cr (5.20) 

of) 

These matrices are of dimension (p + 2) x (p+ 2). The structural damping matrix [C,] 

is added to include the energy dissipation effects. This matrix is defined in terms of the 

modal damping ratio and eigenproperties of the structure using standard procedures [6]. 
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The matrix [5] in equation 5.12 is the supplemental stiffness matrix provided by the contact 

spring whenever pounding occurs. This matrix is defined as: 

  

q P-4 2 
me ~ “~“ ee ——s 

CS 0 0 eee 0 Sy syhy 

Sg O ... O Sq Sghg 

0 see 0 O 0 

0 0 0 

[S] = a4 Qs 

a6 

SYM.   

q 
ON, 

—S]1 ae 0 

0 Sq 

0 0 

0 0 

—Ssy1 —Sq 

—sh, —Sgh,y 

81 0 

8q 

2 
7 ete 

—S8, ~syh, 

0 0 

0) 0 

—A4 — a5 

—5 — 6 

S] syhy 

Sq Sghg 

Q4 as 

a6   
(5.21) 

The combined structural damping matrix in equation 5.11 is supplemented by the damping 

matrix [D] coming from the dashpots provided at the pounding surfaces. These dashpots 

are provided to include the loss of energy which occurs during any pounding. The matrix 

[D] is of the same form as matrix [S], except that s; in equation 5.21 are replaced by d; to 

obtain [D]. The s; and d; in these matrices are zero for the floors which do not pound. The 

supplemental matrices [5S] and [D| are of size (p+ q+ 4) x (p+ q+ 4). 

The coefficients a1,...,@g in equations 5.18 and 5.21 are defined as: 

Pp 

a= > mtm, 

t=1 
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p q 
a3 = So(mih? + J;)4+ I, ; a4 = S 8; 

t=1 t=1 

q 
Qs = > sh; . ag = So sih? (5.22) 

‘ i=l —_
 

The equations of motion 5.9, with and without pounding, are both linear. However, 

since [D] and [S$] matrices constantly change because of the pounding and no-pounding 

situations, the problem is essentially nonlinear. It was, therfore, found to be best to solve 

it by a step-by-step integration approach. Here the Newmark-G [6] approach has been 

used. The time steps of the integration were kept very small to capture the everchanging 

“pounding” and “no-pounding” states as the motion proceeded. 

5.4 Numerical Results 

5.4.1 Force and acceleration responses 

Numerical results have been cbtained for several configurations of two pounding struc- 

tures. The assumed basic configuration is a ten-story shear building pounding against a 

five-story shear building. Table 5.1 shows the assumed building parameters for the nu- 

merical analysis. This table summarizes the floor masses, m;, column stiffness, k;, modal 

damping as a percentage of critical, £, centroidal mass moment of inertia, J;, and the story 

heights, h;. 

Table 5.1 also shows the impact element stiffness and damping coefficients. These co- 

efficients were estimated based on practical considerations [1, 24, 41, 46]. A parametric 

study [35] indicated that the system pounding responses are not sensitive to the stiffness 

and damping values of the impact element for the numerical values of these parameters 

considered. The at-rest gaps between the floors of the two structures, g;, are assumed to 

be zero. 
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To avoid the effect of individual variation in the ground motion, here an ensemble of 

50 accelerograms with similar frequency characteristics are used. These accelerograms were 

generated for a broad-band spectral density function. The average ground spectra for these 

accelerograms are shown in Figure 5.2. 

The numerical results presented in the following pages represent the average of the 

maximum response values obtained for the 50 accelerograms. 

In Figures 5.3 and 5.4, we demonstrate the effect of foundation stiffness on the dis- 

placement, story shear, overturning moment and absolute acceleration response of the two 

structures when they pound. The results are presented for 6 shear wave velocity values of 

77 m/sec, 100 m/sec, 200 m/sec, 300 m/sec, 600 m/sec and oo, representing six different 

foundation media of increasing stiffness. The lowest value of 77 m/sec is taken from ref- 

erence [43]. This represents a rather flexible foundation with a unit weight of 100 lbs/cft 

and a shear modulus of 2 x 10° /bs/ ft? which gives a shear wave velocity of 250 ft/sec (or 

77 m/sec). The value V, = oo m/sec corresponds to a fixed base case. 

From the response results shown in Figure 5.3 for the ten-story structure, we observe 

that: 

1. The pounding displacement at all floors decreases with increasing flexibility of the 

base. 

2. The story shears in general increase with the increasing foundation stiffness, except in 

the top and bottom stories where there is some crossover in the story shear values for 

different shear wave velocities. We also notice that, for a more flexible foundation there 

is a more dramatic increase in the shear force in the stories above the top pounding 

level. That is, the increase in the shear force from pounding to no-pounding stories 

is more pronounced for softer foundations. 

3. The overturning moments at the lower levels are higher for more flexible foundation. 

4. The absolute accelerations of the pounding floors are also increased by the flexibility 

of the foundation. 
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Similar observations can also be made from the response values shown in Figure 5.4 for 

the five-story structure. 

In general, therefore, we observe that a more flexible foundation may give somewhat 

smaller story shear forces, but will tend to attract higher overturning moments and higher 

floor accelerations. Later the significance of these higher floor accelerations on the response 

of secondary systems will be examined further when the floor response spectra results will 

be presented. 

In the previous two figures we examined the effect of changing the shear wave velocity 

on various response quantities. In the following figures we now compare the pounding and 

no pounding responses for structures with flexible foundation. To avoid crowding of the 

figures, we will consider only two cases of flexible foundations, with shear wave velocities of 

77 m/sec and 300 m/sec. As mentioned before, the first case represents a rather flexible 

foundation on a soil medium of organic clay silt. The second case is for a medium stiff soil 

which is between the case of a very rigid and very flexible base. For these two cases the 

numerical results obtained with and without pounding are compared with each other and 

also with the results for the case of a rigid base. 

The results in Figure 5.5 are for the ten-story structure, whereas those in Figure 5.6 are 

for the five-story structure. From the results of the ten-story structure one observes that: 

1. For the softer foundation medium, the pounding causes a higher displacement re- 

sponse. This is, however, not the case for stiffer media, where one observes that the 

pounding reduces the displacement response. 

2. For the softer foundation medium, the pounding causes an increase in the shear force 

in all the stories which is especially large for all stories above the top pounding story. 

However, as the foundation medium becomes stiffer, the shear force in the pounding 

stories is in fact decreased by pounding. The stories above the top pounding story, 

on the other hand, always experience a significant increase in the shear force due to 

pounding. This increase is, however, more dramatic for the softer foundation medium. 
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3. The pounding causes a significant increase in the overturning moment especially for 

lower stories, for all cases of foundation flexibility. This increase is larger for softer 

foundations. 

4. The floor acceleration response is also significantly increased by pounding for all cases 

of foundation flexibility. This increase for the cases examined here is larger for softer 

foundations. 

The results for the five-story structure, shown in Figure 5.6, also follow a similar trend, 

except in the case of shear force of the top pounding story where we observe a clear increase 

in the shear force due to this pounding for all foundation medium stiffnesses. 

5.4.2 Forces in foundation media 

It is also of interest to examine the effect of pounding on the foundation media. This 

effect is shown in terms of the force in the translational spring and moment in the rotational 

spring for the ten-story and five-story structures in the next two figures (Figures 5.7 and 5.8). 

From the figures for the ten-story structure we note that flexible foundations will experience 

a significant increase in the shear force. The stiffer foundations, on the other hand, show a 

decrease in the shear. The overturning moment is reduced for all foundation stiffnesses. For 

the five-story structure, both shear and moment are reduced by pounding. This is clearly 

shown in Figure 5.9 where we plot the ratio of pounding to no-pounding values. The ratios 

greater than unity mean an increase in the value due to pounding. Only the shear force 

values in the ten-story structure for flexible foundations are increased by pounding. 

5.4.3 Floor spectral response 

In the results presented in section 5.4.1 we examined the effect of foundation flexibility 

and pounding on the displacement, story shear, overturning moment and floor acceleration 

responses. In particular, it was observed that the flexibility of the foundation caused an 

increased acceleration response of pounding floors in most cases. In this section, we explore 
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this effect further by examining the effect of flexibility and pounding on the frequency 

content of floor acceleration, expressed in terms of floor response spectra. 

In Figures 5.10 and 5.11 we show the floor response spectra for floors 1 to 10 of the 

ten-story structure obtained for various values of shear wave velocities. Here no particular 

trend dependent upon the shear wave velocity is apparent in these figures. However, for the 

pounding floors, all floor spectra have their peaks in the frequency range of 30 to 50 cps. 

The peaks of the floor spectra for the higher floors are, however, shifted to lower values. 

Floors 6, 7 and 9 have a predominant peak at a frequency of about 12.5 cps. In these cases it 

appears that pounding seems to excite one of the higher modes of the system significantly. 

The peaks for the 8th and 10th floors occur at lower frequencies than the peaks of 6th, 

7th and 9th floors. Again no predictions about these peaks can be made in advance of an 

analysis. To get a better resolution between various curves, the floor spectra for floors 1, 5 

and 10 are plotted in enlarged form in Figures 5.12, 5.13 and 5.14. 

The floor spectra for the pounding floors of the five-story structure are similar to the floor 

spectra of pounding floors of the ten-story structure. Again, no particular trend dependent 

upon the flexibility of foundation media is detected from these figures. Here again we plot 

the spectra for floors 1 and 5 in enlarged form in Figures 5.16 and 5.17. 

In Figures 5.18, 5.19 and 5.20 we compare the floor spectra with and without pounding 

for the softest foundation (V, = 77 m/sec) for the ten-story and five-story structures. The 

effect of pounding on the spectra in the higher-frequency range is quite clearly seen. Of 

course, the pounding floors see a large increase in the spectral values in the high-frequency 

range due to pounding. But we also note a significant increase in the spectra of higher 

floors which do not pound. 

5.5 Summary 

In this chapter we have investigated the effect of foundation flexibility on the pounding 

response. The results clearly show that the flexibility of the foundation is an important char- 
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acteristic to be considered in pounding response evaluations. The flexibility may increase 

or decrease the displacement and shear responses in pounding situations. The overturning 

moment response was seen to increase with flexibility. Also the floor acceleration response 

was seen to increase in most cases by the flexibility of the foundation. The effect of flexi- 

bility on the floor spectra of various pounding and no-pounding floors was also observed to 

be significant. The foundation itself may experience an increase or decrease in forces due 

to pounding. This depends upon the stiffness of the foundation. 

In general it is observed that to properly evaluate the effect of pounding on a structural 

response, a proper consideration of its foundation flexibility must be included in the analysis; 

the assumption of a fixed base structure, when in fact it is not, can produce erroneous results 

and conclusions about the effect of pounding. 
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Table 5.1: Properties of the ten and five-story pounding structures including the impact 

element and the foundation medium properties. 

  

m; (Kg) 3.76E + 04 

  

ky (N/m) | 7.78E +07 

  

é 0.05 

  

I, (Kg —m?) | 2.88E 4+ 04 

  

hy (m) 4.00 

  

8; (N/m) 8.76E + 09 

  

d; (Kg/sec) | 2.46£ + 06 

  

V; (m/sec) 77.00 

  

p(Kg/m*) | 160E +03 

  

r (m) 1.75       
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Figure 5.1: Schematic of pounding structures supported on the flexible foundation 
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Figure 5.8: The effect of pounding on the force and moment responses of the translational 
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spectra of various floors of the 10-story structure — floors 1 through 5 

159



  6.0 

  

FLOOR 6 
T t 

  

  

° = 
") ee ee » POUNDIN ‘9m 100 m/sec: 
. =" Be te ae 

5.0F   

POUNDING (Vs=77 m/sec) 
ING 

‘9600 m/sec, 
POUNDING (RIGID BASE)   

          

    
  

  

  

  

A
B
S
O
L
U
T
E
 
A
C
C
E
L
.
 

(G
) 

        

  

FREQUENCY (CPS) 

  

FLOOR 8 
  

      

  

  

    
  
  

  
  

  

A
B
S
O
L
U
T
E
 
A
C
C
E
L
.
 

(G
) 

  

  

        

  
          

  

FREQUENCY (CPS) 

A
B
S
O
L
U
T
E
 
A
C
C
E
L
.
 

(G
) 

» S 
» S 

N ° 

A
B
S
O
L
U
T
E
 
A
C
C
E
L
.
 

(G
) 

A
B
S
O
L
U
T
E
 
A
C
C
E
L
.
 

(G
) 

6.0 

  

FREQUENCY (CPS) 

FLOOR 7   VOT v1 1-vvyry   

  

DING (Veu77 m/sec) 

  

TOT TTry TTT 

  

      

  
  
  

  
    

    
              

  

FREQUENCY (CPS) 

FLOOR 9 

DING 
DOING 

  

  

I 10 100 1000 

FREQUENCY (CPS) 

100 1000 

Figure 5.11: The effect of foundation shear wave velocity on the floor acceleration response 

spectra of various floors of the 10-story structure — floors 6 through 10



FLOOR 1 
  

  

  

  

    
  

    

  

  

  

  

  

  

    

  

  

  

  

  

  

  

  

  

          

10.0 v FOF Perry _m Pry rety T TVTrrry T T Tr 

L | ------- POUNDING Weer? msec) [L--....- eid. ~. 
— -- - POUNDING Neat m/sec) 

p| —_ = — - POUNDING (Vs=200 msec) 
— —- POUNDIND Vene00 m/sec) 

P| — — — = POUNDING (Vs=600 m/sec) 
a POUNDING (RIGID BASE) 

Se 

o 
— 
Lud cteveceeeeeesneee agseveee 

O errr 

O 
< 5.0 
Lud 
- streccees 

— ; ~ fe 

O 
w) 
mM 
< 

0.0 pe tl pS pl rer ere 

1 10 1000 

FREQUENCY (CPS) 

100 

Figure 5.12: The effect of foundation shear wave velocity on the floor acceleration response 

spectra of floor 1 of the 10-story structure in enlarged form 

161



FLOOR 5 
7 T Le SE a | 7 ee ee v yore ¥ v  orrrry 

pL] se eenne POUNDING (Vs=77 msec) 
— - - - POUNDING (Vs=100 nsec) 

L} — - — = POUNDING (Vs=200 m/sec) 
—— — POUNDIND (Vs=300 m/sec) 
- — -— — POUNDING (Vs=600 msec) 

POUNDING (RIGID BASE) 

  20.0   

   
     
        

15.0 

    

me
 

© Oo
 

    

  

  

A
B
S
O
L
U
T
E
 
A
C
C
E
L
.
 

(G
) 

  mM
 

S 

  

  

    

  

  

        0.0 eo a eo i eo il rarer 

0.1 I 10 100 1000 

FREQUENCY (CPS) 

  

Figure 5.13: The effect of foundation shear wave velocity on the floor acceleration response 
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spectra of floor 10 of the 10-story structure in enlarged form 
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Figure 5.16: The effect of foundation shear wave velocity on the floor acceleration response 
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Figure 5.17: The effect of foundation shear wave velocity on the floor acceleration response 

spectra of floor 5 of the 5-story structure in enlarged form 
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Figure 5.19: Floor acceleration response spectra of various floors in pounding and no- 

pounding cases for 10-story structure supported on the flexible foundation — floors 6 through 
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Figure 5.20: Floor acceleration response spectra of various floors in pounding and no- 

pounding cases for 5-story structure supported on the flexible foundation 
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Chapter 6 

MITIGATION OF POUNDING PROBLEM 

6.1 Introduction 

In chapters 2 and 3, we studied the pounding response of two deformable structures 

during earthquakes. The parametric studies showed that the pounding, in general, increased 

the response of structures. In particular the two most significant effects of pounding were 

observed to be: 

1. A large increase in the story shear response of the structures, especially in the stories 

above the top pounding floor of the taller structure. Increased story shear means that 

the story columns will experience larger bending moment response. 

2. A dramatic increase in the absolute acceleration, especially of the pounding floors 

of both structures. This increase in floor accelerations can be detrimental to the 

supported secondary systems. The overturning moments at the lower levels were also 

increased. 

These response increases require that the design of pounding structures be modified to 

either alleviate the pounding effects or increase the strength of the structural members to 

prevent their damage. In this chapter, therefore, we examine different methods for reducing 

or eliminating the effect of pounding on the response of structures. 

The best alternative to a structural pounding problem is not to have pounding at all. 

This can be achieved by separating the buildings with a clearance larger than their max- 

imum unobstructed displacement response. This may, however, be only possible for new 

construction. For existing buildings constructed next to each other with no or small spacing 
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between them, this option of increasing the clearance is not available. For these structures, 

other options of alleviating pounding effects must be sought. 

The options considered are: 

1. Installation of soft springs or precompressed springs at the pounding interface. 

2. Installation of diagonal bracings to withstand large impact forces with and without 

joining the two structures. 

In the following sections, these alternative options are examined with numerical exam- 

ples. 

6.2 Pounding on Soft Springs 

In Chapters 2 and 3, we conducted a parametric study where the stiffness coefficient of 

the impact spring was changed. It was noticed that as the impact spring became softer the 

response of the structures decreased to their no-pounding cases. In this chapter, therefore, 

we examine the effect on response of using very soft springs. 

Numerical results have been obtained for the basic configuration of the two systems 

discussed in chapter 3. At the pounding interface, springs with stiffness coefficients several 

orders of magnitude smaller than the story column stiffnesses have been used. The ratios 

of multiple pounding to no-pounding responses for different impact spring stiffnesses are 

shown in Figures 6.1 and 6.2. For the softer springs, we observe that the ratio of the 

pounding to no-pounding response is nearly equal to or less than 1.0. However, as the 

impact spring stiffness is increased, the story shear ratio for higher stories becomes greater 

than 1.0 indicating that pounding response is higher than the no-pounding response. Similar 

observations are applicable to overturning moment response, which also increases due to 

pounding as the impact spring stiffness is increased. 

From Figure 6.3, where we have plotted story shears versus pounding stiffness coefficient, 

we again note that for lower values of the coefficients, the story shears are nearly constant 
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at about the no-pounding shear values. However, the shear values start to increase when 

the pounding stiffness becomes greater than min th of the story stiffness. After a stiffness 

coefficent of about 2.0£ + 9 N/m the story shears approach a constant level; for higher 

values of pounding stiffness coefficients, similar observations were made in Chapter 3 where 

the parametric variation study on the pounding stiffness was performed. 

In Figure 6.4 we show the acceleration variations of the pounding floors of the ten-story 

structure with the stiffness coefficient of the impact springs. As observed earlier for the 

story shears, softer springs cause lower floor accelerations. The acceleration response is also 

seen to be insensitive to small values of the stiffness coefficent, but for stiffness coefficents 

higher than 1.0F + 8 N/m the accelerations increase montonically with the coefficient. 

The above observations indicate that allowing the floors to pound on soft springs in- 

stead of pounding on the floor slabs will reduce the structural response significantly, even 

sometimes to less than the no-pounding response value. The use of a soft spring to reduce 

the response is, however, only possible if it can be physically inserted between the pound- 

ing floors. For a zero-gap case this will require cutting of the pounding floor slabs. The 

amount of cutting will depend upon how much the spring will deform and its physical size. 

A softer spring will, of course, also require a larger clearance to avoid impacting. Figure 6.5 

shows the maximum deformations of various springs during vibration. It is seen that the 

impacting springs of stiffness coefficient 1.81E +7 N/m (which is bo of the story stiffness), 

should be allowed to deform by about 4.5 cm, 3.8 cm, 2.9 cm, 2 cm and 1.1 cm at floors 

5, 4, 3, 2 and 1 respectively. The largest spring deformation of 4.5 cm is nearly equal to 

the maximum gap required for no-pounding of the structures. Thus provision of the softer 

springs at the pounding interfaces to insure a soft impact is not a feasible alternative. 

The insertion of precompressed springs between the pounding surfaces was also con- 

sidered, but it became immediately apparent that this would not reduce the response. 

The precompressed springs would apply an equal and opposite force to both structures. 

These forces will always be there and are in addition to the forces the two structures will 

experience when vibrating with the connecting springs. As the structural response with 
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connecting springs is more than the no-pounding response, unless the springs are very soft, 

no advantage is gained by providing precompressed springs at the pounding interfaces. 

To examine what effect an energy dissipation device (viscous damper) introduced be- 

tween the pounding floors will have on the response, here the story shear and floor accel- 

eration responses obtained for increasing values of the damping coefficients are plotted in 

Figures 6.6 and 6.7. It is noted that the shears in the higher stories do decrease if dampers 

with very high coefficients are provided, although the story shear in the 6th story which 

is just above the highest pounding floor seems to be rather insensitive to changes in the 

damping coefficient. Also, for the chosen example problem, the floor acceleration response 

seems to be specially sensitive with respect to the damping coefficient values shown in the 

middle range of Figure 6.7. Thus the effectiveness of providing energy dissipation devices 

to alleviate the pounding effect, especially for reducing the story shear, is also questionable. 

6.3. Response of Rigidly Joined Structures 

One approach to avoid pounding is to join the pounding structures rigidly. To examine 

what effect this rigid joining will have on the response of the two structures, compared to 

the response when they are allowed to pound freely, the following set of numerical results is 

presented. The first five floors of the two structures are assumed to be connected by rigid 

links. A schematic of the joined structures is shown in Figure 6.8. 

Figures 6.9 and 6.10, respectively, show the column bending moments and floor acceler- 

ations for the two structures for the El-Centro accelerogram and a synthetically generated 

accelerogram. To include the effect of variations in the base motion input, we also present 

similar results, but the average of the maximum values, obtained for an ensemble of fifty 

time histories which have similar frequency content as the accelerogram used in Figure 5.2. 

For comparison, the responses obtained for the no-pounding and free pounding cases are 

also shown. 

It is clearly seen that by joining the two structures, the maximum floor acceleration 
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values are drastically reduced. The effect of joining the two structures on the column 

bending moment is, however, not entirely beneficial. In Figure 6.9, which is for the El- 

Centro accelerogram, we note that in the ten-story structure the column bending moments 

in the first few stories and also in the story immediately above the top pounding story are 

increased and those in the other stories are somewhat reduced. The bending moments in 

the five-story structure are increased by joining. A similar observation can be made from 

the results presented in Figure 6.10, which are for a synthetically generated time history. 

However, when we consider the average results for an ensemble of time histories, as shown in 

Figure 6.11, there are some differences. For example, the bending moments in all pounding 

stories are now decreased; they are even smaller than those for the no-pounding case. The 

bending moments in some stories above the top pounding story are increased. Also increased 

are the bending moments in the five-story structure. 

Thus, joining the two structures is definitely advantageous in reducing the high floor 

acceleration caused by pounding. It will be helpful in protecting the supported secondary 

systems. But joining cannot reduce the increased story shears or bending moments in 

columns caused by pounding; in fact, it can even be detrimental as it could lead to higher 

bending moments in some stories. The situation of the smaller structure is definitely wors- 

ened by joining of the two structures because it introduces higher bending moments in the 

story columns. 

6.4 Pounding of Braced Structures - Analytical Formulation 

As observed in previous chapters, another detrimental effect of pounding was to increase 

shear in stories above the pounding stories, which results in higher bending moments in 

the columns. As seen in the previous section, these higher bending moments could not 

be reduced by joining of the two structures. To reduce this bending moment, we will 

examine the use of diagonal bracings. Several different configurations of the bracings will 

be considered. To strengthen the pounding structures of unequal story heights, the use of 
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bracings has been suggested by Rosenblueth and Esteva [36] and Newmark and Rosenblueth 

[29], and strengthening by links and beams has been suggested by Westermo [42]. 

In the previous section, we considered the pounding structures as shear beam structures. 

Now since diagonal bracings will be introduced in various stories, we will model the pounding 

structures as frame structures. The columns, beams and braces of the frames are modeled 

as beam finite elements. Each node will now have three degrees of freedom. In the following 

we will develop the equations of motion of two pounding structures for the general case of a 

flexible foundation. The results for a rigid foundation can be simply obtained by choosing 

a high value for the foundation springs. 

The two pounding structures are identified as p- and q-structures. The properties asso- 

ciated with these structures will be identified by subscripts p and q, respectively. 

Let the p-structure be modeled as a p-story structure with n nodes and 3n degrees of 

freedom [DOF]. This system is characterized by stiffness matrix K,, damping matrix C, 

and mass matrix M,. Similarly the q-structure is modeled as a q-story structure with m 

nodes and 3m DOF. This system is characterized by stiffness matrix K,, damping matrix 

C, and mass matrix Mg. It is assumed that n > m. 

It is assumed that the floor heights of both structures are the same and therefore the 

pounding will occur only at their floor levels. A schematic of the two structures is shown 

in Figure 6.12. As assumed before, the impact is modeled by a linear spring and dashpot 

element introduced between the colliding floor masses of the two structures. 

The Lagrangian formulation is utilized to develop the equations of motion of the pound- 

ing structures. For the two pounding structures, the elastic potential energy of the struc- 

tural components, the translational and rocking springs at the base, and the floor pounding 

springs can be written as: 

1 Viz 5 [ul K pup + ul Kyu, + ke(x}, + 23,) + ko( 62, + 63,)] + 
1 q 

> » Si [(Lip + Lop + AiPsp) — (ig + bq + iPbq) — gi)” (6.1) 
t=1 
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where k, and kg are the stiffness coefficients of the translational and rotational soil springs 

at the base; x, and @, are the relative translation and rotation displacements of the base 

of the p-structure; x4, and @, similarly are the degrees of freedom of the base of the q- 

structure; h; is the height of the ith floor measured from the base; g; is the at-rest gap at the 

ith floor levels of the pounding structures; s; is the stiffness coefficient of the impact element; 

and 2,, and 2;, are the displacements of the ith floor in the p- and q-structure. Here it is 

assumed that the soil springs at the base of the two structures are the same, although there 

will not be any difficulty in the formulation to have different springs. The vectors u, and 

u, are the nodal displacements vectors for the p- and q-structure, respectively, defined as: 

  

  

3n 

T . ° 
un = [ Lips Yip, Bip, T2n5 Y2p; O2n, -2e92np, Ynp; bap | (6.2) 

3m 

T_[7 ~ 
uy [ Ligs Yq, 614, Z2q) Y2q> 924, »++92%mq.Ymq: Omg ] (6.3) 

They define the nodal displacements measured with respect to the bases of the two struc- 

tures. 

The kinetic energy of the combined system of structures can be written as: 

T= 2 \¥7M,¥, + vIM,¥q + Mbp(Lop + £q)* + Moq(Lbq + Fg)? + Top 65, + oq, | (6.4) 

where Ip, and Ip, represent the moments of inertia of the base mats of the p- and q-structure, 

respectively; mp, and mj, are the masses of the base mats of the p- and q-structure, re- 

spectively; z, is the ground displacement and the dot indicates the time derivative with 

respect to time. The vectors v, and v, relate the nodal displacements u, and u, to the 

base displacements through the following equations: 

Vp = Up + Pgp(Zq + Lp) + TopMep (6.5) 
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Vg = Ug + Pgq(Xq + Xbq) + PeqFbq (6.6) 

The mass matrices M, and M, and the stiffness matrices K, and K, are derived by 

assembling the finite element mass and stiffness matrices using the standard finite element 

procedures [33]. The influence vectors for the ground displacement are defined as: 

  

  

3n 

r7, =(1,0,0,1,0,0,...,1,0,0] (6.7) 

3m 
r/=[1,0,0,1,0,0,...,1,0,0] (6.8) 

and the influence vectors for the base rotation are defined as: 

  

  

3n 

rp, = [ hi, —b/2,—1,..., Rp, 6/2, -1, hi, 6/2, -1,..., hp, b/2, —1 | (6.9) 

3m 
rf = [ hy,b/2,—1,..., hq, 6/2, —1,h1, -b/2, —1,...,hg,-b/2, -1 | (6.10) 

where A, and A, are the heights of the top floors of the p- and q-structure, respectively and 

bis the bay span of the two structures, assumed to be the same. Substituting for v, and 

v, in T, we can write the Lagrangian as: 

-V 

[a2 + 22 (dep + tg) + 2F,bbp| Mop [tip + Pgp(top + tg) + Pop Sep] + 

[ad + 12 (bq + Eg) + 2hybq] My [tty + t9q( bq + fq) + 09449] + 

Mbp(Lbp + #9)? + Top 95 _ u Ku, — kpBby - ko + 
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1 ; 
5 nq bq +a)? + Tq - u) Ku, — kp @}, — 96, | — 

1 q 

5 S_ si [(ip + op + hiDbp) — (ig + 2q + hi9sq) — gil” (6.11) 
tl 

The Rayleigh dissipation function for the energy dissipated through viscous damping in 

the structures, radiation damping in the soil medium and in the impact damping elements 

can be written as: 

ly. . . . ly. . . ; 
D= 5 aPC, a, + Crt jp + cab, | + 5 [a Cot, + Crt + co6f,| + 

lg - 72 
9 > d; (tip + Lbp + hi App) _ (Lig + Lbq + hibsq)| (6.12) 

t=1 

where C, and C, are the damping matrices for the p- and q-structures. As in the previous 

chapters, these matrices have been defined in terms of the modal damping ratio and eigen- 

properties of the structure using standard procedures. The damping coefficient of the impact 

element is indicated by d; and the translational and rocking radiation damping coefficients 

are denoted by c, and cg, respectively. Using the Lagrangian of equation 6.11 along with 

equation 6.12, we can develop the equations of motion in the generalized coordinates q as 

follows: 

  

d [OL OL aD 
5 lsal- det ae 7° (6.13) 

where q is defined as: 

3(nt+m)+4 

q? = [ Up, Zip, 9p; Ug, Lig; bq | (6.14) 

Utilizing equations 6.11 and 6.12 in equation 6.13, after some simplifications the equa- 

tions of motion for the p-structure can be written in the following form: 
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Myiip + Mprgpttp + MpropOsp + Coty + fa + Kpuy + f, = —Mprgpi'y (6.15) 

q 

ropMpii, + (r3)Mprop + Mbp )fbp + rap M prep Op + » d; (tip + Bp + AiBbp )— 
t=1 

q 

(Lig + Lbq + hibeg) + CF bp + kpZbp + > si [(2ip + Ly + hi Pop )— 

t=] 

(Lig + Fg + AiMbq) — gi] = —(r7,.MpPgp + Mbp)¥q (6.16) 

q 
PjpMpity + 15) Mprgp Ftp + (LjpMprop + Lop)Osp + >. dihi [(Gip + Fbpt 

a1 

q 

hiObp) — (Lig + Log + hiBeq)| + Ce9bp + koMp + >> sihi [(tip + Lop + hiPbp)—- 
t=1 

(Zig + Tbq + AiP5q) — gi] = —r},MpFgpty (6.17) 

where f, is a3nx1 vector containing the coupling terms between the two pounding structures 

due to impact force. It is noted that when 6; = (Zip + 2ipthiPsp) —( Lig t+ Lbq+hi9bq)—gGi < 0, 

there will be no pounding. In that case the terms containing s; and d; in equations 6.15, 6.16 

and 6.17 are set equal to zero. The vector f, is defined as: 
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f 

  ‘ 

51 ((t1p + top + h1Pop) — (rq + 26q +1189) — or] | 
0 

0 

$2 [(L2p + Lop + h2Obp) — (aq + Lbq + h2Obq) — G2] 

0 

0 

Sq [(Zqp + Lop + bgp) — (Zqq + Toq + Pq Fbq) — 94) 

0 

0   4 

(6.18) 

Similarly fz is a 3n x 1 vector containing the coupling terms between the two pounding 

structures due to impact damping. This vector is defined as: 

0 
f, = < ) 

f 

dy l(e1p + £bp + hiObp) — (41g + fq + h16sq)| 

0 

0 

do [(a2p + tbp + heObp) — (aq + bbq + habrq)| 
0 

d, (ean + Lip + hq tp) — (qq + 2bq + hq6ta)| 

0 

0     
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Using a similar procedure, the equations of motion for the q-structure can be derived. 

In this case there are 3m + 2 equations of motion where q of them are coupled with the 

p-system of equations. By combining the coupled equations of motion of the two pounding 

structures, we can write the system equations of motion as: 

M i+(C+D)i+(K+S)u=f (6.20) 

where the system mass matrix is defined as: 

M, 
M = (6.21) 

M2 

The sub-matrix M, corresponding to the p-structure is defined as: 

    

M, Mor gp M,rep 

= T T T 
Mi PopMp Pop>Mprgp + Mop PopMpPr ep (6.22) 

T T T 
; r9,M, g,MpPgp g,MpProp + Lbp | 

and the sub-matrix M2 corresponding to the q-structure is defined as: 

    

M, MF 9q M,Yoq 

M2 =] lM, rigMareg tm, rt, M greg (6.23) 

| regM, r}M4¥ oq rj,Maroq + Lbg | 

The vector of the unknown displacements, u is given as in equation 6.14 and the damping 

matrix C and the stiffness matrix K are given as: 
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cé ka 
Cc- K= (6.24) 

Cr ky 

Ce ko         
The supplemental stiffness matrix, S, is defined as: 

S; 0; S2 —-S; 02 —-S» 

0; OO, OF Of 0, 

S; -S? 0, —-S3 

S= (6.25) 

Si Oz S2 

SY M. 0, of 

S3     
where S, is a 3q x 3q diagonal matrix with the diagonal elements vector defined as: 

3q 

s? =[s1,0,0,52,0,0,...,89,0,0] (6.26) 
  

and the matrices S2 and S3 have the dimensions 3q x 2 and 2 x 2 respectively and are 

defined as: 
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s,s 00 8s O00... 8 O 0 

sih; 0 0 Sohp 0 0 ... Sqghg 0 0 

sf = (6.27) 

wie Si ici sph; 

S3 = (6.28) 
q Bh. q fp2 
i=l S¢ h; isl Si hi 

The 0;. 02, 03, O4 and Os are null matrices with the dimensions of 3q x (3n — 3q), 3q x 3q, 

(3n — 3q) x (3n — 3g) ,2 x (8n — 3q) and 2 x 3q, respectively. 

The supplemental damping matrix D in equation 6.20 is of the same form as matrix S, 

except that the s; are replaced by d; in equations 6.25, 6.26 and 6.27 to obtain D. 

The system force vector f in equation 6.20 consists of the forces due to ground excitation 

as well as the forces due to the structural pounding. This vector is defined as: 

MP gp 

r7Mprop + Mbp 

r3,MpF gp 

f-—- .2,4+Sg (6.29) 

M,Po¢ 

T PoqgMargq + Mb     T 
Tg, MqPoq J 

where g is defined as: 
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3q 3n—3q 

g! = [ 91,0, 0, 92,0,0,..-,99,0,0,0,0,...,0] (6.30) 

  

The system of equations 6.20 is solved by the Newmark-{ approach to obtain numerical 

results, which are presented in the following section. 

6.5 Structures on Rigid Foundation 

Equations derived in the previous section are used to obtain the numerical results for 

various bracing configurations. 

Since the story above the top pounding story had the highest increase in its shear force, 

the strengthening of this story by a diagonal bracing has been examined first. These results 

are presented in Figures 6.13, 6.14 and 6.15, again for El-Centro, one synthetic time history 

and fifty synthetic time histories. Comparing the response of the braced and unbraced 

ten-story structure, it is seen that the column bending moment in the braced story is 

drastically reduced, but at the same time there is an increase in the moments of the other 

stories, especially the pounding stories, for the results presented for one accelerogram in 

Figures 6.13 and 6.14. This increase in the bending moment is, however, not seen when the 

average of several ground motions is considered, as is seen from Figure 6.15. The bending 

moment in the top stories is still higher than the bending moment for the no-pounding case. 

From the bottom set of the sketches in Figures 6.13, 6.14 and 6.15, we note that bracing of 

a story does not reduce the floor acceleration significantly. 

Next we show the results, again for El-Centro, for one synthetic time history and the 

ensemble of fifty time histories in Figures 6.16, 6.17 and 6.18 for different bracing arrange- 

ments. From the results in Figure 6.17 for one time history input, we note that if we brace 

all non-pounding stories to reduce the bending moment in them, we end up getting higher 

bending moments in all the pounding stories. (This increase in the moment in the pounding 

stories is not very significant, however, when we consider the averaging effect of fifty time 

histories, Figure 6.18). Thus, in general, this arrangement only transfers the problem from 
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the top stories to the bottom stories. Jt also worsens the acceleration response situation. 

The effect of only bracing the pounding stories is also not beneficial, as it causes even 

higher bending moment response in the non-pounding stories. However, because this ar- 

rangement makes the structure more stiff, it reduces the relative displacement between 

the pounding stories and thus the accelerations of the pounding floors compared to the 

accelerations we obtain for the case of free pounding. 

From these results, we observe that, in general, bracing one or more stories only has 

a local effect. In most cases, it only transfers the problem from the braced stories to the 

remaining unbraced stories. It may, therefore, be necessary to brace all stories. With 

this motivation, we have also examined the case of bracing all ten stories of the structure, 

and corresponding results are presented and compared with other bracing arrangements in 

Figures 6.16, 6.17 and 6.18. 

We observe that bracing all stories of the taller structure does reduce the bending 

moment response in all stories; the response becomes even smaller than the no-pounding 

response, except in the smaller structure in which its top story experiences somewhat higher 

bending moment. However, we also note that although the floor accelerations have been 

reduced, they are still much higher than the accelerations of the no-pounding case. 

It is, therefore, now apparent that one must brace all the stories of at least the taller 

structure to reduce the bending moment response. At the same time, to reduce high ac- 

celeration caused by pounding, one must also join the two structures by rigid links. In the 

next set of three figures (Figures 6.19, 6.20 and 6.21), we therefore show the combined effect 

of joining the two structures and bracing the taller structure. From these results, we note 

that, even for the joined case, a partial bracing of the structure does not solve the problem 

completely; it only transfers the effect to the remaining part which is not braced. However, 

joining and complete bracing of the taller structure provides the best solution. It reduces 

the bending moments in all the stories of the taller structure. The higher pounding stories 

of the shorter structure experience moments higher than the no-pounding case and may, 

therefore, require bracing as well. 
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In the next set of three figures (Figures 6.22, 6.23 and 6.24) we examine the acceler- 

ation response, again for three different inputs. As we noted earlier, joining reduces the 

pounding accelerations of floors drastically. In the lower portions of the Figures 6.22, 6.23 

and 6.24, we compare the acceleration response for different arrangements of bracing of the 

joined structures. We note that bracing all floors causes higher acceleration compared to 

other bracing arrangements, simply because the taller structure now becomes more rigid. 

Nevertheless this acceleration is much smaller than the acceleration for the case of freely 

pounding structures. 

The next set of figures (Figures 6.25, 6.26 and 6.27) shows the response of the joined 

and separate, but completely braced, ten-story structures. We observe that joining does 

not change story bending moments. It mainly reduces the floor accelerations. 

In the next set of figures, we examine the sensitivity of various response quantities with 

respect to the bracing size used. The case with all stories of the taller structure braced is 

considered. Also the results are only for the average of fifty time histories. In Figure 6.28 

we plot the story column bending moment and acceleration responses obtained for various 

bracing sizes. As expected, we note that column bending moments are reduced by a larger 

bracing. However, the reduction is not very sensitive to size as all moment curves are not 

much separated. The acceleration values are seen to be more sensitive to bracing size. But 

even a large bracing does not reduce them to the no-pounding level. 

In the next figure (Figure 6.29) we compare the axial force in the bracing in the upper 

part of the figure and combined axial plus bending stress in the bracing in the lower part 

of the figure. We observe that a larger bracing attracts a larger force, whereas the stresses 

in the bracing do not change much with the sizes. This is more clearly shown in the lower 

part of Figure 6.30, where we notice that stresses in the bracings in different stories do not 

change drastically as their sizes are changed. This suggests that a smaller size bracing may 

be as effective as a larger bracing, as far as the stresses in bracing themselves are concerned. 

Thus for design purposes, we can start with a smallest size bracing which can reduce the 

column bending moment to its no-pounding level. Similar observations can also be made 
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from the results presented in the next two figures (Figures 6.31 and 6.32) which pertain to 

the case of joined structures. 

6.6 Structures on Flexible Foundations 

In the preceding section, we considered various options to reduce the detrimental effects 

of pounding of two structures with a rigid foundation. In this section, we present parallel 

results for the structures on flexible foundations. The flexibility of the foundation is intro- 

duced through a set of two soil springs (translational and rotational) provided under each 

structure. The soil spring constants corresponding to a shear wave velocity of 77 m/sec are 

used. 

Again we will consider the effect of joining the structures, providing bracing only and 

joining and bracing of the two structures. For calculating the response of pounding struc- 

tures on a flexible foundation, the formulation of section 6.4 is used. For joined, braced or 

unbraced, structures on a flexible foundation, the formulation is developed in the following 

section. 

6.6.1 Rigidly joined structures - equations of motion 

In this section we develop the equations of motion of two structures rigidly joined at their 

floor levels. However, their foundation mats and soil springs are separate. The schematic 

of this system is shown in Figure 6.33. 

Again the Lagrangian formulation is used. The kinetic energy of the combined system 

can be written as: 

T=5 WM, vp + VPM,V¥_ + Mbop(top + Eq) + Mbq(Fbq + Ey)” + IopG}, + Tog, | (6.31) 

where M, and M, are the mass matrices of the p- and q-structures considered separately; 

Mbp and mp, are the masses of the bases of the two structures; ;, and Jp, are the mass 
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moments of inertia of the two bases; v, and v, are the absolute displacement vectors of the 

two structures; 25, and zp, are the translations, relative to ground, of the bases of the two 

structures; 6, and 9, are the rotations of two structures and z, is the ground displacement. 

The dot over a quantity represents its time derivative. 

The potential energy of the system is written in terms of the relative diplacement vector 

as: 

V= u? Ku, + u, Ku, + kz (jp + 25) + ko(95, + 62, )| (6.32) 

i
 

where K, and K, are the stiffness matrices of the p- and q-structures; u, and u, are the 

displacement vectors of the p- and q- structures relative to their respective bases and k, 

and kg are the stiffness coefficients of the translational and rotational soil springs at the 

bases of two structures. 

The Rayleigh dissipation function for the energy dissipated through viscous damping in 

the structural damping and radiation damping in the soil medium can be written as: 

D = = |tpCpiy + OF Cy, + co(th, + thy) + co 62, + 62,)| (6.33) 

h
o
}
 rR 

where C, and C, are the p- and q-structure damping matrices. As in the previous chapters, 

these matrices have been defined in terms of the modal damping ratios and eigenproperties of 

the structure using standard procedures. The translational and rocking radiation damping 

coefficients at the bases of two structures are denoted c, and cg, respectively. 

The absolute and relative displacement vectors are related as follows: 

Vp = Up + Pgp(2gq + Lop) + PopMbp (6.34) 

Vq = Ug t+ Pgq(2q + Zbq) + ToqMbq (6.35) 
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Since the two structures are joined. the absolute displacement values at the common 

points on the two structures are the same. Let the absolute displacement vector of these 

common nodes be denoted v,. In terms of this common vector, the absolute displacement 

vectors are written as follows: 

Vv 

vad (6.36) 
Ve 

Vv 

v,=4 73 (6.37) 
Ve 

where vy, and vy, are the absolute displacement vectors of the unconnected nodes of the 

p- and q-structure, respectively. 

Similarly, the influence vectors rgy, Pep, fgg and rg, can be subdivided as: 

r 

ro =e 7? (6.38) 
P'gcp 

T 

rp=t (6.39) 
Lecp 

r 

ryg= ek 779 (6.40) 
T'9cq 

rg 
r= 4 (6.41) 

lGcq 

where rgy, and ry, are the influence vectors due to the ground motion of the unconnected 

nodes of the p- and q-structure; rgcp and rgcq are the influence vectors due to the ground 
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motion of the common nodes of the p- and q-structure; rey, and rgz, are the influence 

vectors due to the base rotation of the unconnected nodes of the p- and q-structure and 

Lgcp and Ygcq are the influence vectors due to the base rotation of the common nodes of the 

p- and q-structure. These influence vectors are defined in Appendix A. 

Substituting equations 6.36, 6.38 and 6.39 in equation 6.34, one obtains: 

rg Nb, (6.42) 
Ve locp Téecp 

Similarly by substituting equations 6.37, 6.40 and 6.41 in equation 6.35, we can write: 

Vv r rg u, = fq _ 949 (2 + bq) _ fq 

Ve Tocq Tcq 

Bq (6.43) 

Substituting equations 6.42 and 6.43 in equations 6.32 and 6.33 and by partitioning the 

mass, damping and stiffness matrices of the two structures in terms of their unconnected 

and common nodes, the kinetic energy T, potential energy V and dissipation function D 

can be written, respectively, as: 

T = 1 vt Miip Mi2p Vip 1 1 vi, Mii, M2, 

2 vi Maip M2 Ve 2 wi Mai, M2, 

Vy ] . . . . : . 
. q + 3 [Mp top + ity)? + Mbq(Zbq + iq)? + Ip 95, + Trq6,| (6.44) 

Ve 

T T T 1 v r rg Kiip Kie V- 5 u _ “ (ty + 2p) — mn Os Pp Pp 

Ve Pocp Poop Kop K22p 

Vv f Of 
ey u (ty + tp) — ° Bp | + 

Ve lgcp Téep 
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T T 

Vv r . r Kiig Kio 
5 " _ “9 (zy + Xbq) _ as Bbq q q 

Veo Bocq lGcq Kaig Koog 

fq _ 949 (2, 4 bq) _ q Pq 1 

Ve P9cq l6cq 

1 

5 [Aa(2h, + 28,) + ko( 6%, + 8,)| (6.45) 

TT T T 

Li Y r r ; Cup C 
D- 5 o _ fe (ig + tap) — isp bs, lip 12p 

Vo Tocp bcp Caip C22 

v r . . i) . i _ gfp (ag 4 itp) _ fp bsp 4 

Ve 'gcp lécp 

. T T T 

5 Vig _ Tota (2 + £ ) _ Po fq 6; Cig Cia, 

-T T g q T q 

Ve 9°4 Vbcq Catg Cr2q 

r . 8 . gf (tg + bbq) — fq bq | + 

Pgcg TGcq 

~ | 

3 [Cz (thy + tha) + colby + 8a) (6.46) 

Using the Lagrangian of equations 6.44 and 6.45 along with equation 6.46, we can 

develop the equations of motion in the generalized coordinates q as follows: 

  

d [OL OL OD 
|] lazl-~actar =? 6.47 
d a dq | dq (6.47) 

where q is defined as 

3(n+ F)+4 

q? = [ Vip Ver Vifqs lbps bp, Lbq> bq | (6.48) 

and 
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L=T-V (6.49) 

Utilizing equations 6.49 and 6.46 in equation 6.47 and after some simplifications the 

equations of motion for the joined system in matrix form can be written as: 

Mg + Cq+Kq=f (6.50) 

The matrices M, C, K and the vector f are defined in Appendix A. 

6.6.2 Rigidly joined structures on flexible foundation - numerical results 

In Figures 6.34, 6.35 and 6.36 we present the column bending moment and floor accel- 

eration results for the two structures subjected to El-Centro (Figure 6.34), one synthetic 

time history (Figure 6.35) and fifty synthetic time histories (Figure 6.36). For fifty time 

histories the results are the average of the maximum values. 

From the comparison of the results for joined and free pounding structures we notice 

that joining the two structures reduces the bending moments in the columns of the ten-story 

structure for all three inputs. It is pointed out here that this was not the case when we 

considered the structures on a rigid foundation (as shown in Figures 6.9, 6.10 and 6.11). So 

in this case, the pounding effects are reduced in the ten-story structure by joining the two 

structures, but the bending moments are still higher than those for the case of no-pounding. 

Also the smaller structure experiences larger bending moments than the moments for the 

free pounding or no-pounding cases. The main advantage of joining the two structures, 

however, lies in the fact that the pounding accelerations are now reduced drastically. 

6.6.3 Braced structures on flexible foundation 

In this section, we will present results for various configurations of bracings. When the 

structures, braced or unbraced, are freely pounding, the formulation presented in section 6.4 
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is used to obtain the numerical results. On the other hand, when the structures are rigidly 

joined, the formulation presented in section 6.6.1 is used. 

First we consider bracing of the sixth story of the ten-story structure which experienced 

a large increase in the bending moment due to pounding. Again the results for three inputs 

are presented: (1) El-Centro in Figure 6.37, (2) one synthetic time history in Figure 6.38 and 

(3) fifty synthetic time histories in Figure 6.39. The most conspicuous effect of providing 

bracing in the sixth story is to reduce the bending moment in this particular story. The 

bending moments in other stories and pounding accelerations are not affected significantly. 

The top story of the five-story structure is seen to attract more bending moment in this 

case. 

Thus the effect of providing bracing only in the sixth story did serve the purpose of 

reducing the bending moment in that story, but the benefits were localized. 

In the next set of figures (Figures 6.40, 6.41 and 6.42) we compare the responses ob- 

tained for the three inputs for different configurations of the bracings used. The results are 

presented for: (1) no-pounding response, (2) free pounding without bracings, (3) pounding 

with first five stories braced, (4) pounding with top five stories braced and (5) pounding 

with all ten stories braced. In all three cases of inputs it is observed that: 

1. Bracing of only the top five stories reduces the responses in the braced stories. The 

response in the unbraced lower stories may even be increased by this bracing arrange- 

ment (Figures 6.40, 6.41 and 6.42 for El-Centro and synthetic time history inputs). 

2. Bracing of the lower five stories has a similar influence. That is, it does reduce the 

bending moment response in the lower five stories, but it may increase the response 

in the higher stories (Figure 6.40 for El-Centro input). 

3. Bracing of all ten stories seems to be the best in reducing the bending moment due 

to pounding over the entire height. It is, however, noticed that this reduced response 

is still higher than the no-pounding response. Also, bracing all ten stories increases 

the bending moment in the top story of the five-story structure. 
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4. All these arrangements of bracing do not decrease the pounding acceleration responses. 

In summary, we notice that bracing of all ten stories provides the best results, but at 

the same time it does not take care of all problems. That is, (1) it does not reduce the 

column moments adequately, (2) it does not decrease the pounding acceleration and (3) it 

increases the bending moment in the top story of the five-story structure. Therefore, next 

we want to examine if we can reduce these undesirable features by joining as well as bracing 

the two structures. 

In the next three figures (Figures 6.43, 6.44 and 6.45) we compare the bending moment 

response for three different inputs for joined structures with different bracing configurations. 

We observe that bracing of either the top five or bottom five stories does not reduce the 

response in the remaining unbraced parts, whereas bracing of all ten stories reduces the 

bending moment response in all stories of ten- as well as five-story structures to a level less 

than the level of no-pounding response in almost all cases. 

In the next three figures (Figures 6.46, 6.47 and 6.48) we compare the acceleration 

response for the three inputs for different bracing configurations of joined structures. Now 

since the pounding is avoided, the accelerations are drastically reduced as is seen from the 

top parts of Figures 6.46, 6.47 and 6.48. In the lower parts of these figures we only show 

the accelerations for the joined structures. We note that accelerations obtained for the 

braced cases are higher, especially in the top five stories, but they are still well below the 

accelerations we get when structures pound against each other. 

6.6.4 Effect of bracing size 

The previous set of results was obtained for bracing of size W530 x 66. In the next few 

figures we examine the effect of reducing the bracing size on the pounding response as well 

as on the stresses in the brace itself. 

Figure 6.49 shows the column bending moment in various stories and pounding accel- 

eration for the ten-story structure braced with different size bracings. All ten stories are 

braced. It is noticed that a larger bracing reduces the bending moment more than a smaller 
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bracing. The bracing size, however. has no significant effect on the pounding acceleration 

response. 

In Figure 6.50 we show the axial force and combined bending plus axial stress in different 

size bracings. From the top part of the figure we note that although larger braces attract 

larger forces, the combined stresses in different size bracings are not very different (lower 

part of the figure). This is more clearly shown in the next figure (Figure 6.51). The top part 

indicates the bracing forces plotted against the bracing size and the lower part shows the 

maximum stress in the brace. Since the curves in the lower part are nearly horizontal, they 

indicate that stress values are not sensitive to the size of the bracing used. This suggests 

that we could use the smallest possible bracing size which will produce a desired reduction 

in the bending moment of story columns. 

In the next figure (Figure 6.52) we compare the responses obtained in the case of joined 

structures braced with smallest and largest size bracings in the group. It is seen that it 

is adequate to use the smaller bracing as it reduces the bending moment to the level of 

no-pounding. As seen from the stress in this bracing in Figure 6.53, it is well within the 

acceptable level for steel. Thus in pounding mitigation by bracing of stories, the stresses in 

the bracing will not be a critical factor. One can use the smallest bracing which will reduce 

the bending moment to a desirable level. 

6.7 Foundation Shear 

In this section we examine the effect of pounding mitigation schemes on the foundation 

forces. In Table 6.1 we show the force in the linear foundation spring for the five- and 

ten-story structures for (1) no-pounding, (2) pounding without bracing, (3) pounding with 

1 through 5 stories braced, (4) pounding with 6 through 10 stories braced and (5) pounding 

with the most effective case of all stories braced. Also shown are the forces when the two 

structures are joined by rigid links. In the calculation of these forces it is assumed that the 

two base mats are also attached. The results in this table are for a soft soil (with shear 
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wave velocity of 77 m/sec). Also, the response for the braced case was obtained when the 

ten-story structure was braced with the largest size bracing in the group. It is noted that: 

1. Pounding increases the shear force transmitted to the soil, by a factor of about 1.5 

for this soft soil. 

2. The shear transmitted to soil increases further if stories are braced. In the case when 

all ten stories are braced, there is a further increase in shear of about 25% due to 

pounding. 

3. The situation is, however, improved dramatically when the two structures are joined. 

Joining, of course, changes the dynamic characteristics of the combined structures 

to bring about a change in the foundation forces. At the same time it reduces the 

pounding effect to reduce the foundation shear forces. As we will see later, this change 

is, of course, also affected by the stiffness of the foundation relative to the structural 

stiffness. 

4. The shear force in the foundation of the five-story structure does not change much 

either due to pounding or bracing of the ten-story structure. When the two structures 

are joined, there is an increase in the foundation shear for the five-story structure as its 

foundation mat is assumed to move the same as the foundation mat for the ten-story 

structure. 

In Table 6.2 we present the results for the ten-story structure braced by different size 

bracings. From these results we observe that the smaller the bracing, the lower the shear 

force due to pounding in the ten-story structure foundation. Again the force in the five- 

story structure is not affected much. Also the force for the joined case does not appear to 

be sensitive to the bracing size used. 

In Table 6.3 we show the effect of shear wave velocity on foundation shear forces. We 

show the forces for the cases of (1) no-pounding of unbraced structures, (2) pounding of 
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ten-story structure braced with smallest size bracing in the group and (3) joined structures 

with ten-story structure braced. 

For the ten-story structure we note that pounding with bracing seem to increase the 

shear forces for all foundation flexibilities, except that for the foundation with V, = 600 m/sec 

no significant pounding effect is noticed. In the five-story structure the pounding is seen 

to reduce the foundation force for all cases of shear wave velocities. Joining of the two 

structures is seen to reduce the foundation force in soft soil only. For higher shear wave 

velocities, the joining also imposes a higher shear force on the foundation. 

In summary, it is observed that except for the very soft soils, the mitigation scheme of 

joining the structures and bracing the ten-story structure will increase the shear force trans- 

mitted to the foundation, thus requiring a strengthening of the foundation. For the cases 

considered here, the foundation force may, however, be reduced in very flexible foundations. 

This effect, however, is significantly affected by the combined frequency characteristics of 

the structures and foundation soil. 

6.8 Forces in the Rigid Links Joining the Structures 

To get some idea what size rigid link we may need to connect the two structures, we 

have calculated the forces in the links provided at various levels. 

Figure 6.54 shows the forces in the five links for various configuration of bracings. It 

is noticed that only the top link experiences a significant level of force. Also when braces 

are provided in all stories the force in the top link is also reduced, but then lower links 

experience some force. 

In the next figure (Figure 6.55) we show the effect of different bracing sizes. We notice 

that bracing size does affect the forces in the links, but not very dramatically. In Figure 6.56 

we show the effect of foundation flexibility on the link forces. We note that generally a rigid 

foundation will cause higher forces in the links. However, even the highest force is not very 

large. Assuming an allowable tensile stress of 150 MPa in steel, the maximum force of 
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0.32 MN can be easily carried by a 52 mm rod. Thus joining of the two structures does not 

pose any special problem and it can be easily accomplished by using large size steel rods or 

specially manufactured links. 

6.9 Pounding of Structures at Unequal Levels - Column Pounding 

Often structures in cities are not at the same level, or they may have unequal height 

stories. In such cases the floors of one structure will pound against the columns of the other 

structure, as shown in Figure 6.57. Here such pounding is referred to as column pounding. 

Such a pounding is most likely to cause collapse as most building columns are not designed 

for any impacting lateral load. 

To alleviate the effect of such pounding, it is necessary that columns be K-braced, as 

suggested by Newmark and Rosenblueth [29]. The most critical case of column pounding 

will happen when the floor impacts in the middle of a column height. In the following, 

therefore, we have examined the responses for such a column pounding situation for various 

bracing configurations. The two pounding structures considered are three- and six-story 

structures. 

The bracing configurations considered are: 

1. Only bracing of pounded columns by K-braces, for both structures, Figure 6.58. 

2. K-bracing of pounded columns with diagonal bracing of the higher stories of the six- 

story structure. 

The column bending moment and floor acceleration responses for these two bracing 

arrangements are compared with the no-pounding response and response of joined and 

braced structures in Figures 6.59 and 6.60 for El-Centro ground motion and for an ensemble 

of fifty time histories. 

From the results in these two figures we observe that K-bracing of the two structures is 

adequate to reduce the pounding effect on the column. However, bracing of the pounding 
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stories is seen to increase the column bending moment of the higher stories, especially 

for the fifty time history ensemble results, and also for the smaller size bracing results 

shown in Figures 6.61 and 6.62 for both the El-Centro and fifty time history results. If the 

higher stories are also braced, the bending moment response in all stories can be reduced 

significantly. But any of these bracing arrangements do not help much in reducing the 

pounding acceleration response. To reduce this, we must also join the two structures by 

rigid links. We observe that the bending moment response for the case of a joined and 

completely braced structure is significantly reduced. In fact, it is much smaller than the no- 

pounding response. The floor acceleration response in this case is now close to the response 

for the case of no-pounding. 

Since the provision of the bracing reduces the bending moment response much more 

than what is necessary, it suggests that perhaps even a smaller size bracing may also be 

adequate. In the next two figures, therefore, the same results are presented for two smaller 

bracing sizes. The results in Figures 6.61 and 6.62 are for W310 x 23.8 size bracing and 

those in Figure 6.63 and 6.64 are for even smaller size W150 x 13.5 bracing. It is noted from 

these figures that if we only provide bracings in the pounding stories, then the higher stories 

attract responses higher than the no-pounding case. Thus we also need to provide bracing 

in those higher stories. Also providing bracing alone does not avoid high acceleration values 

due to impact; they can only be reduced by rigid joining of the two structures. We also 

note that by choosing the smallest possible size bracing it is possible to reduce the pounding 

effect to a desirable level. 

6.10 Summary 

In this chapter two proposals to alleviate pounding effects were examined. Providing 

a softer cushion, representing a softer spring was found impractical because of clearance 

requirements; the clearance requirement to permit the deformation of a soft spring is as 

much as the clearance required to avoid pounding. The introduction of energy dissipation 
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devices, even if possible to be installed, are not of much help in reducing the story shear, 

and in some cases may even be harmful as they may increase the floor acceleration response. 

The best solution for alleviating pounding effects if it cannot be avoided by increasing 

the clearance is to rigidly connect the impacting floors and brace all the stories of at least the 

taller structure. Joining of the floors is required to reduce the excessive floor accelerations 

caused by impact, whereas the story bracings are required to reduce the excessive story 

shears or bending moments in the higher stories caused by pounding of the lower floors. 

Although the shears are increased only in the higher stories, it is necessary to brace all 

the stories of at least the taller structure. Also bracing of all the stories increases the floor 

acceleration response more than the no-pounding case because it makes the structure stiffer, 

but it is still necessary to protect the damage to the higher stories due to increased bending 

moment response. 

The forces in the rigid links connecting the two structures were observed to be reason- 

able. Thus joining of the two structures does not seem to pose an insurmountable problem. 

In the case of column pounding, the proposed mitigation strategy is to provide K- 

bracings on all pounding columns of the two structures and also to rigidly join them to 

avoid pounding acceleration. 

The proposed pounding mitigation strategies were also examined for the structures 

supported on the flexible foundation media. It is observed that except for the very soft 

soils, the mitigation scheme of joining the structures and bracing the ten-story structure 

will increase the shear force transmitted to the foundation, thus requiring a strengthening 

of the foundation. 
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Figure 6.1: Response of structures with springs of varying stiffness coefficients provided at 

the pounding interfaces 
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Figure 6.8: Schematic of rigidly joined structures supported on the rigid foundation 
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Figure 6.10: Comparison of the column bending moment and absolute floor acceleration 
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Figure 6.11: Comparison of the column bending moment and absolute floor acceleration 
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Figure 6.12: Schematic of pounding structures supported on the flexible foundation 
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Figure 6.19: Comparison of the bending moment response obtained for joined structures 

with different bracing configurations with the response obtained for unbraced joined and 
unbraced disjoined freely pounding structures (rigid foundation model, El-Centro time his-
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Figure 6.20: Comparison of the bending moment response obtained for joined structures 
with different bracing configurations with the response obtained for unbraced joined and 

unbraced disjoined freely pounding structures (rigid foundation model, 1 synthetic time
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Figure 6.21: Comparison of the bending moment response obtained for joined structures 
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Figure 6.22: Comparison of the acceleration response obtained for joined structures with dif- 
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Figure 6.23: Comparison of the acceleration response obtained for joined structures with dif- 

ferent bracing configurations with the response obtained for unbraced joined and unbraced 

disjoined freely pounding structures (rigid foundation model, 1 synthetic time history) 
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Figure 6.24: Comparison of the acceleration response obtained for joined structures with dif- 
ferent bracing configurations with the response obtained for unbraced joined and unbraced 

disjoined freely pounding structures (rigid foundation model, 50 synthetic time histories) 
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Figure 6.26: Comparison of responses obtained for joined and completely braced 10-story 

structure with the responses of the disjoined and completely braced 10-story structure (rigid 

foundation model, 1 synthetic time history) 
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Figure 6.28: Comparison of responses obtained for different bracing sizes with the responses 

obtained for unbraced and no-pounding cases (rigid foundation model) 
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Figure 6.29: The effect of bracing sizes on the bracing force and stress responses in various 

bracings of the 10-story structure for pounding structures (rigid foundation model) 
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Figure 6.32: The effect of bracing sizes on the bracing force and stress responses in various 

bracings of the 10-story structure for joined structures (rigid foundation model) 
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Figure 6.33: Schematic of rigidly joined structures supported on the flexible foundation 
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Figure 6.36: Comparison of the column bending moment and absolute floor acceleration 
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Figure 6.37: Comparison of responses obtained with bracing, without bracing and no- 

pounding cases (flexible foundation model, El-Centro time history) 
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Figure 6.39: Comparison of responses obtained with bracing, without bracing and no- 
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Figure 6.40: Comparison of responses obtained for different configurations of bracings with 
the responses obtained for unbraced and no-pounding cases (flexible foundation model, 

El-Centro time history) 
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Figure 6.41: Comparison of responses obtained for different configurations of bracings with 

the responses obtained for unbraced and no-pounding cases (flexible foundation model, 1 

synthetic time history) 
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Figure 6.42: Comparison of responses obtained for different configurations of bracings with 
the responses obtained for unbraced and no-pounding cases (flexible foundation model, 50 
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Figure 6.43: Comparison of the bending moment response obtained for joined structures 

with different bracing configurations with the response obtained for unbraced joined and 

unbraced disjoined freely pounding structures (flexible foundation model, El-Centro time 
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Figure 6.44: Comparison of the bending moment response obtained for joined structures 
with different bracing configurations with the response obtained for unbraced joined and 

unbraced disjoined freely pounding structures (flexible foundation model, 1 synthetic time 

history) 
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Figure 6.45: Comparison of the bending moment response obtained for joined structures 

with different bracing configurations with the response obtained for unbraced joined and 

unbraced disjoined freely pounding structures (flexible foundation model, 50 synthetic time 

histories) 
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Figure 6.46: Comparison of the acceleration response obtained for joined structures with dif- 

ferent bracing configurations with the response obtained for unbraced joined and unbraced 

disjoined freely pounding structures (flexible foundation model, El-Centro time history) 
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Figure 6.47: Comparison of the acceleration response obtained for joined structures with 

different bracing configurations with the response obtained for unbraced joined and un- 

braced disjoined freely pounding structures (flexible foundation model, 1 synthetic time 

history) 
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Figure 6.48: Comparison of the acceleration response obtained for joined structures with 

different bracing configurations with the response obtained for unbraced joined and un- 

braced disjoined freely pounding structures (flexible foundation model, 50 synthetic time 
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Figure 6.49: Comparison of responses obtained for different bracing sizes with the responses 

obtained for unbraced and no-pounding cases (flexible foundation model) 
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Figure 6.53: The effect of bracing sizes on the bracing force and stress responses in various 

bracings of the 10-story structure for joined structures (flexible foundation model) 
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Table 6.1: The forces in the foundation springs of the 5- and 10-story structures for no- 

pounding, pounding and joined without bracing and with different bracing configurations 

  

  

No-pounding Pounding Joined 

Braced stories 

of the 10-story 10-story 5-story 10-story 5-story 10- or 5-story 
structure structure structure structure structure structure 

Force (MN) | Force (MN) | Force (MN) | Force (MN) Force (MN) 

  

  

  

  

No-bracing 0.40450 0.28659 0.60232 0.26307 0.36543 

1 through 5 - - 0.68095 0.26033 0.36471 

6 through 10 - > 0.59583 0.28282 0.37188 

1 through 10 - - 0.74597 0.28362 0.36927                 
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Table 6.2: The forces in the foundation springs of the 5- and 10-story structures for pounding 

and joined structures with different bracing sizes of the 10-story structure 

  

  

  

  

  

  

  

pounding Joined 

Bracing size 10-story 5-story 10- or 5-story 

structure structure structure 

Force (MN) | Force (MN) Force (MN) 

W530 x 66 0.74597 0.28362 0.36927 

W460 x 52 0.73492 0.27996 0.37083 

W410 x 38.8 0.71576 0.27299 0.37288 

W360 x 32.9 0.70386 0.26971 0.37345 

W310 x 23.8 0.68077 0.26682 0.37379           
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Table 6.3: The forces in the foundation springs of the 5- and 10-story structures for unbraced 

no-pounding, braced pounding and joined structures with different shear wave velocities of 

the foundation media 

  

  

  

  

  

  

        

No-pounding Pounding Joined 
without braces with braces with braces 

Shear wave 

velocity in the 

foundation media 10-story 5-story 10-story 5-story 10- or 5-story 

structure structure structure structure structure 

V, (m/sec) Force (MN) | Force (MN) | Force (MN) | Force (MN) Force (MN) 

77 0.40450 0.28659 0.68077 0.26682 0.37379 

200 0.48485 0.45922 0.79315 0.39981 0.60740 

400 0.65093 0.68661 0.73197 0.50940 0.77040 

600 0.72542 0.73999 0.72835 0.55388 0.80870 

{ 
oo 0.76954 0.70212 0.98415 0.57298 0.81210 

} I         
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Chapter 7 

SUMMARY AND CONCLUDING REMARKS 

In this study, the effect of pounding caused by earthquake induced vibrations of closely 

spaced structures was examined. Several structural systems with different floor mass, col- 

umn stiffness, impact spring stiffness, and seismic joint gaps, subjected to several different 

input motions, were considered. To evaluate the effects of pounding, the numerical results 

with and without pounding were obtained. To study the characteristics of the response dur- 

ing pounding, the problem of a multi-degree-of-freedom shear structure pounding against a 

rigid structure was considered in Chapter 2 and pounding against a deformable structure 

was considered in Chapter 3. The structural responses obtained during rigid and flexible 

pounding were observed to be different numerically but similar qualitatively. A compre- 

hensive parametric study was conducted to evaluate the importance of various problem 

parameters. 

The most conspicuous effects of pounding were observed to be: (1) a large increase in 

the shear force in the stories higher than the top pounding story and (2) a large increase 

in the accelerations of the pounding floors. The pounding can also cause large overturning 

effects on both structures. 

In chapter 4 the parametric study of the structural pounding was extended to the 

pounding of structures in series. The results showed that: (1) due to pounding, the exterior 

structure is usually penalized more than the interior structure when it is adjacent to either 

a stiffer or a heavier structure, (2) if the neighboring structure is either softer or lighter, 

then the floor acceleration and overturning moment responses of the interior structure are 

larger than those of the exterior structure, (3) the displacement and story shear responses 

are not very sensitive to the impact element stiffness, whereas the floor acceleration and 
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overturning moment responses are quite sensitive to this parameter. 

In Chapter 5 the effect of foundation flexibility on the structural pounding response 

was investigated. The foundation flexibility may increase or decrease the displacement 

and shear responses in pounding situations. It will depend upon the relative stiffness of the 

foundation media with respect to the structure, as well as combined dynamic characteristics 

of the foundation and the structure. For the example problem considered in this study it 

was observed that for a stiffer foundation the transmitted force increased due to pounding. 

Such force increases may also necessitate foundation treatment to increase its load carrying 

capacity. The overturning moment and floor acceleration responses were seen to increase 

in most cases due to the flexibility of the foundation. In general it was observed that to 

correctly evaluate the effect of pounding on a structural response, a proper consideration 

of its foundation flexibility must be included in the analysis. 

It is necessary to alleviate these pounding effects to avoid damage to the structural 

elements and supported secondary equipment. In Chapter 6, therefore, methods to reduce 

the pounding effects have been investigated. It was found necessary to join the structures 

by rigid links to avoid high accelerations caused by pounding. Joining of the structures, 

however, does not reduce the high shear force (or bending moment in the story columns) 

caused in the upper stories by pounding. To reduce the high bending moment, it is necessary 

to brace all the stories of the taller structure; a partial bracing of the structure transfers the 

force to the unbraced stories and thus does not solve the problem. The floor accelerations 

in the completely braced structures are, however, increased slightly when compared to the 

accelerations in the unbraced but joined structures. 

The forces in the rigid links connecting the two structures were observed to be reason- 

able. Thus joining of the two structures does not seem to pose an insurmountable problem. 

The proposed pounding mitigation strategies were also examined for the structures 

supported on the flexible foundation medium. It was observed that except for the very soft 

soils, the mitigation scheme of joining the structures and bracing the ten-story structure 

will increase the shear force transmitted to the foundation, thus requiring a strengthening 
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of the foundation. 

This study was mostly limited to linearly behaving structures, although it is realized 

that nonlinear force deformation characteristics play an important role in the design of 

structures. The nonlinearity of the pounding problem arising from the fact that the state 

of contact between the two colliding structures keeps changing constantly as the structures 

vibrate was, however, considered in the analysis. Also, as a part of the parametric study, the 

nonlinear Hertz model for the contact stiffness at the pounding interface has been considered 

in the study. A natural extension of this work is to study the effect of pounding and its 

mitigation when the lateral load carying members (columns) can yield or go in the inelastic 

range. 
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Appendix A 

MATRICES 

Influence vectors, first introduced in equations 6.38 - 6.41, are defined as 

  

  

  

  

  

follows: 

3(n— 3) 

rep = [ 1,0,0,1,0,0,...,1,0,0] 

°F 
rz, = (1,0,0,1,0,0,...,1,0,0] 

3(n— B) 

rl. = [ hgais 6/2, —1,..-,hp, ~6/2, 1, hy, b/2, —1,-.-, hp, b/2, 1] 

30 
rh, = (hy, 0/2, —1,...,hg, 6/2, 1] 

a2 
re, =[1,0,0,1,0,0,...,1,0,0] 

r3,, = [ hi, —b/2,—1,...,hg, —b/2, -1] 
m 

35 
er, 

rp, = [ h1,b/2,—1,..-, hq, 6/2, —1 ] 
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The combined mass, damping and stiffness matrices and forcing function 

vector appearing in equation 6.50 are defined as: 

Mass Matrix: 

  

TMip = Mizp 0 0 0 0 0 

Moip Ma2+Moa2, Mog 9 OO ODO OD 

0 M29 Mi, O09 OO 0 0 

M=| 0 0 0 mp 0 0 O 
0 0 0 0 Ip 0 0 
0 0 0 0 0 my 0 

| 0 0 0 0 0 DO In|   
Damping Matrix: 

C11 C12 «+ C17 

CH C21 €22 «++ €27 

C71 €72 «++ C77 

where 

C11 = Crip 

C12 > Crap 

C(i3 = 0 

C14 = —(Criprg tp + Cr2pPgcp) 

c15 = —(Cyiiprofp + CrapPocp) 

Cj6 = 0 

(17-0 
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C21 = Cap 

C92 = Corp + Corr, 

€23 = Cotg 

C24 = —(Caiplg tp + Cr2p¥gep) 

25 = —(CaipPayp + Cr2pPecp) 

c26 = —(Cargtg tq + Cr2qhgcq) 

C27 = —(CargPofq + Cr2q¥bcq) 

C31; = 0 

€32 = C29 

33 = Citg 

C34 = 0 

c35 — 0 

€36 = —(Criglg fq + Cr2g¥geq) 

37 = —(Cyigtetq + Crag ecq) 

C41 = — (Te ¢pCiip + ParcpCrip) 

c42 = — (Pep Ciop + Peep C229) 

T T T T 
C44 = Vg fpCriplg fp + Pg fpC12p¥gep + PgcpC2ipl gfp + VgepC22p¥ gep + Cx 

T T T T 
C45 = Po tpCiipl ofp + Po fpC12pl bcp + VocpC21pl fp + PgcpC22pF bep 

c43 = O 

c4g = O 

C47 = 0 

T T 
e51 = —(8erpCrip + Tacp Crip) 
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T T 
e52 = —(89¢pC rap + LacpC22p) 

53 = 0 

_ wl T T T 

T T T T 
C55 = Vg fpCiipl ofp + lg ¢pCi2p¥ bcp + PgcpC21p¥ ofp + le, C222¥ bcp + Cp 

C5g = 0 

C57 = O 

cei = 0 

c62 = —(Pa¢gCiag + P4oqC224) 

c63 = —(Po¢ gC 11g + PoegCatq) 

Ce4 = 0 

C65 = 0 

C66 = Pr pgCriglg fq + Pa pqC12q¥90q + PoegO2iqlota + PooqC 2290 geq + Cx 

cer = 84 ¢C1igrosq + VF gO 12q¥oeq + VyogC21gFofg + ProgC22qP cq 

C71 = 0 

¢72 = —(8$¢q¢C12q + P§eqC229) 

c73 = —(t§¢gCirg + PhcqCaiq) 

C74 = 0 

c75 — 0 

C76 = Pe pCrig¥otg + Po¢qC12q¥eeq + VpegCrighefg + Pag 229¥Gcq 

T T T T 
C77 = Ve fg righ ofa + Va¢q12qFOcq + VGcqC21q¥otg + VGcq22qFoeq + C8 
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Stiffness Matrix: 

Ky Ay «Raz 

kor kag «2. haz 
K= . « 

ky, kro...) kez 

where 

ki = Kityp 

Kio = Ky2 

ki3 = 0 

kya = —(Kuiptgtp + Ki2prgep) 

kis = —(Kuiprosp + Kizprécp) 

hig = 0 

kiz7=0 

kor = Kaip 

ko2 = Kap + Ko2q 

ko3 = Kaig 

kag = —(Katp¥gtp + Ko2pPgcp) 

kos = —(Kaiplosp + Kear cp) 

kag = —(Kaighg tq + Krogh gcq) 

ko7 = —(Kaigtofg + Ka2qP cq) 

k3, = 0 

k32 = Kiag 
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k33 = Kiig 

k34 = 0 

k35 = 0 

k36 = ~(Karglg fg + Krag? geq) 

k37 = —(Kuiglefg + Kj 2g? 6cq) 

kai = —(r7 Kip + ri pKrp) 

kao = ~(r3¢,Ki2p + Ps opK 229) 

k43 = 0 

ne oe T T T 
Kaa = Ug ¢pKiiplg tp + Pg ¢pKi2ptgcp + PocpKaipl ofp + PgcpK22p¥gcp + ky 

. . T T T 
Kas = Vo ¢pKiip¥osp + Vo fpH12pl bcp + PgcpKaiplosp + PgcpK22pl bcp 

kag = 0 

k4z7 = 0 

ks) = ~(r3¢pKirp + Pep Kop) 

ks = —(PbypKi2p + PhopK 229) 

ks3 = 0 

T T T T 

T T T T 
ks5 = roroKuiplosy + Tapp Ki2pPocp + PacpKaiplofp + VocpK22p¥ecp + Ko 

ksg = 0 

ks7 = 0 

ke. = 0 

ke = —(27 ¢gKizg + PacgK 224) 

keg = — (toy ,Kitg + Pog Kaiq) 
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ea = 0 

kes = 0 

keg = vr Kiighgfq + Pa pgK 12g? oca + VgcqK21g¥ata + PogK22qhocq + ke 

kez = re egKirghofa + rt egKizq?ocq + re gKoiglofa + reg K22qP cq 

al = 0 

k72 = ~(1} ¢qKi2q + Pog K 229) 

kr3 = ~(thyqgKiig + Peg K21q) 

k74 = 0 

kz, = 0 

kre = eh pg Kiigtatg + Pp tqK 1298 bq + PgoqKarghosg + Pog K 229% O0q 

T T T T 
k77 = efqKiiglefg + V9 fq WK12¢8 cq + VGcqK21q¥ 0 fq + VG.oqK22q¥ b0q + keg 

Forcing Function Vector: 

fr 

where 

Fr = (Cirptg tp + Craptgcp 2g + (Kiiptg fp + Kiapt gep)2q 

fo = (Carptgfp + Cr2pPgcp + Carghg tg + Ca2ghgeq )¥q + (Kaiptg fp + 

Kol gep + Kaigtg fq + Kaaghgeq) 2g 

fa = (Crh g tq + Cragtgcq)%g + (Katto tg + Ki2g¥gcq)Xy 
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- T T T 
fs = —Mbptg — (Po fpCriplg fp + Vo fpC12p¥ gep + LocpC2ipl gfp + 

T 5 T T 
Pcp C22p¥ gep 2g - (To ¢pKuipl ofp + V9 fpK12pP gep + 

T T 
Vo cpE21pl 9 fp + Vo cp<22pl gop Ly 

T T T T . 
fs = (Po ¢pCirpPosp + lg fpC12pF bcp + PocpC2iplo fp + Li cpC22p¥ dep )Lg ~ 

T T T T 
(ro ¢pKiiplosp + Po ppt<12pl bcp + LocpK21pl ofp + Po cpK22p¥ bcp ) Lg 

_ T T T fe = —Mbg%g — (Po fq@Cii9l ofa + Vo fqC12q¥geq + TocqC2iql ofg + 

T T T 
PgcqC22q¥ geq)Fg — (Vo ¢gKirghg tq + Pg fqKi2q¥gcq + 

T T 
Vocq HK 21q¥ ofa + PocgK22q¥ gcq )2g 

T T T T . 

T T T T 
(To fqK11eF org + Vo fq ts12q? Ocq + Pocq Kaig¥ fg + Pocq Kh 22qF cq) Xy 
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