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Abstract 
A rigid block placing next to a rigid boundary can be found in many applications of non-structural components in 

buildings, a typical example is a bookcase and partition wall system. Understanding the dynamics of such a system can 

help stakeholders better quantify the seismic risk and associated economic losses during an earthquake event. To this 

end, this paper first describes the governing equations of motion for different response modes of the block, which 

includes pure sliding, pure rocking and combined sliding-rocking motion. Subsequently, a novel approach based on 

classical principle of impulse and momentum is developed to handle the rigid block impacting the adjacent wall. The 

accuracy of the developed model is verified by comparing time-history response with a general-purpose rigid body 

model in which contact and impact are modeled using a viscoelastic force model. Since the developed model has 

significant improvement in terms of computational efficiency, it is used for further investigation in this study. The 

effects of the adjacent wall on the overturning of the rigid block are explored with analytical antisymmetric Ricker 

pulses. The influence of different parameters is evaluated by comparing the shapes of overturning spectra of the 

unobstructed and obstructed blocks. It is found that the existence of the adjacent wall significantly complicates the 

trends of toppling of the block. Generally, decreasing the friction coefficient of the ground, decreasing the clear wall 

distance and coefficient of restitution of the wall can enhance the stability of the block. 

Keywords: unilateral constraint; sliding; rocking; impact; overturning. 

1. Introduction
A freestanding planar rigid block subjected to base excitation has been received significant attention from the 

earthquake engineering community since the seminal work published by Housner [1]. The considerable 

interest in this problem may be attributed to the fact that many non-structural components can be idealized as 

a rigid block resting on a surface. Depending on the aspect ratio of the block, the frictional resistance and 

excitation amplitude, the planar block can exhibit five different modes: (1) rest; (2) pure sliding; (3) pure 

rocking; (4) combined sliding-rocking; and (5) free-flight. Criteria to initiate these modes are already given 

in [2]. In the past decades, many studies have been devoted to better understanding of seismic risks of non-

structural components whose responses are dominated by pure sliding motion (e.g. [3], [4]) or pure rocking 

motion (e.g. [5], [6], [7]). A few notable studies have focused on the dynamics of sliding-rocking block. The 

first study, which developed governing equations of motion for a sliding-rocking block, is reported in [8]. 

Subsequently, Ishiyama [9] and Taniguchi [10] separately investigated the complicated response of a rigid 

block considering different modes during base excitation. Shenton et al. [11] presented a general framework 

to model the important impact phenomenon that may occur during base excitation. Compared to [9], 

Shenton’s work [11] eliminates a priori knowledge of tangent coefficient of restitution, which seems 

impossible to determine from experiments. 

Almost all the previously mentioned studies assumed that the planar block does not interact with 

adjacent boundaries during its motion. This assumption is often unrealistic. For example, bookcases in real 

buildings are nearly always placed next to a wall, and the presence of an adjacent wall can significantly 

affect the response of a bookcase, as demonstrated in [12]. Therefore, to better understand the responses of 

such a system under base excitation and help stakeholders quantify the associated seismic risks, this paper 

investigates the dynamics of a sliding-rocking block with a rigid boundary in its vicinity. First, the equations 

of motion governing each response mode, as well as the commencing conditions, are presented. Then a novel 

approach based on principle of impulse and momentum is developed to handle the block impacting with an 

adjacent boundary. The accuracy of the proposed model is verified by comparing its time history response 

with a general-purpose rigid body model in which impact and contact are modeled with a viscoelastic force 

model. Since the developed model has significant improvement in terms of computational efficiency, it is 

used for further investigation in this study. The effects of the adjacent wall on the overturning of the rigid 
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block are explored with analytical antisymmetric Ricker pulses ([13], [14]). The influence of different 

parameters is evaluated by comparing the shapes of overturning spectra of the unobstructed and obstructed 

blocks. It is found that the existence of the adjacent wall significantly complicates the trends of toppling of 

the block. Generally, decreasing the friction coefficient of the ground, decreasing the clear wall distance and 

coefficient of restitution of the wall can enhance the stability of the block. 

2. Problem definition and equations of motion 

2.1 Problem definition 

The problem is schematically shown in Fig. 1. The freestanding block has a width of 2B and a height of 2H, 

or equivalently with a radius of R (𝑅 = √𝐵2 + 𝐻2) and an angle of α (𝛼 = 𝑎𝑡𝑎𝑛(𝐵 𝐻⁄ ). There is a rigid wall 

placed adjacent to the left side of the block. The distance between the centroid of the block to the wall is δl. 

The block has three degrees-of-freedom, two horizontal translational DOFs and one rotational DOF, as 

depicted in Fig. 1. During base excitation, the resultant forces between the block and the ground are denoted 

as fx and fy. The finite friction coefficient on the ground is denoted as μ, while the wall is assumed 

frictionless. Since we are more interested in the rocking behavior of the block, it may exhibit four modes 

during earthquake excitation: rest, pure rocking, combined sliding-rocking and free-flight. In this study, the 

free-flight mode is excluded, which is also adopted by previous studies ([6] ,[7]) on the rocking problem. 

 
Fig. 1 Schematic drawing of a freestanding block placed adjacent to a left side wall 

2.2 Equations of motion 

For the block to exhibit rocking motion first from the rest mode, the following condition must be satisfied: 

μs ≥ tanα                                                                          (1) 

The commencing condition for pure rocking motion is: 

|üg| ≥ tanα(v̈g + g)                                                                 (2) 

 And the governing equation of motion for pure rocking motion is: 
4

3
Rθ̈ = ügcos(α − |θ|) − Sθsin(α − |θ|)(v̈g + g)                                        (3) 

where Sθ = S(θ). 

During pure rocking motion, the horizontal and vertical acceleration at the centroid of block can be 

expressed: 

ẍ = −SθRsin(α − |θ|)θ̇2 − Rcos(α − |θ|)θ̈                                             (4) 

ÿ = −Rsin(α − |θ|)θ̇2 + SθRcos(α − |θ|)θ̈                                             (5) 

Therefore the rocking motion will be sustained provided the condition |fx| ≤ μs|fy| is satisfied, or: 

|ẍ + üg| ≤ μs|ÿ + g + v̈g|                                                        (6) 
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If Eq. (6) is violated, the block will switch from pure rocking mode to combined sliding-rocking mode 

with the following equation of motion: 

θ̈ + 4p2
Sθ[sin(α−|θ|)+ηcos(α−|θ|)][1+

v̈g

g
−3cos(α−|θ|)θ̇p

2 ]

1+3sin2(α−|θ|)+3ηsin(α−|θ|)cos(α−|θ|)
= 0                               (7) 

ẍ + 4p2R

ηSθ
3

[1+
v̈g

g
−3cos(α−|θ|)θ̇p

2 ]

1+3sin2(α−|θ|)+3ηsin(α−|θ|)cos(α−|θ|)
= −üg                                  (8) 

where p = √3g (4R)⁄ , η = μkSθSẋo
, θ̇p = θ̇ (2p)⁄ , Sẋo

= S(ẋo), and ẋo = ẋ + Rcos(α − |θ|)θ̇. 
The presence of the signum function (i.e. Sẋo

) makes the numerical evaluation of the equations of 

motion very difficult. To overcome this difficulty, it is proposed in [15] replacing Sẋo
 with an ordinary 

differential equation: 

ż =
1

uy
[−γ|ẋo|z|z|n−1 − βẋo|z|n + ẋo]                                              (9) 

in which uy is the yield displacement, n is the exponent number, and β and γ are parameters controlling the 

shape of hysteresis loop. In this study, unless otherwise stated, the following values are used for these 

parameters: 𝑢𝑦 = 1.0 × 10−5m, 𝛽 = 𝛾 = 0.5, n = 2. 

The equations of motion for rocking and combined sliding-rocking are not continuous when the 

rotation angle becomes zero, which indicates impact with ground happens. In this study the approach 

proposed in [11] is adopted to handle the impact of block with the ground, which relates the postimpact 

velocities of the block with the preimpact ones using classical impulse and momentum principle. 

3. Approach to handle impact of block with an adjacent wall  
This section presents a novel approach to handle the impact of block with an adjacent wall. The approach 

assumes that the duration of impact with wall is very short so the position of the block does not change while 

its velocity changes instantaneously. Classical impulse and momentum theory is used to determine the 

postimpact velocities of the block. Meanwhile, the preimpact and postimpact velocities normal to the impact 

point i is related through the classical coefficient of restitution of the wall ew. The key point in this approach 

is to uniquely determine the postimpact velocities without violating any physical constraint of this problem. 

In this section, the preimpact velocities are denoted with subscript 1, while the postimpact ones are denoted 

with subscript 2. As noted, free-flight mode is excluded in this approach. There are three possible scenarios 

in which block impacts with the adjacent wall, as shown in Fig. 2. This section focuses on scenario (I), for a 

more detailed description of this approach, refer to [16]. 

 
Fig. 2 (I) top corner impacting adjacent wall; (II) bottom corner impacting adjacent wall; (III) both corners 

impacting adjacent wall simultaneously 

 

The condition for top corner impacting with a left side wall is given by: 

x − Rsin(α + θ) = −δl                                                          (10) 
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The two orthogonal components of the velocities at the impact corner i and rotation corner r before 

and after the impact can be written as: 

ẋi1 = ẋ1 − Rcos(α + |θ|)θ̇1;  ẏi1 = ẏ1 − SθRsin(α + |θ|)θ̇1                                (11)          

ẋr1 = ẋ1 + Rcos(α − |θ|)θ̇1 ;  ẏr1 = ẏ1 − SθRsin(α − |θ|)θ̇1                                (12) 

ẋi2 = ẋ2 − Rcos(α + |θ|)θ̇2 ;  ẏi2 = ẏ2 − SθRsin(α + |θ|)θ̇2                                (13)            

ẋr2 = ẋ2 + Rcos(α − |θ|)θ̇2;  ẏr2 = ẏ2 − SθRsin(α − |θ|)θ̇2                               (14) 

and the principle of linear and angular impulse and momentum requires that: 

mẋ1 + ∫ Fxidt + ∫ Fxrdt = mẋ2                                                      (15) 

mẏ1 + ∫ Fyrdt = mẏ2                                                               (16) 

Iθ̇1 + ∫ Fxrdt Rcos(α − |θ|) − Sθ ∫ Fyrdt Rsin(α − |θ|) − ∫ Fxidt Rcos(α + |θ|) = Iθ̇2        (17) 

Substituting Eq. (15) and (16) into (17) yields: 

Iθ̇1 − mRSθsin(α − |θ|)(ẏ2 − ẏ1) − mRcos(α + |θ|)(ẋ2 − ẋ1) + R[cos(α + |θ|) + cos(α − |θ|)] ∫ Fxrdt = Iθ̇2(18) 

Eq. (18) has four unknowns: ẋ2, ẏ2, θ̇2 and ∫ Fxrdt; therefore, three additional conditions are required 

to get a unique solution for the postimpact velocities. The first condition is using the coefficient of restitution 

between the block and the wall: ẋi2 = −ewẋi1 . With Eq. (11) and (13), the following equation is 

obtained(13)(13)(13)(13): 

ẋ2 = ewRcos(α + |θ|)θ̇1 + Rcos(α + |θ|)θ̇2 − ewẋ1                                    (19) 

The second condition comes from the no-free-flight assumption. Consequently, the postimpact vertical 

velocity at the rotation corner must be zero, ẏr2 = 0, as any value greater than zero will result in detachment 

from the ground and value less than zero is not physically meaningful. Thus Eq. (14) gives: 

ẏ2 = SθRsin(α − |θ|)θ̇2                                                               (20) 

Three additional physical constraints for this problem are: 

(1) The impulse at the impact corner must not be less than zero for Case (I). This constraint may be 

expressed as Sθ ∫ Fxidt ≥ 0, and with Eq. (15) we can have: 

Sθ ∫ Fxrdt ≤ mSθ(ẋ2 − ẋ1)                                                             (21) 

(2) The postimpact horizontal velocity at the impact corner cannot result in penetration into the wall, this 

constraint can be expressed as: 

Sθẋi2 = Sθẋ2 − SθRcos(α + |θ|)θ̇2 ≥ 0                                                 (22) 

(3) There is no net increase in the kinetic energy during impact.  

These constraints cannot provide a unique solution to this problem, and it is first assumed there is 

sufficient friction so sliding does not occur at the rotation corner during impact, then it is verified by 

examining the following condition: 

|∫ Fxrdt| ≤ μs|∫ Fyrdt|                                                                (23) 

If Eq. (23) is violated, then friction is insufficient to prevent sliding. In either case, the postimpact velocities 

can then be uniquely determined. The subsequent discussion is divided into these two mutually exclusive 

cases. 

 

There is sufficient friction to prevent sliding during impact 

Since there is sufficient friction to prevent sliding during impact, the postimpact horizontal velocity at the 

rotation corner is zero, i.e. ẋr2 = 0, which gives: 

ẋ2 = −Rcos(α − |θ|)θ̇2                                                              (24) 

Combining Eq. (19) and (24), the postimpact velocities can be written as: 

θ̇2 =
ew

ẋ1
θ̇1

−ewRcos(α+|θ|)

R[cos(α+|θ|)+cos(α−|θ|)]
θ̇1 = ξθ̇1;  ẋ2 = −Rcos(α − |θ|)ξθ̇1;  ẏ2 = SθRsin(α − |θ|)ξθ̇1       (25) 

Since Eq. (19) is used, Eq. (22) is automatically satisfied. With all the postimpact velocities available, 

substituting them into Eq. (18) the impulse at the rotation corner∫ Fxrdt can be evaluated as: 

∫ Fxrdt =
mRSθsin(α−|θ|)[SθξRsin(α−|θ|)θ̇1−ẏ1]−mRcos(α+|θ|)[ξRcos(α−|θ|)θ̇1+ẋ1]−(1−ξ)Iθ̇1

[cos(α−|θ|)+cos(α+|θ|)]R
             (26) 
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The above derivation is valid only if |∫ Fxrdt| ≤ μs|∫ Fyrdt| = μsm(ẏ1 − ẏ2)  and Sθ ∫ Fxrdt ≤

mSθ(ẋ2 − ẋ1). Note that m(ẏ1 − ẏ2) is strictly positive, so the absolute sign is dropped.  

Provided the friction is sufficient to prevent sliding (i.e. Eq. (23) holds true), if the computed impulse 

from Eq. (26) results in the violation of Eq. (21), then it is assumed that the impulses at the impact and 

rotation corners may be expressed as: ∫ Fxrdt = m(ẋ2 − ẋ1) and ∫ Fxidt = 0. With Eq. (18), ((26)), and 

((30)), the postimpact velocities can be determined as: 

θ̇2 =
1

3
Rθ̇1−cos(α−|θ|)ẋ1+Sθsin(α−|θ|)ẏ1

4

3
R

; ẋ2 = −Rcos(α − |θ|)θ̇2;  ẏ2 = SθRsin(α − |θ|)θ̇2          (27) 

In deriving Eq. (27), since ∫ Fxidt = 0, Eq. (19) which involves the coefficient of restitution of the 

wall is assumed invalid. This, however, cannot ensure Eq. (22) is satisfied. Therefore, when the postimpact 

velocities derived from Eq. (27) violate Eq. (22), it is assumed that ẋ2 = Rcos(α + |θ|)θ̇2  to ensure 

compatibility. This leads to an indeterminate case since there are four conditions (i.e. Eq. (18), (20), (24) and 

ẋ2 = Rcos(α + |θ|)θ̇2) and only three unknowns (i.e. ẋ2, ẏ2, θ̇2), making it impossible to get a solution that 

satisfies all the conditions. Consequently, it is proposed that by ignoring the momentum equilibrium the only 

compatible postimpact velocities are expressed in Eq. (28). Although the instantaneous postimpact velocities 

are zero, the block is deemed in rocking mode as it has finite rotation angle.  

θ̇2 = 0; ẋ2 = 0; ẏ2 = 0                                                              (28) 

 

There is insufficient friction to prevent sliding during impact 

If the computed impulse through Eq. (26) cannot meet the condition:|∫ Fxrdt| ≤ μs|∫ Fyrdt| = μsm(ẏ1 −

ẏ2), then Eq. (24) cannot be used since sliding happens during impact, but there is a new condition relating 

the horizontal and vertical impulse at the rotation corner: 

∫ Fxrdt = −μkSẋr2
∫ Fyrdt = mμkSẋr2

(ẏ2 − ẏ1)                                       (29) 

in which Sẋr2
= S(ẋr2). 

Substituting Eq. (19), (20) and (29) into Eq. (18)  gives the postimpact angular velocity: 

θ̇2 =
1

3
Rθ̇1+[Sθsin(α−|θ|)−(cos(α−|θ|)+cos(α+|θ|))μkSẋr2]ẏ1−ewRcos2(α+|θ|)θ̇1+(ew+1)cos(α+|θ|)ẋ1

1

3
R+[Sθsin(a−|θ|)−(cos(α−|θ|)+cos(α+|θ|))μkSẋr2]SθRsin(α−|θ|)+Rcos2(α+|θ|)

             (30) 

In Eq. (30), the only unknown is Sẋr2
. It can be assumed positive, which can then be verified by 

examining Eq. (14). The postimpact horizontal and vertical velocities can be found through Eq. (19) and (20) 

using the angular velocity from Eq. (30). They are not explicitly expressed here. 

Similarly, it is also necessary to verify that the second physical constraint (i.e. Eq. (22)) of this 

problem is satisfied. If the impulse at the rotation corner ∫ Fxrdt, computed from Eq. (29), results in a 

violation of Eq. (22), the above-derived postimpact velocities from Eq. (30) are incorrect. Again, the 

impulses at the impact and rotation corner are assumed as: ∫ Fxrdt = m(ẋ2 − ẋ1) and ∫ Fxidt = 0. With Eq. 

(19), (20), and (29), the postimpact velocities are given as: 

θ̇2 =
1

3
Rθ̇1−μkSẋr2cos(α−|θ|)ẏ1+Sθsin(α−|θ|)ẏ1

1

3
R+Rsin2(α−|θ|)−μkSẋr2SθRcos(α−|θ|)sin(α−|θ|)

;  ẏ2 = SθRsin(α − |θ|)θ̇2; ẋ2 = μkSẋr2
(ẏ2 − ẏ1) + ẋ1       (31) 

Similarly, it is necessary to verify Eq. (22): if the postimpact velocities computed through Eq. (31) 

violate Eq. (22), then the momentum equilibrium is ignored, and the postimpact velocities are evaluated with 

Eq. (20), (29) and ẋ2 = Rcos(α + |θ|)θ̇2, which gives: 

θ̇2 =
μkSẋr2ẏ1−ẋ1

μkSẋr2SθRsin(α−|θ|)−Rcos(α+|θ|)
;  ẏ2 = SθRsin(α − |θ|)θ̇2;  ẋ2 = Rcos(α + |θ|)θ̇2              (32) 

The above formulation can be summarized by the flowchart shown in Fig. 3. A complete description 

for the other two cases can be found in [16]. 
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Fig. 3 Flowchart of approach to handle top corner impacting an adjacent wall 

4. Numerical validation
This section presents the validation of the proposed numerical model. This is achieved by comparing the 

time history response with a general-purpose rigid body model in which impact and contact are modeled 

with a viscoelastic force model, as described in [17]. The rigid block model, with the governing equations of 

motion presented in Section 2, the treatment to handle impact with the ground in [11] and the approach to 

handle impact with adjacent wall in Section 3, is referred to in this paper as the Event-Based Model (EBM). 

The model developed in [17] uses rigid body dynamics and Kelvin-Voigt model for contact and impact with 

the base; as a result, the governing equation of motion is identical for all response modes. This model is 

referred to herein as the Continuous Model (CM). In this study the concentrated spring model is adopted for 

the CM; however, the damping component of the contact force is formulated using the following equations, 

as proposed in [18]:  
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 c = 2ξ√km;  ξ = −
ln e

√π2+(ln e)2
                                                     (33) 

where k is the contact stiffness, c is the damping coefficient, ξ is the damping ratio, m is the mass of the 

block, and e is the coefficient of restitution of the wall or the ground. 

Although it is not presented in [17], including an adjacent wall in the CM formulation is 

straightforward. This is achieved by tracking the horizontal coordinates of the four corners of the block. If 

penetration of any corner into an adjacent wall is detected during motion, then the contact force is initiated, 

and the contact force due to the rigid wall is formulated in the same way as the base. 

For the remaining of this section, a rectangular rigid block with R = 1.605 m (i.e. frequency parameter 

p = 2.14 rad/s) and angle α = 0.25 rad is considered; or, equivalently, the block has dimensions of 2B = 0.794 

m and 2H = 3.110 m. The friction coefficient of the base is selected as 0.3 (i.e. µk = µs = 0.3), which ensures 

that rocking motion will be initiated first. The coefficient of restitution between the base and the block is 

held constant at eg = 0, which was shown in [11] to be equivalent to Housner’s Error! Reference source not 

found. condition to ensure sustained rocking. 

 

 
Fig. 4 Comparison of the responses of the block without an adjacent wall as computed using the CM and 

EBM. Excitation: 1940 Imperial Valley - El Centro ground motion (scaled) 
 

 
Fig. 5 Comparison of the responses of the block with an adjacent wall for a friction coefficient of 0.3 
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The time history comparisons of EBM and CM for both obstructed and unobstructed blocks are 

presented in Fig. 4 and Fig. 5. It is observed that in general these two models agree well, there are some 

minor differences regarding the horizontal velocities at the rotation corner. This difference is particularly 

notable left figure of Fig. 4 (i.e. Figure (a)). This may be attributed to the fact that CM uses a force-based 

method to handle the impact, which inevitably results in a short duration of free-flight of block, while the 

EBM assumes no free-flight can occur. For the brevity of this study, other combinations of block parameters 

are not included here for comparison purpose. 

5. Effects of adjacent wall on the overturning of block 
This section investigates effects of parameters associated with the adjacent wall on the overturning of the 

rigid block under pulse excitations. Overturning acceleration spectra are used to describe the behavior of 

rocking blocks under analytical pulse excitations. In this study, unsymmetric Ricker wavelets are used as 

input excitation to explore the toppling of the block with and without the presence of an adjacent wall. The 

ground acceleration corresponding to unsymmetric Ricker wavelet is defined by ([13], [14]): 

𝑢̈𝑔(𝑡) =
𝑎𝑝

1.38
(

4𝜋2𝑡2

3𝑇𝑝
2 − 3)

2𝜋𝑡

√3𝑇𝑝
𝑒

− 
2𝜋2𝑡2

3𝑇𝑝
2

                                                          (34) 

where 𝛼𝑝 is the amplitude of the Ricker pulse in units of g, and 𝑇𝑝 = 2𝜋 𝜔𝑝⁄  is the period. The block has the 

same dimensions as in Section 4 (i.e. p = 2.14 rad/s and α = 0.25 rad). Although both the EBM and CM are 

applicable, the former model is employed because construction of the overturning spectra requires thousands 

of analyses. The EBM is significantly more computationally efficient than the CM, and these two models 

provide similar predictions. 

The horizontal axis of the overturning spectra is the normalized frequency ratio 𝜔𝑝 𝑝⁄  and the vertical 

axis is the normalized amplitude ratio 𝛼𝑝 𝑔tan𝛼⁄ . The overturning spectra of the blocks with and without an 

adjacent wall are shown in Fig. 6 to Fig. 9 for comparison. In these figures the middle and right columns 

show the overturning spectra for different clear distances Δ and coefficients of restitution ew values given the 

same friction coefficient and wall orientation, as labeled in each subplot title. The left column shows the 

corresponding overturning spectra of the unobstructed block for comparison purpose. In the middle and right 

columns, the blue region denotes a safe area, while the orange region represents toppling of the block. In the 

left column, the blue region denotes the block survives the pulses, yellow region denotes overturning in the 

clockwise direction, while overturning in the counterclockwise direction is shown in orange region. 

When considering the presence of an adjacent wall, the following parameters may affect the shape of 

the overturning spectra: the coefficient of restitution of the wall ew, the friction coefficient of the ground µ, 

the clear wall distance Δ, and the orientation of the wall. In this section, ew is chosen as 0 or 1 to model 

purely elastic or plastic impact, µ is selected as 0.3 and 0.6, Δ is selected as 3, 53, and 103 mm. For each 

combination of these parameters, the adjacent wall can either be placed on the left side or the right side of the 

block. When the adjacent wall is on the left side, it can prevent the block from overturning in the 

counterclockwise direction. Similarly, the overturning mode in the clockwise direction is eliminated when 

the wall is placed on the right side. As the unobstructed block has two overturning modes, the orientation of 

the wall is expected to have a significant influence on the stability of the block. 

Although including an adjacent wall further complicates the dynamic behavior of the rigid block 

subjected to unsymmetric Ricker wavelets, the general effects of different parameters can be evaluated by 

comparing the shapes of the overturning spectra. Keeping all other parameters the same, decreasing the 

friction coefficient µ, coefficient of restitution ew, and clear distances Δ, can generally improve the stability 

of the blocks, as the safe areas in the overturning spectra expand. The wall orientation is the most important 

parameter being investigated. As the unobstructed block may overturn in counterclockwise or clockwise 

direction and it has a higher probability of overturning in the latter one, it is naturally presumed that placing 

the wall on the right side can improve the block’s stability. However, numerical results presented in Fig. 8 

and Fig. 9 suggest this intuitive conclusion may not be always true, depending on the combination of other 

parameters.  
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Generally, the effects of wall orientation are more evident when the friction coefficient is relatively 

small (i.e. µ = 0.3 in this study). In Fig. 8, it is observed that when the clear distance is only Δr = 3 mm and 

ew = 0, the safe areas are greatly enhanced compared to those of the unobstructed counterpart. However, for 

the friction coefficient µ = 0.3 and clear distance of Δr = 103 mm, the presence of an adjacent right wall 

actually decreases the minimum acceleration required to overturn the block at high frequency (e.g. 𝜔𝑝 𝑝⁄ =

6). When the friction coefficient is relatively large (i.e. µ = 0.6), the shape of the overturning spectra is 

largely affected only by the coefficient of restitution ew. It is observed that when 𝜔𝑝 𝑝⁄ > 3, there is almost 

no benefit in placing the wall on the right side for ew = 0, while doing so results in a detrimental effect for ew 

= 1.0. The situation where the adjacent wall is placed on the left side of the block is simpler. It can 

significantly decrease the safe area in the overturning spectra compared to the unobstructed counterpart in 

the high-frequency range; however, there are some stable regions in which overturning with one impact 

mode is eliminated when the wall is sufficiently close to the block (e.g. 𝜔𝑝 𝑝⁄  ranging from 2 to 3 with clear 

distance Δl =3 mm and ew = 0.0). 

 
Fig. 6 Overturning spectra with an adjacent left wall when friction coefficient µ = 0.3 
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Fig. 7 Overturning spectra with an adjacent left wall when friction coefficient µ = 0.6 

 

 
Fig. 8 Overturning spectra with an adjacent right wall when friction coefficient µ =  0.3 
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Fig. 9 Overturning spectra with an adjacent right wall when friction coefficient µ =  0.6 

6.  Conclusions 
This paper investigates the dynamics of a two-dimensional sliding-rocking block considering impact with an 

adjacent wall. Based on the classical impulse and momentum theory and the assumption that free-flight 

mode is excluded, the first phase of this paper describes an approach to handle the planar block impacts with 

an adjacent wall. The time history responses of the Event Based Model developed in this paper are compared 

with an existing Continuous Model under El Centro ground motion. These comparisons consider the 

presence and absence of the adjacent wall, and results indicate the Event Base Model can provide reasonable 

accuracy in both cases. 

The second phase of this paper investigates the effects of different parameters on the overturning 

spectra of rigid blocks under unsymmetric Ricker wavelets. The Event Based Model is used for this 

investigation due to its high computational efficiency. 

For the overturning spectra, when considering the presence of an adjacent wall, the problem becomes 

very complex due to its highly nonlinear nature and large combinations of parameters. In general, it is 

concluded that decreasing the coefficient of the restitution of the wall, decreasing the friction coefficient and 

clear distance have beneficial effects on stabilizing the block. The orientation of wall has a dominant effect 

on the shape of overturning spectra. Placing the wall in a direction that an unobstructed block has less 

probability to overturn (i.e. left side in this study) has detrimental effect on the stability. However, placing 

the wall in the opposite direction does not necessarily guarantee the beneficial effect. Such beneficial effect 

directly depends on the combination of other parameters such as friction coefficient and clear distance. The 

model developed in this paper will facilitate in the development of useful fragility curves for non-structural 

components in real buildings. 
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