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1. Introduction

In structural dynamics and seismic problems, there exist three 

distinct procedures to solve the ordinary differential equations of 

motion: direct time integration procedure, modal analysis and 

frequency domain analysis. Modal analysis procedures is very 

much favored in structural dynamics problems while frequency 

domain procedure is largely employed in wave propagation 

problems (Chopra, 1995). Both of these analysis methods are 

established on the truism of superposition and, hence, they 

cannot be applied to systems with nonlinearity, systems with 

non-classical damping and systems subjected to external loading 

that cannot be defined analytically. In such cases, direct time 

integration seems the only and probably the most powerful 

technique (Chang and Huang, 2010). In direct integration procedure, 

the solutions of equations of motion are approximated with a set 

of algebraic equations in a step-by-step fashion. The step-by-step 

scheme consists of discretizing both the forcing excitation and 

the response into small time increments Δt. The integration 

scheme obtains the response solutions at time t+Δt using 

previously computed solution variables up to time t. 

Many methods have been proposed in the last fifty years 

(Katsikadelis, 2013) for the numerical solution of equations of 

motion. These techniques have two main properties. Firstly, the 

techniques do not comply the equations of motion at all-time 

instants, but only at discrete time instants Δt apart. Secondly, 

they assume a unique kind of variation of displacement u, 

velocity  and acceleration  at each time increment (Dukkipati,

2009). Depending on the kind of variation presumed for the 

response variables, numerous time integration schemes are available 

in the current literature (Kontoe, 2006).

Fundamentally, all integration techniques may be classified as 

either explicit or implicit schemes (Wood, 1990; Chung and Lee, 

1994; Bathe, 1996). In explicit integration schemes, the equation 

of motion of the present time step is not employed to calculate 

the displacement of the current time step. The great asset of 

explicit integration schemes is that they do not require the 

solution of set of algebraic equations at each time step (Rio et al., 

2005) leading to less computation. Yet, according to the second 

barrier of Dahlquist (1963), all explicit methods are conditionally 
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stable regarding the size of time step used. However, most implicit 

integration schemes are unconditionally stable. Unconditional 

stability is an important characteristic to be taken into account 

when selecting the proper integration algorithm for analysis of 

systems having many degrees of freedom. The disadvantage of 

implicit integration methods is that they necessitate the solution 

of a set of equations at each time step (Hulbert and Chung, 1996; 

Chang and Liao, 2005). This makes them computationally more 

expensive per time step. Apparently, each type of integration 

method has its own disadvantages and advantages. It would be 

instrumental for an integration scheme to possess the advantages 

of explicit and implicit procedures simultaneously. In accordance 

with this purpose, several explicit algorithms with unconditional 

stability have recently been proposed (Chang, 2002; Chang,

2007; Kolay and Ricles, 2013).

The performance of time integration method is determined 

based on stability, accuracy, overshooting effect, computational 

time and order of accuracy required (Dukkipati, 2009; Gholampour 

et al., 2013). An integration procedure is stable so long as the 

numerical solution of the system considered under any couple of 

initial conditions does not outgrow limitlessly (Bathe and 

Wilson, 1972). If instability never occurs for any size of time 

step, the procedure is referred to as unconditionally stable. The 

method is else declared to be conditionally stable as long as Δt

values less than a key value Δtcr. Generally, the implicit algorithms

such as the Newmark’s average acceleration technique are 

unconditionally stable, while the explicit methods such as the 

central difference method are conditionally stable. Spatial 

discretization of a dynamic system and temporal discretization of 

its equations of motion result in numerical errors of artificial 

period elongation and amplitude decay, which are equally 

regarded as numerical dispersion and dissipation. These two 

types of numerical errors control the accuracy of an integration 

scheme. The former indicates the numerical error with elongation

or shortening the natural period of oscillation in comparison to 

the theoretical value and the latter is the numerical error with a 

decrease or increase of the amplitude of oscillation in comparison 

to theoretical quantity (Bathe and Wilson, 1972; Hilber and 

Hughes, 1978). The size of numerical error is directly proportional

to (Δt/T)α, in which α represents the order of accuracy and T the 

actual period of vibration. The term overshooting delineates the 

tendency of an integration scheme to exceed the actual displacement 

and velocity response during the first couple of time steps of the 

marching scheme. Therefore, the overshooting effect should be 

considered in the assessment of an integration method (Kaiping, 

2008; Gholampour et al., 2013).

Numerical errors appear to be a major drawback of the 

proposed methods (Katsikadelis, 2013) since dispersion and 

dissipation may often render the solution of a structural dynamics 

problem to be inaccurate (Chin, 1975; Bathe, 1996; Noh et al., 

2013). Especially, large errors introduced by the highest frequency

modes due to poor spatial discretization can deteriorate the 

accuracy of solution (Gunwoo and Bathe, 2013). Thus, there 

have been a considerable number of research studies to reduce 

the numerical errors. Higher-order spatial discretization can be 

utilized in order to eliminate the errors from factitious high 

frequency vibration (Gottlieb and Orszag, 1993; Ham and Bathe, 

2012). On the other hand, the employment of higher-order 

spatial discretization may be computationally costly and might 

not have the generality of low-order elements. Other approach to 

minimize the numerical errors is to filter the spurious modes 

(Holmes and Belytschko, 1976; Idesman et al., 2011). In order to 

enhance the solution of direct integration by surpassing the 

spurious high-frequency modes, the inclusion of algorithmic 

damping has widely been recognized (Fung, 2003). Nonetheless, 

it is quite difficult to procure an effective algorithm that would 

preserve the low-frequency behavior while damping out the 

spurious high-frequency behavior in a manageable way (Gunwoo 

and Bathe, 2013). 

It has been suggested that a desirable time integration 

technique had better possess the following criteria (Hilber and 

Hughes, 1978; Hughes, 1987; Dokainish and Subbaraj, 1989a): 

unconditional stability for application to both linear and nonlinear

problems, at least a second order accuracy, self-starting, which 

means that it does not require any other scheme to commence the 

integration process, one step scheme, which means that the 

solution of a differential equation of motion at a present time step 

solely depends on the solution of the previous time step, no more 

than one set of implicit equations to be solved at each time step, 

controllable algorithmic damping in higher modes and no 

overshooting. Many methods have been developed in the last 

few decades to satisfy these criteria such as the Newmark family 

methods (Newmark, 1959), Houbolt method (Houbolt, 1950), 

Wilson-θ method (Bathe and Wilson, 1972), Park method (Park, 

1975), HHT-α method (Hilber et al., 1977), WBZ-α method 

(Wood et al., 1981), generalized-α method (Chung and Hulbert, 

1993), and collocation method (Hilber and Hughes, 1978). These 

algorithms differ from each other mainly with respect to their 

numerical dissipation and overshooting characteristic. A number 

of these methods have been discussed by research papers 

(Hughes and Belytschko, 1983; Dokainish and Subbaraj, 1989a; 

Dokainish and Subbaraj, 1989b; Fung, 2003) and extensive 

mathematical treatment to those have been supplied in the 

textbooks (Hairer et al., 1987; Hughes, 1987; Wood, 1990; 

Zienkiewicz and Taylor, 1991). In general, all these methods are 

implicit, single-step and unconditionally stable and, hence, are 

frequently employed in the current practice. However, they only 

partially satisfy the above criteria. Therefore, it would be 

effectual to develop an integration scheme that will have as many 

of the aforementioned criteria as possible. 

Additionally, laminated composite skew hypar shells were 

studied for the free vibration analysis utilizing C0 finite element 

formulation. Higher order shear deformations and effect of cross 

curvature were included in the numerical formulation (Kumar et 

al., 2013). The researchers also studied the forced vibration of 

laminated composite and sandwich shells. The study was based 

on higher order zigzag theory (Kumar et al., 2014). The same 

formulation based on third-order shear deformation theory was 
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utilized for examination of free vibration analysis of laminated 

composite cylindrical, spherical, hypar, saddle, and elliptical 

shells. A parametric vibration study was also performed for 

different shells with cutouts and concentrated mass (Kumar et 

al., 2014). In order to solve the vibration response of a laminated 

composite skew elliptic paraboloid with multiple cutouts and 

concentrated mass, a cubic variation in the displacement field and 

cross-curvature effects of the shell were considered. The results 

of the proposed method were compared with other solutions 

published in the literature and found in good agreement with 

those experimental and analytical solutions (Chaubey et al., 

2018a, 2018b). Dynamic analysis of laminated composite skew 

plates subjected to different kinds of impulse and spatial forces 

was studied considering a suitable mathematical model with 

parabolic transverse shear strains. The numerical results indicated 

that the FE model of the study predicted the results close to the 

analytical ones (Anish et al., 2019). 

Recently, finite element method and component-mode synthesis

was utilized in order to determine the optimum location of 

outrigger-belt truss system in tall structures. The accuracy of 

both methods was verified via OpenSees program (Tavakoli et 

al., 2020a). The same researchers examined the seismic performance

of braced buildings with the BRB outrigger system so as to 

determine the optimal configuration of BRB outrigger (Tavakoli 

et al., 2020b). In the study, the nonlinear soil structure interaction 

effect was taken into account. It was observed that the outrigger 

location affected the seismic performance of buildings significantly. 

The properties of the tuned mass dampers were investigated to 

improve the performance of steel structures during earthquake 

motions. For this purpose, a six-story steel frame was modeled. 

The optimum parameters of the tuned mass damper were 

accordingly determined by minimizing the maximum drift ratio 

of the stories (Dadkhah et al., 2020). In another optimization 

study, the critical excitation method was employed to determine 

the best location of the belt truss system. The objective was to 

calculate the minimum required distance between two adjacent 

buildings. The study concluded that the method can be used to 

determine the minimum required distance to eliminate the 

pounding effects between two adjacent buildings. An explicit 

time integration method was proposed to determine the linear 

response of arbitrary structures subjected to dynamic forces. The 

validity and effectiveness of the proposed method was shown 

through two examples. It was stated in the study that the 

proposed method is better than Central difference, Houbolt, 

Newmark (linear and average) and Wilson methods in terms of 

convergence, accuracy and computational time required (Kamgar

and Rahgozar, 2016). A straightforward time integration scheme 

based on Newmark method was proposed in order to analyze 

wave propagation problems. The results of the method were 

compared to those of Bathe family methods and indicated that 

new type of Newmark method has better performance than the 

Newmark trapezoidal and several Bathe family methods (Rostami

and Kamgar, 2021).

The experience has shown that single-step implicit and 

unconditionally stable methods are the most preferred algorithms 

for solving the dynamic response of structural complexes 

(Wilson, 2002). Implicit methods use the equation of motion of a 

dynamic system at the end of each time step to determine the 

response variables. As stated earlier, a certain kind of variation of 

displacement, velocity and acceleration is presumed at each time 

increment. This motivates the study where, in addition to the 

equation of motion, the principle of impulse- momentum is 

utilized to relate the unknown parameters. Hence, higher order 

terms are kept in Taylor series expansion, and displacement and 

velocity fields are employed as the unknown only. This results in 

a decrease in the order of assumed quantities. Eventually, this 

decrease is expected to lead to smaller errors in comparison with 

the existing integration schemes. Also, in consequence of this 

improvement, it is anticipated that the proposed method will 

have the most advantages of the foregoing seven criteria. The 

accuracy of the proposed method is assessed through the 

examination of its numerical stability, dispersion, dissipation 

characteristics. Overshooting effect, which is not related to the 

stability and accuracy characteristics of an integration algorithm, 

is also investigated. Finally, a selection of numerical examples 

comprising both linear and nonlinear single and multiple degree 

of freedom systems are studied in order to readily observe and 

practically evaluate the properties of the proposed scheme. 

Based on the above points and numerical examples, it is possible 

to briefly summarize the strength of the proposed method: The 

proposed method is established upon the principle of impulse-

moment which gives the method the advantage of utilizing 

displacement and velocity only as the unknown fields. The 

numerical dispersion error of the method is much smaller in 

comparison with the other four methods considered for a 

comparative study. The proposed algorithm does not results in 

any amplitude decay regardless of the time step size used. The 

order of accuracy of the proposed scheme is about 4 while it is 

about 2 for Newmark’s family methods and the central difference

method, and 1 for the Wilson-θ method. The proposed method 

has no tendency to overshoot both the displacement and velocity 

solutions. It should be noted that the proposed algorithm 

becomes unconditionally stable with β = 1/144. The use of any 

other values may cause numerical problems. The method does 

not generate any numerical damping, however, it may be important

to damp out the residuals of high frequency oscillations.

2. Proposed Method

The following form expresses the general equation of a linear 

dynamical system that has viscous damping and single degree of 

freedom:

, (1)

where m, c and k represent the mass, damping and stiffness of the 

dynamic system; p(t) represents the externally applied forcing, 

and u, , and  are the displacement, velocity and acceleration 

response. The numeric integration procedure involves discretization

( )mu cu ku p t+ + =�� �

u� u��
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of both the response and excitation into small time increments 

Δt. Therefore, by replacing continuous variable t by the discrete 

variable ti, the above equation of motion changes to

. (2)

This equation of motion is solved piece by piece in increments of 

time Δt commencing from the initial conditions at hand. 

Integration of Eq. (2) yields

. (3)

This equation indicates that the sum of linear momentum of 

the system at ith time step and linear impulse of the excitation 

over Δt is equal to momentum of the dynamic system at (i+1)th 

time step. In this equation, variable τ changes from 0 to Δt and q

is the integration of displacement response over Δt. Eqs. (2) and 

(3) can be reformulated in an incremental form:

, (4)

, (5)

where Ii is the impulse of the applied force and . 

The derivative of acceleration response is assumed to be linear in 

the proposed study. This yields a second order acceleration and 

fourth order displacement function as follows:

, (6)

, (7)

,  (8)

, (9)

. (10)

Note that the variable β is introduced to the derivation of 

integration procedure in Eq. (10). The property of this variable is 

to be determined later on. From Eq. (9),  is obtained as

. (11)

Based on this equation, the expressions for acceleration, 

velocity and qi can be rewritten in incremental form:

, (12)

, (13)

(14)

Substituting the above equalities in Eq. (4), one determines  as

(15)

with

. (16)

Once  has been determined, it can be substituted in Eqs. 

(12) and (13) to give

(17)

(18)

where

. (19)

Substituting Eqs. (17) and (18) into Eq. (9) yields

(20)

from which  value can be determined as

, (21)

where

(22)
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and

(23)

In the above equations, k
x
 represents the effective stiffness and 

Δp
x
 the effective external loading. Once  is known,  and 

 can be computed from Eqs. (17) and (18), respectively; and 

the displacement, velocity and acceleration at time i+1 can be 

calculated from the following equations:

, (24)

, (25)

. (26)

3. Performance of the Proposed Method

3.1 Numerical Stability
It is crucial to comprehend the effect of the error obtained at one 

time step on the calculations at the next step. If the introduced 

error tends to augment, the numeric integration will blow up, 

producing meaningless results. The time integration method is 

designated as unstable in such a case (Humar, 2002). In a general 

discussion of the stability of an integration scheme, it is a general 

exercise to utilize the single degree of freedom system governed 

by

, (27)

where ξ, ω and p represent the damping ratio, natural cyclic 

frequency of the structural system and (modal) external forcing. 

Majority of one-step time integration methods recursively relate 

the displacement  and velocity  at the end of any 

arbitrary ith step to the  and  at the beginning of that step as

 

(28)

where [A] is referred to as numerical amplification matrix, and 

,  and  are the unique solutions associated with the 

external excitation. The algorithmic characteristics of an integration

method are computed from the numerical amplification matrix 

[A]. The particular solution of the forced vibration in Eq. (28) is 

generally omitted in the investigation of stability conditions since 

any integration method that is unstable under complementary 

solution will already be unstable under the addition of particular 

integral. 

The amplification matrix for the proposed method is obtained 

from

(29)

for the case of zero damping. The components of the amplification 

matrix are provided in the Appendix with transformations of 

 and c=2mωξ.

The characteristic equation of amplification matrix may be 

obtained from the following relationship:

, (30)

in which λ and [I] are eigenvalues of square matrix [A] and unit 

matrix, respectively. Expansion of Eq. (30) gives

, (31)

where α1 is the half-trace, α2 is the sum of principal minors, and

α3 is the determinant of [A]. Solution of Eq. (31) will yield three 

different eigenvalues symbolized by λ1, λ2 and λ3. The maximum 

of the eigenvalues is called the spectral radius:

. (32)

Equation (31) has three roots whereas the general equation of 

free vibration for a single degree of freedom system provides 

two roots. Therefore, the solution of Eq. (31) gives an extra root 

called the spurious root. The other two roots are referred to as the 

principal roots. The roots of the proposed method are given as 

follows:

(33)
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. (35)

It is noted that the proposed method produces no spurious 

root. The stability of a scheme can be studied by examining the 

two roots. A plot of the spectral radius against Δt/T (or ωΔt in 

some cases) shows the stability properties of the technique. For 
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an integration procedure to have a stable solution the spectral 

radius should be less than or equal to 1 for all values of Δt/T. This 

condition is satisfied if β = 1/144 for the proposed technique. Fig. 1

presents the spectral radius of the proposed method along with 

those of the central difference, Newmark linear acceleration, 

Newmark average acceleration and Wilson-θ methods. This plot 

is obtained for ξ = 0. It is observed that the central difference 

method with Δt > 0.31T and linear acceleration method with Δt > 

0.55T becomes unstable. The spectral radii for the remaining 

methods are always less than or equal to 1 for all Δt/T; thus, they 

are unconditionally stable.

It is well known that the condition of stability may be affected 

by the presence of physical damping in the system. To study this 

effect, the spectral radii of the mentioned algorithms are determined 

using a damping ratio of 5%. Fig. 2 shows that the damping 

causes a downward shift in the low-frequency region of vibration 

modes but does not influence the critical time of instability for 

the conditionally stable methods. It is observed that the cusp 

point of Wilson-θ method is delayed from Δt/T = 2.3 to Δt/T = 

2.7 in the case of physical damping. Hence, it can be said that the 

inclusion of damping in the numeric integration algorithms 

makes the stability condition less restrictive.

3.2 Numerical Accuracy
After investigating the stability of a time integration procedure, it 

is of great importance to examine its accuracy. This is performed 

by assessing two types of errors (i.e., numerical dissipation and 

numerical dispersion) and the order of accuracy of the procedure. 

Eq. (28) can be rewritten in terms of finite difference equation 

upon the elimination of velocity and acceleration terms in the 

equation:

. (36)

where, as defined earlier, α1 is the half-trace of [A], α2 is the sum 

of principal minors of [A], α3 is the determinant of [A], and M is 

the number of steps utilized in the numeric integration. The 

solution to this equation in terms of the ith displacement function 

can be given as 

. (37)

The spurious root λ3 is determined to be zero for all the time 

steps considered in this study. The principal roots are given by 

, (38)

which indicates that the principal roots are complex conjugates 

of each other and are of the form  and  with j being 

the complex number. In Eq. (37),  is referred to as phase 

of the numeric solution,  is the numeric viscous damping, and 

 is the numeric frequency. The numeric frequency value must 

nominally be equal to theoretical frequency ω but, in general, 

this condition is not satisfied. The numeric phase and damping 

coefficient are given in the following based on the principal 

roots:

, (39)

. (40)

If the quantity  is less than unity, the time integration 

procedure provides a positive damping; if it is greater than unity, 

the numerical damping is negative; and it is equal to unity, then 

there will be no damping in the solution. As an alternative to 

numeric damping, an amplitude decay (AD) can also be defined 

as

. (41)

A second type of error for measuring the relative accuracy of 

an integration procedure can be provided by

. (42)

This equation is expressed with regard to period elongation, 

where T = 2π/ω is the actual period of vibration. The period 

elongation for the previously-examined integration methods is 

plotted in Fig. 3 as a function of Δt/T. It is seen that the proposed 
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method will elongate the true period like the Newmark average 

acceleration, linear acceleration and Wilson-θ methods. But, the 

amount of numerical dispersion in the proposed method is much 

less than those of the other methods. From the figure, it is evident 

that the central difference method would shorten the actual 

period.

Figure 4 compares the numerical damping ratio of the proposed 

method to those of the other methods. It is observed that Newmark

average acceleration and the proposed method yield almost no 

damping. The Newmark linear acceleration method produces 

numerical damping once it has reached the critical value for 

stability. The Wilson-θ method has a positive numerical damping 

while the central difference has negative damping. It can be said 

that the proposed method is non-dissipative. The data in Fig. 4

can also be presented in terms of amplitude decay (AD) in Fig. 5, 

from which it is again noted that the Newmark average acceleration 

and the proposed method show no amplitude decay in displacement 

response. The Wilson-θ method would decrease the amplitude of 

actual oscillation gradually as the frequency of oscillation increases. 

The amount of amplitude decay in the central difference method 

and Newmark linear acceleration methods decreases without 

bound once the value of Δt/T becomes equal to the critical time 

step of the respective method. It indicates that the solutions of 

these two methods would be meaningless after this point on. 

3.3 Order of Accuracy
The order of convergence is determined by evaluating the local 

truncation error in displacement response (Kavetski et al., 2004; 

Razavi et al., 2007; Gholampour and Ghassemieh, 2013). Varying 

the time step size and keeping the time instant of computation 

fixed, the displacement error can be determined from the 

following equation:

, (43)

where u and uexact are the numerical and exact displacement 

solutions of the system under harmonic excitation, γ and α are 

coefficients that would be determined from a regression analysis. 

α is referred to as the order of accuracy of the numeric procedure. 

The results of the regression analysis are shown in Fig. 6 in terms 

of order of accuracy against the ratio of ω0/ω, where ω0 and ω 

are the cyclic frequencies of the external excitation and system, 

respectively. It is observed that the proposed method has an order 

of convergence of about 4. Note that the Newmark’s methods 

exact t
u u

T

α

γ
Δ⎛ ⎞

− = ⎜ ⎟
⎝ ⎠

Fig. 3. Period Elongations (dispersion) of Various Integration Methods

Fig. 4. Numerical Damping (dissipation) of Various Integration Methods

Fig. 5. Amplitude Decay of Various Integration Methods

Fig. 6. Order of Accuracy for the Proposed Method
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has an order of around 2 (Gholampour and Ghassemieh, 2013), 

the central difference method has an order of slightly higher than 

2 (Razavi et al., 2007), and the Wilson-θ method also has an 

order of accuracy of 2 (Har and Tamma, 2012). The fourth order 

convergence of the proposed method means that if the time step 

size is halved, the error in displacement response will then be 

sixteen times smaller. However, one should note that halving 

time step size requires twice as many solution steps and higher 

order does not always mean higher accuracy (Press et al., 2007).

3.4 Overshooting Effect
This specific phenomenon was first realized by (Goudreau and 

Taylor, 1972) as a property of the Wilson-θ method. Despite 

being unconditionally stable, the method showed a proneness to 

overshoot substantially the displacement and velocity solution 

during the first few time steps of calculation. This effect is not 

related to the stability and accuracy of properties of an integration

procedure. Therefore, the tendency of an implicit method to 

overshoot should be considered in the evaluation of an integration 

method. In order to study the overshooting behavior of a method, 

the free vibration of a single degree of freedom system can be 

considered under non-zero values of initial displacement  and/

or velocity  at the ith time step (Hilber et al., 1977; Hulbert and 

Chung, 1994). Then, the responses  and  must be 

calculated at the end of time step as a function of . The 

status of the phase approaching to infinity ( ) provides an 

indication of leaning to overshoot.

The displacement and velocity responses at the end of any 

arbitrary time step for the proposed method are obtained upon 

the elimination of acceleration terms in Eq. (28) as

, (44)

(45)

In order for the proposed method to avoid overshooting 

phenomenon, the powers of Ωi in the numerators of Eqs. (43) 

and (44) should be less than or equal to the powers of Ωi in their 

denominators (Chung and Hulbert, 1993). The above equations 

reveal that there is no overshoot in both displacement and 

velocity responses of the proposed method. The Newmark's 

average acceleration method exhibits no overshoot in displacement 

and velocity for linear problems. While it again shows no 

overshoot in displacement, it has a propensity to overshoot 

quadratically in the velocity solution in nonlinear dynamics 

problems (Har and Tamma, 2012). The Wilson-θ method shows 

overshooting quadratically both in displacement and velocity 

solutions (Gholampour and Ghassemieh, 2013). 

4. Implementation for Nonlinear Systems

If any of the physical properties of mass, damping or stiffness of 

a dynamic system changes with time, the system is referred to as 

nonlinear. In the analysis of such systems, numerical methods 

become indispensable. In most structural systems, the mass does 

not vary with time. Damping cannot be defined clearly and it is 

therefore reasonable to assume that it is also time invariant 

(Humar, 2002).This means that the nonlinearity originates only 

from a varying stiffness or a nonlinear force-deformation 

relationship. The solution procedure explained in the following 

is hence restricted to those nonlinear systems. Based on this 

compliance, the equation of motion of the system at (i+1)th time 

step can be written as

, (46)

where  is the restoring force and  is the sum of the 

inertia, damping and restoring spring force at (i+1)th time step. 

The achievement of Eq. (45) requires an iterative process over 

the small interval of time Δt as the nonlinear restoring force is 

written in terms of tangent stiffness kT:

. (47)

This equation is in error due to kT. The tangent stiffness should 

be in fact replaced by the secant stiffness. Yet, it is not known 

until the new displacement ui+1 is known. The iterations over the 

finite time increment is performed using the Newton-Raphson 

method. The  term at each iteration can be approximated 

by the Taylor series expansion:

, (48)

in which l refers to the number of iteration in the (i+1)th time 

step. In this equation, only the first two terms in Taylor series are 

retained for simplicity. Derivative of  can be determined 

from the equation of motion as

. (49)

This equation gives the effective tangent stiffness  of the 

term , which is evidently different from the tangent 

stiffness of the force-deformation relationship kT. Once  has 

been determined, the residual force can be computed from

, (50)

where  is the true external force. Eq. (21) supplied in section 

2 for linear systems can be applied hereafter to nonlinear systems 

with the following modifications:
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(51)

(52)

(53)

and

. (54)

The iterative process is terminated until the residual force and 

the ratio of incremental displacement computed after total 

iterations of L to the current estimate of Δu are smaller than a 

specific value of ε=10-5. Once Δu is obtained from Eq. (49), the 

displacement value at (i+1)th time step can be determined from 

Eq. (24). Substitution of Δu in Eqs. (17) and (18) will give  

and . These values can then be added to  and  to obtain 

 and , respectively. 

5. Numerical Examples

So as to substantiate the numerical characteristics and assess the 

prevailing behavior of the proposed method, three examples are 

formed. The selection of example problems includes single and 

multi-degree of freedom systems with linear and nonlinear 

properties. Results of the study are compared to those of the 

Newmark’s methods, central difference method, Wilson-θ method,

U0-V0 algorithm and Dormand and Prince method (Dormand 

and Prince, 1980) that is frequently cited as RK5 method. 

5.1 Example 1: Nonlinear Single Degree of Freedom 

System
The second-order nonlinear equation of motion of a dynamic 

system is given by

, (55)

which is subjected to initial conditions of  and . 

The displacement response for the first 5 seconds of time history 

is obtained using the seven mentioned integration methods. The 

response of the Newmark’s linear acceleration method with a 

time step increment of 0.001 sec is considered to be exact [2]. In 

the rest of integration procedures a time step of 0.02 sec is 

utilized. The obtained time histories are plotted in Fig. 7. In order 

to see clearly the performance of the methods, an error metric is 

defined at each time instant t as

. (56)

The values of error versus time parameter are shown in Fig. 8. 

It is observed that the errors of the proposed method are the 

smallest and those of the central difference are the largest among 

the considered methods. 

5.2 Example 2: Two-Story Shear Building
This example displays a two story shear structure is considered 
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with given the initial conditions of  and         

. The columns of the system have nonlinear stiffness as         

described in Fig. 9. The beams are assumed to infinitely stiff and 

the total mass of the system is concentrated at the floor levels. 

The building is subjected to external forces at floor levels that 

have two distinct frequencies of oscillation. The system has also 

damping and the damping coefficients are indicated in the figure. 

Story displacement responses are determined through the seven 

methods. Again, the solution of the Newmark’s linear acceleration 

with Δt = 0.001 sec is assumed to be “exact”. Figs. 10 and 11

show the computed story displacements and Fig. 12 displays the 

error quantities in the displacement response of the second story. 

It is observed that the proposed method with Δt = 0.02 sec 

closely follows the solution of the Newmark’s linear acceleration 

with Δt = 0.001 sec. The error in the RK5 method appears to be 

the largest, followed by that of the central difference method. 

5.3 Example 3: N-degree of Freedom Mass-spring System
This example considers a nonlinear damped mass-spring system 

as shown in Fig. 13. The system has the following structural 

properties: m
n 
= 50 Kg, c

n
= 10 N·sec/m, k

n 
= 500 + 0.2u

n 
N/m, 

where n = 1,…,N. The system is excited by external forces of 

 (N) applied at the 

first and last degrees of freedom of the mass-spring system. The 

highest natural frequency is ω150 = 6.32 rad/sec and the smallest 

is ω1 = 0.033 rad/sec. A time step increment of Δt = 0.002 sec is 

utilized in the Newmark’s linear acceleration method. The 

numerical solution obtained using this time step is regarded as 

“exact” solution because this time step is much smaller than that 

demanded by accuracy considerations. A Δt = 0.02 sec is employed

for the other integration methods, which is again much smaller 

than the stability limit of the conditionally stable methods for the 

system considered hereby is nonlinear and contains physical 

{ } [ ](0) 0 0
T

u = { }(0)u =�

[ ]0 0
T

( )1 150
(t) (t) 1000cos(50 t) 500sin 30p p t= = +

Fig. 9. Two Story Shear Building Model of Example 2

Fig. 10. First Story Displacement of Two Story Shear Building Using the 

Seven Methods

Fig. 11. Second Story Displacement of Two Story Shear Building Using 

the Seven Methods

Fig. 12. Error in the Second Story Displacement

Fig. 13. N-degree of Freedom System Considered in Example 3

Fig. 14. Displacement Response of the First Mass in 150-Dof System
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damping. The displacement responses of the first and the last 

degrees of freedom in the system are shown Figs. 14 and 15, 

respectively. It is observed that the results of the proposed 

method closely follow the exact results. The Newmark’s average 

acceleration, U0-VO and RK5 methods also perform well in 

determining the displacement responses. The solutions of the 

central difference method and the Wilson-θ method are in error. 

This is clearly seen from Fig. 16 that shows the absolute differences

versus time for the displacement response of the first mass in the 

system. 

6. Conclusions

A new implicit step-by-step integration algorithm is proposed in 

this study for the solution of nonlinear problems in structural 

dynamics. The method is based on the principle of impulse-

moment unlike the most integration methods that are established 

upon the basis of equation of motion. This gives the advantage of 

utilizing the displacement and velocity only as the unknown 

fields. The algorithmic characteristics of the proposed method 

are determined through stability and accuracy analyses. Also, to 

observe the general behavior of the proposed scheme in various 

dynamics problems, numerical tests are carried out in comparison

with frequently used integration procedures such as the Newmark’s 

family methods, central difference method, Wilson-θ method, 

U0-V0 algorithm and RK5 method. Based on these studies, the 

following conclusions can be reached:

1. With the use of β = 1/144, the proposed algorithm becomes 

unconditionally stable.

2. The inclusion of physical damping in the system does not 

influence the unconditional stability of the method. However, 

it makes the stability conditions of the central difference 

methods and Newmark’s linear acceleration less restrictive.

3. The numerical dispersion error of the proposed method is 

much smaller in comparison with the other methods 

considered in the study.

4. The proposed method does not generate any numerical 

damping; hence, it is non-dissipative.

5. The above conclusion may also be stated that the proposed 

scheme shows no amplitude decay regardless of the time 

step size used.

6. The order of accuracy is about 4 for the proposed scheme. 

It is about 2 for Newmark’s family methods and the central 

difference method, and 1 for the Wilson-θ method.

7. Overshooting analysis reveals that the proposed method 

has no tendency to overshoot both the displacement and 

velocity solutions.

8. The numerical example problems show that the displacement

solutions of the proposed algorithm closely follow the 

exact solution of the Newmark’s linear acceleration method,

in which a quite small time increment is employed. 

As a conclusion, it should be stressed that within the proposed 

method, the β coefficient should be set to 1/144. Any other 

values of β may lead to convergence problems. Also, the proposed

method have not been tested against large and sophisticated 

structures comprising both very stiff and flexible components. 

Therefore, the behavior of the proposed numerical integration 

scheme in the solution of such systems and structures that exhibit 

spurious high mode responses arising due to inaccuracies and 

inadequacies in the finite element assemblages may be investigated

as a further study. 
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as follows: 

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

(65)

3 3 2 2 2

11 4 4 4 4 3 3 3 3 2 2

2 2 2 2 2

576 ( 16 576 12) 48 48

96 8 576 8

576 16 48 48

t t t
A

t t t t t

t t t

βξ ω ξ β ω ξ ω

ω β ω ξω β ξω ω

β ω ξ ω ξω

Δ + − + + Δ − Δ −
= −

Δ − Δ + Δ − Δ + Δ −

Δ + Δ + Δ +

3 4 4 2 3 2

12 4 4 4 4 3 3 3 3 2 2

2 2 2 2 2

( (384 2 ) 8 ) 48 576

96 8 576 8

576 16 48 48

t t t t t
A

t t t t t

t t t

ξ ω β ω β ω

ω β ω ξω β ξω ω

β ω ξ ω ξω

Δ − Δ − Δ − Δ + Δ
= −

Δ − Δ + Δ − Δ + Δ −

Δ + Δ + Δ +

5 5 3 4 4 2 2

13 4 4 4 3 3 3

2 2 2 2 2

(288 2 ) (576 3 ) 12

(288 3 ) (1728 24 )

(1728 24 48 ) ( 144 ) 144

t t t t t
A

t t t t

t t t t

β ξ ξ ω β ω

β ω β ξ ξ ω

β ξ ω ξ ω

Δ − Δ + Δ − Δ − Δ
=

Δ − Δ + Δ − Δ +

Δ − Δ − Δ + − Δ −

2 2 2

21 4 4 4 4 3 3 3 3

2 2 2 2 2 2 2

8 (36 6)

96 8 576

576 8 16 48 48

t t t
A

t t t t

t t t t

ω β ω ξ ω

ω β ω ξω β ξω

β ω ω ξ ω ξω

Δ Δ − Δ −
= −

−Δ + Δ − Δ + Δ +

Δ − Δ − Δ − Δ −

4 4 4 2 2 2

22 4 4 4 3 3 3

2 2 2 2 2

( 192 ) (576 16 ) 48( ) 48

(96 ) (576 8 )

(576 8 16 ) (( 48) ) 48

t t t t t
A

t t t t

t t t t

β ω β ω ξ ω

β ω β ξ ξ ω

β ξ ω ξ ω

Δ − Δ + Δ + Δ + Δ −
= −

Δ − Δ + Δ − Δ +

Δ − Δ − Δ − − Δ −

2 3 3 3 3

23 4 4 4 4 3 3 3 3

2 2 2 2 2 2 2

(24 144 864 )

3( 96 8 576

8 576 16 48 48)

t t t t
A

t t t t

t t t t

ω ξ ω β ω β ω

ω β ω ξω β ξω

ω β ω ξ ω ξω

Δ + Δ − Δ + Δ
= −

Δ − Δ + Δ − Δ +

Δ − Δ + Δ + Δ +

2 2 4 3 2

31 4 4 4 3 3 3

2 2 2 2 2

( 576 12 ) (( 48) ) 48

(96 ) (576 8 )

(576 8 16 ) (( 48) ) 48

t t t
A

t t t t

t t t t

β ω ξ ω ω

β ω β ξ ξ ω

β ξ ω ξ ω

− Δ − Δ + − Δ +

=

Δ − Δ + Δ − Δ +

Δ − Δ − Δ + − Δ −

2 3 3 2 2 2 2

32 4 4 4 4 3 3 3 3

2 2 2 2 2 2 2

24 (4 2 4 24 48 )

96 8 576

8 576 16 48 48

t t t t t
A

t t t t

t t t t

ω ξ ω ω ξ β ω ξω β ξω

ω β ω ξω β ξω

ω β ω ξ ω ξω

Δ − Δ − + Δ + Δ + Δ
=

Δ − Δ + Δ − Δ +

Δ − Δ + Δ + Δ +

2 2 2 2 2 2 2

33 4 4 4 4 3 3 3 3

2 2 2 2 2 2 2

(16 192 576 4)

96 8 576

8 576 16 48 48

t t t t
A

t t t t

t t t t

ω ξ ω β ω β ξω

ω β ω ξω β ξω

ω β ω ξ ω ξω

Δ − Δ + Δ + Δ −
=

Δ − Δ + Δ − Δ +

Δ − Δ + Δ + Δ +RETRACTED A
RTIC

LE

https://doi.org/10.1061/JMCEA3.0000098
https://doi.org/10.1061/JMCEA3.0000098
https://doi.org/10.1016/j.compstruc.2013.02.006
https://doi.org/10.2478/cmam-2007-0014
https://doi.org/10.1016/j.advengsoft.2004.10.011
https://doi.org/10.1007/s40996-021-00599-7
https://doi.org/10.1007/s40996-019-00299-3
https://doi.org/10.1007/s40996-019-00299-3
https://doi.org/10.3311/PPci.14673
https://doi.org/10.1002/nme.1035
https://doi.org/10.1002/nme.1035
https://doi.org/10.1002/nme.1620151011
https://doi.org/10.1002/eqe.2401
https://doi.org/10.1016/j.tws.2012.09.007
https://doi.org/10.1016/j.tws.2013.09.026
https://doi.org/10.1016/j.tws.2013.09.026

	An Implicit Unconditionally Stable Integration Method for Nonlinear Structural Dynamics and Earthquake Engineering Problems
	ARTICLE HISTORY
	ABSTRACT
	KEYWORDS
	1. Introduction
	2. Proposed Method
	3. Performance of the Proposed Method
	3.1 Numerical Stability
	3.2 Numerical Accuracy
	3.3 Order of Accuracy
	3.4 Overshooting Effect

	4. Implementation for Nonlinear Systems
	5. Numerical Examples
	5.1 Example 1: Nonlinear Single Degree of Freedom System
	5.2 Example 2: Two-Story Shear Building
	5.3 Example 3: N-degree of Freedom Mass-spring System

	6. Conclusions
	Acknowledgments
	ORCID
	References
	Appendix



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice




