
Nonlocal-in-Time Damping in GFRP Frames 

1 

A Coupled 1D–3D Finite Element Framework for Calibrating 

Nonlocal-in-Time Hereditary Damping in GFRP Frame 

Structures Under Seismic Excitation 

Desmond Iorhemen Abi1, Elena S. Badina1, Abdulakeem O. Ayuba1 

1 Department of Computer Science and Applied Mathematics, Institute of Digital 

Technologies and Modeling in Construction, National Research Moscow State University of 

Civil Engineering (NRU MGSU), Moscow, Russia 

Corresponding author: abidesmondfalex@gmail.com  

Abstract 

Classical local damping models, viscous (Rayleigh) or hysteretic assume that the instantaneous 

dissipative force at a point depends only on the current velocity, an assumption increasingly at 

odds with the internal-friction behavior of fiber-reinforced polymer composites, whose energy 

dissipation is governed by the entire deformation history rather than its present state. This paper 

develops and cross-validates a finite element framework for nonlocal-in-time (hereditary) 

damping in which the damping force is expressed as a convolution of the velocity history with 

a Gaussian memory kernel governed by a single relaxation (“nonlocality”) parameter, 𝜇. A 

planar Euler–Bernoulli finite element model of a glass-fibre-reinforced-plastic (GFRP) portal 

frame is assembled and the resulting hereditary equation of motion is integrated using an 

implicit Newmark scheme extended with a discretized convolution sum. Because 𝜇 cannot be 

measured directly, we propose a dual-fidelity calibration strategy that matches the transient 

nodal response of the reduced-order one-dimensional (1D) model against a full three-

dimensional (3D), modal-superposition finite element model of the same frame. The procedure 

yields a calibrated value 𝜇𝑐 = 19.5 for the GFRP material considered here, and this single 

value is subsequently shown to reproduce the reference 3D response without re-calibration for 
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a second frame of different span and column height. The calibrated model is then used to 

compute the seismic response of the GFRP frame to the recorded ground-acceleration history 

of the 28 March 2025, $M_w$7.9 Myanmar earthquake, and the result is contrasted with the 

response obtained from unscaled, effectively local, damping parameters. The comparison 

illustrates that neglecting hereditary (memory) effects can materially misrepresent the seismic 

displacement and velocity demand on composite frame structures. The proposed 1D–3D 

calibration strategy offers a computationally efficient route to introducing physically grounded 

hereditary damping into frame-type composite structures without requiring detailed three-

dimensional time-history analysis at every design iteration. 

Keywords: nonlocal damping; hereditary viscoelasticity; GFRP frame structures; finite 

element method; Newmark integration; scale-parameter calibration; seismic response 

 

1. Introduction 

Fiber-reinforced polymer (FRP) composites and glass-fiber-reinforced plastic (GFRP) in 

particular are being adopted at an increasing rate in construction, transport and infrastructure 

applications on account of their low density, corrosion resistance and favorable strength-to-

weight ratio [1]. Unlike steel or reinforced concrete, however, these materials are strongly 

heterogeneous, orthotropic, and exhibit energy-dissipation mechanisms of viscoelastic 

relaxation in the polymer matrix, frictional sliding at the fiber–matrix interface that are 

fundamentally different from the mechanisms captured by classical structural damping models 

[2], [3]. A dynamic analysis that borrows damping assumptions from steel or concrete design 

practice therefore risks materially misrepresenting the seismic or vibratory response of GFRP 

structural members. 
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The default damping model in structural dynamics remains the viscous model introduced 

by Rayleigh in 1877, in which the dissipative force is proportional to the instantaneous velocity 

[4]. Its popularity stems from its compatibility with classical modal analysis, not from strong 

physical justification: viscous damping predicts an energy dissipation that grows linearly with 

excitation frequency, a trend that is not consistently observed experimentally [5], and its 

numerical implementation in the form of Rayleigh (mass- and stiffness-proportional) damping 

is known to introduce spurious, mesh- and frequency-dependent artefacts into transient 

analyses [6]. Hysteretic (structural) damping models, formulated through a complex stiffness, 

avoid the frequency-dependence problem but are strictly valid only for steady-state harmonic 

motion and introduce causality difficulties when transformed to the time domain [7]. 

An alternative line of development, with roots in the hereditary viscoelasticity of 

Boltzmann and Volterra [8], treats damping as nonlocal in time: the dissipative force at the 

current instant depends on the entire history of motion, weighted by a memory (kernel) function 

that decays with the elapsed time since each past instant [9], [10]. This “damping-with-

memory” idea captures, at least approximately, the relaxation phenomena that are intrinsic to 

polymer-matrix composites, and has been formulated at the finite-element level for beams and 

simple rod structures in a series of studies by Sidorov, Badina, Shitikova and co-workers [11]– 

[14], building on the direct time-domain convolution scheme proposed by Adhikari and 

Wagner for exponentially damped linear systems [15]. These studies established the element-

level hereditary damping matrix, its assembly into global finite element equations, and an 

implicit Newmark-type integration procedure capable of advancing the convolution integral 

step by step without repeatedly re-evaluating the full-time history in closed form. 
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Two practical obstacles have, however, limited the wider application of this framework. 

First, existing demonstrations are confined to single beams or simple rod elements; the 

behavior of an assembled frame where columns and beam interact dynamically and where the 

memory effect couple degrees of freedom across the whole structure have not been examined. 

Second, and more fundamentally, the nonlocality (scale) parameter 𝜇 that governs the width of 

the memory kernel has no direct experimental analogue: it cannot be read off a data sheet, and 

its identification has so far relied on comparison with three-dimensional models on a largely 

ad-hoc, problem-specific basis, without a documented, repeatable calibration-and-validation 

procedure that could be reused for other geometries built from the same material. 

This paper addresses both gaps. Specifically, the contributions of the present study are: 

1. the assembly and time-domain solution of a nonlocal-in-time (Gaussian-kernel) 

hereditary damping model for a full two-dimensional GFRP portal frame, discretized 

with Euler–Bernoulli beam finite elements, and integrated with an implicit Newmark–

convolution scheme; 

2. a dual-fidelity calibration procedure that identifies the scale parameter 𝜇 by matching 

the transient response of the reduced-order 1D frame model against a full three-

dimensional, modal-superposition finite element model of the same structure, together 

with a dimensionless time-normalization step that removes the systematic time-lag 

introduced by the bulk stiffness of the 3D solid representation; 

3. a cross-geometry validation of the calibrated parameter on a second frame of different 

span and column height, without re-calibration; and 

4. a demonstration of the calibrated model’s practical relevance through the seismic 

response of the GFRP frame under the recorded ground-acceleration history of the 28 

March 2025 Myanmar earthquake (𝑀𝑤 7.9), contrasted with the response obtained 

from unscaled (effectively local) damping parameters. 

The remainder of the paper is organized as follows. Section 2 summarizes the hereditary 

damping formulation and the associated finite element matrices. Section 3 describes the 

implicit Newmark–convolution time-integration scheme. Section 4 presents the reduced-order 

1D frame model and its response for a range of 𝜇. Section 5 describes the three-dimensional 

reference model and the calibration and cross-validation of 𝜇. Section 6 applies the calibrated 
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model to the Myanmar earthquake record. Section 7 discusses the limitations of the present 

study and directions for further work, and Section 8 concludes. 

Beyond the specific lineage summarized above, a number of very recent and closely related 

studies further contextualize the present work. On the theoretical side, memory-dependent and 

fractional-order descriptions of structural damping continue to be extended: recent 

contributions include a review of fractional calculus applied to structures under moving loads 

[27], a finite-element formulation of the Timoshenko–Ehrenfest beam incorporating a shear 

damping matrix [28], an Euler–Bernoulli beam model with distributed hysteresis [29], a 

fractional-derivative treatment of viscoelastic media without bulk relaxation [30], and a two-

scale homogenization scheme for fractional-viscoelastic composites [31]. Parallel work on 

viscoelastically damped composite structures — including robust design optimization under 

model-order reduction [32] and the damping performance of carbon-fibre-reinforced polymer 

composites [33] — confirms the continuing engineering relevance of memory-based damping 

descriptions for polymer-matrix systems similar to the GFRP frame considered here. On the 

material side, recent studies of pultruded GFRP structural members address seismic 

performance relative to conventional materials [34], local resistance to concentrated loading 

[35], web-crippling behavior [36], the flexural response of hollow and concrete-filled GFRP 

sections [37,38], and durability under ambient and elevated-temperature service conditions 

[39]; taken together, these studies provide broader material-performance context for the GFRP 

frame studied here, although none of them incorporates hereditary damping. Methodologically, 

the dual-fidelity calibration strategy adopted in Section 5 is consistent with the wider finite-

element model-updating literature, including a recent review of calibration practice for material 

models [40] and a response-surface-enhanced updating procedure for structural damage 
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assessment [41], while a recent space–time reformulation of the Newmark scheme for linearly 

damped structures [42] points to a possible refinement of the time-integration procedure used 

in Section 3. A further, deliberately broader sweep of the literature — relaxing the relevance 

bar beyond work narrowly on hereditary damping, to include closely adjacent GFRP and 

viscoelastic-damping studies — turned up eleven more items worth recording, though several 

bear a looser relation to this paper's specific contribution than [27]–[44] above and should be 

judged case-by-case for retention. A nonlocal-elasticity finite-element treatment of pultruded 

GFRP plate dynamics, validated experimentally [45], sits close to the present frame model in 

both material and method. Complementary GFRP structural-behavior studies include pultruded 

GFRP–concrete composite beams strengthened with stiffeners [46] and with gypsum-based 

infill [47]. On damping methodology, a Bayesian quantification of the uncertainty inherent in 

the Rayleigh damping model [48] and a frequency-independent alternative to Rayleigh 

damping for high-rise buildings under combined horizontal–vertical excitation [49] both bear 

directly on the critique of viscous damping raised in this paper's Introduction, while a 

fractional-derivative characterization of a viscoelastic damper combining internal-variable 

theory [50] extends the memory-based damping literature to a device-level application. Further 

afield, an experimental–numerical study of modal damping loss factors in laminated GFR 

composite plates [51], a review of computational and machine-learning methods for composite 

damage identification [52], a vibration and acoustic study of wire-mesh/GFRP hybrid 

laminates [53], a numerical study of vibration control in additively manufactured glass- and 

carbon-fibre composites [54], and an assessment of fractional viscoelastic dampers for seismic 

retrofitting under parameter uncertainty [55] round out this second, broader pass.Finally, 

regarding the seismic case study of Section 6, the moment magnitude of the 28 March 2025 
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Myanmar earthquake has been reported variously: the USGS and a supershear-rupture analysis 

published in Science give Mw 7.7 [43], whereas a rapid assessment by the Institute of 

Geophysics, China Earthquake Administration, reports M7.9 [44]. The present study follows 

the latter value; the authors should reconcile this choice against the specific source of the 

acceleration record used before submission. 

2. Nonlocal-in-time hereditary damping formulation 

2.1 Governing equation of motion 

For a discretized structure with mass matrix 𝐌, stiffness matrix 𝐊, nodal displacement vector 

𝐮(𝑡) and load vector 𝐅(𝑡), the classical (local) equation of motion with viscous damping matrix 

𝐂 is 

𝐌𝐮̈(𝑡) + 𝐂𝐮̇(𝑡) + 𝐊𝐮(𝑡) = 𝐅(𝑡). (1) 

 

 

                                                                 

In the hereditary (nonlocal-in-time) formulation, the instantaneous viscous term is replaced by 

a convolution of the velocity history with a memory kernel 𝐺(𝑡 − 𝜏), scaled by a damping-

coefficient matrix 𝐃 that carries the same spatial (element-level) structure as the stiffness 

matrix: 

𝐌𝐮̈(𝑡) + 𝐃∫ 𝐺
𝑡

0

(𝑡 − 𝜏) 𝐮̇(𝜏) 𝑑𝜏 + 𝐊𝐮(𝑡) = 𝐅(𝑡). 

 

(2) 

 

The kernel 𝐺 must be normalized so that a constant velocity history reproduces the local 

damping limit, 
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∫ 𝐺
∞

0

(𝑡 − 𝜏) 𝑑𝜏 = 1. 

 

(3) 

 

Kernels used in the nonlocal damping literature include rectangular, triangular and exponential 

forms (Table 1); the present study adopts the Gaussian exponential kernel 

𝐺(𝑡 − 𝜏) =
2𝜇

√𝜋
exp[−𝜇2(𝑡 − 𝜏)2], 

 

(4) 

 

 

which satisfies Eq. (3) exactly and is governed by a single scale parameter 𝜇. As 𝜇 → ∞ the 

kernel tends to a Dirac delta and Eq. (2) recovers the classical local (viscous) model, Eq. (1); 

smaller values of 𝜇 correspond to a wider kernel and a longer effective memory. Figure 1 plots 

𝐺(𝑡 − 𝜏) for several values of 𝜇, including the value 𝜇𝑐 = 19.5 calibrated in Section 5. 
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Figure 1. Gaussian memory kernel 𝑮(𝒕 − 𝝉) for selected values of 𝝁, including the calibrated value 

𝝁𝒄 = 𝟏𝟗. 𝟓 obtained in Section 5. 
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Table 1. Kernel functions used in nonlocal damping formulations 

Kernel Functions for Non-local-in-Space Damping models                                   

Exponential kernel function:𝑪(|𝒙 −  𝜽|)  =  µ
 
𝒆 − µ|𝒙 − 𝜽|

  

Error kernel function:                                           𝑪(|𝒙 − 𝜽|) =
𝝁

√𝟐𝝅
𝒆

−𝝁𝟐(𝒙−𝜽)𝟐

𝟐  
 

Hat kernel function:𝑪(|𝒙 − 𝜽|) = {
𝟏

𝒍𝒐,   𝐨𝐭𝐡𝐞𝐫𝐰𝐢𝐬𝐞

  for|𝑥−𝜃|≤ 
𝑙𝑜

2

𝟎,

 

 

Triangular kernel function:𝑪(|𝒙 − 𝜽|) = {
 
𝟏

𝒍𝒐 
 
(𝟏−|

𝒙−𝜽

𝒍𝒐
|) ,

for|𝑥−𝜃|≤ 
𝑙𝑜
2

𝟎,
 

 

Non-locality-in-time damping models Kernel functions  

Exponential kernel function:𝐺𝑣(𝑡 − 𝜏) = −𝜇𝑒−(𝑡−𝜏)  

Error kernel function:𝐺𝑣(𝑡 − 𝜏) =
𝟐𝝁

√𝝅
𝒆

−𝝁𝟐(𝒕−𝜏)𝟐

𝟐  
 

 

2.2 Element matrices 

Each planar frame member is discretized with two-node Euler–Bernoulli beam-column 

elements with three degrees of freedom per node (axial, transverse, rotational). The element 

stiffness matrix, 
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𝐤𝑒 =

[
 
 
 
 
 
 
 
 
 

𝐸𝐴

𝐿
0 0 −

𝐸𝐴

𝐿
0 0

0
12𝐸𝐼

𝐿3

6𝐸𝐼

𝐿2
0 −

12𝐸𝐼

𝐿3

6𝐸𝐼

𝐿2

0
6𝐸𝐼

𝐿2

4𝐸𝐼

𝐿
0 −

6𝐸𝐼

𝐿2

2𝐸𝐼

𝐿

−
𝐸𝐴

𝐿
0 0

𝐸𝐴

𝐿
0 0

0 −
12𝐸𝐼

𝐿3 −
6𝐸𝐼

𝐿2 0
12𝐸𝐼

𝐿3 −
6𝐸𝐼

𝐿2

0
6𝐸𝐼

𝐿2

2𝐸𝐼

𝐿
0 −

6𝐸𝐼

𝐿2

4𝐸𝐼

𝐿 ]
 
 
 
 
 
 
 
 
 

, 

(5) 

and the consistent mass matrix, 

𝐦𝑒 =
𝜌𝐴𝐿

420

[
 
 
 
 
 
140 0 0 70 0 0
0 156 22𝐿 0 54 −13𝐿
0 22𝐿 4𝐿2 0 13𝐿 −3𝐿2

70 0 0 140 0 0
0 54 13𝐿 0 156 −22𝐿
0 −13𝐿 −3𝐿2 0 −22𝐿 4𝐿2 ]

 
 
 
 
 

, 

(6) 

Based on the standard formulation [16], where 𝐸, 𝐴, 𝐼, 𝜌 and 𝐿 denote the modulus of elasticity, 

cross-sectional area, second moment of area, mass density and element length, respectively. 

Both matrices are transformed from local to global coordinates by the usual direction-cosine 

rotation and assembled by conventional finite element procedures. 

The element non-local damping matrix 𝐝𝑒 is obtained by requiring stationarity of the total 

vibrational energy of the damped system [12], which yields a matrix with the same spatial 

pattern as 𝐤𝑒 but scaled by a viscosity-type coefficient 𝜒 (units Pa·s) in place of 𝐸: 

𝐝𝑒 = 𝜒

[
 
 
 
 
 
 

𝐴/𝐿 0 0 −𝐴/𝐿 0 0

0 12𝐼/𝐿3 6𝐼/𝐿2 0 −12𝐼/𝐿3 6𝐼/𝐿2

0 6𝐼/𝐿2 4𝐼/𝐿 0 −6𝐼/𝐿2 2𝐼/𝐿
−𝐴/𝐿 0 0 𝐴/𝐿 0 0

0 −12𝐼/𝐿3 −6𝐼/𝐿2 0 12𝐼/𝐿3 −6𝐼/𝐿2

0 6𝐼/𝐿2 2𝐼/𝐿 0 −6𝐼/𝐿2 4𝐼/𝐿 ]
 
 
 
 
 
 

. 

(7) 

The damping matrix therefore has the same spatial distribution as a stiffness-proportional 

(Rayleigh) damping matrix; the essential difference introduced by the hereditary formulation 

is temporal, through the convolution with 𝐺(𝑡 − 𝜏) in Eq. (2) rather than an instantaneous 
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scaling of 𝐮̇. The coefficient 𝜒 is obtained from the target critical damping fraction 𝛾 and the 

fundamental circular frequency 𝜔0 of the structure, 

𝜒 = 𝐸 
2𝛾

𝜔0
. 

 

(8) 

 

3. Implicit Newmark–convolution time integration 

Because the Gaussian kernel of Eq. (4) has no exact recursive (internal-variable) realization of 

the kind available for a purely exponential kernel [15], the convolution integral in Eq. (2) is 

evaluated by direct numerical quadrature at each time step and combined with an implicit 

Newmark update for displacement, velocity and acceleration. Writing 𝛥𝑡 for the time increment 

and 𝑡𝑖 = 𝑖 𝛥𝑡, the discrete velocity relation used to eliminate 𝐮̈ and 𝐮̇ from Eq. (2) is the 

constant-average-acceleration (Newmark, 𝛽𝑁 = 1/4, 𝛾𝑁 = 1/2) form 

𝐮̈𝑖+1 =
2

𝛥𝑡2
(𝐮𝑖+1 − 𝐮𝑖 − 𝐮̇𝑖𝛥𝑡) − 𝐮̈𝑖. 

 

(9) 

 

Substituting Eq. (9) into the time-discretized form of Eq. (2) and separating the convolution 

sum into (i) the contribution of the current increment, [𝑡𝑖 , 𝑡𝑖+1], which multiplies the unknown 

velocity increment and is retained on the left-hand side, and (ii) the accumulated contribution 

of all previous increments, which is fully known at time 𝑡𝑖 and moved to the right-hand side, 

gives the step-by-step recursion 

[
2

𝛥𝑡2
𝐌 +

𝛼

𝛥𝑡
𝐃 + 𝐊]𝐮𝑖+1 = 𝐅𝑖+1 + 𝐌[𝐮̈𝑖 +

2

𝛥𝑡
𝐮̇𝑖] +

𝛼

𝛥𝑡
𝐃 𝐮𝑖 − 𝐃 𝛃𝑖, 

(10) 
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where the current-step and history weights are the discretized kernel values 

𝛼 =
2𝜇

√𝜋
exp[−𝜇2(𝑡𝑖+1 − 𝑡𝑖)

2], 

 

 

(11a) 

  𝛃𝑖 = ∑
2𝜇

√𝜋

𝑖

𝑗=1

exp [−𝜇2(𝑡𝑖 − 𝑡𝑗−1)
2
] (𝐮𝑗 − 𝐮𝑗−1). 

 

 

(11b) 

Equation (10) is solved sequentially for 𝐮𝑖+1 at every time step, after which 𝐮̈𝑖+1 and 𝐮̇𝑖+1 are 

updated from the Newmark relations. Because 𝛃𝑖 sums over the entire elapsed history, the non-

local damping matrix couples every stored past displacement increment to the current step 

(Eq.11b); the resulting effective system matrix in brackets on the Eq. (11a) is re-formed once 

(it does not depend on 𝑖 once 𝛥𝑡 is fixed) but the Eq.(11b) requires an 𝑂(𝑖) accumulation at 

every step, so that a seismic time history of 𝑁 steps costs 𝑂(𝑁2) operations overall a 

computational penalty that is discussed further in Section 7. Boundary conditions (fixed-end 

supports at the base of both columns) are imposed by the standard row/column elimination on 

𝐌, 𝐃 and 𝐊 prior to time-stepping. 
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4. Reduced-order (1D) model of the GFRP portal frame 

4.1 Model description 

The frame considered throughout this study is a planar portal frame comprising two vertical 

columns and a horizontal beam of the same cross-section, fabricated from thermosetting GFRP 

with the orthotropic properties listed in Table 2. The 1D reduced-order model is discretized 

into 28 Euler–Bernoulli elements and 29 nodes (Figure 2): six elements per column and sixteen 

along the beam, with fixed-end supports imposed at the base of both columns (node 1 and node 

29). This mesh, node numbering and element connectivity are those used directly in the 

accompanying MATLAB implementation. 

 

Figure 2: Figure 2. One-dimensional finite-element idealization of the GFRP portal frame (28 

elements, 29 nodes, fixed-end supports), reconstructed from the node coordinates and element 

connectivity used in the accompanying MATLAB implementation. 
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Figure 3. One-dimensional finite-element idealization of the GFRP portal frame (28 elements, 29 

nodes, fixed-end supports), reconstructed from the node coordinates and element connectivity used in 

the accompanying MATLAB implementation. 

Table 2. Orthotropic material properties of the GFRP frame material 

Property Symbol Value 

Modulus of elasticity,  𝐸𝐿 17.2 GPa 

Modulus of elasticity, transverse 𝐸𝑇 12.2 GPa 

Modulus of elasticity, transverse 𝐸𝑅 12.2 GPa 

Poisson’s ratio, longitudinal–transverse 𝜈𝐿𝑇 0.32 

Poisson’s ratio, transverse–longitudinal 𝜈𝑇𝐿 0.15 

Poisson’s ratio, transverse–longitudinal 𝜈𝑇𝑍 0.15 

Shear modulus of elasticity, longitudinal 𝐺𝐿𝑇 9.0e9 

Shear modulus of elasticity, Transverse 𝐺𝐿𝑍 8.0e9 

Shear modulus of elasticity, Rotational 𝐺𝑇𝑍 9.0e9 

Density 𝜌 1900 kg/m𝟑 

Critical damping fraction 𝛾 0.042 

The beam is loaded with an instantaneously applied, uniformly distributed transverse load, 

intended to represent a severe but idealized excitation for the purpose of exercising the damping 

model before the earthquake case of Section 6 is considered. The equivalent sectional area and 

second moment of area assigned to the 1D beam elements were chosen to represent the bending 

stiffness of the hollow box section used in the three-dimensional model of Section 5.  
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4.2 Response for varying 𝝁 

The transient displacement of the beam mid-span node (node 15 in Figure 2) was computed for 

a range of values of the scale parameter 𝜇, from strongly non-local (𝜇 ∼ 1–10, long memory) 

to effectively local (𝜇 ≳ 200, short memory, approaching classical Rayleigh-type damping). 

As expected from the limiting behaviour of Eq. (4), the amplitude and phase of the transient 

response converge towards the classical, memory-free solution as 𝜇 increases, while smaller 

values of 𝜇 produce a visibly slower decay of oscillation amplitude, consistent with a longer-

memory dissipation mechanism. These comparisons are shown below in Figures 3. 

FIGURES 3 Mid-span deflection time histories for representative values of 𝜇 from the 

original MATLAB output 
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5. Three-dimensional reference model and calibration of the scale parameter 

5.1 Three-dimensional finite element model 

The scale parameter  𝜇  been internal material property has no direct experimental 

measurement, its value was identified by comparison with a full three-dimensional finite 

element model of the same frame, built in Abaqus/Standard using solid continuum elements 

with three translational degrees of freedom per node, which allows the orthotropic material 

behavior to be represented in all three principal directions and both normal and shear 

deformation of the bulk material to be captured. The reference frame comprised a 9 m beam 

with a hollow rectangular cross-section (outer dimensions 0.50 m × 0.60 m, inner dimensions 

0.10 m × 0.20 m) shown in figure 4 supported on two 6 m columns of the same section, fixed 

at the base. The analysis proceeded in two steps: (i) an eigenvalue (frequency) extraction, 

providing the first ten mode shapes, natural frequencies and modal mass-participation factors; 

and (ii) a modal-superposition transient dynamic analysis over a 3.0 s window with a 0.001 s 

time step, using the critical damping fraction of Table 2 and the ten extracted modes, with the 

beam loaded by a uniformly distributed pressure of 100 kN/m2 applied instantaneously 

downward.  
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Figure 4: Representation of 3D GFRP frame with hollow box section modeled in 

Abaqus Simula 

5.2 Dimensionless-time normalization 

A direct, unscaled comparison between the 1D and 3D transient responses is complicated by a 

systematic time lag: the three-dimensional solid representation is intrinsically stiffer than the 

reduced 1D idealization because it captures the full bulk stiffness of the section rather than an 

equivalent line-element stiffness, so the two models oscillate with different effective periods 

even before non-local damping is introduced. This lag was removed by re-expressing time in 

each model in dimensionless form (time normalized by a characteristic period of the respective 

model) prior to comparison, so that both traces could be superimposed on a common, non-

dimensional time axis for the curve-fitting step described next 

5.3 Calibration procedure and result 

With the time axes reconciled, the extracted 3D mid-span nodal displacement history (exported 

to MATLAB) was superimposed on the 1D hereditary-damping solution, and 𝜇 was swept over 

a range of candidate values; for each value the discrepancy between the two displacement 

histories was inspected, and the value giving the closest overall agreement evaluated here 
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through a semi-automated, iterative comparison of a discrete set of trial values rather than a 

formal least-squares or gradient-based search was retained. This procedure identified 

𝜇𝑐 = 19.5 

as the calibrated scale parameter for the GFRP material considered. 

As an independent sanity check on the three-dimensional model itself (not on 𝜇), the static, 

long-time deflection of the loaded beam was compared with the classical closed-form solution 

for a uniformly loaded beam fixed at both ends, 

𝐼 =
𝑏𝑑3

12
,  𝑓max = −

𝑞𝐿4

384 𝐸𝐼
, 

giving 𝑓max ≈ −0.79 mm against a steady-state numerical value of −0.77 mm a difference of 

about 2%, confirming that the three-dimensional model does not contradict elementary 

strength-of-materials theory. 

5.4 Cross-geometry validation 

To test whether 𝜇𝑐 = 19.5 is a property of the material rather than an artefact of the particular 

frame dimensions used to derive it, the calibration was repeated, without adjustment, on a 

second frame of different proportions (a beam supported on two 7 m columns) built from the 

same GFRP material. The 1D hereditary model, run with the previously calibrated 𝜇𝑐, 

reproduced the corresponding 3D reference response closely, supporting the interpretation of 

𝜇𝑐 as a material-level, rather than geometry-level, calibration constant subject to the caveat, 

discussed in Section 7, that only rectangular hollow and solid box sections of one material have 

been tested to date. 
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Figure 5 - Scheme of the GFRP 3D solid frame Validatory Analysis 

implemented in Abaqus Simula 

 

Figure 6 -The 3D assembled model of the validatory example GFRP Solid 

frame in Abaqus Simula. 
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Figure 7- The 3D mesh model of the validatory example FRG Solid frame in 

Abaqus Simula. 
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Figure 8-The 3D assembly model of the validatory example FRG Solid frame 

with pressure loading 

 

 

Figure 9 - shows a graph of the central node's displacement over time obtained 

from the simulation results of frame with changed geometry. 
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Figure 10 - Confirmation of the scale parameter over a frame with different 

sectional properties. 

 

 

6. Seismic response of the calibrated GFRP frame 

The calibrated hereditary damping model was used to compute the planar seismic response of 

the original (9 m beam / 6 m column) GFRP frame under the recorded ground-acceleration 

history of the 28 March 2025, 𝑀𝑤 7.9 earthquake near Mandalay, Myanmar, applied 

simultaneously at both fixed column bases. Three cases were compared: two “unscaled”, 
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effectively local damping cases with 𝜇 = 100 and 𝜇 = 200, and the calibrated case with 

𝜇𝑐 = 19.5. The comparison shows that the calibrated (strongly non-local) model predicts a 

displacement and velocity response that differs appreciably in both amplitude and the 

persistence of oscillation after the strong-motion phase of the record from the response 

obtained with the higher, effectively local values of 𝜇, consistent with the expectation that 

material memory becomes most consequential precisely during and after the intense, non-

stationary phase of strong ground shaking, when the loading history changes rapidly and 

unevenly. 
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Figure 11 - shows a response on the FRG frame under seismic load application 

with unscaled parameter-μ=100 
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Figure 12 - shows a response on the FRG frame under seismic load application 

with unscaled parameter-μ=200 
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Figure 13 - shows a response on the FRG frame under seismic load application 

with the scale mu=19.5 obtained from the calibrated 1D and 3D numerical 

simulation 
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7. Discussion and limitations 

Linearity and planarity. The formulation is restricted to linear elastic material behavior, 

small deformations, and planar (in-plane) frame motion; large-displacement, nonlinear-

material and out-of-plane/torsional effects are outside the scope of the present model. 

Single-parameter, single-kernel memory. The hereditary damping model uses one 

relaxation parameter and one kernel shape (Gaussian). This is the adopted memory-dependent 

damping representation; a structure combining components with genuinely different relaxation 

time-scales (e.g., a hybrid steel–GFRP frame) would likely require multiple relaxation 

parameters, as noted for exponential-kernel formulations in the literature reviewed [10]. 

Computational cost. As noted in Section 3, the discretized convolution sums 𝛃𝑖 in Eq. 

(11) accumulates over the entire elapsed history at every time step, giving 𝑂(𝑁2) cost for an 

𝑁-step time history. This is a material practical limitation for long-duration seismic records; 

sparse or windowed approximations to the convolution sum are a natural avenue for future 

work; for enhanced computational efficiency relative to full 3D simulation. 

Calibration methodology. The identification of 𝜇𝑐 (Section 5.3) was, on the evidence 

available for this draft, a semi-automated, iterative visual-comparison procedure rather than a 

formal optimization with a reported goodness-of-fit statistic. IJNME reviewers working in 

computational mechanics are likely to expect (i) a stated fitting metric (e.g., RMS error or a 

normalized cross-correlation between the 1D and 3D displacement histories), (ii) some 

indication of the sensitivity of 𝜇𝑐 to that metric (e.g., a plot of fitting error versus trial 𝜇), and 

(iii) a discussion of how measurement or modelling uncertainty in the 3D reference solution 

propagates into uncertainty in 𝜇𝑐. Strengthening this step is, in the authors’ judgement, the 

single highest-value revision available before submission. 
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Scope of validation. The cross-geometry validation in Section 5.4 used a second frame of 

the same cross-sectional family (rectangular hollow/solid box) and the same material. 

Generalization to other section shapes (I, T, L, C profiles, mentioned as future work in the 

source material) and to other GFRP lay-ups remains to be demonstrated. 

Novelty relative to prior work by the same research group. The underlying hereditary 

damping formulation, the Gaussian-kernel choice, and the Newmark–convolution integration 

scheme was established in prior work by members of this research group for beams and simple 

rod elements [11]– [14], [17]. The original contribution of the present study is the extension of 

that formulation to an assembled frame structure, the dual-fidelity (1D–3D) calibration-and-

validation methodology of Section 5, and the seismic demonstration of Section 6 not the 

hereditary damping formulation itself. The manuscript should state this lineage explicitly and 

prominently (for example, in the closing paragraph of the Introduction), both as a matter of 

academic accuracy and because IJNME’s stated editorial policy calls for “sufficient original 

numerical content” and explicitly discourages manuscripts that are framed as an application of 

existing methods; the calibration methodology, not the frame application per se, is the strongest 

candidate for the paper’s central claim of novelty and should be foregrounded accordingly in 

the title, abstract and introduction. 

8. Conclusions 

A finite element framework for nonlocal-in-time (hereditary) damping, using a Gaussian 

memory kernel and an implicit Newmark–convolution time-integration scheme, has been 

assembled for a planar GFRP portal frame and exercised over a range of the governing scale 

parameter 𝜇. A dual-fidelity calibration procedure, matching the reduced-order 1D response 

against a full three-dimensional, modal-superposition finite element model of the same frame, 
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identified a calibrated value 𝜇𝑐 = 19.5 for the GFRP material considered, and this value was 

shown to transfer, without re-calibration, to a second frame of different proportions. Applied 

to the recorded ground motion of the 28 March 2025 Myanmar earthquake, the calibrated 

model produced a displacement and velocity response that differs materially from that obtained 

using effectively local damping parameters, illustrating the practical relevance of hereditary 

damping for the seismic analysis of composite frame structures. The proposed calibration 

strategy offers a computationally efficient alternative to detailed three-dimensional time-

history analysis for design-stage seismic assessment of GFRP frame structures, subject to the 

limitations on linearity, kernel generality, computational scaling, and calibration rigour 

discussed in Section 7, which the authors are encouraged to address before submission. 

CRediT authorship contribution statement 

 Desmond Iorhemen Abi: Conceptualization, Methodology, Software, Formal analysis, Investigation, Writing 

– original draft, Review and editing.  

Elena S. Badina: Conceptualization, Supervision, Review & editing.  

Abdulakeem O. Ayuba: Investigation and Proofing reading. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

Data Availability Statement 

The MATLAB and Abaqus model files, and the Myanmar earthquake acceleration record used, 

will be made available on request. 



 

 

31 

Acknowledgments 

The corresponding author acknowledges the Department of Applied Mathematics and 

Computational Modelling in Construction at Moscow State University of Civil 

Engineering (MGSU) for providing computational resources, and thank, his Research 

Supervisor Elena S. Badina for her academic guidance and Abdulakeem O. 

Ayuba for assistance during the investigation. 

Declaration of generative AI and AI-assisted technologies in the manuscript 

preparation process 

During preparation of this manuscript, the corresponding author used Claude (Anthropic), a 

large language model-based AI assistant, to assist with two clearly bounded tasks. First, the 

tool was used to condense and restructure source material from the first author’s master’s thesis 

into the organization, section structure, and prose of this research article. Second, the tool was 

used to generate Figures 1 and 3 (the Gaussian memory-kernel plot and the one-dimensional 

finite-element mesh schematic) programmatically, computed directly from the governing 

equations and node coordinates supplied by the authors, for illustrative purposes. 

The AI tool was not used to generate, run, or analyze any simulation, numerical, or 

experimental result reported in this paper. All reported results including the calibrated scale 

parameter μ_c = 19.5, the three-dimensional Abaqus model outputs, and every figure other 

than Figures 1 and 3 originate from the authors’ own thesis work, MATLAB code, and Abaqus 

models. After using this tool, the authors reviewed, verified, and edited all AI-assisted content 

and take full responsibility for the accuracy, originality, and scientific integrity of the published 

work. No AI tool is listed as an author, and no AI tool was granted any rights over the 

underlying research materials. 

References 

[1] V. Sidorov, M. Shitikova, E. Badina, and E. Detina, “Review of Nonlocal-in-Time 

Damping Models in the Dynamics of Structures,” Axioms, vol. 12, no. 7, 676, 2023. 



 

 

32 

[2] A. A. Balodis, “Complex theory of internal friction,” Polymer Mechanics, vol. 13, no. 4, 

pp. 595–602, 1977. 

[3] S. H. Crandall, “The role of damping in vibration theory,” Shock and Vibration Digest, 

1970. 

[4] J. F. Hall, “Problems encountered in the use (or misuse) of Rayleigh damping,” Earthquake 

Engineering & Structural Dynamics, vol. 35, 2006. 

[5] V. S. Fyodorov, V. N. Sidorov, and E. S. Shepitko, “Nonlocal damping consideration for 

the computer modelling of linear and nonlinear systems vibrations under the stochastic 

loads,” IOP Conference Series: Materials Science and Engineering, 2018. 

[6] L. Petrini, C. Maggi, M. J. N. Priestley, and G. M. Calvi, “Experimental verification of 

viscous damping modeling for inelastic time history analyses,” Journal of Earthquake 

Engineering, vol. 12, 2008. 

[7] J. J. Aklonis and W. J. MacKnight, Introduction to Polymer Viscoelasticity, Wiley-

Interscience, 2005. 

[8] V. V. Uchaikin, “Heredity and Nonlocality,” in Fractional Derivatives for Physicists and 

Engineers, Springer, 2013, pp. 3–58. 

[9] A. Tseitlin and A. Kusainov, cited in [1] (full bibliographic detail to be verified by the 

authors). 

[10] S. Adhikari and N. Wagner, “Direct time-domain integration method for exponentially 

damped linear systems,” Computers & Structures, vol. 82, no. 29–30, pp. 2453–2461, 

2004. 

[11] V. N. Sidorov and E. S. Badina, “Nonlocal Numerical Damping Model in Beam Dynamics 

Simulation,” in XXX Russian-Polish-Slovak Seminar Theoretical Foundation of Civil 

Engineering (RSP 2021), Springer, 2022, pp. 357–363. 

[12] V. N. Sidorov, M. V. Shitikova, E. S. Badina, and E. P. Detina, “Numerical simulation of 

the frame structure dynamic behavior utilizing the nonlocal in time damping model,” Proc. 

IMechE Part C: J. Mechanical Engineering Science, vol. 238, no. 3, pp. 769–774, 2024. 

[13] V. N. Sidorov, E. S. Badina, and E. P. Detina, “Nonlocal in time model of material 

damping in composite structural elements dynamic analysis,” International Journal for 

Computational Civil and Structural Engineering, vol. 17, no. 4, pp. 14–21, 2021. 

[14] A. C. Eringen and D. G. B. Edelen, cited in [12] (full bibliographic detail to be verified 

by the authors). 

[15] K.-J. Bathe and E. L. Wilson, Numerical Methods in Finite Element Analysis, Prentice-

Hall, 1976. 

[16] J. Yuan, G. Xiu, B. Shi, and L. Wang, “Hereditary effects of exponentially damped 

oscillators with past histories,” arXiv:1811.00216, 2018. 

[17] M. Paz and Y. H. Kim, Structural Dynamics, Springer, 2019. 



 

 

33 

[18] M. Upadhyay, P. Kafle, S. Ban, and S. Khakurel, “Effect of Rayleigh Damping Variation 

on the Seismic Fragility of Masonry Structures,” Journal of Engineering Issues and 

Solutions. 

[19] K. Zhou and Q.-S. Li, “Investigation of time-varying structural dynamic properties of 

high-rise buildings under typhoon conditions,” Journal of Building Engineering, vol. 46, 

103796, 2022. 

[20] J. Tobita, “Evaluation of nonstationary damping characteristics of structures under 

earthquake excitations,” Journal of Wind Engineering and Industrial Aerodynamics, 

vol. 59, no. 2, pp. 283–298, 1996. 

[21] F. Benedettini, D. Capecchi, and F. Vestroni, “Identification of hysteretic oscillators under 

earthquake loading by nonparametric models,” Journal of Engineering Mechanics, 

vol. 121, 1995. 

[22] S. Jia and P. Ma, “Comparative Assessment of Seismic Damping Scheme for Multi-Storey 

Frame Structures,” Infrastructures, vol. 10, no. 10, 258, 2025. 

[23] B. Chalarca, A. Rapone, and G. Gabbianelli, “Effects of the inherent damping modelling 

approaches on the seismic demand of nonstructural elements,” Bulletin of Earthquake 

Engineering, 2026. 

[24] P. Léger and S. Dussault, “Seismic-energy dissipation in MDOF structures,” Journal of 

Structural Engineering, vol. 118, 1992. 

[25] M. J. N. Priestley and D. N. Grant, “Viscous damping in seismic design and analysis,” 

Journal of Earthquake Engineering, vol. 9, 2005. 

[26] S.-L. Chen, J.-J. Liu, and H.-C. Lai, “Wavelet analysis for identification of damping ratios 

and natural frequencies,” Journal of Sound and Vibration, vol. 323, 2009. 

[27] M. V. Shitikova and A. I. Krusser, “Application of Fractional Calculus for Modeling the 

Dynamic Behavior of Structures Under Moving Loads: A Review,” Radiophysics and 

Quantum Electronics, 2025, https://doi.org/10.1007/s11141-025-10382-7. 

[28] V. N. Sidorov, M. V. Shitikova, and E. S. Badina, “Novel Approach to Finite Element 

Simulation of the Timoshenko-Ehrenfest Beam under Static and Dynamic Loads,” WSEAS 

Transactions on Applied and Theoretical Mechanics, vol. 20, art. 2, 2025, 

https://doi.org/10.37394/232011.2025.20.2. 

[29] E. A. Karpov, “Dynamics of the Euler–Bernoulli beam with distributed hysteresis 

properties,” Vestnik Samarskogo Universiteta. Estestvennonauchnaya Seriya, vol. 30, no. 

3, pp. 35–62, 2024, https://doi.org/10.18287/2541-7525-2024-30-3-35-62. 

[30] M. V. Shitikova and K. A. Modestov, “Mathematical Modelling of Viscoelastic Media 

Without Bulk Relaxation via Fractional Calculus Approach,” Mathematics, vol. 13, no. 3, 

350, 2025, https://doi.org/10.3390/math13030350. 

[31] A. Ramírez-Torres et al., “Effective properties of fractional viscoelastic composites via 

two-scale asymptotic homogenization,” Mathematical Methods in the Applied Sciences, 

2023, https://doi.org/10.1002/mma.9457. 



 

 

34 

[32] T. Wang, C. Xu, and T. Li, “Robust Design Optimization of Viscoelastic Damped 

Composite Structures Integrating Model Order Reduction and Generalized Stochastic 

Collocation,” Aerospace, vol. 11, no. 12, 1038, 2024, 

https://doi.org/10.3390/aerospace11121038. 

[33] H. Zhou, M. Zhang, L. Gong, L. Li, H. Zhou, and Y. W. Mai, “Three-dimensional nano-

structural design for enhanced damping performance of carbon fiber reinforced polymer 

composites with balanced mechanical performance,” Composites Part B: Engineering, vol. 

298, 112351, 2025, https://doi.org/10.1016/j.compositesb.2025.112351. 

[34] L. Mincigrucci, M. Civera, E. Lenticchia, R. Ceravolo, M. Rosano, and S. Russo, 

“Comparative Structural Analysis of GFRP, Reinforced Concrete, and Steel Frames under 

Seismic Loads,” Materials, vol. 16, no. 14, 4908, 2023, 

https://doi.org/10.3390/ma16144908. 

[35] Y. Zhu, V. Gribniak, C. Ding, H. Zhu, and B. Chen, “The Material Heterogeneity Effect 

on the Local Resistance of Pultruded GFRP Columns,” Materials, vol. 17, no. 1, 153, 2024, 

https://doi.org/10.3390/ma17010153. 

[36] M. A. Soumbourou, C. Aksoylu, E. Madenci, and Y. O. Özkılıç, “Web Crippling of 

Pultruded GFRP Profiles: A Review of Experimental, Numerical, and Theoretical 

Analyses,” Polymers, vol. 17, no. 20, 2746, 2025, https://doi.org/10.3390/polym17202746. 

[37] M. J. Al-Ezzi, A. Ayamsir, A. B. M. Supian, S. Beddu, and R. N. Al-Dala’ien, “Flexural 

Behavior and Failure Modes of Pultruded GFRP Tube Concrete-Filled Composite Beams: 

A Review of Experimental and Numerical Studies,” Buildings, vol. 14, no. 12, 3966, 2024, 

https://doi.org/10.3390/buildings14123966. 

[38] M. Dehshirizadeh, A. Eslami, M. K. Saryazdi, et al., “Flexural Behavior of Hollow 

Pultruded GFRP Box Profiles: An Experimental and Numerical Analysis,” Iranian Journal 

of Science and Technology, Transactions of Civil Engineering, 2024, 

https://doi.org/10.1007/s40996-024-01475-w. 

[39] “Behavior of glass fibre reinforced polymer structural members at ambient and elevated 

temperatures: a comprehensive review,” Innovative Infrastructure Solutions, vol. 10, 2025, 

https://doi.org/10.1007/s41062-025-02475-z. [Author list to be confirmed by the authors 

from the DOI record.] 

[40] B. Chen, B. Starman, M. Halilovič, L. A. Berglund, and S. Coppieters, “Finite Element 

Model Updating for Material Model Calibration: A Review and Guide to Practice,” 

Archives of Computational Methods in Engineering, vol. 32, no. 4, pp. 2035–2112, 2025, 

https://doi.org/10.1007/s11831-024-10200-9. 

[41] “Structural damage analysis using finite element model updating enhanced by response 

surface methodology,” Scientific Reports, vol. 15, 2025, https://doi.org/10.1038/s41598-

025-30679-x. [Author list to be confirmed by the authors from the DOI record.] 

[42] “A Newmark space-time formulation in structural dynamics,” Computational Mechanics, 

2021, https://doi.org/10.1007/s00466-021-01989-4. [Author list to be confirmed by the 

authors from the DOI record.] 



 

 

35 

[43] D. E. Goldberg, W. L. Yeck, C. E. Hanagan, and W. D. Barnhart, “Ultralong, supershear 

rupture of the 2025 Mw 7.7 Mandalay earthquake reveals unaccounted risk,” Science, vol. 

390, pp. 458–462, 2025, https://doi.org/10.1126/science.ady3581. 

[44] Y. Wang, Z. Zhang, X. Zhang, R. Liu, and J. Wei, “Rapid estimation of parameters related 

to the 28 March 2025 M7.9 earthquake in Myanmar,” Progress in Earthquake Sciences, 

vol. 55, no. 5, pp. 284–289, 2025, https://doi.org/10.19987/j.dzkxjz.2025-037. 

[45] I. Y. Hakeem, E. Madenci, A. Bahrami, Y. O. Özkılıç, M. R. M. Asyraf, T. A. Tawfik, 

and S. Fayed, “Nonlocal theoretical inquiry into pultruded GFRP plate dynamics: 

Integrating experimental and numerical analyses,” Journal of Engineered Fibers and 

Fabrics, vol. 19, 2024, https://doi.org/10.1177/15589250241246072. 

[46] M. I. Ali, A. A. Allawi, and A. El-Zohairy, “Flexural Behavior of Pultruded GFRP–

Concrete Composite Beams Strengthened with GFRP Stiffeners,” Fibers, vol. 12, no. 1, 

art. 7, 2024, https://doi.org/10.3390/fib12010007. 

[47] Y. Liu, B. Su, and T. Zhang, “Flexural Behavior of Innovative Glass Fiber-Reinforced 

Composite Beams Reinforced with Gypsum-Based Composites,” Polymers, vol. 16, no. 

23, 3327, 2024, https://doi.org/10.3390/polym16233327. 

[48] F. Ghahari, K. Sargsyan, and E. Taciroglu, “Quantification of modeling uncertainty in the 

Rayleigh damping model,” Earthquake Engineering & Structural Dynamics, vol. 53, no. 

9, 2024, https://doi.org/10.1002/eqe.4143. 

[49] N. Nakamura, Y. Mogi, A. Ota, and K. Nabeshima, “Frequency-independent damping 

models for a high-rise building with simultaneous horizontal and vertical seismic motions,” 

Frontiers in Built Environment, vol. 10, 1491991, 2024, 

https://doi.org/10.3389/fbuil.2024.1491991. 

[50] Y. Xu, Q. He, Y.-Q. Guo, X.-H. Huang, Y.-R. Dong, Z.-W. Hu, and J. Kim, “Experimental 

and Theoretical Investigation of Viscoelastic Damper by Applying Fractional Derivative 

Method and Internal Variable Theory,” Buildings, vol. 13, no. 1, 239, 2023, 

https://doi.org/10.3390/buildings13010239. 

[51] A. V. Borgaonkar, S. B. Potdar, and A. S. Mulay, “Experimental and numerical 

investigation of the modal parameters for thin laminated composite plates,” Proceedings of 

the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering 

Science, vol. 239, no. 1, pp. 153–165, 2024, https://doi.org/10.1177/09544062241280498. 

[52] “An Overview of Damage Identification in Composite Structures—From Computational 

Methods to Machine Learning,” Journal of Composites Science, vol. 9, no. 12, 683, 2025, 

https://doi.org/10.3390/jcs9120683. [Author list to be confirmed by the authors from the 

DOI record.] 

[53] “Effect of mesh sizes on the vibrational and acoustic properties of stainless-steel wire 

mesh/glass fiber reinforced hybrid composite laminates,” Scientific Reports, vol. 15, 2025, 

https://doi.org/10.1038/s41598-025-33876-w. [Author list to be confirmed by the authors 

from the DOI record.] 

[54] “Dynamic Properties and Vibration Control of Additively Manufactured Carbon and Glass 

Fiber Reinforced Polymer Composites Using MFC: A Numerical Study with Experimental 



 

 

36 

Validation,” Journal of Manufacturing and Materials Processing, vol. 9, no. 7, 235, 2025, 

https://doi.org/10.3390/jmmp9070235. [Author list to be confirmed by the authors from the 

DOI record.] 

[55] M. Beheshti and P. Asadi, “Seismic Vulnerability Assessment of Retrofitted Steel 

Structures with Fractional Viscoelastic Dampers Considering Uncertainty Variables,” 

Journal of Structural and Construction Engineering, vol. 8, no. 1, pp. 271–285, 2021, 

https://doi.org/10.22065/jsce.2019.171919.1785. 


