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Abstract. Advances in composite materials are enabling the replacement of traditional steel leaves in heavy duty 

vehicle suspension springs with composite ones. By means of analytical simulations written in Python and 

grounded in classical lamination theory, this study evaluates spring leaves at three fiber volume fractions (Vf = 50 

%, 60 %, 70 %) composed of epoxy resin and basalt fiber, showing how systematic variation of fiber orientation 

and Vf governs axial stiffness, in plane and out of plane moduli, anisotropy ratios, transverse Poisson’s ratio, and 

stress concentration factors around the central circular discontinuity. Results indicate that optimizing Vf from 70 

% down to 60% does not significantly alter stiffness while preserving reduced stress amplification within specific 

orientation windows, thereby providing practical guidelines for designing lighter high performance suspension 

components, highlighting the Topology optimization role in such designs. 
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1 Introduction 

Composite materials unite two or more distinct phases to achieve mechanical capabilities that exceed those 

of the individual constituents. Their overall response is interpreted through macromechanics, while 

micromechanics clarifies local constituent interactions (Chawla [1]). Structural features such as openings act as 

stress concentrators: the longitudinal spring analyzed here includes a centrally drilled hole that permits attachment 

to the vehicle’s chassis assembly but also concentrates stresses. 

Growing interest in composite suspensions reflects the drive for efficiency and sustainability. The Society of 

Automotive Engineers Spring Design from SAE [2] still underpins calculations of load, deflection and fatigue, 

even when steel is supplanted by lighter composites. Building on these fundamentals, Ke [3] surveyed material 

choices, design strategies and performance metrics for composite leaf springs; Tadesse and Fatoba [4] showed that 

composite springs in heavy-duty trucks cut weight and boost fuel economy; and Telli [5] assessed composite beams 

under combined loads to guide development of lighter, tougher suspension components. Together, these studies 

trace a clear trajectory toward innovative, high-performance and environmentally minded suspension solutions. 

Basalt fiber has gained traction as a cost-effective alternative to carbon with advantages over glass. Aref [6] 

and Acar [7] reviewed its processing routes and property profile. Pelin and Pelin [8] quantified the behavior of 

epoxy–basalt laminates under various loads, while Ţăranu [9] reported longitudinal stiffness for unidirectionally 

reinforced polymer composites in tension. 

Analytical treatments of perforated laminates have advanced steadily. Whitney [10] proposed an empirical 

failure-stress model, later refined by Nuismer and Whitney [11]. Kaltakci [12] analyzed how lay-up affects stress-

concentration factors around circular holes. Approximate closed-form solutions include Green and Zerna [13]. 

Further developments—drawing on Lekhnitskii’s complex potentials Lekhnitskii [14] were offered by Yao and 

Yu [15], Ukadgaonker [16] and Sharma [17]. The doctoral thesis of Boubeker [18], together with the study by 

Harkati [19], investigates negative Poisson’s ratio and non-auxetic composite materials. Relevant material data are 
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compiled by Gibson [20]. 

This work examines one reinforcement, focusing on through-thickness properties, fiber-orientation effects, 

Poisson-ratio influence and intermediate anisotropy. Circumferential stress fields around the hole will be mapped 

basalt-reinforced laminates to identify lay-ups that best mitigate stress amplification in the target geometry. 

2 Analytical formulation 

Although classical laminated plate theory under plane stress conditions is commonly used to describe the 

elastic behavior of composites, it neglects through-thickness stresses and strains. This simplification may be 

inadequate when out-of-plane elastic moduli are significant. To overcome this limitation, a simplified analysis is 

proposed that integrates the two-dimensional laminate theory with the three-dimensional constitutive laws for 

anisotropic materials. The aim is to evaluate the axial forces in symmetric laminates while considering variations 

in the Poisson’s ratios associated with thickness in directions outside the principal plane. 

2.1   Calculation of the out-of-plane poisson´s ratios (νxz, νyz) using thickness dimension information 

Considering materials with a single plane of symmetry, the strains that manifest in the plane of each kth layer 

are a consequence of the properties of the overall laminate and the axial force applied to it. This methodology 

enables the evaluation, for instance, of axial forces in symmetric laminates under different loading conditions, 

while accounting for the variation of Poisson’s ratio in the thickness direction. For symmetric composite laminates 

subjected to axial loading, the mid-plane stresses, as described by laminate theory according to Herakovich [22] 

also applied in Harkati [19] lead to the following relationships: 
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The A matrix is defined as: 
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where N is the total number of layers, 𝑄𝑖𝑗
𝑘  are the stiffness coefficients for the kth layer, and 𝑡𝑘 is the individual 

thickness of layer k. 

To determine the Poisson’s ratio 𝜈xz : 
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       where the strain 𝜀3 is defined as the total displacement W divided by the laminate thickness 2h. The 

displacement W can be expressed as Equation (4): 
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     where 𝜀3
k is proposed to be constant for any kth layer. In the case of plane stress, the strain 𝜀𝑧

k can be 

determined using a constitutive equation for an off-axis layer as follows: 
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      where 𝑆´𝑖𝑗
𝑘  are the coefficients of the transformed 3D compliance matrix for the kth layer. 

The stresses in each layer are determined from the 2D constitutive equations and the inverse of the stiffness 

matrix Aij is determined as: 
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By considering 𝑁2= 0 in Eq. (4), Eq. (5), and Eq. (6), the displacement along the three axes can be determined 

as: 
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Dividing by the axial strain 𝜀1 and the total laminate thickness 2h yields the through-thickness Poisson’s ratio 

of the laminate: 
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Similarly, for the Poisson’s ratio 𝑣𝑦𝑧, the total displacement W can be expressed as: 
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Poisson’s ratio in the yz plane is defined as: 

 

𝑣𝑦𝑧 = −
1
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𝑊 

(10) 

2.2 Behavior of composite panels with round hole 

 

To demonstrate the theoretical impact of circular holes on the mechanical behavior of perforated composite 

plates under uniaxial and biaxial loading as represented in Figure 1, the Lekhnitskii approximation was employed 

Lekhnitskii [14]. This method was used to analyze stress distribution in an orthotropic plate with a circular hole. 

The plate was subjected to uniaxial tensile loading with a nominal stress σ∞, applied at an angle φ relative to the 

principal material axis. 

 

The stress concentration factor Kf , according to Lekhnitskii [14], can be expressed by the following Eq. (11): 
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where Eα  is the modulus of elasticity in the direction defined by the angle α, which can be expressed as: 
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where φ is the angle at which the tensile force is applied with respect to the principal axis, and the location 

of the stress concentration factor is indicated by α. The coefficients m and n are given by the relationship: 

 

𝑚 =  √
𝐸𝑥

𝐸𝑦

   

 

(13) 

and, 
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(14) 

The effect of biaxial loading on the variation of the stress concentration factor is also investigated, as the stress 

concentration around the edge of circular holes in orthotropic plates is strongly influenced by the biaxiality ratio. 

The plate is subjected to nominal biaxial stresses p and q, with λ representing the biaxiality ratio q/p. 

The stress concentration factors at the boundaries A and B of the hole, as a function of the biaxial loads p and 

q for isotropic and orthotropic plates, are given respectively by Lekhnitskii [14]: 

 

 𝐾𝐴 =
1

𝑚
[−1 + 𝜆(𝑚 + 𝑛)]  

 

(15) 

 and, 

  
𝐾𝐵 = 1 + 𝑛 − 𝜆𝑚 (16) 

 

The polynomial equation for the approximate distribution of normal stress along the x and y-axes of the 

laminate under biaxial loading is given by the relationship developed in the literature by Soutis [22] for λ = 1: 

 

     𝐾𝑓 =
𝐸∝

𝐸1

[𝑚((𝑚 + 𝑛) 𝑐𝑜𝑠2 𝛼 − 1) + (1 + 𝑛) 𝑠𝑒𝑛2 𝛼)] 
(17) 

  

   
 

Figure 1. Geometry of the perforated plate under uniaxial loading (right) and biaxial loading (left), from 

Boubeker [19] 

3 Materials and stacking sequence used  

Table 1 shows the properties of the pre-impregnated with resin that are to be implemented and compared in the 

analytical model. In this case, a fiber volume fraction of 50% , 60%, 70% was considered for both materials, using 

the same matrix type. The elastic constants of the laminae, derived from the constituent materials using 

micromechanical relations, were obtained through the Mech-Gcomp™ software, as described in Angrizani [23]. 
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Table 1. Characteristics of uniaxial prepregs used for the calculations 

 

4 Effect of material, stacking and fiber type on Poisson’s ratio 

The type of reinforcement and the orientation of the fibers have a significant impact on the vxz. Thus, a 

systematic study was conducted on symmetrical stack configurations of angular layers (±θ2)s. Each laminate 

consisted of 37 layers, with fiber orientation angles increased by 5°. A type of reinforcing material was evaluated 

considering its potential applications: basalt, with fiber volume fractions of 50%, 60%, and 70%, alongside an 

epoxy resin matrix.  

The basalt/epoxy composite exhibits classical behavior. However, the objective of this study is to identify a 

fiber orientation configuration that minimizes deformation in the region around the central hole. It is noted, as 

shown in Figure 2, that the region where the Poisson's coefficient vxz is the lowest possible is at 30°, varying from 

0.108 for a 50% basalt fiber volume fraction, 0.120 for 60% basalt, and 0.140 for 70% basalt. 

 

 

Figure 2. Influence of fiber orientation and reinforcement type on vxz for laminates (±θ2)s 

5 Effect of the Orientation of any Type of Material on the Stress Concentration 

Factor 

Figure 3 presents the results of the influence of fiber orientation and level of anisotropy in the plane, for both 

types of loading (uniaxial and biaxial). The orientation of the fiber within the layer determines where the maximum 

value of the stress concentration factor (Kf) is located. For the material investigated, the maximum value of the 

stress concentration factor is achieved with a fiber orientation of θ = 0° under uniaxial loading and θ = 45° under 

biaxial loading; Kf reaches a peak corresponding to a fiber orientation of θ = 45°. The fiber used and its orientation 

Elastic Modules Fiber Type   

 Basalt/epoxy Vf = 50% Basalt/epoxy Vf = 60% Basalt/epoxy Vf = 70% 

E1, MPa 46.18 54.70 63.30 

E2, MPa 6.457 7.927 10.27 

E3, MPa 6.457 7.927 10.27 

G12, MPa 3.893 4.892 6.402 

G13, MPa 3.893 4.892 6.402 

G23, MPa 2.409 2.957 3.832 

ν12 0.32 0.32 0.31 

ν13 0.32 0.32 0.31 

ν23 0.34 0.34 0.34 
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play a crucial role in achieving the lowest possible Poisson's ratio. 

For different reasons of anisotropy in unidirectional laminates (±θ2), Figure 3 shows the fluctuation of Kf as 

a function of the fiber orientation angle—on the left for unidirectional laminates and on the right for bidirectional 

laminates. The increase in layer anisotropy has a significant effect on Kf. Kf is significantly influenced by the 

medium's anisotropy, rapidly decreasing with the increase in layer orientation.  

 

      

Figure 3. Kf versus θ for Basalt composite, under uniaxial loading (right) and biaxial loading (left) 

6 Effect of the type of reinforcement on Poisson’s ratio νxz 

Figure 5 illustrates the relationship between the stress concentration factor and the out-of-plane Poisson’s ratio 

for each stacking sequence. The Kf for a Basalt composite 70% laminate under uniaxial loading decreases by 30% 

when the Poisson’s ratio νxz varies from 0.14 to 0.31 at 0° and 30°, while for Basalt composite 60% it decreases 

by 33% when νxz varies from 0.12 to 0.32 at 0° and 30° and Basalt composite 50% it decreases by 34% when νxz 

varies from 0.10 to 0.32 at 0° and 30°. The (±30) for Basalt fiber exhibited the highest energy release rate. 

However, when the through-thickness Poisson’s ratio νxz is positive, contraction occurs both in thickness and width 

directions, increasing the stress concentration level at the crack tip. 

 

Figure 5. Variation of Kf as a function of νxz in a plate subjected to uniaxial tensile loading 
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7 Conclusions 

This investigation into the mechanical behavior of basalt composite laminates highlights the critical influence 

of material properties and laminate architecture on stress distribution. The observed trends highlight how specific 

variations in the material elastic response significantly impact localized stress at critical points in the structure and 

how fiber volume affects properties. The investigation presented here is a work in progress. The analysis is 

intended to give technical support on the viability of producing composite leaf springs made of basalt fibers and 

how different fiber orientations influence stress concentration factors in circular holes that are presented in the 

spring design. Mitigating the stress factors are a crucial key to develop efficient products.   
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