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Abstract: In this paper, to present a lightweight-developed front underrun protection device (FUPD) for heavy-duty trucks, plain weave carbon fiber reinforced plastic (CFRP) is used instead of the original high-strength steel. First, the mechanical and structural properties of plain carbon fiber composite anti-collision beams are comparatively analyzed from a multi-scale perspective. For studying the design capability of carbon fiber composite materials, we investigate the effects of TC-33 carbon fiber diameter (D), fiber yarn width (W) and height (H), and fiber yarn density (N) on the front underrun protective beam of carbon fiber composite materials. Based on the investigation, a material-structure matching strategy suitable for the front underrun protective beam of heavy-duty trucks is proposed. Next, the composite material structure is optimized by applying size optimization and stack sequence optimization methods to obtain the higher performance carbon fiber composite front underrun protection beam of commercial vehicles. The results show that the fiber yarn height (H) has the greatest influence on the protective beam, and the H1 matching scheme for the front underrun protective beam with a carbon fiber composite structure exhibits superior performance. The proposed method achieves a weight reduction of 55.21% while still meeting regulatory requirements, which demonstrates its remarkable weight reduction effect.
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1  Introduction

With the growing significance of environmental pollution and energy scarcity, and the implementation of stricter emission standards for commercial vehicles [1], the release of the “Medium and Long-Term Development Plan for the Automobile Industry” and the “National Strategy of Made in China 2025” highlights the technical direction for energy conservation and environmental protection in commercial vehicles, which emphasizes the crucial aspect of lightweight design [2]. One effective strategy is to develop and implement lightweight yet high-performance materials as alternative solutions for conventional automotive materials such as CFRP [3,4]. The FUPD of a heavy-duty truck is a passive safety device consisting of beam components installed on the frame [5]. Notably, the installation of it is a proposed method of mitigating injury to the passenger vehicle in the case of a collision [6]. As shown in Fig. 1, its design plays a crucial role in enhancing safety. Currently, the majority of protective devices available in the market are made of sheet metal, which limits their capacity for lightweight construction. As a result, the FUPD of certain heavy-duty trucks may not be adequately designed to provide sufficient strength [7]. This limitation brings challenges in meeting safety requirements and effectively safeguarding the vehicle, thereby compromising safe driving.
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Figure 1: Vehicle collision at front end of truck

Due to the exceptional properties, such as light weight, high specific strength, high specific modulus and impact resistance, CFRP as an advanced composite material has been increasingly utilized in the automotive industry for lightweight structural components [3]. Recent findings indicated that the use of CFRP with different types of reinforcement can lead to a weight reduction ranging from 15% to 40% in the automotive industry [8]. Eneyw et al. [9] studied the application of CFRP material on automobile rims. The results showed that not only the weight of the rim was reduced by 80.4%, but also the effect force of the rim was reduced by 31.5%, and the total deformation rate was reduced by 15.5%. That is to say, the non-spring load of the vehicle was reduced, and the overall performance of the vehicle was improved. Jin et al. [10] used CFRP to replace the steel control arm. Under the stiffness that meets the performance requirements, the quality of the CFRP control arm was 65% lower than that of the steel control arm, and the strength, vibration characteristics and other properties had been greatly improved, and the lightweight effect is remarkable. Wang [11] have optimized the composite material design of the upper cover of the Sheet Molding Compound (SMC) composite battery pack and the lower box of CFRP battery pack for the structure of the battery pack. While achieving a high weight reduction ratio of 46.15%, the stiffness, strength and modal performance of the battery pack had been improved. Moreover, the battery pack demonstrated satisfactory performance under various working conditions, meeting the required standards. Zhang et al. [12] studied the lightweight design and optimization of CFRP floor for automobile. The results showed that the failure index of the floor was far less than the failure standard, while the mass of the CFRP floor was reduced by 6.8 kg compared with the original steel floor, which an improvement rate reaching 27.5%.

Despite the rapid development of CFRP over the past few decades, there is still a need to enhance its capability to design both microscopic component materials and macroscopic structural parameters based on the performance requirements of automotive structural parts [13]. Multiscale optimization methods play a crucial role in structural optimization as they enable the optimization of material layout, introducing a novel design model in engineering design [14,15]. However, the complexity of their structural design surpassed that of isotropic material structures, posing a significant challenge for researchers. Lv et al. [16] proposed a comprehensive optimization method that comprehensively considers fiber direction, laminate thickness and other factors to design CFRP automotive B-column with variable thickness. The results showed that considering the thickness of the laminate, it not only helped the designer to make up for the defects in the manufacturing process, but also helped to further reduce the weight by 13.33%. Li et al. [17] considered the nonlinear micro evolution of composite materials, proposed a nonlinear multi-scale analysis method, and verified it through the composite material structure of new energy vehicle battery packs. Lu et al. [18] used carbon fiber aluminum honeycomb composite material to replace the original aluminum alloy material. Using the designability of carbon fiber aluminum honeycomb composite material structure, they explored the influence of structural parameters such as the thickness of the carbon fiber aluminum honeycomb composite panel, the side length size of the aluminum honeycomb and the wall thickness of the aluminum honeycomb on. Liu et al. [19] developed a multiscale approach for predicting three-dimensional elastic model of carbon twill weave fabric composite which would be applied to crashworthiness analysis of body structure of electric vehicle.

There is limited research on the front underrun protective beams of CFRP, and there is a lack of understanding regarding the designability of CFRP in protective beams. This paper examines the fundamental characteristics of CFRP materials from a multi-scale perspective and presents a material structure matching strategy specifically for the front underrun protective beams of heavy-duty trucks. Thereinto, according to the “GB 26511-2011 Front Underrun Protection Requirements for Commercial Vehicles”, this paper explores the impact of multi-scale parameters of composite materials on the structural performance of the protective beam based on the equal stiffness design theory. Meanwhile, this study analyzes and optimizes the beam structure using Computer Aided Engineering (CAE) finite element and structural design and optimization methods under three static pressure conditions. The significance of this work is that, combined with the structural characteristics of heavy-duty truck protective beam, a novel lightweight protective beam structure using plain weave CFRP has been developed and designed.

2  Performance Analysis of CFRP Material

2.1 Material Elastic Model

Material of CFRP is a multi-scale material due to its structural complexity [20]. It is made up of carbon fiber reinforced phase and resin matrix. In the case of CFRP, it can be assumed that the fiber is orthotropic anisotropic, while the matrix is an isotropic material. Thereby, the composite material as a whole behaves as an anisotropic material [21]. In engineering, it is common to use engineering constants, such as the modulus of elasticity (E), Poisson’s ratio (μ), and shear modulus (G), among other performance parameters, to characterize the elastic properties of materials. The stress-strain relationship of the CFRP can be expressed as follows:

{ε1ε2ε3γ12γ23γ13}=[1E1−μ21E2−μ31E3000−μ12E11E2−μ32E3000−μ13E1−μ23E21E30000001G120000001G230000001G13][σ1σ2σ3τ12τ23τ13](1)

The prediction of mechanical properties of plain CFRP is based on the properties of microscopic fibers and matrix. First, the mechanical properties of microscopic fiber yarns are calculated, followed by the calculation of mechanical properties from mesoscopic to macroscopic scale. Currently, the main theoretical formulas for predicting elastic properties of unidirectional composite materials are Chamis formula [22], Huang’s bridge [23] or Halpin-Tsai [24] model, etc. Therefore, the theoretical material parameters of fiber yarn can be calculated using the well-established theoretical model of unidirectional fiber-reinforced composites. The Chamis formula, which is based on the equal strain assumption, provides a simpler and more reliable calculation method, as shown in Eq. (2) [22].

{E11=VfE11f+(1−Vf)EmE22=E33=11−Vf(1−Em/E22f)G12=Gm1−Vf(1−Gm/G12f)G23=Gm1−Vf(1−Gm/G23f)v12=Vfv12f+(1−Vf)Vm=E22/(2G23)−1(2)

The fiber yarn of fiber volume fraction is denoted as Vf, where the subscripts f and m represent the fiber and matrix, respectively. Em and Gm refer to the elastic modulus and shear modulus of the matrix. E11f and E22f represent the fiber’s axial and transverse elastic modulus, respectively. Similarly, G12f and G23f denote the shear modulus inside the fiber surface. Vm and v12f represent the matrix’s axial Poisson’s ratio and the fiber’s axial Poisson’s ratio, respectively.

The mechanical properties of composite materials exhibit nonlinearity at the macroscopic level, but periodicity at the mesoscopic level. Therefore, the overall mechanical properties of the composite can be determined by solving the representative volume element (RVE) [25]. For composites with fibers oriented in arbitrary directions, the effective modulus can be calculated using Eqs. (3) to (8) based on the spatial angle-averaged equation and the Mori-Tanaka method [26].

C¯=(3K¯,2G¯)(3)

where

K¯=Km+Vf3Δ[12G~+Vm3(P2222+P2233+2P1111−4P1122)](4)

G¯=Gm+Vf30Δ[1K~+Vm(P1111+2P2222+2P2233+4P1212)]+Vf5[112G~+2VmP2323+112G~+2VmP2323](5)

Δ=[29K~+16G~+Vm(P2222P2233)](19K~+13G~+VmP1111)−2(19K~−16G~+VmP1111)2(6)

{K~=Kf−KmG~=Gf−Gm(7)

{P1111=0P2222=P3333=5−8vm16Gm(1−vm)P1122=P2211=P1133=P3311=0P2233=P3322=−116Gm(1−vm)P1212=18Gm(8)

C¯ ,K¯, G¯, V are effective modulus, bulk modulus, shear modulus, and volume fraction, respectively. The subscript m, f, respectively, represent polymer matrix and fiber reinforcement. P1111, P2222, P3333, P1122, P2233, P1212, P2323 are the components of the long-fiber type ellipsoidal inclusion tensor P.

DIGIMAT-MF is a nonlinear material performance prediction tool that utilizes Eshelby’s inclusion theory and the mean field homogenization method to analyze multi-scale materials [26]. By defining the microstructure information of the composite material, such as the diameter of the reinforcing fiber and the geometric parameters of the reinforcing material, a homogenized constitutive model can be obtained. The calculation process and method are presented in Eqs. (2)–(8), and Fig. 2 illustrates the analysis process.
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Figure 2: Flowchart of DIGIMAT-MF [26]

DIGIMAT-MF software serves as a multi-phase nonlinear material performance prediction tool. It efficiently constructs composite material models for simulation, enabling the derivation of mechanical performance.

2.2 Multi-Scale Model of Composite Materials

The mechanics of multi-scale composite materials involve considering the structural characteristics of composite materials at different scales, including macroscopic, mesoscopic, and microscopic scales [27,28]. Multi-scale analysis methods are utilized to establish the macroscopic performance of composite materials based on their component material properties and the quantitative relationship between the scales of the structure. This section helps reveal the different organization of the material at various scales, leading to the understanding of the intrinsic mechanisms behind the macroscopic performance.

The plain weave CFRP has the ability to be designed at multiple scales. It can be designed at the microstructure and mesoscopic weaving form based on the working conditions of automotive structural parts, and products can be manufactured using this woven composite material. Taking the front underrun protective beams as an example, Fig. 3 shows the schematic diagram of its structural design.
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Figure 3: Multi-scale structural characteristics of FUPD

In this diagram, the microscopic scale consists of reinforcing fibers and resin matrix, the mesoscopic scale consisted of fiber yarn and resin matrix, and the laminated board represents the macroscopic structure. The design of composite materials involves these three scales, and the material parameters are influenced by each other through the homogenization method. Therefore, the design of composite materials needs to consider both material performance and structural performance, which means that material design and structural design must be carried out simultaneously.

2.3 Mechanical Properties of Plain Weave Composites

The mechanical properties of CFRP depend on the properties of its constituent materials and the volume fraction of geometric parameters. In CFRP, the fiber is served as the reinforcing phase and primarily bears the load in the composite material. The reinforced phase of CFRP investigated in this study is in the form of an ellipsoid. Table 1 presents the essential performance and geometric size parameters of both the fiber and the matrix [29]. The carbon fiber used is TC33-3K, while the matrix is composed of epoxy resin.
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The mechanical properties of plain weave composites are predicted using DIGIMAT-MF, and the corresponding results are presented in Table 2.
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From the data presented in Table 2, it is obvious that the mechanical properties of fiber yarn E2 and G12 exhibit the highest error rate of 9.7%. On the other hand, the error rate for E1 is the lowest, measuring at 0.006%. Additionally, the error rate for the macroscopic mechanical property parameters falls within the range of 3%. It is important to consider the inherent uncertainty in the experimental process. Consequently, the parameter data obtained from the established model is utilized as the reliable performance prediction data for plain weave CFRP.

3  Performance Analysis of FUPD

3.1 Basic Structure of FUPD

The primary function of the front underrun protective device is to provide effective cushioning during car collisions, specifically to prevent passenger cars from being pulled underneath heavy-duty trucks and causing safety hazards. Currently, the front underrun protective device for heavy-duty trucks is typically made up of cross members that are either installed on the frame or other structural components. It is essential for this device to have adequate resistance against forces parallel to the longitudinal axis of the vehicle. FUPD is consisted of a cross member beam, which is also known as the protective beam, fitted at the rear of truck body through support components. As illustrated in Fig. 4, the original material is made up of high-strength steel with a thickness of 3 mm and a weight of 24.20 kg. The objective of this study is to present a lightweight-developed protective beam for a specific heavy-duty truck.

[image: images]

Figure 4: Constructure of FUPD

3.2 Requirements of FUPD

In May 2011, the National Development and Reform Commission of China released the standard GB26511-2011 Protection Requirements for Front Underrun Protection of Commercial Vehicle. This standard was based on the European norm ECE R93, which mandated the safety performance requirements for the front underrun protective devices of commercial vehicles [30]. According to the regulations, the cross member of the front underrun protective device should not be bent forward and should not have sharp outer edges. Instead, the ends should be rounded with a fillet radius of at least 2.5 mm. For N2 vehicles, the section height of the cross member should be at least 100 mm, while for N3 vehicles, it should be at least 120 mm. The objects analyzed in this paper all comply with the above regulations.

Fig. 5 illustrates the schematic diagrams of P1, P2, and P3, which represents the positions of the loading points for the three static pressure working conditions required by the regulations. Point P1 is positioned where the outermost front wheel of the vehicle is offset by 200 mm from the central axis of the vehicle. The applied load at this point is 50% of the total design weight of the vehicle, with a maximum load of 80 KN. P2 is located on the front underrun protection and is symmetrically positioned about the central axis of the vehicle. The distance between P2 and the central axis ranges from 700 to 1200 mm. The spacing of the P2 point structure is 920 mm, which meets the standard. The applied load at P2 is 100% of the designed total weight of the vehicle, with a maximum load of 160 KN. Point P3 is situated on the front underrun protection and aligns with the central axis of the vehicle. The applied load at P3 should be 50% of the total design weight of the vehicle, not exceeding a maximum of 80 KN.
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Figure 5: Loading point location diagram

To avoid the wastage of production and design resources, the FUPD is designed to be modularized and shared across different models of trucks under the same platform. In order to determine the appropriate load capacity, the maximum value among the applied loads at the three points is selected.

After completing the application of the three static load conditions, the horizontal distance between each test point on the front end of the front underrun protection and the front end of the vehicle should not exceed 400 mm. Additionally, the maximum ground clearance of the lower edge of the front lower protection between points P1 should not exceed 450 mm [31].

3.3 Equal Generation Design of Composite Materials

In lightweight design, the principle of equal stiffness design of laminate is often employed to substitute new materials in order to achieve weight reduction. The term generally refers to a construction method that replaces other materials with composite materials of the same or similar geometry without changing the load and use environment. The actual stiffness of a laminate depends on factors such as the materials used, the thickness of each layer, the angle of rotation and the order of the layers. The principle of equal stiffness during replacement can only provide a preliminary estimate of the thickness of the replaced structural member. Based on the theory of equal stiffness and design principles of laminates, a preliminary scheme of composite materials can be obtained.

This is primarily achieved by deriving a formula for calculating the thickness of the carbon fiber composite material before and after replacing the metal material [32]:

{EMIM=ECICEMbMhM312=Ecbchc312(9)

The values EC and EM represent the equivalent modulus of the carbon fiber composite laminate and the elastic modulus of the metal material, respectively. Meanwhile, IC and IM denote the section moment of inertia of the carbon fiber composite laminate structure and the interface moment of inertia of the metal structure, respectively. In the case of thin-walled structures, there is a relationship between the width of the cross-sectional area and these parameters:

bM=bc(10)

Therefore, the relationship between the height (i.e., thickness) of the cross-sectional area is as follows:

hc=EMhM3EC3(11)

According to the relevant literature, the relation between stiffness K and thickness is as follows:

K=CEtα(12)

where C is the geometric coefficient, E is the elastic modulus of the material, t is the thickness value of the structure, and α is the thickness index coefficient, typically ranges between 1 and 3 for automotive parts. After replacing and transforming the above formula, the thickness ratio before and after replacing the metal material with the carbon fiber composite material can be obtained:

tMtc=(ECEM)1α(13)

where tC and tM denote the section thickness of the replaced carbon fiber composite structure and the section thickness of the original metal structure, respectively.

Now based on this theory, the preliminary scheme design of composite laminate is continued. In order to prevent warping deformation caused by tension-shear and tension-bend coupling, as well as reduce interlaminar stress and microcracks from curing, the CFRP-FUPD is designed with a lay-up scheme of 0°, 90°, and ±45°, ensuring a balanced and symmetrical arrangement in four ply directions [33].Furthermore, The plain weave composite material has a thickness of 0.2 mm per layer. This paper considers two schemes for the total thickness of the laminated board: α is set to 1 and 1.5, respectively. After performing the required calculations and rounding off, the thickness of CFRP-Ⅰ is determined to be 10.14 mm when α is 1, and the thickness of CFRP-Ⅱ is determined to be 6.7 mm when α is 1.5. Therefore, the preliminary preset lay-up schemes for the CFRP-FUPD beam are [0/45/90/-45]7S and [0/45/90/-45]4S, respectively. The displacement nephograms of the protective beams obtained through simulation analysis are depicted in Fig. 6.

[image: images]

Figure 6: Simulation analysis of three static pressure conditions; (a) high-strength steel, (b) comparison of three schemes

Based on the simulation analysis, the CFRP-I scheme weighs 18.26 kg, resulting in a weight reduction of 24.55% compared to high-strength steel. The structural performance of CFRP-I is superior to high-strength steel. On the other hand, the CFRP-II scheme weighs 9.64 kg, resulting in a weight reduction of 60.16%, meeting the required performance standards. Comparing the two schemes, CFRP-II achieves a weight reduction 20.74% higher than CFRP-I. The displacement of P2 and P3 points is similar in both schemes. However, there is a notable displacement difference of 15.5 mm at the P1 point, which still falls within the acceptable range in engineering technology. It is important to note that the cost of composite materials is higher than that of steel materials, which limits its widespread use. Considering both cost and performance, this paper aims to pursue a low-cost lightweight design. What is more important is that the current approach of equal stiffness replacement does not fully optimize the performance of composite laminate structures. Therefore, the following text will analyze and optimize the CFRP-II scheme.

The preliminary scheme CFRP-II of the protective beam with the stiffness design of the laminate can meet the performance requirements of the working conditions. However, it is not the most optimal scheme as it disregards the designability characteristics of composite materials. Based on this scheme, multi-scale analysis and optimization will be carried out in the following paragraphs.

4  Multiscale Analysis of Protective Beams of CFRP

The fibers in plain weave composites are first aggregated into yarns, and then these yarns are combined with the matrix in a braided structure to form a composite material [33]. This composite material exhibits typical multi-scale characteristics. From a multi-scale analysis perspective, the fiber diameter (D) can be chosen as the design variable at the micro scale. At the meso-scale, the design variables include the width (W), height (H), and density (N) of the yarns. At the macro scale, the design variable is the layup scheme. The macro-scale design can be achieved through ply optimization. This section considers the multiscale properties of the plain weave composite and fits its material properties by considering three static loading conditions for the anti-collision beam. This is achieved by controlling variables.

4.1 Matching Analysis of Microscopic Fiber Diameter

The diameter of microscopic fibers is an important parameter that affects the volume fraction of yarn. In order to ensure the feasibility of material manufacturing, one is to insist on focusing on a single variable. In this study, the yarn width (W) was set to 1.651 mm, the yarn height (H) set to 0.108 mm, and the yarn density was set to 6 yarns/cm. A range of fiber volume fractions in the yarn are examined, specifically 55% to 75%. To study the influence of the microscopic reinforcement fiber diameter (D) on the structural performance of the protection beam, the fiber diameter is selected in an interval of 5%. The results of our analysis are shown in Fig. 7.

[image: images]

Figure 7: Data analysis of microscopic fiber diameter (mm)

It is clear from Fig. 7 that based on the analysis of the data in the table, the mechanical properties of plain weave composites exhibit a positive correlation with the yarn volume fraction. Furthermore, the displacement of the loading point of the protective beam demonstrates a negative correlation with the yarn volume fraction.

4.2 Matching Analysis of Mesoscopic Fiber Yarn Width

The effect of the mesoscopic yarn width (W) on the structural performance of the protection beam is investigated using a univariate analysis method. The microscopic fiber diameter (D) is measured to be 6.23 µm, while the yarn height is 0.108. The yarn density is determined to be 6 yarns/cm. For the yarn width (W), the considered range is [1.45, 1.65], and the length interval is selected as 0.05 for calculation and simulation analysis. The analysis results are shown in Fig. 8.
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Figure 8: Data analysis of mesoscopic fiber yarn width (mm)

It can be obtained from Fig. 8 that based on the analysis of the data in the table, the width of the yarn (W) has an impact on the volume fraction of fibers in the yarn. However, it has minimal influence on the mechanical properties of the composite material.

4.3 Matching Analysis of Mesoscopic Fiber Yarn Height

In order to study the effect of the mesoscopic yarn height (H) on the structural performance of the protective beam and ensure the principle of each variable, the fiber diameter (D) is set to 6.23 µm, the yarn width (W) set to 1.651 mm, and the yarn density (N) set to 6 yarns/cm. The yarn height (H) is varied within the range of 0.08 to 0.5, with calculations and simulation analysis conducted at intervals of 0.05. The results obtained from this analysis are presented in Fig. 9.
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Figure 9: Data analysis of mesoscopic fiber yarn height (mm)

From the analysis of the data in the table, it is evident that the yarn height H has a more significant impact on the fiber volume fraction and plays a more prominent role in influencing the mechanical properties of composite materials.

4.4 Matching Analysis of Mesoscopic Fiber Yarn Density

To study the effect of the mesoscopic yarn density (N) on the structural performance of the protection beam, the univariate principle is necessary. In this analysis, a fiber diameter (D) of 6.23 µm, a yarn width (W) of 1.651 mm, and a yarn height (H) of 0.108 mm are considered. The number of yarns per centimeter is varied within the range of 4 to 6. A length every 0.5 for calculation and simulation analysis is selected, and the corresponding results are presented in Fig. 10.
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Figure 10: Data analysis of mesoscopic fiber yarn density (yarns/cm)

Based on the analysis of the data in the table, it is apparent that the impact of yarn density (N) on the mechanical properties of composite materials is second only to yarn height (H). However, it has a more significant effect on the displacement of the loading point of the protective beam.

By examining the three different load conditions of the front underrun protective beam, this study investigates the influence of various multi-scale parameters of the plain weave composite material on the structure. It is observed that each scale parameter affects both the mechanical properties of the material and the performance of the structural member. Through the comparative analysis of the matching performance of each parameter, it is determined that the H1 scheme is the most suitable material structure for the front underrun protective beam of heavy-duty trucks. The specific material parameters for this scheme are as follows: fiber diameter (D) is 6.23 µm, yarn width (W) 1.651 mm, yarn height (H) 0.08 mm, and yarn density (N) is 6 yarns/cm. This material structure fully utilizes the designability of fiber reinforced materials, resulting in not only significant weight reduction but also the improved structural performance of the front underrun protective beam.

5  Optimization Design of Composite Protection Beam Structure

In addition to analyzing and matching the plain composite materials of protective beams at the micro and mesoscopic scales, it is equally important to consider the analysis of composite materials at the macro scale. This includes examining the layup shape and stack sequence, which play a crucial role in optimizing composite materials.

The optimization of composite materials involves two main aspects: the size optimization and the stack sequence optimization [34]. The size optimization process consists of two stages: continuous size optimization and discrete size optimization. Continuous size optimization, also known as free size optimization, aims to adjust the size and shape of composite materials in order to achieve optimal structural performance within a specified design space [35]. However, the outcome of free size optimization often results in a laminated structure that has uneven thickness and an irregular shape, making it challenging to use in practical manufacturing applications. Discrete size optimization, also known as size optimization, aims to address this issue by breaking down the thickness into single-layer thicknesses that can be feasibly manufactured. And the stack sequence optimization involves adjusting the ply sequence, which has been optimized for size according to the design criteria for composite laminates. This helps improve the overall structural performance.

When optimizing the protective beam, achieving the lightest weight is a crucial factor. Therefore, while satisfying the three-point static pressure condition, it is necessary to determine the thickness, shape, and stacking sequence of the plies at each angle. This approach ensures the optimal structural performance while considering the practical manufacturing conditions.

5.1 Size Optimization

The size optimization process involves adjusting the shape and thickness of each ply in order to achieve the best structure. The four main layers of the optimization process are set at angles of 0°, 45°, 90° and −45°. In this section, we utilize the displacement of the CFRP-H1 scheme as a constraint and aim to minimize the mass through the objective function. The mathematical model is expressed as follows:

{Min{M(x)}X=(x1,x2,x3,x4)Ts.t.y1≤47y2≤52y3≤24x2=x4(14)

where, M(x) is the mass function; y1, y2 and y3 are the displacement variables of P1, P2 and P3, respectively; X is the design variable; the thickness of the ‘super ply’ of carbon fiber at four classic angles, namely x1, x2, x3, x4 is 1.6 mm each. Additionally, the manufacturing constraints require that the ±45° plies exist in pairs. The free size optimization is set up according to these specifications, the thickness distribution of the optimized protective beam is shown in Fig. 11.
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Figure 11: Shape and thickness of all layers

According to Fig. 11, the thickness of the protective beam is concentrated in the middle, except where static loading is applied. This is due to its cantilever beam structure, where reinforcing the structure at the fixed end effectively reduces displacement. The optimization result for the free size involves dividing each ‘super layer’ into four layers with different shapes and thicknesses. The total mass of this structure is only 7.54 kg. However, after optimizing the dimensions, the thickness and shape of the protective beam are not uniform, as shown in Fig. 12. This non-uniformity increases the processing and manufacturing costs and makes practical implementation difficult. Additionally, since the protective beam is symmetrical about the central axis of the vehicle, the shape of the layup needs to be corrected.

[image: images]

Figure 12: Shape of 0° layers

Size optimization should also take into account the practical aspects of manufacturing and process implementation. This includes adjusting the shape of the ply and determining the appropriate thickness for each ply. By observing Fig. 12, the layers at other angles are similar to these at 0°, it is apparent that the red shape depicts the entire crash beam structure, while the green shape occupies a significant portion of the beam. In contrast, the blue and yellow shapes occupy a smaller area overall. In order to ensure the structural reliability, modifications are made to the yellow and green shapes to encompass the entire structure of the protective beam, whereas the blue and yellow shapes are modified to only cover the blue area, as illustrated in Fig. 13.

[image: images]

Figure 13: Corrected layer and cross-section shapes

Considering the feasibility of the manufacturing process, it is crucial to maintain a consistent thickness of 0.2 mm for each layer. After the size optimization, the laminate structure is divided into 44 layers. There are 10 layers each at 0° and 90°, and 14 layers each at ±45°. As a result, the mass of the structure reaches 10.84 kg.

5.2 The Stack Sequence Optimization

The stack sequence optimization refers to the adjustment of the ply sequence, which is optimized for size according to the design criteria in the design of composite laminates. This optimization method can be applied to the macrostructure design of composite materials and is also an important aspect of the multi-scale analysis of plain weave composite protective beams. By optimizing the stacking sequence, the mechanical properties, fatigue properties, and the impact resistance properties of composite materials can be improved. This optimization approach allows for better design and optimization of composite structures, leading to enhanced overall performance and reliability.

To determine the optimal stacking sequence, it is important to take into account additional manufacturing constraints. These constraints include maintaining the same design response as in the size optimization phase, involving no more than four consecutive layers of the same angle for delamination and one layer of delamination at 45° or −45° on the surface of the structure. After performing OPTISTRUCT iterative optimization, the resulting layup is shown in Fig. 14. The modified shape of the incomplete coverage structure is represented by the layup shape structure with a black dot in front of the number. Since the layup structure is symmetrical, only half of the layup sequences are displayed in the results.
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Figure 14: Optimization results of layering hierarchy

The best ply sequence obtained after three optimization iterations of ply stacking sequence optimization is [45/-45/-45/-45/0/0/-45/0/0/-45/0/45/45/90/45/90/90/45/0/-45/-45/0]s. Each layer has a thickness of 0.2 mm, which adheres to the design principles of laminated boards. Then, the optimized composite protection beam scheme CFRP-Opt is analyzed. And the displacement and mass of the initial composite scheme, the material adjustment scheme and the optimized scheme under the condition of static three-point pressure are compared. The results are presented in Table 3.
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Based on the comparative analysis of the results, it was found that the micro-scale composite material analysis matching the CFRP-H1 scheme can enhance the structural performance of the protective beam. The CFRP-Opt scheme, a macro-scale optimization based on the H1 scheme, enhances the performance of composite beams. It outperforms CFRP-II and offers improved lightweight performance and reduced weight compared to CFRP-I. Finally, the multi-scale analysis and optimization scheme CFRP-Opt was identified as the most effective approach according to the composite material design criterion. This scheme not only fulfills the legal requirements of the protective beam but also reduces the mass weight by 55.21%.

6  Conclusions

This paper proposes a design method for lightweight CFRP heavy-duty truck protective beams. The method involves material matching through multi-scale analysis and optimization design of composite laminates. Within the scope of this study, the following conclusions have been drawn:

(1) The maximum error between the elastic modulus of the unit cell RVE predicted by DIGIMAT and the experimental value is 9.7%, indicating that the performance of the plain weave continuous fiber composite material predicted by DIGMAT is in line with the actual model and demonstrates good accuracy. Therefore, it can effectively meet the requirements of subsequent structural analysis.

(2) In light of the multi-scale characteristics observed in plain weave composite materials, this study proposes a matching strategy specifically tailored to the material structure of the front underrun protective beam of heavy-duty trucks. The strategy takes full advantage of the designability and unique characteristics offered by composite materials.

(3) Through the design and optimization of the composite material structure of the heavy-duty truck protective beam, it has been confirmed that the integrated design considering material, structure, and performance can effectively utilize the performance advantages of carbon fiber reinforced composite materials.
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Table 1: Fundamental performance parameters

Performance parameter T300-3K Resin
Density p, g/cm? 1.8 1.12
Axial Young’s modulus E1, GPA 230 3.08
In-plane Young’s module £2, GPA 18.6 -
Poisson’s ratio v 0.255 0.35
Transverse shear modules G12, GPA 20.5 1.11
Fiber volume fraction 0.653
Fiber diameter D, pm 6.23
Yarn height H, mm 0.108
Yarn width W, mm 1.651

Yarn density N, pieces/cm 6
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Table 3: Comparison of structural performance of three groups of protective beams

P1/mm P2/mm P3/mm Weight/kg
CFRP-II 55.18 53.81 27.23 9.64
CFRP-H1 47.1 52.31 24.99 10.44

CFRP-Opt 42.16 51.07 22.97 10.84
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Table 2: Prediction results of mechanical properties of plain weave composites

Yarn RVE
E1/GPA E2/GPA G12/GPA E1/GPA G12/GPA
DIGIMAT-FE 151.27 8.54 4.35 62.15 3.77
Essay [29] 151.26 9.46 4.82 60.39 3.86

Relative error/%  0.006 9.7 9.7 2.9 2.3
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