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ABSTRACT - A 3D woven sandwich composite structure has been widely used in various fields due 
to its advantages in terms of its strength-to-weight ratio. The adoption of lightweight materials in the 
railway industry for train carriages is aligned with United Nations Sustainable Development Goal 11, 
as this fosters the development of sustainable transportation by reducing carriage weight, enhancing 
fuel efficiency, minimizing component wear, and mitigating air pollution. This study explores the 
effect of the addition of aluminum trioxide (ATH) filler on the core structure, density, compressive 
strength, elastic modulus, and the number of added layers of 3D woven core fabric with 2D woven 
face sheets. Sandwich composites were produced with varying ATH loads of 30%, 40%, and 50%. 
We also varied the number of 3D woven core fabric layers in the composite sandwich (one, two, 
three, and four layers) and the 2D preform (one on the upper side, two on the upper side, and one 
on the upper + two on the lower sides) used as a face sheet thickener. The results showed that the 
addition of ATH filler increased the composite density. The addition of up to 40% ATH improved the 
strength and elastic modulus of the composite, while excessive loading led to a decrease in both 
properties. Variation of the 3D and 2D preform layers also improved the compressive strength and 
elastic modulus. We conclude that 3D woven sandwich composites incorporating 40% ATH, 
multilayered 3D woven core fabric, and 2D woven fabric face sheet thickener represent promising 
materials for use in the railway industry. 
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1.0 INTRODUCTION 

Sandwich composites are a structural composite group with high bending stiffness and strength, and low density [1, 

2]. They find an extensive range of applications in the aerospace, automotive, and railway industries [3-5]. In the railway 

industry, the implementation of lightweight materials for train carriages contributes to a reduction in weight, which results 

in better fuel efficiency, reduced wear of components, and lower air pollution. This approach complies with the United 

Nations Sustainable Development Goal (SDG) 11, which is related to sustainable transportation [6, 7].  

A sandwich composite has a structure consisting of two layers of skin with high stiffness and a low-density core layer. 

It offers excellent thermal and acoustic insulation, with energy absorption and low cost. However, the sandwich structure 

has certain drawbacks when it is subjected to shear, impact, and bending load, which result in skin delamination. To 

reduce the risk of this effect, a 3D woven sandwich fabric was invented, based on a fabric constructed from two parallel 

skin layers which are connected with vertical woven piles. The connection between the skin and the core gives improved 

delamination resistance to the sandwich structure [8-11].  

Several studies have been conducted to investigate the mechanical performance of 3D woven sandwich composites. 

A 3D woven glass-epoxy sandwich containing polyurethane foam was shown to have excellent fatigue performance by 

Judawisastra et al. [12]. Bannister et al. conducted an experiment on a 3D woven sandwich combined with a foam core, 

and their results showed that the flatwise compression, edgewise compression, climbing drum peel, and flexural strength 

were significantly increased, due to the mutual reinforcement of the pile yarns and foam core [13]. Safari et al. studied a 

3D woven sandwich composite with a nanostructured zeolite/polyurethane foam core to explore the response to flatwise 

compression, edgewise compression, three-point bending, and drop weight impact. Their findings indicated a notable 

enhancement in flexural strength, ultimate load, and energy absorption [14]. 

Mengyuan et al. conducted experiments in which they varied the 3D woven fabric, with core heights of 10 mm and 

20 mm. Their results showed that the flexural properties of 3D woven sandwich composites increased with the core height, 

whereas the flat compression and shear properties decreased [15]. As the pile height increases, the compression strength 

of a 3D woven sandwich composite is reduced [16]. However, the use of a multi-layered 3D woven fabric improves the 

compression response and energy absorption of a 3D woven sandwich composite [17]. Thickening the facesheet of a 

sandwich composite by adding 2D fabric plies has been found to increase the flatwise and edgewise compressive strength 

of a 3D woven sandwich composite [18, 19].  
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In order to ensure that they can be used safely in transportation applications, polymeric materials require improved 

fire retardancy, and several approaches have been used to enhance this quality [8]; for example, fire retardant treatments 

have been applied to glass fabric and resin, and coating at the surface has been used to contribute to fire retardancy. The 

fire retardant coating increases the time to failure by slowing down the firing rate [3]. Javaid et al. conducted experiments 

by treating carbon fiber reinforcements with phosphoric acid, and loading ammonium polyphosphate onto the epoxy resin. 

As a result, the performance of the manufactured sandwich composites against fire was found to be enhanced [20].  

Aluminum trihydroxide (Al(OH)3) (ATH) is well-known as a mineral filler material and is often loaded into a matrix 

to enhance fire retardancy [8, 21]. ATH is recognized for its low cost and non-toxicity [22]. Samyn et al. investigated the 

fire retardancy of a lightweight sandwich composite based on unsaturated polyester resin, glass fiber skins, and nonwoven 

polyester core material, with ATH used as a fire-retardant filler. The ATH loading in the matrix was shown to enhance 

the fire retardancy performance of the material [21]. In work by Wirawan et al., the loading of up to 40% ATH on 3D 

woven sandwich glass-polyester led to higher fire resistance [8].  

Petersen et al. studied the effect of ATH loading on the mechanical properties (including tensile, compressive, shear 

and flexural strength) of FRP CSM laminates. The results showed a reduction in the mechanical properties as the ATH 

loading increased [23]. These findings align with those of a review paper by Ramadan et al., which reported that in 

general, various flame-retardant additives such as ATH reduced the tensile and flexural strength of composites. However, 

by using a hybrid type of flame retardant, an improvement in the mechanical properties could be achieved [22]. Another 

study by Atiqah et al. investigated the effect of ATH loading on kenaf-polyester composite laminates. An increase in 

mechanical properties was observed at 5% ATH due to good adhesion bonding between the fiber, resin, and ATH filler; 

however, beyond 5% ATH loading, a decrease in mechanical properties was evident due to an increase in the distribution 

and size of pores, which affected the cohesion bonding between the fiber, resin, and ATH filler [24]. In other words, there 

is an optimum point for the strengthening effect of ATH in composite laminate.    

From the above discussion, it can be seen that loading ATH into the matrix effectively enhances the fire retardancy 

of polymeric composite materials. Furthermore, there is an optimum point for this effect in terms of improving the 

mechanical properties. However, the effects of ATH loading on the mechanical properties of 3D woven sandwich 

composites have not yet been explored. Thus, our work aims to investigate the influence of ATH loading, the number of 

3D woven core fabric layers, and the number of 2D woven fabric layers used as facesheets on the density, compressive 

strength, and elastic modulus of 3D woven glass/polyester fire-retardant sandwich composite. In addition, we explore 

how the number of 3D woven core fabric layers and the number of 2D woven fabric layers used as facesheets affect the 

flatwise compressive strength and the elastic modulus of 3D woven sandwich glass-polyester composites at 40% ATH 

loading. This research has considerable importance for the railway industry, as it involves the development of a 3D woven 

glass-polyester sandwich composite; this aligns with Sustainable Development Goal 11 by ensuring secure and 

sustainable mass transportation. A flammability test is not included in this work, as this has been reported elsewhere [8]. 

2.0 MATERIAL AND METHOD 

2.1 Sample Preparation 

Specimens of sandwich composite panels were fabricated using unsaturated polyester resin as a matrix, with methyl 

ethyl ketone peroxide (MEKP) as a curing agent and ATH filler as a fire retardant. The 3D woven core fabric was used 

as the core, and 2D woven roving as the facesheet. Detailed information on this material is shown in Table 1, and the 

material properties are presented in Table 2.  

Table 1. Constituent materials for 3D woven sandwich composites  

No. Material Type Supplier Country of origin 

1 2D woven roving Glass fibre PT Justus Kimiaraya China 

2 3D woven core fabric Glass fibre Beihai Fiberglass Co., Ltd. China 

3 Unsaturated polyester resin Yukalac 157 BQTN-EX PT Justus Kimiaraya Indonesia 

4 ATH ATH BW 153 PT Justus Kimiaraya China 

5 MEKP Mepoxe A PT Justus Kimiaraya Indonesia 

Table 2. Mechanical and physical properties of constituent materials 

No. Material Properties 

1 2D woven roving Areal weight : 600 g/m2 

2 3D woven core fabric Areal weight : 900 g/m2 

  Core height : 6 mm 

  Warp density : 15 ends/cm 

  Weft density : 10 ends/cm 
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Table 2. (cont.) 

No. Material Properties 

  Tensile strength warp : 5500 n/50 mm 

  Tensile strength weft : 9400 n/50 mm 

3 Unsaturated polyester 

resin 
Specific gravity      : 1.21±0.02 g/cm2 

Hardness : 40 Barcol /GYZ 934-1     

Flexural strength   : 55 N/mm2    

Flexural modulus : 3000 N/mm2 

Young’s modulus    : 1.18 GPa 

4 ATH Specific gravity : 2.4 g/cm3 

  Particle size : 15 𝜇m 

The 3D fabric was composed of two surfaces of woven fabric, linked mechanically through vertical woven piles. 

These vertical woven piles were formed from a combination of two S-shaped piles, forming a figure-eight pattern in the 

warp direction and a straight line in the weft direction. A 3D woven sandwich composite panel was fabricated from the 

3D fabric using the hand lay-up method. The resin was manually impregnated into the preforms with the assistance of an 

aluminum roller, which was operated by hand. The impregnation process was conducted layer by layer, with each layer 

added on top of the previous one until the stacking sequence was fully achieved. The hand lay-up procedure was strictly 

conducted within the resin-catalyst mixture's pot life. The curing of the sandwich composite panel took place at room 

temperature for 24 hours.  

Detailed sample and specimen codes are listed in Table 3, where the samples used for observation of the core structure 

are numbered 5 to 11, the samples used for the density tests are labeled 1 to 8, and the samples used for the flatwise 

compressive tests are labeled 5 to 15. The consolidation of layers during the hand lay-up process is illustrated in Figure 

1(a), while the finished 3D woven sandwich composite is depicted in Figure 1(b).  

Table 3. Samples used for density, flatwise compressive strength, and elastic modulus tests 

No 
Number of 3D 

preforms 

Number of 2D 

preforms 

Weight% 

ATH to 

polyester 

Specimen code Testing 

1 - 2 0 WR.PS-ATH (0) D 

2 - 2 30 WR.PS-ATH (30) D 

3 - 2 40 WR.PS-ATH (40) D 

4 - 2 50 WR.PS-ATH (50) D 

5 1 - 0 3D.PS-ATH (0) S, D, & C 

6 1 - 30 3D.PS-ATH (30) S, D, & C 

7 1 - 40 3D.PS-ATH (40) S, D, & C 

8 1 - 50 3D.PS-ATH (50) S, D, & C 

9 1 - 40 3D(1).PS-ATH 40 S & C 

10 2 - 40 3D(2).PS-ATH 40 S & C 

11 3 - 40 3D(3).PS-ATH 40 S & C 

12 4 - 40 3D(4).PS-ATH 40 C 

13 

14 

3 

3 

1 

2 

40 

40 

3D(3).WR(1).PS-ATH 40 

3D(3).WR(2).PS-ATH 40 

C 

C 

15 3 1+2 40 3D(3).WR(1+2).PS-ATH 40 C 

Note: S=Structure, D=Density, C=Compression  
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Figure 1. Manufacturing of 3D woven sandwich composites: (a) the hand lay up process; (b) final product. 

2.2 Observation of the 3D Woven Sandwich Structure  

A Nikon Eclipse 50i POL polarising stereo microscope was used to examine the core structure of the 3D woven 

sandwich in the warp and weft directions. The failure mode during the flatwise compression test was also observed using 

a stereo microscope. 

2.3 Density of 3D Woven Sandwich Composites 

The composite density was characterized using the ASTM C271 standard test method for the density of sandwich core 

materials. The specimens were cut to dimensions of 50 x 50 mm using a table saw, the thickness was measured using a 

digital vernier caliper, and their volumes were calculated using Eq. (1). The specimens were then weighed with a digital 

weighing scale, and the density of the 3D woven core was determined by dividing the mass of the specimen by the volume 

of the core material. The density of the 3D woven sandwich was calculated using Eq. (2). 

𝑉 = 𝑙 × 𝑤 × ℎ (1)  

where: 

l = length of specimen, mm 

w = width of specimen, mm 

h = height of specimen, mm 

V = volume of material, cm3 

𝜌 =
𝑚

𝑉
 (2) 

where: 

ρ = density of material, g/cm3 

m = mass of material, g 

V = volume of material, cm3 

2.4 Compressive Strength and Elastic Modulus  

Flatwise compressive strength testing was conducted using an Instron UTM 6800 series (68FM-300). The specimens 

were cut to dimensions of 50 x 50 mm, with three specimens per test condition, following the ASTM C365 standard. This 

testing method involves subjecting a sandwich core to a uniaxial compressive force perpendicular to the plane of the 

facings, replicating its placement in a structural sandwich construction. The sandwich core was initially loaded with 45 

N through the use of loading platens connected to the testing machine, and a displacement rate of 0.50 mm/min was 

applied. The force was continuously applied to the specimen until failure, or until the deflection reached 2% of the initial 

thickness of the specimen [25]. From the test results, we obtained force versus displacement data, meaning that the 

compressive strength of the 3D woven sandwich could be calculated using Eq. (3). The elastic modulus of the sample 

was obtained from the deflection shown in a compressive test, which was measured by a dial indicator. The elastic 

modulus of the 3D woven sandwich was calculated using Eq. (4) [26].  

𝜎 =
𝑃

𝐴
 (3) 

where: 

σ = core compressive strength, MPa (psi) 

P = ultimate load, N (lb) 

A = cross section area, mm2 (in2) 

𝐸 =
𝑆𝑡

𝐴
 (4) 

where: 

E = core compressive modulus, MPa (psi) 

S = (∆𝑃 ∆𝜇⁄ ), the slope of the initial linear portion of the load-deflection curve, N/mm (lb/in) 
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𝜇 = displacement with respect to the two loading anvils, mm (in) 

t = core thickness, mm (in) 

3.0 RESULTS AND DISCUSSION 

3.1 Observation of Core Structure of 3D Woven Sandwich Composites 

The 3D woven sandwich composites were observed in order to study the effects of ATH loading and the use of three 

layers of 3D woven core fabrics on the core structures. The samples were coded as follows: one ply of 3D woven core 

fabric with ATH loading varied from 0–50% (3D.PS-ATH(x)), and three layers of 3D woven core fabrics with ATH 

loading of 40% (3D(3). PS-ATH 40), as listed in Table 3. 

3.2 Single Ply 3D Woven Core Fabric with Variable ATH Loading from 0–50% (3D.PS-ATH(x))  

For the 3D.PS-ATH(x) samples, Figure 3.(a) shows that with an increase in the addition of ATH to the weight of the 

polyester resin in the 3D woven sandwich, the area of the polyester resin covering the columns increases when observed 

from the warp direction. This is evident from the rise in the column widths with the addition of ATH weights ranging 

from 0% to 50% of the polyester resin weight. Figure 3.(a) shows that the loading of ATH filler in the polyester resin 

results in wider columns compared to when no ATH filler is present. However, there is no significant difference in column 

height when ATH weight is added to the polyester resin, as shown in Figure 2.(b).  

 
Figure 2. Construction of core sandwich dimension with ATH loading varying in the range 0–50%: (a) column width;  

(b) column height  

 

 

Figure 3. One layer of 3D woven fabric with varying ATH loading (3D.PS-ATH(x)): (a,b) 3D.PS-ATH(0) from warp 

and weft; (c,d) 3D.PS-ATH(20) from warp and weft; (e,f) 3D.PS-ATH(30) from warp and weft 
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Figure 4. One layer of 3D woven fabric with varying ATH loading (3D.PS-ATH(x)): (a,b) 3D.PS-ATH(40) from warp 

and weft; (c,d) 3D.PS-ATH(50) 

Figure 3 and 4 show that an increase in the proportion of ATH additive to the weight of resin in the 3D woven sandwich 

leads to the formation of more polyester resin networks when observed from the warp direction. It is notable that as the 

ATH weight increases from 0% to 50% of the resin weight, the void spaces between the columns decrease. The addition 

of ATH filler to the polyester resin creates fewer void spaces between the columns compared to the absence of ATH 

additive, which causes an increase in the column width. These results are in line with those of a study conducted by Atiqah 

et al., where the addition of ATH into the polymer matrix led to an increase in the size distribution and size of the pores, 

which caused an increase in the column width [24]. 

3.3 3D Woven Core Fabrics with Fixed ATH Loading 40% (3D(3).PS-ATH 40) 

The sequence used in the manufacturing process of the composite panel was from the bottom to the top layer. The 

observations of the column width and height for the top, middle and bottom layers are presented in Figure 5. The results 

show that the column width for the 3D woven sandwich composite decreased from bottom to top, as illustrated in Figure 

5(a). For the column height of (3D(3).PS-ATH 40), an increasing trend is shown from the bottom to the top (Figure 5(b)). 

 

Figure 5. Results for stacked layers of (3D(3).PS-ATH 40): (a) column width; (b) column height 

The top layer had the lowest column width and the greatest column height (Figure 6(b)). This was because the top 

layer was the last one applied in the lay up process, and the only force experienced was from roller consolidation. The 

middle layer had moderate values of the column width and column height (Figure 6(c)), as it experienced forces from 

both roller consolidation and top layer consolidation. The bottom layer had the highest column width and the lowest 

column height (Figure 6(d)), as this layer underwent roller consolidation three times, and the weight of the resin made the 

core height lower than that of the actual fabric [27]. We note that the pile yarn tilts, due to the force applied during the 

process. This tilt of the pile yarns, as shown in Figure 7(a–d), is the reason for the lowest height in the bottom layer.  
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Figure 6. Microscope stereo observations from the warp direction of 3D woven sandwich with 40% ATH: (a) three 

layers of 3D woven stacked material; (b), top layer of sandwich composite; (c) middle layer of sandwich composite; (d) 

bottom layer of sandwich composite 

 

 
Figure 7. Microscope stereo observations from the weft direction of 3D woven sandwich with 40% ATH: (a) three 

layers of 3D woven stacked material; (b) top layer of sandwich composite; (c) middle layer of sandwich composite;  

(d) bottom layer of sandwich composite 

3.4 Density of 3D vs 2D Woven Composite Sandwich 

Fiber-reinforced plastic (FRP) has two main constituents: resin (used as a matrix) and fiber (used as reinforcement). 

Micromechanics has been used to predict the properties of FRP materials, as these are controlled by the volumes of fiber 

and matrix [28]. In the sample used for this experiment, ATH was added to the matrix to improve the fire retardancy, and 

3D woven core fabric was used to achieve a lower mass [26]. The addition of ATH to the matrix affects the density of 

the composite [29], which differs significantly between the 2D solid composite and the 3D woven sandwich composite, 

as shown in Figure 8(a). 

The density of 2D solid composite with 0% ATH was 1.74 g/cm3, which increased to 1.78, 1.8 and 1.82 g/cm3 as the 

ATH content was increased to 30%, 40%, and 50%. It showed a positive trend in regard to the effect of the addition of 

ATH on the density. 

The density of the 3D woven sandwich with 0% ATH was 0.48 g/cm3. As the ATH content was raised to 30%, 40%, 

and 50%, the density increased to 0.53, 0.55 and 0.58 g/cm3 (Figure 8(b)). The difference in the density of the 2D solid 

composite and the 3D woven sandwich composite was 70%, which was due to the structure of the 3D woven preform 

creating a space in between the pile yarns, as shown in Figure 6. From the test results, we can draw the conclusion that 

loading ATH into the matrix provides an increase in the composite density, a finding that supports those of Barbero et al. 

and Aruniit et al. [28, 29].  
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Figure 8. Density of 3D woven sandwich composite with variation in (a) % ATH; (b) number of layers 

3.5 Effect on Composite Density of Adding 3D Woven Core Fabric  

The effect of varying the number of 3D woven layers on the composite density with 40% ATH filler was also studied, 

as shown in Figure 8(b). With one ply of 3D woven fabric, the density was 0.401 g/cm3, and when the number was 

increased to two, three, and four plies, the density rose to 0.4, 0.402, and 0.409 g/cm3. These results showed that varying 

the number of layers of 3D woven fabric had no effect on the composite density. This was because the ATH content used 

as fire retardant filler in the matrix remained fixed at 40%. Hence, when the number of 3D woven core fabrics was varied, 

the composite density was unchanged, as there was no increase in the volume fraction of the main constituent [30]. 

3.6 Compressive Strength and Compressive Modulus for 3D(1).PS-ATH (x) 

An FRP component must have adequate strength to ensure it does not break during service [31]. We therefore tested 

the compressive strength via a flatwise compression test. This test is important for composite sandwich structures, as the 

results represent the strength and stiffness of the sandwich panel when subjected to a perpendicular force [26]. Figure 

9.(a) describes the effect of loading ATH into a polyester matrix with proportions of 0%, 30%, 40% and 50%. An increase 

in the compressive strength was observed up to 40% ATH loading at 0.81 MPa; however, at 50% ATH loading, the 

compressive strength did not increase but instead decreased by 30% from 0.81 MPa to 0.7 MPa. This trend indicates that 

the optimum ATH loading was 40%.  

The strengthening effect of ATH arises from optimal cohesion bonding among the fibers, resin, and matrix, which 

facilitates efficient stress transfer. However, loading ATH at 50% is excessive, resulting in reduced compressive strength, 

which can be attributed to the effect of the distribution and size of the pores adversely impacting the cohesion bonding 

between the fibers, resin, and ATH filler. Excessive ATH leads to agglomeration, which further weakens the bonding 

[24].  

A similar trend can be seen for the compressive modulus with varying ATH loading of the matrix. At 40% ATH 

loading, a peak is seen in the compressive modulus, but at 50% ATH loading, the compressive modulus drops to 6%, as 

shown in Figure 9.(b). Modification of the matrix with ATH above 40% affects its strength and modulus, as these depend 

on several factors such as particle size, adhesion, and particle loading. Hence, the changes in the strength and modulus 

with the volume fraction of filler can be predicted [32]. These results are aligned with those of work by Wirawan et al., 

where the fire retardancy effect did not improve when loaded with 50% ATH [8].  

 

Figure 9. (a) Compressive strength and (b) compressive modulus of 3D(1).PS-ATH (0,30,40,50)  
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Figure 9. (cont.) (c) compressive strength and (d) compressive modulus of 3D(1,2,3,4).PS-ATH 40; (e) compressive 

strength and (f) compressive modulus of 3D(3).WR(0,1,2,1+2).PS-ATH 40 

3.7 Compressive Strength and Compressive Modulus of 3D(x).PS-ATH 40 

A loading of 40% ATH gave a compressive strength of 0.81 MPa, which was the optimum value and was achieved 

with one ply of 3D woven sandwich composite. This was also found to be the optimum content of ATH to improve fire 

retardancy in the study conducted by Wirawan et al. [8]. The number of 3D woven fabric layers was varied in order to 

observe whether this affected the compressive strength and elastic modulus of the 3D woven composite structure. Figure 

9.(c) presents data on the compressive strength of the 3D woven composite sandwich with varying numbers of 3D woven 

core fabric plies. With two plies of 3D woven core fabric, the compressive strength was doubled, from 0.81 to 1.66 MPa. 

The compressive strength also increased 30% from 1.66 MPa to 2.39 MPa when three plies of 3D woven sandwich 

composite were used. With four plies, an increase was seen in the compressive strength from 2.39 MPa to 3.26 MPa. 

The compressive modulus was also characterized for samples with a fixed content of 40% ATH and varying numbers 

of 3D woven core fabric plies. The compressive modulus of the composites increased from 10.06 MPa to 22.5, 38.4, and 

50.22 MPa for one, two, three and four layers of 3D woven core fabric, respectively. The trend towards an increase in the 

compressive strength with an increase in the number of 3D woven core fabric plies was similar to that for the compressive 

modulus.  

The strength of the 3D woven sandwich composite is obtained from the pile yarn used in its construction. The core 

height of a single layer of a 3D woven sandwich influences its strength: a larger core height will reduce the strength [11]. 

However, in this work, we used a 3D woven core preform with a core height of 6 mm and created the composite by 

stacking between one and four plies. This stacking of the 3D woven sandwich increases the compressive strength and 

modulus instead of reducing them. This phenomenon occurs because each layer contains a face sheet of woven fiber, and 

the large contact area of the face sheet creates a uniform load distribution [33]. The uniform load distribution of each 

stacking creates a plastic micro buckling of the pile yarn, which provides energy absorption that makes the compressive 

strength and elastic modulus increase [16]. In addition, stacking of the 3D woven core fabric increases the composite 

thickness, giving a higher moment of inertia and providing better material stability under compressive loading [34]. 

3.8 Compressive Strength and Compressive Modulus of 3D(3).WR(x).PS-ATH 40 

Figure 9.(e) shows the compressive strength of three-layer 3D sandwich composites for varying numbers of 2D 

preform layers used as face sheet thickeners. Woven roving (600 g/m2) was used as the face sheets. There were four types 

of samples, as listed in Table 3.  

Sample 3D(3).WR(0).PS-ATH 40 had a compressive strength of 2.38 MPa, whereas 3D(3).WR(1).PS-ATH 40 had a 

compressive strength of 3.58 MPa. When the face sheet consisted of two layers of woven roving, the compressive strength 

increased to 3.86 MPa for 3D(3).WR(2).PS-ATH 40, and reached 4.08 for 3D(3).WR(1+2).PS-ATH 40. This was because 

the vertical figure-of-eight-shaped core piles act like numerous interconnected small curved rods. These rods serve as the 
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primary load-bearing elements, and when their capacity is surpassed, they undergo brittle shear fracture by abruptly 

snapping. Due to the unified weaving of the face sheet and core fibers, transferring compression loads from the thickened 

face sheets to the core fibers becomes more challenging. As a result, the shear stress experienced by the core fibers is 

reduced, thereby enhancing the composite's load-bearing capability [35]. 

A similar trend can be seen for the compressive modulus of the 3D woven sandwich composites when additional face 

sheet layers are added (Figure 9.(f)). The increases in the compressive modulus were 8%, 7%, and 5% for each variation 

of face sheet thickener. The addition of a 2D woven roving facesheet thickener was therefore found to increase the elastic 

modulus, as reported by Shiah et al. [35]. 

The more layers added to the face sheet, the higher the compressive strength and elastic modulus achieved. It is clear 

that the addition of layers to the face sheet increases the compressive strength of 3D woven sandwich composites [18, 19, 

27]. 

3.9 Failure Mechanism 

During flatwise compressive tests of 3D woven core fabric 3D(3).PS-ATH 40 with variation in the 2D preforms used 

as face sheets (3D(3).WR(1+2).PS-ATH 40), the failure mechanism was observed with a stereo microscope. In the sample 

3D(3).PS-ATH 40 in Figure 10.(a), failure occurred due to compression in combination with shear. At the early stage of 

compression, several fibers separated from the bundle to create a larger curvature radius, known as buckling. As 

compression continued, the joint between the pile yarn and the face sheet rotated and tilted, resembling a plastic hinge 

[27]. The buckling phenomenon was recorded on the stress-strain curve; it is seen as three peaks on the graph indicating 

the number of layers, as shown in Figure 11.(a).  

 
Figure 10. Microscope stereo observations for failure mode of samples: (a) 3D(3).PS-ATH 40; (b) 3D(3).WR(1+2)PS-

ATH 40  

 

 
Figure 11. Stress strain curves for multi-layer 3D woven sandwich panel samples: (a) 3D(3).PS-ATH 40; (b) 

3D(3).WR(1+2)PS-ATH 40 

For the thickened facesheet of 3D woven sandwich composite 3D(3).WR(1+2)PS-ATH 40 (Figure 10.(b)), five peaks 

can be seen in the curve, as shown in Figure 11.(b). This is similar to the mode of failure for 3D(3).PS-ATH 40. The 

middle layer undergoes buckling and tilting, followed by the top and bottom layers. Once the layer has been completely 

crushed, densification starts and transmits the load, meaning that the curve subsequently rises. The peak shows a zigzag 

pattern rather than strain hardening (Figure 11.(b)) [17]. By comparing the curves for 3D(3).PS-ATH 40 and 

3D(3).WR(1+2).PS-ATH 40, we see that the sample with 2D woven material as the facesheet has a notably higher peak. 

The compressive strength reaches 4.08 MPa, while for 3D(3).PS-ATH 40 it reaches only 3.26 MPa. These findings 

suggest that incorporating a 2D woven fabric as a thickener for the face sheet enhances the strength of the 3D woven 

sandwich composite, and is in line with those of previous works [18, 19]. 
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4.0 CONCLUSIONS 

The development of 3D woven composites for use in the railway industry can contribute to achieving sustainability 

in transportation and is aligned with SDG 11. This study has focused on investigating the effects of varying factors such 

as ATH loading, the number of 3D woven core fabric layers, and facesheet thickening techniques, to explore their effects 

on the core structure, density, compressive strength, and elastic moduli. Our experimental results lead to several key 

conclusions: 

• The addition of ATH significantly influences the core structure of the 3D woven sandwich composite. The 

incorporation of ATH filler with polyester resin results in wider columns, although no notable change in column height 

is observed upon the addition of ATH weight to the polyester resin. 

• In the specific case of a sample comprising three layers of 3D woven core fabric with a fixed ATH loading of 40% 

(3D(3).PS-ATH 40), the column width tends to broaden at the bottom layer and gradually narrows towards the top 

layer. This variation is attributed to the use of the hand lay-up process and the distribution of the resin weight. 

• The inclusion of ATH in the matrix leads to an increase in composite density. 

• Varying the loading of ATH from 0% to 40% gives an enhancement in both compressive strength and elastic modulus. 

However, a 50% ATH loading reduces the strength, due to excessive ATH causing agglomeration and weakening the 

bonding. 

• The addition of a number of 3D woven core fabric layers and the incorporation of 2D woven fabric as a facesheet 

enhances both the compressive strength and elastic modulus. 

• Finally, 3D woven sandwich composites with 40% ATH loading, multilayer 3D woven core fabric, and additional 

facesheets of 2D woven fabric show promise as materials for application within the railway industry. 
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