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Index of non-standard abbreviations 

ESC - end stress concentration 

ESCF - end stress concentration factor 

HDN - holder design number 

IHD - intermediate holder design 

ISRI - inverse strength ratio index 

MPSC - meniscus plane stress concentration 

MPSCF - meniscus plane stress concentration factor 

SCF - stress concentration factor 

 

Abstract  

The standard specimens used to determine the compressive strength of unidirectional (UD) composites are of a 

relatively small cross-section. The compressive strength of such materials depends on the volume of the tested 

material and decreases with its increase. Therefore, the results of tests carried out using such specimens may have 

limited applicability to the design of actual structures, and larger ones should replace standard-sized specimens. 

The performance of a hybrid holder designed for non-standard specimens of relatively large cross-sections, 

intended to determine the compressive strength of UD composites, was investigated numerically. Selected 

numerical results were compared against preexisting experimental data.  

The holder consisted of a metal cup filled with resin surrounding a specimen. The results showed that (i) 

concentrations of longitudinal stress occurred in two locations: at the tip of the specimen touching the bottom of 

the cup and in the resin meniscus plane, (ii) the proportion between them could be controlled by (a) the presence 

or absence of adhesion between the resin and specimen, and the resin and cup wall, (b) by friction at the mentioned 

interfaces, and (c) by the specimen immersion depth. Eliminating adhesion and friction at the specimen/resin/cup 

interfaces reduced the differences in the values of the stress concentration factor present at the end of the specimen 

and in the meniscus plane, indicating the possibility of optimizing the holder design. 

 

Keywords: composites, strength, tests   

 

1. Introduction 

 It has been experimentally proven that the compressive strength of polymeric composites depends on 

the volume of the tested material [1-5], as shown in Table 1. Because the standard specimens [6-10] 

used to determine this property are of a relatively small cross-section, the results of tests carried out 

using such specimens may have limited applicability to the design of actual structures. This limitation 

can be particularly crucial if a structure contains large and thick cross-section elements. Figure 1 presents 
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the cross-section corresponding to an ASTM specimen (shown in white) against the cross-section of a 

light aircraft's actual (crashed) spar flange.  

 
 
Fig. 1. ASTM D 3410 standard specimen cross-section shown to scale (in white) against flange cross-section. Ruler 

shown at top is metric. 

 

The average compressive strength determined using specimens of almost the same cross-section was 

about 900 N/mm2, while the spar flange failed at about 540 N/mm2. It was important that no particular 

manufacturing flaws were found during the post-failure inspection that could weaken the flange.  

Table 1. Effect of specimen volume or cross-section area on apparent strength 

 

Reference Parameter 
Strength 

[N/mm2] 
Notice 

[1] 
Volmax [mm3] 41097 967 

In all cases, 

non-

standard 

specimens 

were used 

Volmin [mm3] 5129 1275 

[2] 
Volmax [mm3] 183 1593 

Volmin [mm3] 165 1684 

[3] 
Volmax [mm3] 1000 500 

Volmin [mm3] 100 1600 

[4] 
Volmax [mm3] 20516 853 

Volmin [mm3] 5169 1160 

[5] 
Volmax [mm3] 12800 869 

Volmin [mm3] 200 1570 

Author's research 

results 

Smax [mm2] 1540 540 

Smin [mm2] 16 900 

 

 It could indicate that the results of the tests conducted using small specimens were not indicative. In 

such circumstances, experimental setups utilizing specimens of larger cross-sections can be more 

suitable [11-14]. They require holders of designs differing from those applied for standard-sized 

specimens. Due to the large cross-section, buckling is usually not a threat, and specimens do not require 

side support, making it possible to load them at the ends [6,11,12]; however, it can result in premature 

failure as a consequence of insufficient bearing strength. To avoid it, side tabs [13] or metal collar 
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holders of a particular design [14] are suggested. In both standard-size and large cross-section 

specimens, there is a common problem of stress concentration; moreover, their values near the ends of 

the tabs grow with the increase in specimen cross-sections [12,15]. Yet, another specimen holder suitable 

for testing specimens of relatively large cross-sections could be considered, Fig. 2.  

 
Fig. 2. Experimental setup with alternative holder. 

Modeled part is shaded. 

 

It consists of metal cups filled with resin and a test piece with its ends immersed in the resin. The idea 

is known [16], nevertheless, to the best of the author's knowledge, it has never been investigated in detail 

to reveal its potential in controlling stress concentrations in compression-loaded specimens. The 

essentials of specimen loading are the same as those in the tests mentioned above. The specimen is 

loaded due to the pressure at the specimen ends and the shear at the side walls. The author believes this 

means of loading has two advantages over the previously mentioned one. Firstly, it is suitable for testing 

specimens of much larger cross-sections than those of standard ones. Secondly, an important attribute 

of this design is that the constraints imposed by the surrounding resin on the specimens to load them 

could be adjusted, affecting stress concentrations, which is very difficult to achieve using holders of 

standard or similar designs. In the case of the alternative holder, it can be achieved by varying the 

immersion depth and the adherence of the cup, resin, and specimen interfaces. The latter can be obtained 

by the selective application of a release agent. Further investigation showed that the amount of release 

agent could affect the geometry of the formed resin meniscus. It was found that a thick layer of release 

agent could produce a convex meniscus, Fig. 3. Surprisingly, a thin layer of the agent, still assuring a 

lack of adhesion at the interfaces, resulted in a concave meniscus. Its geometry was close to that of the 

meniscus formed when the specimen sides were clean. The friction occurring at the contacting surfaces 

was difficult to determine, hence limited sensitivity analyses were performed assuming friction 
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coefficients μ=0 and μ=0.5. The assumption concerning the latter value was made based on literature 

data [17-20], which were in the range of 0.3-0.8. 

 

 
 

 

 
 

Fig. 3. Profiles of resin menisci surrounding immersed samples: (a) 

concave, (b) convex. 

 

Although knowing the exact stress concentration factor (SCF) value is essential, its determination only 

makes sense for specific material tests where the elastic constants of the resin and the material being 

tested are known. Such consideration was out of the scope of the presented analysis. The investigations 

aimed to obtain qualitative results that gave insight into the relationships between the parameters listed 

below as well as stress concentrations in critical regions of the sample and the determination of these 

regions. The effects of the presence or lack of adhesion at the cup, resin, and specimen interfaces, 

different values of μ, the immersion depth, and the meniscus geometry were analyzed.  

2. Methods 

The analysis was carried out by means of FEM. Selected numerical results were compared against 

preexisting experimental data.  

It was assumed that all the materials were elastic and linear. Inspection of the setup to be modeled 

indicated that the specimen part in the vicinities of the concave meniscus end, and the end of the 

specimen immersed in the resin would be challenging to model because of the expected numerical 

singularities around the junctions of different materials forming corners [21-23]. In such regions, 

increasing the mesh density does not result in reaching a constant stress but produces a rise in its value 

with a gradient depending on the singularity order; however, the application of FEM for such problems 

is acceptable [24,25]. Since the investigation aimed to obtain qualitative results serving comparison 

purposes, it was sufficient to maintain the same mesh geometry in the critical regions of expected high 

stress concentrations for all the considered cases. In addition, the existing results of previously 

completed compressive tests allowed limited verification of the numerical analysis results.   
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2.1. Scope of analysis  

Table 2 presents the scope of the FE analysis. 

Table 2. Scope of analysis 

 

Holder 

design 

number 

(HDN) 

Design features 

1 Lack of resin; at cup/specimen-end interface μ=0 

2 Lack of resin; at cup/specimen-end interface μ =0.5 

3 Lack of resin; adhesion at cup/specimen-end interface 

4 
Resin filling; lack of adhesion at all interfaces, and contact with  

μ =0, concave meniscus, hi = 20 mm 

5 
Resin filling; lack of adhesion at all interfaces, and contact with μ =0.5; convex 

meniscus, hi = 20 mm 

6 
Resin filling; lack of adhesion at all interfaces; contact with μ =0.5; concave 

meniscus, hi = 20 mm 

7 Resin filling; adhesion at all interfaces; concave meniscus 

8 

Resin filling; lack of adhesion at all interfaces; contact at cup/specimen-end interface 

with μ =0; at remaining ones with  

μ =0.5; concave meniscus, hi = 20 mm 

9 
Resin filling; lack of adhesion at all interfaces; contact at cup/ specimen-end interface 

with μ =0; at remaining ones with μ =0.5; convex meniscus, hi = 20 mm  

10 
Resin filling; adhesion at specimen/resin interface; contact at remaining interfaces 

with μ =0; concave meniscus, hi = 20 mm  

11 
Resin filling; adhesion at specimen/resin interface; contact at remaining interfaces 

with μ =0; concave meniscus, hi= 5 mm 

12 
Resin filling; adhesion at specimen/resin interface; contact at remaining interfaces 

with μ =0.5; concave meniscus, hi= 5 mm 

 

It should be mentioned that obtaining such smooth walls of the specimen and cup that the friction 

between them would be zero is very unlikely. Therefore, from a practical point of view, HDN 1 is 

artificial and only determines the limit for numerical investigations of the friction effects. 

 

2.2. Modelling 

The analysis was carried out by utilizing ANSYS software [26]. Owing to the symmetry of the 

considered setup concerning the x-y, x-z, and x-y planes, only the shaded (Fig. 2) part of the setup was 

modeled. The assumed mechanical properties of the specimen, resin, and cup materials are given in 

Table 3.  
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Table 3. Mechanical properties of materials 

 
  

UD C/Epoxy composite specimen  resin  steel  

Ex Ey Ez Gxy Gxz Gyz νxy νxy νxy E ν E ν 

11000 11000 138000 4000 6000 6000 0.3 0.1 0.1 3600 0.35 210000 0.3 

Xt Xc Yt Yc Zt Zc S12 S23 S31     

30 -200 30 -200 1500 -900 80 80 80     

 

 
 

Fig. 4. FE model of setup. Pictures on right present enlargements of mesh in regions marked with red 

rectangle. Note that upper red rectangle indicates location of convex or concave meniscus, with its 

enlarged geometry shown on right.    

 

Figure 4 shows the FE representation of the considered experimental set. The cup, resin filling, and 

specimen were modeled with Solid185 elements (according to the ANSYS nomenclature), for which 

both isotropic and orthotropic material properties could be defined. To model the contacts at the 

specimen-resin and resin-cup interfaces, Conta174 and Targe170 elements were employed to create 

surface-to-surface contact pairs. Since the exact coefficient of friction values μ for the materials covered 

with the release agent were unknown, the calculations were performed for μ=0 and repeated for μ=0.5. 

Symmetry boundary conditions were imposed on symmetry planes xz and yz, and at the xy plane for 

z=hs/2. The specimen was loaded under displacement-controlled conditions, forcing cup bottom 

displacement z, which was adjusted for each considered case to produce approximately the same average 

stress σz for z=hs/2.  
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2.3. Experimental procedure 

The experimental data resulted from two tests in which the specimens were loaded as shown in Fig. 5 

In Setup A, the lower cup was filled with resin, and no release agent was used, enabling adhesion at all 

the interfaces, corresponding to HDN 7. The upper cup was empty. The clean specimen end surface was 

covered with a thin layer of resin to facilitate adjustment of this surface to the bottom of the cup and 

eliminate possible misfitting after pressing the specimen and cup against each other. A release agent was 

previously applied to the bottom of the cup to prevent adhesion. A tube guide was used to avoid cup 

misalignment. Since the coefficient of friction was unknown, it was believed that the specimen loading 

conditions created in this way would be intermediate regarding those offered by HDN 1 and 2, as was 

discussed in section 2.1. Further in the text, when analyzing the experimental results, these conditions 

will be referred to as intermediate, and the corresponding holder design will be referred to as IHD. In 

Setup B, both specimen ends were immersed in resin, filling the cups. No release agent was applied; 

thus, adhesion existed between all the interfaces as in the case of HDN 7. Three specimens were tested 

at RT using each setup. 

 
 

Fig. 5. Experimental setup for direct comparison of holder suitability 

for applying compressive load to specimen. 

 
 
3. Results and discussion  

3.1. Results of numerical analysis 

The aggregated results of the analysis are presented in Table 4 and Figs. 6, 7 and 9. The results regarding 

the stress concentrations are presented in Figs. 6 and 7. They present the variation in stressing the 

considered specimen caused by varying the extent of adhesion at the specimen/resin/cup interfaces, 

resulting from the selective application of a release agent and the immersion depth of the specimen in 

the resin filling the cup.   
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The SCFs were calculated based on the values of σz varying along the paths overlapping the specimen 

cylinder generator, as shown in Fig. 6. Two regions of stress concentration were detected: at the 

vicinity of the specimen end and the vicinity of the resin meniscus plane, Fig. 6. Hereinafter, the stress 

concentrations corresponding to those locations are called end stress concentration (ESC) and 

meniscus plane stress concentration (MPSC), respectively, and for the corresponding stress 

concentration factors, the short forms ESCF and MPSCF are used. The numbers assigned to each 

curve in Fig. 6 correspond to the HDNs defined in Table 2. 

Table 4. Aggregate results of numerical analysis 

 

HDN σzend [N/mm2] σzm [N/mm2] ESCF MPSCF ISRI 

1 352.38 262.17 1.34 1.00 0.40 

2 605.95 246.23 2.39 1.00 0.98 

3 821.89 260.20 3.16 1.00 1.11 

4 352.38 279.17 1.36 1.07 0.32 

5 456.37 379.45 1.75 1.43 0.60 

6 405.82 342.37 1.56 1.31 0.57 

7 348.39 413.47 1.34 1.59 0.58 

8 253.53 340.95 0.98 1.32 0.35 

9 277.03 415.42 1.06 1.59 0.46 

10 336.97 382.43 1.29 1.47 0.40 

11 357.92 370.64 1.37 1.42 0.37 

12 499.00 507.33 1.89 1.92 0.72 
 

 

 

 

  
 

Fig. 6. SCF vs. z plots. Paths for calculating σz overlapped cylinder generator; paths for 

specimen immersed at 5 mm (left) and 20 mm (right) 
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The lack of resin limited the occurrence of stress concentrations at the tip of the specimen (HDNs 

1-3). The values were 2.29 and 3.16 for HDNs 2 and 3, respectively, while for HDN 1, it was 1.34. These 

results are in contradiction to those reported in [11]. In the latter, it was stated that the restriction in the 

side displacement of the specimen tip limited its side barreling and decreased the ESC. Nevertheless, 

restricting the side displacement of the specimen tip by gluing it to the cup bottom or imposing friction 

at the specimen end/cup bottom interface significantly deformed the specimen tip vicinity, Fig. 8a, 

resulting in a high local stress concentration. Notice that the profiles corresponding to the gluing 

connection and the presence of a significant friction overlay indicate much greater distortion than this 

one corresponding to the lack of friction.    

The resin fillings produced both ESCs and MPSCs. They depended on the friction at the 

specimen/resin/cup interfaces and, to a lesser extent, on the immersion depth. The lowest and second 

lowest MPSCs occurred in the case of a lack of adhesion and friction (μ=0) at all the interfaces (HDN 

4), and μ=0 at the cup-bottom/specimen-end interface and μ=0.5 at all the remaining interfaces (HDN 

8), respectively. The highest MPSCFs that equal 1.59 occurred for the resin-filled cup with a convex 

resin meniscus, and a lack of friction at the cup-bottom/specimen-end interfaces (μ=0), as well as friction 

of μ=0.5 at the remaining interfaces (HDN 9). Assigning μ=0 to all the interfaces resulted in a drop in 

MPSCF to 1.43 (HDN 5). The assumption that the specimen, resin, and cup were glued (HDN 7) resulted 

in MPSCF being practically the same as in the case of HDN 9, i.e. 1.59. 

 

 

 Comparison of the MPSCFs of HDNs 5 and 6 indicates that for the same interactions between the 

specimen, resin, and cup at the corresponding interfaces, the presence of a concave meniscus resulted in 

a lower value of the MPSCF than when a convex one was present. This phenomenon could be explained 

 

 
Fig. 7. Stress concentration factors. Numbers correspond to HDNs given in 

Table 1.  
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by comparing the deformations of the specimen sides occurring next to the convex and concave menisci, 

Fig. 8b.  

  
 

Fig. 8. Radial deformations of specimen: (a) near specimen tip, (b) next to 

convex and concave menisci.  

 

Surprisingly, the concave meniscus produced a smoother transition of the specimen side deformation 

between the side restricted by the resin and the non-side-restricted specimen parts. It is known that such 

deformations enhance local fiber microbuckling and lower compressive strength [27, 28]. Reducing the 

specimen immersion to 5 mm, eliminating gluing, and assuming μ=0 at all the interfaces (HDN 11) 

reduced the difference between MPSCF and ESCF, slightly lowering the former and increasing the latter. 

An increase in the coefficient of friction to μ=0.5 (HDN 12) significantly raised MPSCF and ESCF, 

making the case the least favorable among those where resin filling was applied. 

Since the results of the FE analysis showed that a complex stress state existed in the critical regions of 

the specimen, the SCF of one stress component was insufficient to judge which way of sample fixing 

would be most appropriate. Therefore, the results of all the specimen fixing variants were analyzed using 

the Tsai-Wu failure criterion, calculating the inverse strength ratio index (ISRI). The results are shown 

in Fig. 9.  

  
Fig. 9. Inverse strength ratio index 

Since the loading was varied for each case, in such a way that z = 0.5 hs, the average longitudinal stress 

was approximately the same; the lowest ISRI was taken as the criterion for the holder choice. The lowest 

ISRI value was found for HDN 4, i.e. for the sample 20 mm immersed in the resin, with eliminated 
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gluing and low friction at all the interfaces. Allowing a high coefficient of friction at the interfaces (HDN 

6) resulted in a more than 77% growth in ISRI in relation to HDN 4. A similar result was noticed for 

HDN 7, i.e. when all the parts were glued, producing an ISRI higher by about 81% relative to HDN 4. 

This result implied that the gripping recommended in [9] should be avoided. 

3.2. Experimental results 

 

 
 

Fig. 10. Direct comparison of performances of IHD between 1 and 2 

(top) and 7 (bottom) (a), and failure mode of specimen loaded using 

exclusively HDN 7 (b).  

 
Figure 10a enables direct comparison of the performances of IHD and HDN 7 (completed per the 

recommendations in [11] and [9], respectively). One can notice that IHD was inferior since the failure 

of the specimen end free of surrounding resin occurred, while the one immersed in resin remained intact. 

In addition, two sets of three specimens were tested using each of the mentioned holders, the results of 

which are given in Table 5. It can be seen that the strength determined using IHD was much lower, again 

indicating the inferiority of this holder, which was in accordance with the results of the numerical 

analysis. 

 
Table 5. Compressive strength 

experimental results 

Holder design No. 

IHD HDN 7 

Strength 

N/mm2 

Strength 

N/mm2 

282.1 673.2 

573.7 628.8 

442.3 631.0 

σIHDav=432.7 ΣHDN7av=644.3 

 

Since the elastic material properties assumed for the FE analysis differed from those of the materials 

used in the experiments, only a limited comparison could be made regarding the proportions of the 
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average values of IHD and HDN7 obtained in the experiments against the proportions of the numerical 

values of HDN 1, HDN 2, and HDN 7. In principle, for linear systems, the ratio of the failure stresses 

should be inversely proportional to the ratio of the stress coefficient factors. The ratio of the average 

values corresponding to IHD and HDN 7 was 𝜎𝐼𝐻𝐷𝑎𝑣 𝜎𝐺𝐷𝑁7𝑎𝑣 = 432.7 644.3 ≈ 0.672⁄⁄   (Table 5). On 

the other hand, the ratios of the calculated SCFs, i.e. the ratios of HDN 1 over HDN 7, and HDN 2 over 

HDN 7 were ESCF/MPSCF=1.34/1.59≈0.84 (1/0.84=1.187) and ESCF/MPSCF=2.39/1.59≈1.5 (1/1.5= 

0.667), respectively. It means that the ratio of 𝜎𝐼𝐻𝐷𝑎𝑣 𝜎𝐻𝐷𝑁7𝑎𝑣⁄  fell in the range of the reciprocals of the 

ESCF/MPSCF ratios calculated for HDN 1 and GHDN 7, and calculated for HDN 2 and HDN 7. 

Referring to the discussion concerning HDN 1 and HDN 2 and the uncertainty concerning the assumed 

coefficient of friction values (sections 2.1 and 2.3), one could conclude that the experimental and 

numerical results were in reasonable agreement.  

Analyzing the ISRI values, it could be concluded that the difference between the performances of 

HDNs 4, 8,10, and 11 was slight. Regarding those results, HDN 4 should be chosen; however, some 

crucial factors, e.g. friction, can change the preferences. Because of its strong influence on the results, 

the knowledge of the actual coefficient of friction is fundamental. Its value can be determined easily for 

calculation purposes; nevertheless, controlling it and reaching its repeatability, in practice, can be 

challenging. Therefore, before choosing the holder variant, a sufficient number of experimental setups 

should be made to gain confidence in friction control, and tested to obtain statistically significant results 

regarding the holder. The second important factor is the meniscus profile. The presence of a resin fillet 

positively impacts lowering stress concentration, as indicated by the numerical results obtained and the 

results presented in [29]. The meniscus profile should be as tangential as possible to the specimen wall. 

It implies good wettability of the specimen by resin, which can contradict the aim of avoiding resin 

adhesion to the specimen wall. Therefore, a release agent should be applied with care, and its excess 

should be avoided since it can produce a convex meniscus, increasing the stress concentration.  

Conclusions 

The performance of a hybrid holder designed for non-standard specimens of relatively large cross-

sections, intended to determine the compressive strength of UD composites, was investigated 

numerically. The analyzed holder consisted of a metal cup filled with resin surrounding a specimen. The 

results showed that (i) concentrations of longitudinal stress occurred in two locations: at the tip of the 

specimen contacting the cup bottom and in the plane of the resin meniscus, (ii) the proportion between 

them could be controlled by (a) the presence or absence of adhesion between the resin and specimen, 

and resin and cup wall, (b) by friction at the mentioned interfaces and (c) by the specimen immersion 

depth. Eliminating adhesion and friction at the specimen/resin/cup interfaces decreased the differences 

in the values of the stress concentration factor present at the end of the specimen and in the meniscus 
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plane, indicating the possibility of optimizing the holder design. The analysis of all the results suggested 

that the HDN 4 solution would be the most suitable for industrial applications.  

The advantage of the proposed design of specimen holder over standard ones lies in the fact that it 

is more suitable for the compressive testing of specimens with large cross-sections, if such tests are 

needed, than the latter. However, for each tested piece, two metal cups are needed as well as a fixture 

for their proper alignment, which is a primary drawback of this design.  

Finally, it is worth noting that the differences between the HDN 4, 8, and 11 designs were found to 

be small. To confirm the correctness of the selection, experimental verification should be carried out 

using a sufficient number of specimens to make the results statistically significant. Therefore, future 

research will focus on this issue.    
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