Evaluation of failure criteria for residual tensile strength
of composite laminates with circular holes
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Abstract. To evaluate the effect of circular holes on the mechanical properties of laminated
composite plates with different sizes, static tensile destructive tests were carried out on four
different types of composite laminated plates with different layups and aperture sizes. The
experimental results showed that for the four types of layup, the strength of the specimens with a
diameter of 6.35 mm decreased by 44.3 %, 51.3 %, 48.0 %, and 39.4 % compared to intact
specimens, and the greater the proportion of 0° layup, the greater the strength decrease of the
perforated specimens. Under the same layup, as the diameter of the circular hole increased, the
tensile strength decreased rapidly with the constant ratio of diameter to width. Based on the
experimental results, three commonly used models for predicting the residual strength of
perforated laminated composite plates, including point stress criterion, average stress criterion,
and stress field intensity method, were evaluated. The results showed that the average stress
criterion had higher accuracy compared to the point stress criterion and the stress field intensity
method.
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1. Introduction

In the application of composite materials in structural engineering, various forms of holes
inevitably appear at the process separation surfaces and inspection cover. At the same time, notch
damage will also occur due to the external environment. The existence of holes breaks the
continuity of the long fibers, changes the force transmission path of the structure, and can also
cause stress concentration in the area around the hole due to the sudden change of the structure
stiffness. Therefore, the existence of holes severely affects the mechanical properties of the
structure and affects the service performance of composite materials [1].

The core issue in the study of residual strength of the composite plate with a notch is the
selection and use of fracture criteria [2]. Among the fracture criteria proposed, the point stress
criterion (PSC) and average stress criterion (ASC) put forward by Whitney and Nuismer are
widely accepted and used [3], as well as other modified criteria derived from these criteria [4-5].
These criteria are based on the description of the elastic stress field at the root of the notch in an
equivalent orthotropic plate and are expressed using characteristic distances, collectively referred
to as the characteristic distance method.

The average stress criterion states that the laminated composite plate fails when the average
stress within a characteristic distance a, from the edge of the hole or crack tip reaches the ultimate
strength of an unnotched laminate, while the point stress criterion states that the plate fails when
the stress level at a characteristic distance d,, from the edge of the hole or crack tip reaches the
ultimate strength of an unnotched laminate. To determine the “material properties” a, and d,
required in these criteria, physical experiments are needed, and these “material properties” not
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only depend on the material but also on the stacking sequence, notch shape, and specimen size.

Yao proposed a stress field intensity (SFI) analysis method that considers the influence of
the stress gradient at the root of the notch [6-7]. Tang developed a damage influence failure
criterion (DI) based on a large amount of experimental data and parameter analysis and fitting
methods [8]. This criterion no longer requires “material properties” determined by experiments
other than the unidirectional plate performance data of the material system. Chen developed a
fiber damage failure criterion (FD) for the damage zone, and believed that the notch strength of
fiber-reinforced composite materials could be evaluated by predicting the fracture of the 0° layer
fibers, and proposed a fiber fracture criterion for the damage zone [9]. Wu proposed an
engineering simplified model for predicting the residual strength of laminated composite plates
with circular holes based on the stress field intensity method [10].

In terms of numerical analysis methods, Chang proposed a two-dimensional progressive
damage analysis finite element model for the first time, considering the effects of shear
nonlinearity, transverse tensile strength, and shear in-place strength, and analyzes the stress
concentration at the hole edge of laminated composite plates with holes, and predicts the tensile
and compressive strength [11-12]. Li developed the LaRCOS5 criterion for failure to apply to plane
stress problems and proposed a corresponding continuous damage evolution method, which
effectively predicts the tensile strength of perforated laminated composite plates [13-14].

Most of the above research focuses on the effects of stacking sequence and opening shape,
while less attention has been paid to the proportional magnification of hole diameter and width in
specimens, as well as the comparison between various failure criteria. To address these issues,
tensile performance of composite laminates with holes was investigated by conducting
experiments on four different laminate configurations with varying hole diameters and widths.
The effects of hole diameter, stacking ratio, and diameter-width ratio on the tensile performance
of laminates were analyzed. Three failure criteria, named point stress criterion (PSC), average
stress criterion (ASC), and stress field intensity criterion (SFI), were evaluated based on the
experimental results, and their characteristic distances are calculated. By analyzing the
characteristic distances, a comparison was made between the three criteria in predicting the
residual tensile strength of composite laminates with circular holes.

2. Estimation model for residual strength of composite laminates
2.1. Point stress criterion (PSC)

For an infinitely anisotropic plate with a circular hole of radius R subjected to uniform stress
o in the Y direction at infinity, this criterion assumes that the laminate fails when the stress at a
characteristic distance from the hole edge reaches the ultimate strength of the unnotched laminated
plate:

O-y(x'o)|R+d0 = Op, (1)
where g, (x,0) is the distribution of the Y-direction stress on the smallest cross-section of the
hole; d, is the characteristic distance, which is determined experimentally.

The laminate is assumed to be equivalent to a homogeneous orthotropic plate. For an
orthotropic infinite plate with a circular hole subjected to uniaxial tension, the elastic stress
distribution along the axis perpendicular to the loading direction at the edge of the hole can be
derived from the Lekhnitskii formula [15], i.e.:

}- 2)

2o+ (5) +3(5) &r-2%)

f = — 2 —_ — —_ KOO_ i _7 —
a,(x,0) 2{+(x +3(5) —wp-3)|s(: i
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The stress concentration factor at the edge of the hole in the infinitely wide laminated plate is
calculated by the formula [16], i.e.:

1
2 A4, — A%\ ]?
K79°=1+[—</A11A22—A12+M>], 3)
Az, 2466

where, A;; is the in-plane stiffness coefficient of the laminate. For an orthogonal anisotropic
infinite plate with a circular hole under uniaxial tension, the failure strength can be obtained by
substituting the stress distribution around the hole into Eq. (1):

_ ZO_b
2405 +305 — (K = 3)(5¢5 — 783)

o “4)
The critical failure strength of an infinitely wide plate is 6.° = no,, g, is the failure strength
of a finite width plate corrected by a finite width correction factor. When the ratio of defect length

to the plate width is not greater than 1/3, for a laminated plate with a central circular hole of radius
¢, we have:

24+ (1 —-2R/W)3
~ 3(1=2R/W) "’

)

where, W is the width of the plate.
2.2. Average stress criterion (PSC)

This criterion assumes that the laminated plate fails when the average stress within a certain
characteristic distance from the hole edge reaches the ultimate strength of a notch-free laminated
plate, i.e.:

1 R+ag
a—f gy (x,0)dx = gy, (6)
0Jr

where, a, — characteristic distance determined by experiments. Substitute Eq. (2) into Eq. (6) to
obtain the formula for calculating the strength of destruction. For an orthotropic infinitely plate
with a central circular hole under uniaxial tension, the formula for calculating the strength can be
obtained by substituting Eq. (2) into Eq. (6), i.e.:

o 20,(1 =)
B G )

where, {, = R/(R + a;).

()

2.3. Stress field intensity (SFI)

The stress field intensity method assumes that the failure of a component with stress
concentration depends not only on the peak stress but also on the stress-strain field caused by the
stress concentration zone. This method takes into account the influence of stress gradients in the
damage zone at the root of the notch, and considers the combined contribution of stress at different
material points to the failure of the notch root by allocating weight functions to the stress vectors
of all material points in the field strength area. The formula for calculating the failure strength of
laminated plates with circular holes based on this method is given by:
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_ 2(1 — Dy, g
e = nAlm; + CR(m; — my)]’ (82)
m, =21"1—-21— /13 + (K —3)(A° = 217), (8b)
Ky 3
m, = 472 —Ind — —,12 +(KP —3) ( L. —/16) =+ (8¢)
where dg — characteristic distance determined by experiments; A= R/(R + d;);

C=2/(W-2R).
3. Test
3.1. Test specimens

The test specimens are smooth composite laminates made of medium modulus carbon fiber
reinforced M21C epoxy resin unidirectional tapes with a nominal thickness of 0.187 mm per layer.
The material properties of the specimens are shown in Table 1.

Table 1. Elastic properties of unidirectional M21C/IMA
Ell / GPa EZZ / GPa Vi2 G12 / GPa
179 811 10317 4.14

The specimens were manufactured using automatic fiber placement and autoclave curing
auxiliary process. Two configurations were used: without notch and with a centrally circular hole,
as shown in Fig. 1.

The specimens contain 4 typical ply configurations, as shown in Table 2.

According to the different configurations and layups, the test specimens were divided into 28
groups with a total of 144 specimens, as shown in Table 3.

90°

",

028

Fig. 1. Specimen with hole

Table 2. Ply configurations of test specimens

Lay code Ply ratio Ply order Number of | Total thickness
(0/+45/90) layers (mm)
A 25/50/25 [45/0/-45/90]2s 16 2.99
B 50/40/10 [45/0/-45/0/90/0/45/0/-45/0]s 20 3.74
C 40/40/20 [45/0/-45/90/0]2s 20 3.74
D 10/80/10 [45/-45/90/45/-45/45/-45/0/45/-45]s 20 3.74
Table 3. Test specimen configurations, quantity, and dimensions
Lay code Notch type Diameter / mm | Width/mm | Length / mm | Quantity
Without notch N/A 31.75 247 6
Circular hole 6.35 31.75 247 6
Circular hole 6.35 254 247 3
A/B/C/D | Circular hole 6.35 38.1 247 3
Circular hole 12.7 63.5 374 6
Circular hole 254 127 628 6
Circular hole 50.8 254 1136 6

ISSN PRINT 2345-0533, ISSN ONLINE 2538-8479 215



EVALUATION OF FAILURE CRITERIA FOR RESIDUAL TENSILE STRENGTH OF COMPOSITE LAMINATES WITH CIRCULAR HOLES.
BoTAO HU, XIANGMING CHEN, FANCHEN DENG, XIAOBO SUN

3.2. Test results

The far-field failure strain of the intact specimen reached around 16000 pe, while the far-field
failure strain of the specimen with a hole decreased to between 5000-8000 pe. The experimental
failure loads are shown in Table 4, where e is the ratio of the hole diameter to the plate width,
Frax 18 the average breaking load, o, is average value of failure stress, CV is the coefficient of
variation of failure load.

Table 4. Summary of test fracture information

Lay code| Notch type | Plate width / mm | Hole diameter /mm | e | F,,, (kN)| 0. (MPa) (0\Y
A Without notch 31.75 / / 90.2 948.7 538 %
A Hole 31.75 6.35 0.2 50.2 528.3 1.94 %
A Hole 63.5 12.7 0.2 89 468.8 3.02 %
A Hole 127 254 0.2 ] 160.8 423.2 0.94 %
A Hole 254 50.8 02| 276.1 363.7 1.53 %
A Hole 254 6.35 0.25] 36.8 485 2.6 %
A Hole 38.1 6.35 0.17] 613 538.3 0.83 %
B Without notch 31.75 / / 200.4 1687.8 1.53 %
B Hole 31.75 6.35 0.2 97.7 822.8 2.67 %
B Hole 63.5 12.7 02] 1723 725.7 2.13%
B Hole 127 254 0.2 301 633.7 2.64 %
B Hole 254 50.8 0.2 501 527.3 243 %
B Hole 254 6.35 0.25| 74.7 786.3 251 %
B Hole 38.1 6.35 0.17] 120.6 846.7 1.46 %
C Without notch 31.75 / / 158.5 1334.5 3.7%
C Hole 31.75 6.35 0.2 82.5 694.5 1.84 %
C Hole 63.5 12.7 02| 1473 620 1.86 %
C Hole 127 254 0.2 260.5 548.5 1.88 %
C Hole 254 50.8 02| 441.7 465.2 24 %
C Hole 254 6.35 0.25| 62.8 660.3 1.22 %
C Hole 38.1 6.35 0.17] 101.5 712 0.63 %
D Without notch 31.75 / / 65.4 550.7 1.16 %
D Hole 31.75 6.35 0.2 39.6 333.5 0.56 %
D Hole 63.5 12.7 0.2 77.4 326 1.09 %
D Hole 127 254 0.2 147.5 310.5 0.93 %
D Hole 254 50.8 02| 267.1 281.0 391 %
D Hole 254 6.35 0.25| 293 308.7 1.34 %
D Hole 38.1 6.35 0.17] 499 350 0.48 %

The experimental results showed low dispersion, with a maximum coefficient of variation of
5.38 %, indicating the reliability of the results. For the four types of layups, the strength of
specimens with holes of diameter 6.35 mm was reduced by 44.3 %, 51.3 %, 48.0 %, and 39.4 %,
respectively, compared to the intact specimens. It can be seen that the greater the proportion of 0°
plies, the greater the reduction in strength of specimens with holes. With the constant ratio of hole
diameter to plate width, the tensile strength decreased with the increasing hole diameter.

3.3. Evaluation of failure criteria

Based on the obtained experimental data, the estimation models of PSC, ASC, and SFI were
validated. The three failure criteria all require obtaining the corresponding characteristic distances
through experiments. Taking the average value of the characteristic distances for different hole
diameters, the relative average error (RAE) can be defined as the maximum relative error between
the obtained characteristic distance values and the average value of the characteristic distance for
the same type of specimen. RAE can be used to evaluate the effectiveness of the estimation
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models.

The characteristic distances obtained by calculation are shown in Table 5. It can be seen that
the characteristic distances obtained for different hole diameters and diameter-width ratios are
different. Generally, when the diameter-width ratio is constant and the diameter is less than
25.4 mm, the larger the hole diameter, the larger the characteristic distance. When the hole
diameter is constant, the difference in characteristic distances is relatively small, but still shows a
slightly decreasing trend with increasing diameter-width ratio.

Table 5. Summary of characteristic distances

Lay code Plate Hole e Characteristic distances/mm
width / mm | diameter / mm do (PSC) | ay (ASC) | dg (SFD)
A 31.75 6.35 0.2 1.13 2.99 2.24
A 63.5 12.7 0.2 1.59 3.88 3.13
A 127 25.4 0.2 2.25 5.18 4.35
A 254 50.8 0.2 2.24 4.80 4.20
A 254 6.35 0.25 0.96 2.43 1.77
A 38.1 6.35 0.17 1.14 3.04 2.38
B 31.75 6.35 0.2 0.72 1.96 1.63
B 63.5 12.7 0.2 1.03 2.58 2.25
B 127 25.4 0.2 1.36 3.16 2.86
B 254 50.8 0.2 1.23 2.63 2.45
B 254 6.35 0.25 0.69 1.85 1.47
B 38.1 6.35 0.17 0.75 2.05 1.75
C 31.75 6.35 0.2 0.87 2.40 1.92
C 63.5 12.7 0.2 1.28 3.26 2.75
C 127 25.4 0.2 1.75 4.18 3.67
C 254 50.8 0.2 1.83 4.02 3.67
C 254 6.35 0.25 0.82 2.23 1.70
C 38.1 6.35 0.17 0.90 2.49 2.05
D 31.75 6.35 0.2 1.57 4.03 2.75
D 63.5 12.7 0.2 2.95 7.39 5.16
D 127 25.4 0.2 5.17 12.30 8.94
D 254 50.8 0.2 7.68 16.64 12.80
D 254 6.35 0.25 1.37 3.34 2.19
D 38.1 6.35 0.17 1.72 4.58 3.22

The average characteristic distance and relative error are shown in Table 6, where d, is the
average characteristic distance of PSC, a, is the average characteristic distance of ASC, d; is the
average characteristic distance of SFI, RAE is the relative average error. It can be seen that the
prediction accuracy of the average stress criterion is better than that of the point stress criterion
and the stress field intensity method.

Table 6. Summary of relative error

Lay cod PSC ASC SFI
et | Gy /mm | RAE | @/mm | RAE | d /mm | RAE
A 155 | 450% | 372 | 393% | 301 | 444%
B 096 | 412% | 237 | 332% | 207 | 383%
C 124 | 474% | 310 | 350% | 263 | 397%
D 341 | 1252% | 805 | 1068% | 584 | 119.1%

In fact, by substituting the average value of the characteristic distance into the corresponding
residual strength calculation formula, the errors of the three criteria relative to the test results can
be obtained. The maximum errors for each type of laminate were listed in Table 7. It can be seen
that in any case, the average stress criterion is the better criterion, while for the A and D layers,
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the accuracy obtained by the stress field strength criterion has made it inapplicable. For the D
layer, which is dominated by the 45-degree layer, all three criteria showed relatively large errors.

Table 7. Maximum error for each type of laminate

Lay code | Error (PSC)/ % | Error (ASC) /% | Error (SFI) /%
A 18.7 12.5 22.8
B 13.7 7.8 13.8
C 16.4 10.1 18.7
D 36.9 24.2 56.9

4. Conclusions

Static tensile tests were conducted on laminated composite plates with four different stacking
sequences, four different pore sizes and different diameter-to-width ratios of circular holes. The
failure loads of each specimen were obtained, and the extremely small dispersion coefficient
confirmed the accuracy of the test results. Based on the experimental results, three strength
prediction models were evaluated, and the following conclusions were drawn:

a) For the same stacking sequence and a constant diameter-to-width ratio, the tensile strength
rapidly decreases with increasing hole diameter due to different strain gradients.

b) For the same layer and a constant hole diameter, the characteristic distance slightly increases
with increasing specimen width. When the diameter-to-width ratio is constant and the hole
diameter is less than 25.4 mm, the characteristic distance increases with increasing hole diameter.

¢) Compared with the point stress criterion and the stress field intensity method, the average
stress criterion is a better criterion for predicting the residual strength of laminated plates with
circular holes under any circumstances.
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