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Abstract: The normal stress along the shear plane has
great effect on the composite intralaminar shear strength.
However, the influencemechanismon composite interlam-
inar shear strengthunder thenormal stress along the shear
plane was not truly reflected by the double-notch shear ex-
periment. In this paper, the interlaminar shear strength
of composite specimens under different external normal
stresses was first obtained using the improved double-
notch shear experiment. Furthermore, to research the in-
fluence mechanism on interlaminar shear strength under
normal stress along the shear plane, the characteristic
curve method based on the double-notch shear specimen
was studied. Finally, the experimental results analyzed
by the characteristic curve method were compared with a
range of failure criteria presented in the literature. The ex-
perimental data obtained in this study agreedbestwith the
NU theory criterion,with amaximumnumerical difference
of 4%.And theNU theory criterion can reflect the influence
mechanism of the composite interlaminar shear strength
best.

Keywords: Composite connection; Normal stress; Inter-
laminar shear strength; Characteristic curvemethod; Influ-
ence mechanism

1 Introduction
With the increasinguse of composite for large load-bearing
structures, the stress state of materials has become more
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complicated [1–4]. Through-thickness compressive load-
ings can arise from normal stress as found in composite
joints. The normal stress has a significant influence on
bearing capacity of composite joint, i.e. the compressive
normal stress can increase the bearing capacity of com-
posite bolt joint [5–8]. During force transmission, the com-
posite pre-tightened tooth connection is subjected to the
effect of both interlaminar shear stress and normal stress.
Under the effect of compressive normal stress, the joints
can transmit a larger load [9]. However, the tensile nor-
mal stress can weaken the bearing capacity of composite
joint. Most shear damages of composite adhesive joint are
caused by the tensile normal stress along the shear plane
and shear stress.

Currently, the influence on interlaminar shear
strength under normal stress is mainly focused on exper-
imental research. McManamy et al. showed an increase
in interlaminar shear strength with compression for small
specimens of 2D woven S-glass in bismaleimide resin us-
ing a biaxial experiment [10]. DeTeresa et al. studied the ef-
fect of through-thickness compression on interlaminar re-
sponse for five different glass and carbon fibre-reinforced
composites using hollow cylindrical specimens loaded
with combined torsion and a predetermined compressive
force [11]. Hine et al. showed an increase in interlaminar
shear strength for unidirectional (UD) glass/epoxy un-
der hydrostatic pressures using 10 off-axis tensile experi-
ments [12]. Koerber et al.used a similar approach. however,
they varied the fibre angle instead of the fixture and per-
formed off-axis end-loading compression experiments on
Hexcel IM7/8552 carbon/epoxy prepreg with fibre orien-
tation angles θ=15∘, 30∘, 45∘, 60∘, 75∘, and 90∘. An in-
crease of 40%was observed in the in-plane shear strength
for combined transverse compression and in-plane shear
loading [13]. Some limitations of the experimental tests
mentioned above. The shear stress and normal stress in
this type of experiment specimens were mainly adjusted
by changing the fibre orientation angle and the fixture
angle, which determined the ratio of shear to compressive
load on the specimens. When a large amount of experi-
mental data is required, this type of experiment requires
constant changes in the fibre or fixture angle of the exper-
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iment specimen. To overcome these shortcomings, Khong
et al. performed direct measurement of interlaminar shear
strength under moderate external normal stress by the
double-notch shear experiment, which further proved the
enhancement effect of compressive normal stress on in-
terlaminar shear strength [14]. By the double-notch shear
experiment, normal stress can be directly changed on the
same type of experiment specimen, which effectively over-
comes the shortcomings of experiment mentioned above.
In the double-notch shear experiment, there are external
normal stress applied by the experiment equipment and
normal stress along the shear plane which is shown in
Figure 1. The damage of the final experiment specimen
is the result of the combined effect of normal stress and
shear stress along the shear plane. However, in a study by
Khong et al., a direct relationshipbetween external normal
stressand interlaminar shear strength was obtained. The
normal stress along the shear plane was neglected. Thus,
influence mechanism on composite interlaminar shear
strength under the normal stress was not truly reflected.

Figure 1: Double-notch shear specimen

To further research the influence mechanism on com-
posite interlaminar shear strengthunder thenormal stress,
the existing double-notch shear experiments were first im-
provedand the external normal stress applicationdevice is
simplified, which considerably reduced the requirements
for the experiment machine. Furthermore, to study the in-
fluence of normal stress along the shear plane on interlam-
inar shear strength, the characteristic curvemethod based
on the double-notch shear specimen is proposed. Finally,
the obtained experimental results were comparedwith the
failure criteria.

2 Materials and Methods

2.1 Experimental improvement

Testing interlaminar shear strength using an existing stan-
dard double-notch shear experiment specimen has the fol-

lowing shortcomings. The double-notch shear specimen is
generally loaded by clamping its two ends with the exper-
iment machine. If the clamping force at both ends is too
large, the experiment specimenmay get crushed.However,
if the clamping force at both ends is too small, there might
be a slip between the chuck and the experiment specimen.
In addition, clamping the specimen using chucks could
easily generate a bending moment when applying force to
the experiment specimen. The experiment specimen may
break in advance under the effect of the bending moment,
resulting in a relatively smallmeasured interlaminar shear
strength. In this study, the double-notch shear experiment
was redesigned to address the above-mentioned problems.
As shown in Figure 2, holes were made at both ends of the
composite experiment specimen, and then the composite
experiment specimen and the external metal conversion
jointwere assembledbybolts. The connectionbetween the
experiment specimen and the experimentmachine was re-
alised by the metal conversion joint. While preparing the
experiment specimen, the centre of the composite experi-
ment specimen hole and the shear plane should be kept
on the same plane as much as possible. The hole diame-
ter on the experiment specimen was slightly larger than
the bolt diameter to ensure that the experiment specimen
could rotate freely under the external load. This would
not only overcome the problem of clamping the end of the
experiment specimen, but also eliminate the influence of
the bendingmoment on the experiment specimen. The ap-
plication device for the external normal stress of the ex-
periment specimen is shown in Figure 3. As shown, steel
plates with screw holes are arranged on both sides of the
shear zone of the composite experiment specimen. The
steel plates and the composite material experiment spec-
imen are fixed by bolts. A torque was applied to the bolt
to make the external steel plates press on the composite
experiment specimen, thereby achieving the application
of external normal stress. The magnitude of normal stress
on the experiment specimen can be adjusted by applying
a torque to the bolt. To minimise the influence of deforma-

Figure 2: Conversion joint design
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Figure 3: The external normal stress application device design

Table 1:Material properties of composite

E1 E2 E3 ν12 ν23 ν13 G12 G23 G13 S+2 S−2 S12
30GPa 14GPa 14GPa 0.0485 0.0485 0.0485 7.4GPa 5.5GPa 7.4GPa 30GPa 160GPa 32GPa
Note, 1 is the along fiber direction, whereas 2 and 3 are perpendicular to the fiber directions. S+2 and S−3 are the tensile and compressive strength
along the fiber direction, S12 is the shear strength along the fiber direction.

tion of the steel plate, and tomake the application of exter-
nal normal stress force uniform, it is necessary to increase
the rigidity of the steel plate by increasing its thickness.
The biggest advantage of this method as compared to that
proposed by Khong et al. is that it is simple to apply exter-
nal normal stress, and the experiment can be performed
on a common material testing machine [14].

2.2 Specimen

The carbon fibre composite material used in this study
was pultruded for the experiment. Vinyl ester resin was
selected as the matrix. The fibre fractions were approxi-
mately 50% per weight, of which approximately 89.15%
was carbon fibre and 10.85% was combined mats. The ma-
terial parameters are presented in Table 1.

Thenotch spacing in adouble-notch shear experiment
have a large impact on the experiment results. The differ-
ence between the average shear strength and the maxi-
mum shear stress value increases with the increase of the
notch spacing. Using smaller notch spacing will obtain a
result closer to the true value. Therefore, choosing reason-
able notch spacing has a large impact on the results of the
experiment. In this experiment, the experiment specimen
has a width of 22 mm, thickness of 17 mm, and length of
100 mm. According to the finite element study, when the
shear lengthwas 4mm, the shear stress distribution on the
shear surface was most uniform. Therefore, the shear sur-
face length of the experiment specimenwas determined to
be 4 mm. Considering the feasibility of the processing, the

Figure 4: Geometric size of the experiment specimen

Figure 5: Experiment specimen

notch width was also determined to be 4 mm, as shown
in Figure 4. And Figure 5 shows the processed experiment
specimen.

The tensile failure loads of specimens were measured
at different torque values of 0, 5, 9, 13, 17, 21, and 25N·m
(corresponding to the external normal stress values of 0,
6.3, 11.3, 16.4, 21.5, 27.5, and 32.3MPa on the steel plate,
respectively). The experiment was performed on an elec-
tronic universal testing machine, as shown in Figure 6.
The testing machine was controlled by a computer. The
data was collected automatically and saved as a data
file. The loading speed was 0.004 mm/s according to the
ASTMD3846-94 standard. Each group of experiment spec-
imens was numbered according to different the external
normal stresses. The experiment results are presented in
Table 2. It can be seen that as the external normal stresses
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Table 2: The result of experiment

Serial number External normal stress (MPa) Failure load (kN) Mean failure load (kN) Failure model
T-0-1

0

2605.88

2506.822

Shear failure
T-0-2 2366.63 Shear failure
T-0-3 2775.199 Shear failure
T-0-4 1789.657 Shear failure
T-0-5 2996.744 Shear failure
T-6.3-1

6.3

3101.694

3201.694

Shear failure
T-6.3-2 3312.532 Shear failure
T-6.3-3 3267.321 Shear failure
T-6.3-4 3393.452 Shear failure
T-6.3-5 2933.471 Shear failure
T-11.3-1

11.3

3402.214

3802.214

Shear failure
T-11.3-2 3923.542 Shear failure
T-11.3-3 4012.763 Shear failure
T-11.3-4 3809.345 Shear failure
T-11.3-5 3863.206 Shear failure
T-16.4-1

16.4

3859.888

4259.888

Shear failure
T-16.4-2 4427.554 Shear failure
T-16.4-3 4359.142 Shear failure
T-16.4-4 4498.023 Shear failure
T-16.4-5 4154.833 Shear failure
T-21.5-1

21.5

4973.68

4973.68

Shear failure
T-21.5-2 4894.235 Shear failure
T-21.5-3 5106.342 Shear failure
T-21.5-4 5204.567 Shear failure
T-21.5-5 4689.576 Shear failure
T-27.5-1

27.5
5734.502

5621.405
Shear failure

T-27.5-2 5635.254 Shear failure
T-27.5-3 5494.459 Shear failure
T-32.3-1

32.3
6324.637

6207.688
Shear failure

T-32.3-2 6197.201 Shear failure
T-32.3-3 6101.226 Shear failure

Figure 6: Specimen loading

increased, the ultimate load of the experiment specimen
continued to increase.

Figure 7 shows the load-displacement curve of a ten-
sile experiment specimen without applying external nor-
mal stress. It can be seen from the figure that during
the initial loading, the surface structure did not appear
to change, and abnormal sounds were not heard. As the
load increased, subtle but continuous noise, which indi-
cated damage, could be heard. Subtle horizontal cracks
appeared at the front of the specimen notch and then
quickly developed towards the back. After the crack devel-
oped to the entire shear plane, the specimenwasdamaged,
which was accompanied by a loud sound. The final fail-
ure mode of the specimen is shear failure. Figure 8 shows
the load-displacement curve of a tensile experiment spec-



Research on Influence mechanism of composite interlaminar shear strength under normal stress | 123

Figure 7: Load-displacement curve without external normal stress

Figure 8: Load-displacement curve with an external normal stress of
11.3 MPa

imen when applying an external normal stress of 11.3MPa.
It can be seen from the figure that during the initial load,
the relationship between the load and displacement in-
creased monotonically. The specimen did not appear to
change, and abnormal sounds were not heard. As the load
increased to3400N, subtle but continuous noise, which in-
dicated damage, could be heard. Eventually, subtle cracks
appeared.When the load increased to 3600N, shear failure
occurred in the experiment specimen. After the specimen
failure, the friction between the external normal stress ap-
plication device and the composite experiment specimen
caused the load of the specimen to be stable after the load
was reduced to a certain extent. It canbe observed from the
load-displacement curve of the specimen that after apply-
ing external normal stress, the specimen transmitted the
load both through the shear stress on the shear plane and
through the frictional force. Therefore, while analysing the
influence of normal stress on interlaminar shear strength,
the effect of friction should be eliminated.

The interlaminar shear strength τ is simply calculated
as the maximum shear load carried by the specimen dur-

Table 3: Interlaminar shear stresses under different external normal
stresses

Serial
number

External normal
stress (MPa)

Shear strength
(MPa)

T-0 0 28.49
T-6.3 6.3 36.38
T-11.3 11.3 43.21
T-16.4 16.4 48.41
T-21.5 21.5 56.52
T-27.5 27.5 63.88
T-32.3 32.3 70.54

ing the test:
τ = Pmax

bl (1)

Where b is the width of the experiment specimen, and l is
the length of the specimen shear plane.

The Table 3 shows the interlaminar shear strength of
the specimen under different corresponding external nor-
mal stresses(without eliminating the effects of friction). It
can be observed from Table 3 that as the external nor-
mal stress increased, the shear strength increased sig-
nificantly. When the external normal stress was 0MPa,
the shear strength was 28.49MPa. When external normal
stress was 32.3MPa, the shear strength was 70.54MPa,
which is three times the shear strength without external
normal stress. This conclusion is consistent with that pro-
vided by Khonget al. [14], which demonstrated the valid-
ity of this experimental method. However, the results did
not consider the influence of normal stress on the shear
plane and the interfacial friction force. Therefore, the re-
lationship established by external normal stress and the
shear strength was not reasonable, and the experiment
data must be analysed further.

3 Results and Discussion

3.1 Characteristic length determination

For the strength analysis of the composite hole with stress
concentration, the most widely-used method in engineer-
ing is the characteristic curve method. The characteris-
tic curve method was proposed by Whitney and Nuismer.
Chang et al. developed their method on this basis [15].
A study by Li et al. showed that the bearing capacity of
composite pre-tightened tooth connection could be effec-
tively predicted by the characteristic curve method [16].
Based on the characteristic curve of the composite pre-
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Figure 9: Schematic diagram of the characteristic length determina-
tion method

Figure 10: Finite element model of a double-notch shear specimen

tightened tooth connection, Figure 9 shows the concept
of the method to determine the characteristic length of
the double-notch shear specimen. A typical pattern of the
shear stress distribution along the shear surface under an
arbitrary load P is obtained by the finite element model.
The average shear stress τ by an arbitrary load P is calcu-
lated by Eqn 1.

The shear characteristic length of a double-notch
shear specimen is defined as the distance from notch end
with maximum shear stress to a point at which the shear
stress is equal to the average shear stress under any tensile
load.

An example to demonstrate the concept of the charac-
teristic length determinationmethod is shown in Figure 10.
The laminate is modelled by the PLANE82 element in AN-
SYS. To demonstrate the present numerical method, an ar-
bitrary load P is applied. The load is transferred by the
shear stress of the shear surface. The material parameters
are presented in Table 1. Figure 11 shows the characteristic
lengths R when a load P of 113, 226, and 339 N is applied.
When an arbitrary load P of 113 N is applied, the average
shear stress along the shear surface is 28 MPa. Using the
definition, the corresponding characteristic length R is cal-
culated to be 0.4 mm under the load of 28 MPa. Similarly,
the corresponding characteristic lengths can be obtained
when a load P of 226 and 339 N is applied. The results
in this example show that regardless of the applied load,
the corresponding characteristic length does not change.
Therefore, the characteristic length can be determined us-
ing an arbitrary load P.

Figure 11: Characteristic length determination method

3.2 Finite element analysis

To obtain stress distribution on the shear plane of the spec-
imen, in this section, the specimen is modelled by ANSYS.
The stress distribution of the composite shear plane under
different external normal stresses is obtained. Considering
that the composite material used in the experiment was
made by pultrusion and therewas no influence of layering,
the composite laminate and the metal plate are modelled
by the plane 42 element inANSYS.Non-linear contact anal-
ysis is performed for the experiment specimen to consider
the change of the contact surface during deformation. The
friction coefficient is 0.3 in this model, and the element-
size of the model is 0.2mm [17]. The geometry of the model
was the same as the geometry of the experiment specimen
being experimented in this study. The elastic modulus of
steel was 2.1e5MPa in the model. The material parameters
of the composite are presented in Table 1. Boundary con-
ditions for the simulations were identical to the test condi-
tions. a tensile force was exerted on the ends of composite,
and a pretightening forcewas exerted between the top and
bottom steel plates. Figure 12 shows the established finite
element model.

Figures 13 and 14 show the normal stress distribution
and the shear stress distribution on the shear plane of the
double-notch shear specimen, respectively, under differ-
ent external normal stresses and ultimate load calculated
by ANSYS. It can be seen from the figures that the shear
stress distribution on the specimen shear plane was rel-
atively uniform under different external normal stresses,
while thenormal stress distributionon the shear planewas
not uniform. However, both the normal stress and shear
stress distribution trends were large in the ends and small
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Figure 12: Finite element model

Figure 13: Normal stress distribution of specimen under different
external normal stresses

in the centre, i.e. there was a stress concentration phe-
nomenon at both the ends of the specimen.

The stress states of the characteristic points of the
experiment specimen under different external normal
stresses and ultimate loadswere extracted. The results pre-
sented in Table 4 show that normal stress had a large im-
pact on shear strength on the shear plane. When the ten-
sile normal stress was 6.49 MPa, the corresponding shear
strength was 29.73 MPa. When the compressive stress was
26MPa, the shear strength was 49MPa. In these two differ-
ent normal stress states, the shear strength was increased
by 60%. This means that as normal stress on the shear
plane converted from tensile stress to normal stress, the
shear strength of the experiment specimen enhanced con-
tinuously.

Figure 14: Shear stress distribution of specimen under different
external normal stresses

Table 4: Shear stresses and normal stresses at the characteristic
points

External normal
stress (MPa)

Normal stress at
the characteristic
points (MPa)

Shear stress at
the characteristic
points (MPa)

0 6.4868 29.73
−6.3 4.9965 32.6812
−11.3 −0.8575 35.4505
−16.4 −5.928 37.4642
−21.5 −13.5426 41.0625
−27.5 −20.6275 44.6023
−32.3 −26.3866 49.4291

Note: the stress is under the tensile condition, when the stress value
is positive. The stress is under the compression condition, when the
stress value is negative.

3.3 Failure criteria

Through years of research, different failure criteria for
the influence mechanism of normal stress on interlaminar
shear strength have been proposed. In this study, some
experimentally-validated criteria will be introduced, and
the resultant experimental data will be compared.

Puck and Schürmann introduced a phenomenological
failure criterion for interfibre fracture at unidirectional ply
level under biaxial in-plane loading [18]. In particular for
mode B fracture, in which the normal compressive σ33 im-
pedes fracture because of shear σ31 i on the fracture plane
where the fracture angle θfp = 0∘ the fracture condition in
the 1–3 plane is written as

−σ13S13
− 2

(︂
p
S13

)︂
σ33 = 1 (2)
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where p is the experimental slope of the (σ33, σ13) fracture
envelope for σ33 ≤ 0.

Some research works have shown that composite ma-
terials that fail by transverse compressive failure follow
the Mohr–Coulomb yield criterion reasonably well [19].
The Mohr–Coulomb criterion assumes that the shear fail-
ure stress on the fracture surface is equal to the bond
strength plus the internal friction resistance, which is the
result of the interaction of the internal friction coefficient
and normal stress. Some literature demonstrated the valid-
ity of this criterion through the failure of composites under
lateral compression.

τ13 = S13 − ησ33 (3)

η = − 1
tan2α0

(4)

where η is the influence factor of normal stress acting per-
pendicular to the fracture surface. αo is the fracture sur-
face angle. Puck and Schürmann determined that most
unidirectional graphite/epoxy composites fail by trans-
verse shear along a fracture plane oriented at αo = 53 ±
2∘. The parameter η that controls this angle can also be
obtained through additional testing. However, Puck and
Schürmann differentiated the coefficients of influence ηT
and ηL for transverse shear ST and longitudinal shear SL,
respectively. ηT can be determined from a uniaxial trans-
verse compression experiment using Eq. (4), while ηL can
be determined from shear experiments with varying de-
grees of transverse compression [20]. In the absence of
the biaxial experiment data, ηL can be estimated from the
longitudinal and transverse shear strengths and the trans-
verse compressive strength Yc [21].

ηL
SL

= ηTST
⇒ ηL = − SL cos 2αoYccos2αo

(5)

In addition to this failure criterion, Christensen and
DeTeresa developed an out-of-plane delamination crite-
rion accounting for the strengthening effect of through-
thickness compression on interlaminar shear strength [19].

−σ33T + σ
2
13 + σ223
S2 = 1 (6)

Where T is the transverse tensile strength and S is the pure
interlaminar shear strength. T is estimated as the in-plane
transverse tensile strength of a unidirectional lamina. S
is measured in the experiment for a particular laminate
and no distinction was made if it is the longitudinal or the
transverse interlaminar shear strength. σ are the stresses
with the conventional index notation for the composites.

Daniel et al. argued that delamination damage was
primarily influenced by the resin strength. Accordingly, a

criterion based on transverse tensile stress was proposed
(Northwestern University (NU) theory) [22]. This criterion
was validated by the interlaminar shear strength enhance-
ment experiment of the braid composite under normal
stress. The results showed that this failure criterion agreed
well with the experimental results. The expression of this
criterion is as follows:

σ13=S13
√︂
1− 2G13
E3S13

σ13 (7)

where S13 is the pure interlaminar shear strength. G13 and
E3 are the out-of-plane shear and elastic moduli, respec-
tively. A similar variant of the failure criterion can also be
derived based on the ultimate principal tensile stress or
principal tensile strain energy.

Tsai–Wu tensor criterion also reflects the influence of
interlaminar normal stress on interlaminar shear strength
of composites [23], which is expressed as follows:

f (σi) = Fiσi + Fijσiσj + Fijkσiσjσk + . . . = 1 (8)

The double-notch shear specimen is mainly in the
plane stress state. thus, there aremainly normal stress per-
pendicular to the fibre direction and interlaminar shear
stress on the shear plane. The Tsai–Wu tensor criterion can
be expressed as follows:(︂

1
S+2

− 1
S−2

)︂
σ2 +

(︂
σ2
S−2S+2

)︂2
+
(︂
τ12
S12

)︂2
= 1 (9)

where S+1 is the tensile strength in the direction of the fibre,
S−1 is the compressive strength in the direction of the fibre,
S+2 is the tensile strength in the direction perpendicular to
the fibre, S+2 is the compressive strength in the direction
perpendicular to the fibre, and S12 is the shear strength.

Envelope diagramswith different failure criteria could
be obtained, as shown in Figure 15. In this figure, the hor-
izontal axis is normal stress. A positive value represents
tensile normal stress and a negative value represents a
compressive normal stress. It can be seen from the en-
velope diagram that the above-mentioned criteria could
all describe the effect of normal stress on the interlam-
inar strength relatively well. When normal stress was a
compressive stress, normal stress has an enhancing effect
on interlaminar shear strength, i.e. as normal stress in-
creases, the interlaminar shear strength of the material
also increases. When normal stress was a tensile stress,
normal stress has aweakening effect on interlaminar shear
strength, i.e. as tensile normal stress increases, the inter-
laminar shear strength of the material decreases.

Figure 16 shows a comparison of the original experi-
mental datawith the failure criteria. It canbe seen from the
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Figure 15: Relationship between normal stress and interlaminar
shear strength under different failure criteria

figure that the original experimental data is in good agree-
ment with the existing failure criteria in term of change
trend. This means that the compressive normal stress has
an enhancing effect on interlaminar shear strength, and
the tensile normal stress has a weakening effect on inter-
laminar shear strength. This proves that the double-notch
shear specimen improved in this study can be used to
study the influence mechanism of normal stress on the in-
terlaminar shear strength of composites effectively. How-
ever, the original experimental data is numerically differ-
ent from the failure criteria, with a maximum difference of
50%. Themain reason is that the original data did not con-
sider the influence of normal stress on the specimen shear
plane and the friction between the interfaces of the exter-
nal normal stress application device and the composite
material. Therefore, the externally applied normal stress
and average shear strength cannot be directly used in this
type of experiment to study the influence mechanism of
normal stress on interlaminar shear strength.

Figure 17 shows a comparison of the experimental
data processed by the finite element method and that by
the failure criteria. It can be seen from the figure that
the processed data is in good agreement with the existing
failure criteria both in term of change trend and numeri-
cal value. The variation patterns of the two both showed
that the compressive normal stress enhanced interlaminar
shear strength, and the tensile normal stress weakened in-
terlaminar shear strength. Numerically, the experimental
data obtained in this study agreed best with the NU the-
ory criterion, with amaximumnumerical difference of 4%.
The obtained data differed most with the Puckand Schür-
mann criterion, with a maximum numerical difference of
13.6%. However, regardless of the criterion, the maximum

Figure 16: Comparison of original experimental data and failure
criteria

Figure 17: Comparison of failure criteria and experimental data
analyzed by FEM

numerical value was not more than 15%. This proves that
the characteristic curve method proposed in this study
could effectively eliminate the influence of normal stress
and friction on interlaminar shear strength, thereby ac-
curately reflecting the relationship between normal stress
and interlaminar shear strength in the double-notch shear
specimen. And the NU theory criterion can reflect the in-
fluence mechanism of the composite interlaminar shear
strength best.

4 Conclusions
In this study, the Influence mechanism of composite inter-
laminar shear strength under the normal stress was stud-
ied through an improved double-notch shear experiment.



128 | F. Li et al.

The characteristic curve method based on a double-notch
shear specimenwas proposed to study the influence of nor-
mal stress on the shear plane and friction on interlaminar
shear strength. The resultant experimental data was com-
paredwith the existing failure criteria. Based on this study,
the following conclusions are drawn:

1. The improved double-notch shear specimen can ef-
fectively study the influence mechanism of compos-
ite interlaminar shear strength under normal stress.

2. Based on the characteristic curve method, The ex-
perimental data analyzed by FEM agreed best with
the NU theory criterion, with a maximum numer-
ical difference of 4%, and differed most from the
Puckand Schürmann criterion, with a maximum dif-
ference of 13.6%. And the NU theory criterion can re-
flect the influence mechanism of the composite in-
terlaminar shear strength best.

3. The compressive normal stress has an enhancing ef-
fect on interlaminar shear strength, and the tensile
normal stress has a weakening effect on interlami-
nar shear strength. Therefore, the generation of the
tensile normal stress should be avoided as much as
possible in the composite structure.
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