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Abstract
For future launch vehicles, lightweight cryogenic pressure vessels are required for storage of the liquid hydrogen fuel. For 
their structural assessment, reliable and validated failure criteria are required. The present contribution provides an over-
view over the results of an ongoing research activity concerned with the validation of Puck’s composite failure criterion in 
the cryogenic regime. In a first step, an experimental investigation on unidirectionally fiber reinforced materials on coupon 
level has been performed. This test campaign has been complemented by tests on small breadboard-type specimens with 
an angle-ply stacking sequence. The specimens were featuring holes and tapered sections to provide stress gradients and 
concentrations. Test were performed at ambient temperature and in a liquid Helium environment. Puck’s failure criterion 
has been applied and found to provide a good prediction of first ply failure in both environments.

Keywords Composites · Mechanical testing · Analysis · Prediction and virtual testing · Damage tolerance

1 Introduction

For next generation launch vehicles, safe and reliable fuel 
vessels are required. For the storage of liquid hydrogen and 
oxygen, the respective vessels have to be able to withstand 
temperatures in the cryogenic regime down to 20 K. For 
their design, the use of carbon fiber reinforced plastics 
(CFRP) is mandatory for reasons of lightweight construc-
tion. Further to their low specific weight, the use of CFRP 
materials circumvents the problem of the embrittlement of 
most metals in the cryogenic temperature range. The safe 
design of CFRP pressure vessels requires the availability of 
validated failure criteria in all relevant temperature ranges. 
In literature, a variety of failure criteria for fiber reinforced 
plastics (FRP) such as the well-known Tsai-Wu criterion 
[19], the Hashin criterion [4, 5], the Puck criterion [16, 17] 

or the LaRC criteria (Dávila et al. [3], Pinho et al. [15]) and 
others are well established. Nevertheless, their capability at 
cryogenic temperatures close to the absolute zero has not 
been studied in a consecutive manner.

In the cryogenic range, specific problems arise such 
as thermally induced residual stresses between fibers and 
matrix as well as between adjacent plies. The residual 
stresses may play a key role in damage and failure of com-
posites in this temperature range, since they contribute to 
the overall stresses in addition to the stresses induced by 
the external loads. In several contributions, the thermally 
induced stresses alone are suspected to cause matrix crack-
ing (Lord and Dutta [13], Hyer et al. [11]). On the other 
hand, the strength of the polymeric matrix of fiber rein-
forced composites increases significantly, if the tempera-
ture approaches the absolute zero (Hui and Dutta [10]). 
Hence, opposing effects on the strength of CFRP laminates 
are active, when cooled down into the cryogenic thermal 
regime. For this reason, no clear, monotonic tendency of 
the temperature effect on the macroscopic strength of CFRP 
laminates has been observed (Kumgai and Shindo [12]). 
Furthermore, the cooling rate may have significant effects. 
Meng et al. [14] found that slow cooling rates down to 77 K 
do not cause microcracking, whereas higher cooling rates 
may do. Regarding the integrity assessment, classical crite-
ria based approaches or continuum damage mechanics type 
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approaches may be used. In the latter sense, Shokrieh et al. 
[18] provided a Hashin [5] based progressive failure model 
for glass fiber reinforced materials down to 213 K.

The present contribution is concerned with an assessment 
of Puck’s composite failure criterion [16, 17] in the tempera-
ture range from ambient temperature (296 K) down to the 
cryogenic range at 4 K. It thereby provides an overview of 
the results obtained in the context of a broader and ongoing 
research activity (Hohe et al. [7]). In a first step, an experi-
mental study was performed on coupon level. The material 
was a unidirectionally carbon fiber reinforced epoxy matrix 
composite. The test matrix comprised of tensile, compres-
sive and shear experiments within and perpendicular to the 
fiber direction. The experiments were performed at ambient 
temperature (296 K) as well as in the cryogenic range at 
4 K using a liquid Helium environment. In a second step, 
the experiments on coupon level were complemented by an 
experimental program on breadboard-type specimens with 
a more complex geometry. The specimens were supplied 
with holes and/or tapered sections to induce more complex 
local stress states as well as stress gradients. The demonstra-
tor specimens were manufactured from angle-ply laminates.

The experimental data base has been utilized to assess 
and to validate Puck’s criterion throughout the considered 
temperature range. Its failure envelope was determined from 
the experimental data base on coupon level. Subsequently, 
the criterion was applied to the demonstrator tests. Consider-
ing the experimental and numerical results, Puck’s criterion 
[16, 17] has been found to adequately describe first ply fail-
ure of the laminates considered, provided that a more general 
definition of the slope of the failure envelope around pure 
shear stress states is employed. Both, the position of first 
ply failure and the corresponding load level were predicted 
accurately. Regarding the complete failure of the laminates, 
conservative results were obtained.

2  Experimental investigation on coupon 
level

2.1  Materials and methods

As a model material, a unidirectionally carbon fiber rein-
forced epoxy matrix material has been selected as a rel-
evant material example for spacecraft applications. The 
material system comprised of intermediate modulus, high 
strength fibers (HexTow IM7). The matrix consisted of Hex-
Ply 8552 epoxy with a curing temperature in the range of 
110°–180 °C according to the supplier’s specification. Plane 
plates were manufactured by an autoclave process. From the 
plane plates, the specimens were manufactured using water 
jet cutting.

Within the context of a larger investigation (Hohe et al. 
[7]), the material was characterized in tensile, compressive 
and shear experiments. Tests were performed within and 
perpendicular to the fiber direction. In addition, off-axis 
experiments under different angles were performed. Due to 
the limited space within the cryostat for cryogenic testing, 
non-standard test specimens had to be employed. The tensile 
experiments within the fiber direction were performed on 
straight specimens with a cross section of 1 × 8 mm. For 
the tensile experiments perpendicular to the fiber direction 
as well as for the off-axis tensile tests, dog-bone specimens 
with a cross section of 3 × 8 mm were employed. All com-
pressive experiments were based on cuboid specimens, also 
with a cross section of 3 × 8 mm. For the shear experi-
ments, double slitted tensile specimens with 3 mm thick-
ness and a shear length of 11 mm were employed (Hohe 
et al. [6, 7]). Advantage of the employed compression and 
shear specimens is that no massive test rig for guidance of 
the specimens such as a Celanese or Iosipescu device was 
necessary. By this means, problems with thermally induced 
distortion and subsequent sticking or friction of the test rig 
were avoided.

All specimens were tested till failure under quasi-static 
loading conditions under prescribed cross-head displace-
ment. During the experiments, the cross-head displace-
ment and the resulting force were recorded continuously. 
The tensile strains were determined by direct extensometer 
measurement on the specimen surfaces. For the compres-
sion tests, similar measurements were performed with the 
extensometer blades on the surfaces of the loading device. 
The experiments were performed in one to three repetitions.

At ambient temperature, the experiments were performed 
in an electromechanical H&P testing machine using standard 
test rigs for the respective loading situation. The experiments 
were performed in a laboratory air environment at approxi-
mately 296 K. At cryogenic temperature, the experiments 
were performed in a liquid Helium environment at a temper-
ature of 4.2 K. A MTS hydraulic testing machine equipped 
with a cryostat has been employed. The tests were evaluated 
by means of the standard procedures for the respective load-
ing situations.

2.2  Results

The results of the individual experiments were evaluated 
with respect to the strength limits in the fiber oriented coor-
dinate system with the x1-direction being the fiber direc-
tion. The experiments within and perpendicular to the fiber 
direction directly resulted in uniaxial strength limits Rt

11
 , 

Rc
11

 , Rt
22

 , Rc
22

 and Rs
12

 , respectively. Combined failure load 
points were obtained in the off-axis experiments, involving 
both inter fiber tension or compression and shear as well as 
small amounts of longitudinal fiber tension or compression. 
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The obtained strength limits are presented in Table 1. The 
results reveal that by the decrease of the temperature from 
ambient temperature down to 4 K, the tensile and compres-
sive strengths Rt

22
 and Rc

22
 perpendicular to the fiber direction 

increase by 22% and 70%, respectively. The shear strength 
Rs
12

 decreases by 10%, whereas the compressive strength Rc
11

 
within the fiber direction increases slightly by 9%. For the 
tensile strength Rt

11
 with the fiber direction, no valid results 

were obtained at cryogenic temperature so that no quantifi-
cation of the cryogenic thermal effect is possible.

Among the failure criteria available in literature, Puck’s 
criterion had been identified as the most suitable one for both 
temperature ranges in a previous contribution (Hohe et al. 
[6]). Therefore, this criterion is employed here. The results 

are presented in Fig. 1. Experimental results are denoted by 
symbols. Filled symbols are related to valid material failure, 
whereas open symbols denote maximum stress data, where 
specimens did not fail or did not fail in valid modes, thus 
providing lower bound values for the real failure loads. Solid 
lines denote the predictions by the Puck failure envelope. 
Where no valid data were obtained, the failure envelope is 
represented open at the respective side. The failure enve-
lopes are constructed from the normal strengths Rt

11
 , Rc

11
 , 

Rt
22

 , Rc
22

 , in tension and compression, respectively, as well 
as the shear strength Rs

12
 . The results obtained in the off-

axis tensile and compressive experiments on unidirectionally 
fiber reinforced material—transformed back into the fiber 
related coordinate system—are presented in a projection into 
the �22-�12-plane. They were employed for determination of 
the shape parameters p(+)

12
= p

(−)

12
 of the Puck failure envelope 

determines as 0.3 and 0.4 for ambient and cryogenic tem-
perature, respectively. In the tensile experiments within the 
fiber direction at cryogenic temperature, no valid strength 
values were obtained (open symbols). Due to a thermally 
induced loss in clamping pressure, slip of the specimens in 
the clamping system could not be avoided here. Thus, the 

Table 1  Material parameters

*Lower bound value

T R
t

11
R
c

11
R
t

22
R
c

22
R
s

12

[K] [MPa] [MPa] [MPa] [MPa] [MPa]

296 2747 773 50 228 46
4 (1260)* 846 62 388 41

Fig. 1  Experimental results on coupon level and failure envelopes
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maximum stresses obtained therein provide lower bounds on 
the respective strength.

Puck’s failure envelope [16, 17] is found to provide a 
good approximation of the experimental data for both tem-
peratures concerning both, the inter fiber ( �11-�12 -) and the 
biaxial ( �11-�22 -) plane in stress space. Some data points 
which appear to be located inside the failure envelope in the 
biaxial load ( �11-�22 -) plane (right column of subfigures in 
Fig. 1) are in fact located above the biaxial plane, i.e., are 
associated with a non-zero shear stress �12 and thus do not 
violate the prediction of the criterion. Nevertheless, it has 
to be mentioned that especially at cryogenic temperature, a 
distinct scatter of the results has been obtained.

Concerning the temperature ranges considered (ambient 
conditions in the top row of subfigures, cryogenic conditions 
in the bottom row of subfigures in Fig. 1), it appears that the 
strength of the material in general increases with decreasing 
temperature. Especially in the inter fiber ( �11-�12 -) plane in 
stress space, significant increases in strength are observed 
when the temperature is decreased from ambient tempera-
ture down to 4.2 K. In the inter fiber plane, the macroscopic 
material strength is predominantly governed by the strength 
of the polymeric matrix. Since the strength of most poly-
mers increases with decreasing temperature—especially in 
the cryogenic range—an increased strength of the composite 
material is observed. Obviously, the strength increase of the 
matrix exceeds possible effects due to the severe mismatch 
in the coefficients of thermal expansion for fibers and matrix. 
Notice that the failure envelope in the inter fiber ( �11-�12 -) 
plane does not scale in a self-similar manner, when the tem-
perature is decreased from ambient temperature to the liquid 
Helium temperature.

Under longitudinal compression within the fiber ( �11 -) 
direction, only minor effects are observed. For longitudi-
nal tensile stresses, no general judgement is possible, since 
no valid strength limits could have been determined in the 
cryogenic regime due to slip of the specimens in the clamp-
ing system (see Sect. 2.1). Full details on the experimental 
results on coupon level can be found in the technical report 
on the project (Hohe et al. [7]).

3  Demonstrator tests

3.1  Materials and methods

To provide experimental data under more complex loads, 
including multi-axial stress states and distinct stress gradi-
ents, small breadboard type specimens were employed. The 
specimens were designed such that they were suitable for 
both the ambient temperature and the cryostat test rigs. All 
specimens had the same external geometry of a 200 mm long 
and 30 mm wide rectangular strip. The strips were supplied 

either with central holes or with symmetric tapered sections 
as geometric features inducing the mentioned more general 
stress and strain states when loaded. In addition, specimens 
combining both features were manufactured. The geometry 
of the demonstrators is presented in Fig. 2. All demonstrator 
test specimens were manufactured from a [± 30°] angle ply 
laminate, using the same base material as in the experiments 
on coupon level (see Sect. 2.1.)

The specimens were tested under axial tension till failure. 
During the tests, the local strains at selected positions were 
measured to be able to detect local failure events even in the 
cryogenic experiments, where no direct observation of the 
test was possible due to the test setup being encapsulated 
in the cryostat chamber. As strain measurement points, the 
notch roots of the tapered sections as well as the position 
directly beside the holes were chosen, since these posi-
tions are the positions, where stress concentrations are to be 
expected. On breadboard specimens without the respective 
features, a strain measurement at similar positions was per-
formed to provide data for comparison. In the tests at ambi-
ent temperature, resistance strain gauges were used. The 
strain gauges were adhesively applied to the front surface 
of the specimen. From the rear surface of the specimens, the 
experiments were video recorded to be able to identify local 
failure events. In the experiments at cryogenic temperature, 
the local strains were determined by a tactile system using 
clip-on extensometers. The extensometers were applied to 

Fig. 2  Breadboard specimen geometries
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both, the front and the rear surfaces of the specimens. The 
measurement positions were the same as in the experiments 
at ambient temperature.

At both temperatures, the specimens were tested till fail-
ure in a tensile mode under quasi-static loading conditions. 
During the experiments, the local strains at the selected 
positions together with the cross-head displacement and the 
resulting force were recorded continuously.

To be able to assess the local loading conditions, all 
experiments were simulated numerically using the finite 
element method (ABAQUS [1]). For this purpose, finite 
element models consisting of standard displacement based 
4-node shell/plate elements with bi-linear displacement and 
rotation interpolation were used. The material was defined 
as a layered material according to the stacking sequence 
of the breadboard specimens. Throughout the analyses, a 
linear elastic material model without damage and failure 
assumptions was employed. Although—except for set-
ting effects—no distinct non-linearity was observed in the 
experiments, the analyses were performed within the geo-
metrically non-linear framework. No further higher-order 
effects such as free-edge effects were considered. As in the 
real experiments, the finite element model were loaded in a 
displacement controlled mode. For this purpose, prescribed 
displacements were applied to one of the specimen ends, 
whereas the opposite end was fixed in the longitudinal direc-
tion. From the results, the stresses along the boundaries at 
the features, i.e., the stresses in the critical zones accord-
ing to the observed failure modes were extracted and trans-
formed into the local fiber oriented coordinate system for 
each ply. Subsequently, the stresses were used for an integ-
rity assessment by Puck’s criterion [16, 17] using the failure 
envelopes presented in Fig. 1. The evaluation paths for the 
integrity assessment are sketched in Fig. 3. Only one side of 
the specimen was considered in the evaluation.

3.2  Results

The breadboard specimens were tested under displacement 
control till fracture. During the loading history, multiple 
local failure events were observed prior to complete fail-
ure. At ambient temperature, the instants of the local fail-
ure events were identified from the video recordings of the 

experiments. In the cryogenic regime, no video recordings 
were available so that the instants of the local failure events 
had to be identified from discontinuities in the local strain 
recordings. Figure 4 shows a typical force vs. cross head dis-
placement record with red diamond markings at the instants 
of identified local failure events (specimen with both, hole 
and tapered section tested at ambient temperature). The 
initial progressive non-linear response is related to setting 
effects in the load train of the test rig. First ply failure occurs 
at a crosshead displacement of approximately 3.4 mm or an 
applied force of approximately 7 kN. In most cases, the local 
failure events consisted in the localized development of con-
tained inter fiber cracks emanating from the “features” and/
or the development of local delaminations in these areas, 
usually between the top or bottom plies and their respective 
neighbors.

Final failure in all cases was initiated at the “features”, 
i.e., at the holes or in the root of the tapered sections. Typical 
failure modes for the three breadboard specimen types are 
presented in Fig. 5a–c. For all geometries, the final failure 
modes are predominantly inter fiber failure modes. The inter 
fiber failures on ply level go along with significant amounts 
of delamination between adjacent plies. Since the specimens 
consisted of multidirectional laminates, i.e., [± 30°] angle 
ply laminates, inter fiber failure can only lead to a complete 
separation of the specimen, if the interfaces between two 
failed plies with different fiber orientation become delami-
nated. The delaminations become obvious in the side view 
of one of the “hole” demonstrators presented in Fig. 5d.

At the instant of the first ply failure event as either 
observed visually or detected from the local strain measure-
ments, the stresses along the features were determined from 
the results of the finite element simulation of the respec-
tive experiments. In this context, finite element analysis and 
experiment were correlated in terms of the resulting force, 
i.e., similar states were assumed if the applied force in the 

Fig. 3  Stress evaluation paths
Fig. 4  Selected force–displacement record (specimen with hole and 
tapered section)
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experiment and the resultant axial force in the simulation 
were equal. The stresses were transformed into the local 
(fiber oriented) coordinate system for each ply with x1 as the 
ply’s fiber direction. Subsequently, the stresses were plotted 
into the diagram of the failure envelope. Selected results 
for a specimen featuring both, hole and tapered section and 
tested at ambient temperature are presented in Fig. 6. In this 
context, the results along the hole (Fig. 3) are presented in 
Fig. 6a, b for the [+ 30°]- and the [− 30°]-ply in the centre 
of the specimen, respectively. The same evaluation is per-
formed in Fig. 6c, d, respectively, for the [+ 30°]- and the 
[− 30°]-ply along the tapered section. Similar results were 
obtained for all specimens tested. Full details on the experi-
mental results and the numerical evaluation are given in the 
technical report on the project as well as in an oncoming 
contribution (Hohe et al. [7, 9]).

4  Assessment of Puck’s criterion

According to Puck’s criterion [16, 17], adopting the weak-
est link principle, a structure reaches a critical state once 
the stress state anywhere in the structure is located on the 
failure envelope in stress space. According to this concept, 
a critical state is reached for the specimen featuring hole 
and tapered section at the instant of evaluation according 
to Fig. 6 in the plies with a [− 30°]- orientation of the 

fibers. Here the local stresses come close to the failure 
envelope, indicating that a critical state will be reached 
after a small further increase in the applied external load 
(and thus in the local stresses). In this context, first ply 
failure is predicted in the notch root of the hole (Fig. 6b), 
i.e., at the position, where the hole’s surface is closest to 
the external specimen surface. All other locations feature 
stress states well within the failure envelope and, there-
fore, are judged to be uncritical according to the adopted 
criterion. However, a similar situation with only slightly 
lower stresses is obtained for the plies with the [+ 30°]-ori-
entation (Fig. 6a). The stresses in both plies are not equal 
due to the presence of the tapered section on one side of 
the hole, resulting in different loads along the fibers ori-
ented in [+ 30°]- and [− 30°]-directions. A similar stress 
assessment in the biaxial plane of the failure envelope 
yields only situations with local stress points far from the 
failure envelope. These situations are judged as uncritical.

The failure prediction by Puck’s failure criterion [16, 17] 
according to Fig. 6 is found in a rather good agreement with 
the experimental observation. Both, the instant of first ply 
failure (Fig. 4) and the location of failure initiation (Fig. 5) 
are predicted accurately. Since the maximum local stress did 
not finally reach the failure envelope at the load level, where 
first ply failure was observed experimentally, the instant of 
first ply failure in this case is predicted slightly late, i.e., after 
a further increase of external load and thus the local stresses. 

Fig. 5  Breadboard specimen failure modes
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For the presented case, first ply failure is predicted at 116% 
of the experimentally observed first ply failure load level.

For all other experiments on the breadboard type 
specimens similar predictions of first ply failure were 
obtained. Computing the relative predicted failure load 
Frel
failure

= F
pred

failure
∕F

exp

failure
 as the ratio of the predicted load level 

F
pred

failure
 for first ply failure to the experimentally observed 

load level Fexp

failure
 for first ply failure results in the values 

listed in Table 2. For all cases, the averages and the standard 

deviations, respectively, out of three tests are presented. At 
ambient temperature, conservative predictions with limited 
scatter are obtained for all three demonstrator types. At cry-
ogenic temperature, a reasonably conservative estimate is 
obtained for the demonstrator with both features. For the two 
other demonstrator types, however, it turned out to be rather 
difficult to identify the instants of first ply failure. Com-
pared to the demonstrators tested at ambient temperature, 
the instant of first ply failure here had to be identified from 
the local strain measurements alone, since no visual obser-
vation was possible. Therefore, due to strain measurements 
superimposed by a considerable amount of white noise, no 
reliable determination of the instant of first ply failure was 
possible here.

5  Summary and conclusion

The present study is concerned with an assessment of the 
capability of Puck’s failure criterion to predict failure of 
CFRP materials at ambient and cryogenic temperatures. For 

Fig. 6  Stresses along the features at first ply failure (specimen featuring both, hole and tapered section tested at ambient temperature)

Table 2  Failure load predictions compared to experimental observa-
tions

*No reliable results on first ply failure could have been determined

Demonstrator type 296 K 4 K

F
rel

failure
 [%]

Average Std.-dev Average Std.-dev

Hole only 71.9 12.5 –* –*
Tapered section only 66.4 8.7 –* –*
Both features 73.2 25.2 96.7 54.3
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this purpose, an experimental study on IM7 carbon fiber 
composites with epoxy matrix has been performed. The 
experimental data base comprises of quasi-static tensile, 
compressive, shear and off-axis experiments at ambient 
temperature and in a liquid Helium environment.

In a first step, an experimental investigation was executed 
on coupon level, using standard tensile, compressive and 
shear experiments. The experiments were performed at 
296 K and 4 K. The results were utilized to determine the 
failure envelope according to Puck’s criterion in stress space 
at both temperatures. In a second step, breadboard type spec-
imens featuring holes and tapered sections to induce more 
general stress states were tested at the same temperatures. 
The experiments were simulated numerically and evaluated 
in terms of Puck’s criterion using the aforementioned failure 
envelopes.

Validating the numerical predictions against the experi-
mental data, Puck’s criterion is found to provide a slightly 
conservative prediction of the instant for development of 
first ply failure. At this instant, first damage—in most cases 
as inter fiber crack development—is triggered. However, 
in most cases no pronounced loss in the overall stiffness is 
observed. Thus no significant structural implication of the 
local damage event is indicated.

Regarding the effect of temperature on the strength limit, 
failure envelopes with different sizes but similar shapes were 
obtained for both temperatures. Thus, the criterion appears 
to be applicable at both temperatures, however, with tem-
perature dependent parameters. Nevertheless, it should be 
pointed out that the changes in the failure envelopes due to 
temperature changes might result in a change of the failure 
mode to be expected at the considered material point and 
the actual stress state. Furthermore, it should be noticed that 
a local first ply failure in a specific mode may trigger total 
failure at this point in a different mode. In this context, inter 
fiber cracks with a limited size may act as triggers for delam-
ination or fiber breakage at the respective material point due 
to local stress re-distribution and subsequent overloading, 
although at a first glance, other positions would be judged 
as more critical.

Based on the results of the present study, Puck’s criterion 
can be considered to provide accurate predictions of failure 
on single ply level at both, 296 K and 4 K. For intermediate 
temperatures, additional tests are necessary, since it has been 
shown in literature that different, partially opposing effects 
might govern the failure of FRP materials when cooling the 
material down into the cryogenic regime. The same holds 
for temperature variations beyond ambient temperature, 
although much less severe effects are expected here.

The main limitation of Puck’s criterion is its restriction to 
first ply failure. The criterion assesses only the instant of the 
development of first damage. An assessment of a possible 
remaining load carrying capacity after the development of 

first cracks is not possible. In the breadboard experiments, 
a substantial residual load carrying capacity was obtained, 
since the complete fracture of the breadboard specimens 
with multi directional fiber reinforcement by inter fiber 
fracture alone is impossible. In addition, the delamination 
of large areas of the ply interfaces is required. Potential 
enhancements to circumvent these problems may consist in 
the application of continuum damage mechanics material 
models. By this means, a simulation of the progressive fail-
ure process and thus a direct assessment of the remaining 
load carrying capacity at all stages of failure would become 
possible. First approaches in this sense have already been 
provided in literature (e.g., Bogenfeld and Kreikemeier [2], 
Völkerink et al. [20]). Delamination between neighboring 
plies might be included into the modelling, e.g., by means 
of cohesive zones between the relevant plies.
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