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Introduction 

 
 

 

1  Introduction 

The failure analysis for structures designed from fiber reinforced polymers or fiber rein-
forced materials in general is commonly done by applying a failure criterion calculating 
the margin of safety (MoS) for the individual plies. The simplest failure criteria are the 
maximum strain or the maximum stress criteria and quadratic criteria like the Tsai-Wu 
criterion [Tsa71]. However, even though these criteria might give a good estimate of the 
critical loading state for multi-axial stress-states, they are formulated purely phenomeno-
logically without any knowledge of the critical failure modes. In contrast to this, the Puck 
Failure Criterion [Puc98] is advantageous since it combines different individual failure 
criteria for different failure modes.  

The Puck failure criteria differentiates between tensile and compressive fiber failure and 
inter fiber-failure. The latter is further divided into tensile failure, shear failure and com-
pressive failure. For the practical application such a failure mode-based criteria has two 
main advantages: first of all, the fit to experimental data will be much better and thus 
the modeling error will be smaller. This has been demonstrated for ambient and cryo-
genic temperatures in [IWM18a, IWM19]. Second, the application of a failure-mode 
based criterion gives the designer important information not only on where the compo-
nent might fail, but also on how this component (failure-mode) might fail. This in turn 
gives important information on how the component can be optimized with respect to its 
overall strength. 

For the practical application of the Puck Failure Criterion for a failure analysis two things 
need to be done: First the material parameters for the failure criteria need to be estimated 
based on experimental data. Second the criteria need to be evaluated for the component 
under investigation using stress data obtained by the finite element method. Since the 
experimental data commonly shows a large amount of scatter, the first part is often the 
key challenge for a robust failure analysis. 
 

The failure analysis tool “Puckfailure” helps with both, the parameter estimation, apply-
ing different numerical optimization strategies, as well as the evaluation of the structural 
integrity based on finite element results from Nastran. 

This manual serves as a guideline to perform these three consecutive tasks, namely  

1. Perform the experimental characterization at different temperatures 
(Chapter 5) 

2. Use the Python Tool Module 1 “Puck Estimator” to determine the relevant 
material parameters for the Puck criterion (Chapter 4, and especially Chap-
ter 4.2) 

3. Use the Python Tool “FE Processor” to post-process results obtained by 
the Finite Element Code Nastran (Chapter 4, and especially Chapter 4.3) 

 

In general Task 1 and 2 is only performed once for a certain material, while Task 3 is 
repeated for different components and different boundary conditions (loads, tempera-
tures,…). Chapter 2 gives a short introduction of the Puck failure criterion for plane stress 
conditions and gives a short summary of the theoretical fundamentals of the applied 
optimization procedures. The reader familiar with the Puck failure criterion and optimi-
zation via the least-square method as well as the maximum likelihood method might 
want to skip this first chapter or might only want to consider the nomenclature (Section 
2.4) used in this manual. 
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2   
Puck’s FRP failure criterion 

2.1  
Basic ideas and general formulation 

Puck and Schürmann formulated a mechanism-based failure criterion for unidirectional 
FRP plies [Puc98], [Puc02a], motivated by the theoretical and practical shortcomings of 
several earlier FRP failure criteria, which mostly use interpolations between selected fail-
ure points. For example, such failure points are the tensile and compressive strengths 
both longitudinal and transverse to the fiber direction, or the inter-fiber shear strength. 
For cases of multiaxial combined stress states, these strengths are interpolated by ana-
lytical (for example quadratic) functions. However, there is no physical background be-
hind these functions. In contrast, Puck and Schürmann’s criterion is based on failure 
mechanisms assuming that failure occurs either by fiber failure (due to either tension or 
compression), or by inter fiber failure within the matrix. The former results in a crack 
oriented normal to the fiber direction, whereas the latter results in an initially unknown 
fracture plane. Three different failure modes are distinguished at inter fiber failure, which 
depend on the transverse tensile stress 𝜎22 as well as on the inter fiber shear stress 𝜎12 
and result in specific fracture modes. For the definition of the stress components 𝜎𝑖𝑗 with 

𝑖, 𝑗 ∈ {1,2,3}2 and 𝑖, 𝑗 ∈ {1, 𝑛, 𝑡}2 the reader is referred to Figure 1a. 

Failure initiation within the fiber direction is assessed in terms of the two partial criteria 

 𝑓ff(𝛔) = {

𝜎11

𝑆11
𝑡 ≤ 1 for 𝜎11 > 0,

|𝜎11|

𝑆11
𝑐 ≤ 1 for 𝜎11 < 0,

           (1) 

assuming failure in the context of the maximum stress criterion: failure is assumed when 

either of the partial criteria is violated, that is when the stress component 11 within the 
fiber direction reaches the tensile or compressive strength 𝑆11

𝑡  and 𝑆11
𝑐 , respectively, irre-

spectively of the other stress components. Although 𝑆11
𝑡  and 𝑆11

𝑐  are associated with ten-
sile and compressive stress, both are assumed to be positive here by definition. 

               
 

(a) fracture plane (b) master failure surface 
 

Figure 1: Puck failure crite-
rion: The idea of the frac-
ture plane and the master 
failure surface. 

Perpendicular to the fiber direction, failure is assumed to occur in a “fracture plane” 

rotated by an a priori unknown angle f around the x1-axis out of the x1-x2-plane (see 
Figure 1(a)). Using the standard formulae for coordinate transformation, the normal and 
shear stresses on the fracture plane are given by:  
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 (

𝜎𝑛𝑛
𝜎𝑛𝑡
𝜎𝑛1

) = (

𝑐𝑜𝑠2Θ𝑓 𝑠𝑖𝑛2Θ𝑓 2𝑠𝑖𝑛Θ𝑓𝑐𝑜𝑠Θ𝑓 0 0

−𝑠𝑖𝑛Θ𝑓𝑐𝑜𝑠Θ𝑓 𝑠𝑖𝑛Θ𝑓𝑐𝑜𝑠Θ𝑓 𝑐𝑜𝑠2Θ𝑓 − 𝑠𝑖𝑛
2Θ𝑓 0 0

0 0 0 𝑠𝑖𝑛Θ𝑓 𝑐𝑜𝑠Θ𝑓

)

(

 
 

𝜎22
𝜎33
𝜎23
𝜎13
𝜎12)

 
 

 (2) 

For the stress vector (2) on the fracture plane, Puck and Schürmann [Puc98], [Puc02a] 
postulate a “master failure surface” according to 

 

𝑐2 (
𝜎𝑛𝑛

𝑅⊥
𝑡𝐴)

2

+ 𝑐1
𝜎𝑛𝑛

𝑅⊥
𝑡𝐴 + (

𝜎𝑛𝑡

𝑅⊥⊥
𝑠𝐴 )

2

+ (
𝜎𝑛1

𝑅⊥||
𝑠𝐴)

2

≤ 1          for 𝜎𝑛𝑛 > 0 

(
𝜎𝑛𝑡

𝑅⊥⊥
𝑠𝐴 )

2

+ (
𝜎𝑛1

𝑅⊥||
𝑠𝐴)

2

+ 2𝑝⊥⊥
(−) 𝜎𝑛𝑛

𝑅⊥⊥
𝑠𝐴 ≤ 1                       for 𝜎𝑛𝑛 < 0 

(3) 

 
where 𝑅𝑛𝑛, 𝑅𝑛𝑡 and 𝑅𝑛1 are the normal and shear strengths in the fracture plane coor-

dinate system according to Figure 1(b). The inclination angle f for the fracture plane 
needs to be determined such that the most critical stress state develops, i.e. it is assumed 
that always such a failure mode develops that failure occurs at the earliest possible in-

stant. Usually, the determination of the failure plane inclination angle f requires an 
iterative procedure (e.g. Wiegand et al. [Wie08]). Within this procedure, the angle is 
chosen such that the state point (𝜎𝑛𝑛 , 𝜎𝑛𝑡 , 𝜎𝑛1) is found at the closest possible position 
to the master failure surface (3) according to Figure 1 (b). 

2.2  
Failure envelope for plane stress states 

In many cases in the integrity analysis of composite laminates, the consideration of plane 
stress states with 𝜎33 = 𝜎23 = 𝜎13 = 0 is sufficient since for plane structures, no pro-
nounced stresses acting transversely to the laminate plane develop. In this case, an ana-
lytical solution to the optimization problem for the determination of the failure plane 

angle f can be derived (Puck and Schürmann [Puc98], [Puc02a]). In this case, the inter 
fiber failure criteria are obtained for the three inter fiber failure modes A, B and C. In this 
context, mode A describes a tensile failure mode with a complete separation of the spec-
imen. Mode B describes a shear failure mode without or with limited friction of the failure 
surfaces due to a possible compressive normal load. Mode C describes a failure of the 
laminate ply under compression, occurring locally by means of a wedge-like shearing 
mode. The Failure modes are also illustrated in Figure 2(a). The individual failure criteria 
are assembled to a continuous, but not necessarily smooth, joint failure surface as fol-
lows: 

 

𝑓iff(𝛔) =

{
 
 
 

 
 
 
((

𝜎12

𝑆21
𝑠 )

2

+ (1 − 𝑝21
+ 𝑆22

𝑡

𝑆21
𝑠 )

2

(
𝜎22

𝑆22
𝑡 )

2

)

1

2

+ 𝑝21
+ 𝜎22

𝑆21
𝑠 ≤ 1,   if 𝜎22 > 0  (Mode A)

 ((
𝜎12

𝑆21
𝑠 )

2

+ (𝑝21
− 𝜎22

𝑆21
𝑠 )

2

)

1

2
+ 𝑝21

− 𝜎22

𝑆21
𝑠 ≤ 1,   if 0 ≤ |

𝜎22

𝜎21
| ≤

𝜎22
𝐴

|𝜎21
𝐶 |
  (Mode B)

    ((
𝜎12

2(1+𝑝22
− )𝑅21

𝑠 )
2

+ (
𝜎22

𝑆22
𝑐 )

2

)
𝑆22
𝑐

−𝜎22
≤ 1,   if 0 ≤

𝜎21

𝜎22
≤

|𝜎21
𝐶 |

𝜎22
𝐴  (Mode C)

, 

(4) 

 with 𝑅22
𝐴 =

𝑆22
𝐶

2(1+𝑝22
− )

   and    𝜎21
𝑐 = 𝑆21√1 + 2𝑝22

− .  (5) 
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The corresponding joint failure envelope for the inter fiber modes is Illustrated in Figure 
2(a) and the full three-dimensional failure envelope, including the fiber failure modes is 
Illustrated in Figure Figure 2(b).  

 

 
 

(a) inter fiber failure envelope (b) complete failure envelope 
 

Figure 2: Puck criterion, 
failure envelope for plane 
stress states. 

In Equation (4) the material strength 𝑅𝑛𝑛, 𝑅𝑛𝑡 and 𝑅𝑛1 related to the fracture plane 
(Equation (3)) have been replaced by the inter fiber tensile 𝑆22

𝑡 , compressive 𝑆22
𝑐  and shear 

strength 𝑆12
𝑠 , respectively. Whereas the latter is related to the stress state of the local 

material coordinate axis. The parameters 𝑝21
+ , 𝑝21

−  are additional material parameters de-
scribing the slope of the inter fiber failure envelope towards the positive and negative 

side of the 12-axis and 𝑝22
−   implicitly describes the position of the intersection between 

modes B and C (Figure Figure 2(a)). This parameter is related to the other parameters by 

 𝑝22
− =

1

2
((1 + 2𝑝21

−
𝑆22
𝑐

𝑆21
𝑠 )

1
2

− 1) (6) 

and does not provide an independent material parameter. 

So far no interaction between the inter fiber failure mode (Equation (1)) and the fiber 
failure mode (Equation (4)) have been considered. From a physical point of view, such a 
coupling might occur since single fibers are breaking long before the material globally 

fails at 𝑆11
𝑡,𝑐, causing microcracks in the matrix and fiber-matrix interface failure in the 

vicinity of the fiber breaks. These in turn will reduce the strength of the material trans-
verse to the fiber direction compared to the undamaged material. These interactions can 
be easily introduced into the Puck model in a phenomenological way by scaling the Puck 
function for the intra fiber failure modes (Equation (4)) with a weakening factor 𝑓𝑤 as 

 𝑓iff(𝛔) =
𝑓iff(𝛔)

𝑓w(𝛔)
    with   𝑓𝑤(𝛔) = 1 − (0.9𝑓ff(𝛔))

𝑛
    and    𝑛 > 0.  (7) 

The parameter 𝑛 describes the narrowing of the failure envelope along the x1-axis to-
wards the tensile and compressive strengths 𝑆11

𝑡  and 𝑆11
𝑐  (see Figure 2(b)). This means 

that the size of the inter fiber failure envelope – which is illustrated in Figure 2(a) for 
𝜎11 = 0 – is decreased if high longitudinal stresses 𝜎11 occur.  

The value of the parameter n is not further described by Puck and Schürmann [Puc98, 
Puc02a] and in general it must be determined from experimental data. While explicitly 
stating that this might not be fully justified, Puck and Schürmann apply the same degra-
dation for tensile and compressive stresses.  

Compared to the classical more phenomenological failure criteria like the Tsai-Hill or Tsai-
Wu criteria [Tsa71], [Tsa80], Puck’s criterion has the advantage of a strictly mechanistic 
foundation. Furthermore - due to its mechanistic foundation - Puck’s criterion, if violated, 
allows to decide about the active failure mode and thus the underlying mechanism (ten-
sile or compressive fiber failure or inter fiber failure in either of the modes A, B or C). By 
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this means, strategies for an appropriate improvement of the structure under considera-
tion can be derived directly from the results of the integrity analysis. 

 

 

2.3  
The Reserve Factor and Margin of Safety 

For the practical application of a structural integrity analysis the reserve factor and the 
margin of safety have been adopted as the main measures of interest. The reserve factor 
𝑅 is defined as the ratio between the actual load (stress) and the failure load (stress), i.e. 

𝑅𝑓max(𝝈) = 1  with   𝑓max(𝝈) = max {𝑓𝐼𝐹𝐹 , 𝑓𝐹𝐹}.  (8) 

Assuming a linear behavior, a reserve factor 𝑅 > 1 means the load can be increased by 
a factor 𝑅 until failure occurs, a value of 𝑅 = 1 means that failure occurs at the consid-
ered load and a value of 𝑅 < 1 means that the Load must be reduced by a factor of 𝑅 to 
prevent failure. The margin of safety is defined as 

𝑀𝑜𝑆 = 𝑅 − 1 =
1 − 𝑓max(𝝈)

𝑓max(𝜎)
   (9) 

And similar, a value of 𝑚𝑜𝑠 > 0 means the load can be increased before failure occurs 
and a value of 𝑚𝑜𝑠 ≤ 0 means that failure occurs without further reducing the external 
load or increasing the material strength. 

 

2.4  
Material Parameters 

The independent material parameters of the Puck failure criterion for plane stress states 
are summarized in the following Table 
 

Parameter Description 

𝑆11
𝑐  Compressive strength in fiber direction 

𝑆11
𝑡  Tensile strength in fiber direction 

𝑆22
𝑐  Compressive strength perpendicular to the fiber direction 

𝑆22
𝑡  Tensile strength perpendicular to the fiber direction 

𝑆12
𝑠  In-Plane shear strength 

𝑝12
+  Slope of Mode A failure 

𝑝12
−  Slope of Mode B failure 

𝑛 Weakening factor for fiber failure – inter fiber failure interaction 

 

The way the parameters define the Puck’s inter fiber failure envelope and Puck’s biaxial 
failure envelope is illustrated in the following. The procedure to determine these param-
eters by the FE-Puck evaluation tool is described later in Chapter 4 and 4.2. 

In Figure 3 the effects of the leading strengths values – namely the longitudinal tensile 
and compressive strengths values 𝑆11

𝑡  and 𝑆11
𝑐 , the transverse tensile and compressive 

strengths values 𝑆22
𝑡  and 𝑆22

𝑐 , and the inter fiber shear strength 𝑅21
𝑠  – are illustrated by 

means of a stepwise increase of these values. Increasing strength values results in an 
overall widened inter fiber failure envelope without any effect on the envelope’s shape. 
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Regarding the biaxial failure envelope, however, increasing the strength values widen 
the envelope, but also increase the dependence of the transverse strength on the longi-
tudinal stress component 𝜎11 as long as the parameters 𝑛 in Equation (7) is kept constant. 

 

                        

(a) inter fiber failure envelope, i.e. cross sec-

tion of Figure 2a 

(b) biaxial failure envelope, i.e. cross section of 

Figure 2b 

 

Figure 3: Effects of the 
strength parameters on 
the failure envelopes. 

 
Figure 4 shows the influence of the shape parameters on the inter fiber failure envelope 
as well as on the biaxial failure envelope, based on constant strength values. Regarding 
the inter fiber failure envelope in Figure 4(a), the shape parameter 𝑝21

−   describes the 
envelope’s slope in the mode B section (𝜎22 < 0). Since there is a smooth transition from 
the mode C section to the mode B section, 𝑝21

−   also describes the envelope’s shape in 
the mode C section. The shape parameter 𝑝21

+   describes the envelope’s initial slope in 
the mode A section (𝜎22 ≥ 0) at 𝜎22 = 0. A smooth transition from the mode B to the 
mode A section is usually desired, i.e. the two parameters are equal 𝑝21

+ = 𝑝21
−  . 

 
Figure 4 (b) shows the influence of the transverse strength degradation in the biaxial 
failure envelope. Here, the least pronounced degradation curve (Low Shape Adjustment, 
very high exponent 𝑛 in (7)) results in a shape near a corresponding maximum stress 
criterion. 
 

                                       

(a) inter fiber failure envelope                                (b) biaxial failure envelope 
 

Figure 4: Effects of the 
shape parameters on the 
failure envelopes. 
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3   
Optimization Procedures for Parameter Estimation 

For the estimation of the Puck parameters two methods are available. The first one is a 
very simple estimation using the well-known method of least square optimization. The 
second method uses the so called maximum likelihood estimation. Within this second 
approach it is also possible to calculate a confidence Interval as well as to consider addi-
tional boundary conditions resulting in a conservative estimation. The theoretical details 
of the Maximum Likelihood estimation procedure is described in the following. 

3.1 Maximum Likelihood Estimation 

The principle of the maximum likelihood estimation is as follows [Aldrich1997]: By as-
suming a probability density function 𝜌(𝝈𝑖 , 𝛉) for the scatter of the experimental data 
𝝈𝑖 , 𝑖 = 1, … , 𝑛, the maximum likelihood method calculates the Puck parameters 𝛉 that 
most likely will result in the given experimental data. 
 
For this, the probability is measured by the so-called likelihood function 
 

 𝐿(𝛉; 𝝈) =  ∏𝜌𝑖(𝛉; 𝝈𝑖)

𝑛

𝑖=1

  (10) 

 
which is the joint probability of the 𝑛 independent measurements 𝝈𝑖 and 𝝈 is the array 
collecting all experimental data points. Note that in contrast to the probability density 
function itself, the Puck material parameters act here as the variable, whereas the meas-
urements are seen as the (fixed) parameters of the likelihood functions. Thus, the likeli-
hood function measures how likely the given experimental data will result from a prob-
ability density with statistical parameters 𝛉. 
 
An estimation for the Puck parameters is then simply obtained by maximizing the loga-
rithm of the likelihood function 
 

 𝛉 = argmax
𝛉∈𝒢

(ln(𝐿(𝛉; 𝝈)) =  argmin
𝛉∈𝒢

(−ln(𝐿(𝛉; 𝝈)) .  (11) 

In here 𝒢 is the space of (physically) admissible material parameters, and the logarithm is 
chosen for computational reasons since the product in Equation (10) becomes a summa-
tion which is computationally more stable. As a general boundary condition to the opti-
mization problem (11) it is required, that the slope of both, the Mode A and the Mode 
B failure condition is negative at 𝜎22 = 0, which is equivalent to 
 

 𝑝21
− > 0 and  𝑝21

+ > 0.  (12) 

 
Finally, to solve this optimization problem an additional assumption on the probability 
density function 𝜌(𝝈𝑖 , 𝛉) is required. In general, the user of this tool will have access to 
insufficient data to perform a statistic hypothesis test. But since the experimental data 
𝑥𝑖 , 𝑖 = 1, … , 𝑛 represent the measurements from uniaxial tensile tests and these are found 
to follow a normal distribution [Liang2018], the assumption that the test data follows a 
normal distribution is adopted here. 
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To solve the optimization problem a sequential least squares programming method com-
plemented with a basin-hopping approach, as provided by the “basinhopping” method 
together with the SLSQP method from the python scipy library, is used. Details of the 
implementation can be found in the scipy documentation. This optimization algorithm is 
chosen since it allows to find the global minima of constrained optimization problems 
considering the boundary conditions given in Equation (12) and (13). 
   
Figure 5 shows an example of the Puck failure envelope obtained by the maximum like-
lihood for the standard approach and the conservative approach described in the next 
section. 

3.1.1 Conservative Estimation 

As an additional variant of the previously described parameter estimation using the max-
imum likelihood approach, a conservative estimation procedure is applicable. This con-
servative procedure results in Puck material parameters that represent a strict lower 
bound of the experimental data. This is realized by further restricting the admissible pa-
rameter space 𝒢 by the constraint that the Puck criterion is larger or equal to 1 for all 
given experimental data points: 
 

 𝑓(𝝈𝒊) ≥ 1   ∀i = 1,… , n.  (13) 

 

   

(a) Puck failure envelope using the maximum 

likelihood method 

(b) Puck failure envelope using the maximum 

likelihood method together with the conserva-

tive boundary condition 
 

Figure 5: Comparison of 
the standard maximum 
likelihood method and the 
conservative approach 

 

3.1.2 Confidence Interval Calculation 

In addition to the estimation of the Puck parameter themselves, the likelihood approach 
is also applied to estimate the confidence interval of the estimated parameters. For this 

an 𝛼-confidence interval 𝐶𝐼𝑖 = [𝜃𝐿
𝑖 , 𝜃𝑈

𝑖 ] is calculated for every parameter 𝜃𝑖 such that this 
parameter lays within this interval with a probability of 𝛼: 
 

 𝑃(𝜃𝐿
𝑖 ≤ 𝜃𝑖 ≤ 𝜃𝑈

𝑖 ) =  𝛼.  (14) 

 
In this tool, the interval is calculated by applying the so-called Profile-Likelihood method 

[Ven88] which calculates upper and lower bounds 𝜃𝑈
𝑖  and 𝜃𝐿

𝑖  for every parameter 𝜃𝑖 
individually such that 

 𝐶𝐼𝑖 = [𝜃𝐿
𝑖 , 𝜃𝑈

𝑖 ] = {𝜃𝑖: 𝐿𝑃𝐿(Θ𝑖) − 𝐿(�̂�) ≤ 𝑞𝑘(𝛼)}  (15) 
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In here, �̂� is the solution (11), 𝑞𝑘(𝛼) is the (𝛼)th quantile of the 𝜒2 distribution for k 
degrees of freedoms and 𝐿𝑃𝐿(Θ𝑖) is the profile likelihood function for the parameter of 
interest 𝜃𝑖: 
 

 𝐿𝑃𝐿(Θ𝑖) = max
𝚯∈Ψ(Θ𝑖)

𝐿(𝚯).  (16) 

The latter is nothing else then the maximum likelihood problem where the parameter Θ𝑖 
is held constant. In the implementation Θ𝑖 according to (15) is found by incrementally 
increasing (decreasing) by Θ𝑖 = Θ𝑖 ± ℎ for the lower (upper) bound until a Θ𝑖 is found 
that fulfills  
 

 𝐿𝑃𝐿(Θ𝑖) − 𝐿(�̂�) ≤ 𝑞𝑘(𝛼).  (17) 

 
As a default value the tool tries to determine the 95% confidence interval (𝛼 = 0.95), 
however if the scatter of the experimental data is large, this can result in unphysical 
(negative) Puck material parameters, that are violating (12) or Puck material parameters 
that are resulting in failure envelopes that are crossing each other. In such a case 𝛼 is 
automatically reduced (until 𝛼 = 0.3) until upper and lower limits are found that result in 
physically admissible upper and lower limits.  
 

 

Figure 6: Maximum Likeli-
hood estimation of Pucks 
failure envelope together 
with the 55% confidence 
interval. 
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4  FE-Puck Evaluation Tool 

4.1 Getting Started 

4.1.1 Overview  

The FE-Puck evaluation tool consists of two individual modules. The first module, the 
Puck Estimator, is used to determine the Puck material parameters as a best fit to given 
experimental data. The second module, the FE-Processor, is used to run a structural in-
tegrity analysis using stress field data from the FE Solver MSC Nastran in the hdf5-file 
format (https://www.hdfgroup.org/solutions/hdf5/). For this, the Puck Failure criterion is 
evaluated for all elements (or certain subsets with user specified materials ids) and the 
resulting margin of safety is stored in an amended version of the h5 FE Results File given 
from MSC Nastran. This file can then be used to further post-process the margin of safety 
using the post-processor Patran or by Python using the h5py package. Additionally, a csv 
output file (the Margin of Safety File) is generated summarizing the Margin of Safety as 
well as the most critical failure mode according to Chapter 2.2. 
 
Both modules, the Puck-Estimator and the FE-Processor, can be executed individually or 
sequentially whereas in the latter case the output from the Puck estimator, namely the 
estimated Puck material parameters, are automatically used to run the structural failure 
analysis. The dataflow for both, the full analysis using both modules and the individual 
use of one of the tools is illustrated in Figure 7. If temperature dependency needs to be 
considered, either the experimental data (as an input for the Puck-Estimator) or the Puck 
material parameters (as an Input for the FE-Processor) needs to be given for several tem-
peratures. If either of these datas is given for (at least) 2 temperatures, the Puck-Estimator 
interpolates (or extrapolates) the data for the required temperatures during the calcula-
tion of the margin of safety considering the Temperature field data from the FE Result. 
 
 

 

Figure 7: Data flow FE 
Puck evaluation tool, the 
colors refer to Input 
(green), processing (yel-
low) and output (blue). 
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4.1.2 Installation for users 

Unpack the zip folder to your preferred folder. The tool itself can be found in the sub-
folder \bin subfolder (see next section). Since the tool is started from the command 

window you might want to add the folder to your PATH variable of your system to easy 
access the tool from every folder. 

4.1.3 Running the Tool from the Command Line 

The tool is started from the command line by running PuckFailure.exe from the 

folder \bin, or if you added this folder to the PATH variable by simply running Puck-

Failure.exe. The Job-File with the defined job parameters is referred to by the --

job argument: 

 
your_installation_path\bin\PuckFailure --job=your_job_file.job 

 
Additional (optional) parameters are: 
 

--work: Predefines the working directory where all results are stored, default is 

current-directory/results 
 
--estimator or --e: executes only the Puck Estimator tasks 

 
--feproc or --f: executes only the FE Processor tasks 

 

4.1.4 The Job-File 

The tasks that need to be executed from the Puck tool are defined in a *.job file. The 

general structure of such a job file is shown in Fehler! Verweisquelle konnte nicht g
efunden werden.. In here, different, consecutive or non-consecutive, tasks can be de-
fined. Every task, always starts with a task name in square brackets [task-name], fol-

lowed by the definition of the task by the keyword task. Two tasks are implemented in 

the tool, which can be activated by assigning the task value puck-estimator or fe-

processor to the task keyword.  

 
For the Puck Estimator the input needs to be supplemented with a link to a *.yaml file 

by the keyword exp_data containing the relevant experimental data (see Section 

4.2.2).  
 
For the fe_processor task, the Puck parameter file parameters (see section 4.2.3 and 

4.3.2) in the yaml-format and the FE results file in hdf5-format (.h5) are used as input. 
The Puck Parameter File is referenced via the puck keyword of the task. This file can be 

created by a previous performed puck-estimator task or by hand. The FE Results File is 
generated by MSC Nastran by a static analysis with a model containing composite lami-
nate elements of which the properties are defined with PCOMP property cards. The FE 
Results File is referenced through the fe_data keyword of the fe-processor task. 

 
The example in shown in Fehler! Verweisquelle konnte nicht gefunden werden. is a
 minimal working example, further (optional) keywords are available to control the exe-
cution and the output of the Puck Tool. These are detailed in Section 4.2.1 for the Puck 
Estimator and in Section 4.3.1 for the FE Processor. 
 



Fraunhofer IWM 

Karlsruhe Institute of Technology 

 User's Manual of Puck Analysis 

Tool  

 European Space Agency  15 | 35 

 

FE-Puck Evaluation Tool 

 
 

 

 

Figure 8: Structure of the 
Job File defining the dif-
ferent tasks that should 
be executed from the Puck 
Tool. Here four tasks (two 
Puck Estimators and two 
FE-Processors) with differ-
ent input data are de-
fined. 

 

4.1.5 The Log file 

All diagnostics during the execution of the tool are logged in the log-file. The log file 
contains an echo of the provided job-file and any warning of error messages. The devel-
opers tried to complement the error message as good as possible with instructions on 
how to solve the problem. The log-file gets the name of the job file in which the file 
name extension of the job-file is replaced with ".log". 
 
4.1.6 Output Storage and Naming Convention 

By default, all output data generated by the Puck Tool is stored in a (possible new gen-
erated) subfolder ‘/Results’ stored in the current working directory. In here the re-
sults are further sorted according to the task names specified in square brackets (See 
Section 4.1.4). As an alternative a non-default result folder can be specified by the key-
word results (See Section 4.2.1.9 and 4.3.1.8).  

 
The files themselves are either named according to the task name (with additional infor-
mation as a suffix) for the Puck estimator or according to the given h5 FE Stress Data File 
used for the failure analysis with the FE Processor (with the suffix _puck). In the latter 
case a copy of the FE Stress Data File is generated to ensure that existing FE results are 
not affected in case the program evaluation is interrupted or fails (which of course should 
never happen).  
 
If any result file already exists in the specified (or default) result folder, for example from 
a previous run, the existing file is renamed with an appending ‘_V1’. If this also exists, 

the file is renamed with ‘_V2’ and so forth. By this, the newest result file never has an 

appending ‘_Vx’ whereas the older files are sorted with increasing version numbers. 

4.2 The Puck Estimator 

The purpose of the Puck estimator is to determine the Puck failure envelope material 
properties based on given experimental data. The following sub-sections describe the 
keywords to control the execution of the Puck Estimator task. The Puck Estimator task 
can be activated by assigning the value puck_estimator to the keyword "task". 

 

4.2.1 Input - Job-File  
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4.2.1.1  Keyword task 

Keyword task (mandatory) 

Description Defines the task to be executed from the Puck Tool  

Restrictions Requires experimental data, either referred by the exp_data key-
word 

Allowed values  

puck_estimator Estimates the Puck material parameter based on the given experi-
mental data. Data must be provided by the exp_data keyword 

 
4.2.1.2 Keyword exp_data 

Keyword exp_data (mandatory) 

Description Specifies the Experimental Data File with the experimental data 
used to estimate the Puck material parameters. See Section 4.2.2 
for details on the Experimental Data File format 

Restrictions - 

Allowed Values  

Filename The filename of the Experimental Data File. This file is expected 
to be in the current directory 

Relative Path A relative path to the Experimental Data File, for example: ‘in-
putdata/dataset1/expData_t1.yaml’ 

Absolute Path An absolute path to the Experimental Data File, for example: 
‘D:/inputdata/dataset1/expData_t1.yaml’ 

 

4.2.1.3 Keyword excl_data 

 

Keyword excl_data (optional) 

Description This keyword specifies the experimental data to be excluded for 
the parameter estimation procedure 

Restrictions - 

Allowed Values  

List A list of experimental data points to be excluded in the format  
 

Temperature:{ID1,ID2,…} 

 
Example 1: 
The experimental data points at temperature 4.2K with IDs 
10,17,55 are excluded by  
 

excl_data = 4.2:{10,17,55} 

 
Example 2: 
The experimental data points at temperature 4.2K with IDs 
10,17,55 and the experimental data points at temperature 295K  
with IDs 4,17,22 are excluded by 
 

excl_data = 4.2:{10,17,55},295:{4,17,22} 

 

Range If the data to be excluded is a consecutive list, the IDs can also be 
defined in a numpy.arange() style. The format is  
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Temperature:{first-ID (inclusive), last-ID 

(exclusive): increment (default=1)} 

 
Example: 
The experimental data points at 4.2K with IDs 5,6,7,8,9,10 can 
be excluded by 
 

excl_data = 4.2K:{5,11} 

 

 

4.2.1.4 Keyword add 

Keyword add (optional) 

Description The add keyword specifies an existing Puck Failure Envelope File 

of which the data will be added to the Puck failure envelope data 
that is going to be generated in the current run. 
 
The Experimental Data File may contain test data for a certain 
temperature and at the same time the referenced Puck Parame-
ter File also contains a failure envelope for the same temperature.  
If these two Puck failure envelopes have the same estimation 
type (see keyword est_type), the Puck failure envelope will be 

regenerated and the existing Puck failure envelope from the ref-
erence Puck Parameter File will not be used. 

Restrictions - 

Allowed Values  

filename The Experimental Data File, this file is expected to be in the cur-
rent directory 

relative path A relative path to the Experimental Data File, for example: ‘in-
putdata/dataset1/expData_t1.yaml’ 

absolute path An absolute path to the Experimental Data File, for example: 
‘D:/inputdata/dataset1/expData_t1.yaml’ 

 

4.2.1.5 Keyword est_type 

Keyword est_type (optional) 

Description Selects the algorithm to be used for the Puck parameter estima-
tion. 

Restrictions The chosen algorithm is only applied for the estimation of the in-
tra-fiber failure material parameters (see Equation (4)). The pa-
rameters for the fiber failure mode (𝑆11

𝑡  and 𝑆11
𝑐 ) are simply calcu-

lated as the mean value (MLE, LSE) or as the minimum value 

(conservative) of the corresponding tensile and compression 

test data. The same holds irrespective of the chosen failure type 
(keyword failure_type). 
 
The interaction parameter 𝑛 is not estimated by any of the imple-
mented algorithms, if needed, 𝑛 can be added by hand using a 
text editor. 

Allowed Values  

MLE (default) Use the maximum-likelihood estimation procedure 

LSE Use the least-square estimation procedure 
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conservative Use the maximum-likelihood estimation procedure with the addi-
tional constraint that the resulting Puck value for all provided 
data points must be greater than one, i.e. all experimental data 
points must lay outside of the resulting Puck failure envelope. 

 

4.2.1.6 Keyword failure_type 

Keyword Failure_type (optional) 

Description Specifies for which type of failure(s) (i.e. Intra-fiber failure, fi-
ber failure or both together) the Puck parameters should be 
estimated.  

Restrictions A routine to determine both, the intra fiber failure and the fi-
ber failure together with the interaction parameter 𝑛 (see 
Equation (7)) is not available. Thus the parameter value 
iff_weak is only available for the FE Processor and not for 

the Puck Processor (see Section 4.3.1.5). 

Allowed Values  
FF_only Only the parameters (𝑆11

𝑡  and 𝑆11
𝑐 ) for the fiber failure mode 

are estimated (see Equation (1)).  

IFF_only (default) Only the parameters for the intra fiber failure mode 
(𝑆22
𝑐 , 𝑆22

𝑡 , 𝑆12
𝑠 , 𝑝12

+ , and 𝑝12
− ) are estimated (see Equation (4)). 

IFF_FF Both the parameters (𝑆11
𝑡  and 𝑆11

𝑐 ) for the fiber failure mode 
and the parameters for the intra fiber failure modes 
(𝑆22
𝑐 , 𝑆22

𝑡 , 𝑆12
𝑠 , 𝑝12

+ , and 𝑝12
− ) are estimated (see Equation (1) and 

(4)). 

 

4.2.1.7 Keyword confidence 

Keyword confidence (optional) 

Description Specifies if a confidence interval should be calculated. The upper 
and lower limits of the confidence interval is added as a new sec-
tion (CONFIDENCE_LOWER-BOUND and CONFIDENCE_UPPER-

BOUND) to the Puck Parameter File. Furthermore the limits are 

added to the resulting failure envelope plots. 

Restrictions The confidence interval calculation is only available for the maxi-
mum likelihood estimation procedure (est_type=MLE). 

 
By default, the tool aims at calculating the 𝛼 = 95% confidence 
interval. If the scatter of the given experimental data is large this 
might fail and result in unphysical bounds (see Section 3.1.2 for 
details). In that case the tool automatically reduces 𝛼 and restarts 
the confidence interval estimation. If 𝛼 becomes smaller then 
50% this iterative procedure is stopped and the confidence inter-
val calculation is terminated. 

Allowed Values  
true Confidence interval is calculated 

false (default) Confidence interval is not calculated 

 

4.2.1.8 Keyword plot_info 

Keyword plot_info (optional) 
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Description Selects the additional information to be added to the resulting 
Puck failure envelope plots 

Restrictions - 

Allowed Values  
ID The ID, as provided by the Experimental Data File, is printed next 

to the plotted experimental data points. This helps to identify ex-
perimental data points to exclude from the estimation by the 
keyword excl_data 

Puck The resulting Puck values are printed next to the experimental 
data points 

false (default) No additional information is added to the plot 

 
4.2.1.9 Keyword results 

Keyword results (optional) 

Description Specifies a path to the result directory where the output data is 
stored. If no path is provided a new directory “Results” is created 
where a subfolder, labelled with the taskname specified in the 
Job File, is created for every task of the current job. 

Restrictions - 

Allowed Values  

relative path A relative path to the result directory, for example: ‘output-
data/myResults’. 

Use ‘./’ to save the results in the current directory 

absolute path An absolute path to the result directory, for example: 
‘D:/failure-analysis/outputdata/myResults’ 

 

4.2.2 Input - the Experimental Data File 

The experimental data for the Puck estimation tool is given by a hierarchic yaml file which 
is structured as shown in Figure 9. It consists of 3 levels, whereas each sub-level needs 
to be indented by two preceding spaces.  
 
The first level specifies the temperature in Kelvin, this block can be repeated several times. 
In case there exists more than one temperature block the parameter estimation is exe-
cuted for every temperature individually. 
 
The second level specifies the experiment type. Here a number between 0 and 90 (de-
grees) can be given specifying the fiber orientation with respect to the loading axis. Al-
ternatively, one can specify experimental data from a shear experiment by the keyword 
Shear. 
 
The third level specifies an experiment ID together with the corresponding experimental 
value (failure stress). The given experimental IDs within a temperature block must be 
unique but not necessary consecutively numbered. 
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Figure 9: Structure of the 
Experiment Data File spec-
ifying the experimental in-
put for the Puck estima-
tion procedure 

 

4.2.3 Output – the Puck Parameter File 

The output is stored in the same yaml file format as the experimental data is given as an 
input (Section 4.2.2). Again, the result is organized in three levels whereas each sub-level 
needs to be indented by two preceding spaces (Figure 10). The first level specifies the 
temperature, the second level specifies the applied estimation type (MLE, LSE, CON-
SERVATIVE or CONFIDENCE_LOWER-BOUND and CONFIDENCE_UPPER-BOUND for the 
confidence intervals). The parameter declaration is as summarized in Section 2.4. 
 
This Puck Parameter File, as generated by the Puck Estimation tool can be directly used 
as an input for the FE-Evaluation Tool (see Section 4.3 and 4.3.2) without any additional 
changes. 
 

 

Figure 10: Structure of the 
Puck Parameter File con-
taining the estimated Puck 
parameters 

 

4.2.4 Output – the Puck Failure Envelope plot and the Puck envelope data 
file 

Beside the Puck parameters written to the Puck Parameter File explained in Section 4.2.3, 
a plot of the resulting failure envelope in the  𝜎22, 𝜎12-space in generated for every esti-
mated Puck parameter set. Additionally the underlying experimental data is added to the 
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plot and, if requested by the keyword plot_info, the corresponding Puck value (Equa-

tion (4)) or the experiment id from Experimental Data File is plotted next to the data 
point. 
 
In addition to the Puck failure envelope plot, the failure envelope data is written to the 
Failure Envelope Data File as discrete data point in the 𝜎22, 𝜎12-space. 

4.3 The FE Processor 

The purpose of the FE Processor is to post-process numerical results from the FE tool 
MSC Nastran. For this the FE Stress Data File with the file name extension ".h5" is read 
by the tool and the margin of safety is calculated for laminate composite elements of 
which the properties are defined with PCOMP cards, or only for specified parts (see key-
word mat_id in Section 4.3.1.4). The margin of safety is then stored in a copy of the FE 

Stress Data File under the variable “failure_index”. Additionally the csv Margin of Safety 
File , giving the margin of safety for every element together with additional information 
on the failure mode (mode A,B,C from Equation (4)), is generated. 

 
4.3.1 Input - Job-File 

4.3.1.1 Keyword task  

 

Keyword task (mandatory) 

Description Specifies the task to be executed from the Puck Tool  

Restrictions FE results must be provided by the keyword fe_data and Puck 

parameters by the keyword puck 

Allowed values  

FE-Processor Evaluates the margin of safety for given finite element results and 
Puck parameters.  

 

4.3.1.2 Keyword fe_data 

Keyword fe_data (mandatory) 

Description Specifies the FE Stress Result File containing the finite element re-
sults to be post-processed   

Restrictions The provided FE Stress Result File must contain finite element re-
sults created by the MSC Nastran solver. In addition, the FE Stress 
Result File must contain stress data calculated by one of the fol-
lowing composite elements: 
 
                            cquad4, cquad8, ctria3, ctria6 
 
The tool has been tested with results generated by the MSC Nas-
tran Solver version 2021. Other Versions (newer and older) might 
work as well but were not tested. 

Allowed values  

filename The filename of hdf5 FE Stress Result File, this file is expected to 
be in the current directory 

relative path A relative path to the FE Stress Result File, for example:  
‘inputdata/dataset1/myFE-Results.h5’ 

absolute path An absolute path to the FE Stress Result File, for example:  
‘D:/inputdata/dataset1/myFE-Results.h5’ 
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4.3.1.3 Keyword puck 

Keyword puck (mandatory) 

Description Specifies one or more Puck Failure Envelope files containing the 
required parameters to describe the failure envelopes to be ap-
plied. For each material used by the plies of which the integrity 
has to be verified a Puck Failure Envelope file has to be provided. 
These input files can be generated by hand or can be obtained as 
an output from the Puck estimator (see Section 4.2.3). 
 
Note: if the Puck Parameter File is generated from a previous task 
in the same job file, the location where the Puck Parameter File is 
stored from this previous job needs to be specified a priori. This 
can be either the default path (generated in the current directory 
as ‘/results/<<taskidenitifier>>’) or the path speci-
fied by the result keyword (see Section 4.2.1.9). 

Restrictions If multiple Puck Parameter Files are given (see the List option be-
low) these should be in the same order as the material ids speci-
fied via the mat_ids keyword. For material ids used in compo-

site laminates in the FE model, but not referenced by the key-
word mat_ids, a warning will be printed and the margin of 

safety for elements with the missing material ids are evaluated to 
NaN. 

Allowed values  

filename The filename of the Puck Parameter file, this file is expected to be 
in the current directory 

relative path A relative path to the Puck Parameter File, for example: ‘puck = 
inputdata/dataset1/myPuckData.yaml’ 

absolute path An absolute path to the Puck Parameter File, for example: ‘puck 
= D:/inputdata/dataset1/myPuckData.yaml’ 

List If different Puck datasets should be used for different materials 
(see above) a list of Puck Parameter Files can be provided, for ex-
ample: 
‘puck = inputdata/myPuckData-mat1.yaml, 

        inputdata/myPuckData-mat2.yaml, 

        inputdata/myPuckData-mat3.yaml’ 

 

the items in the list do not necessarily need to be unique (can 
contain repeated datasets) if different material ids need to be 
evaluated based on the same Puck parameters. 

 

4.3.1.4 Keyword mat_ids 

Keyword mat_ids (mandatory) 

Description Is used to relate the given Puck Parameter Files sets (keyword 
puck) to material ids used in the Nastran FE Model 

Restrictions For material ids used in composite laminates in the FE model, but 
not referenced by the keyword mat_ids, a warning will be 

printed and the margin of safety for elements with the missing 
material ids are evaluated to NaN. A reason for not including a 
material id in the list can be that this corresponding material is 
not UD fiber composite. 

Allowed values  
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Number If only a single Puck Parameter File is given by the puck keyword, 

a single material id is expected. 

List If multiply Puck Parameter Files are given, the same number of 
material ids need to be given in the order corresponding to the 
order of the Puck Failure Envelope files specified via the puck 

keyword. The nth material id is considered to correspond to the 
nth Puck Failure Envelope file. 

 
4.3.1.5 Keyword failure_type 

 

Keyword failure_type (optional) 

Description Specifies which failure type will be used for the integrity evalua-
tion. 

Restrictions Depending on the chosen failure type different Puck material pa-
rameters are required in the Puck Parameter File (Section 4.3.2), 
these are specified below. If a parameter is missing an error will 
occur, if additional parameters are given that are not required by 
the chosen failure type a warning will be printed to the log file. 

Allowed values  
FF_only The margin of safety is calculated with respect to the fiber failure 

mode only (see Equation (1)). Required parameters are S11T and 
S11C (𝑆11

𝑡  and 𝑆11
𝑐 ) 

IFF_only (de-

fault) 

The margin of safety is calculated with respect to the intra fiber 
failure mode only (See Equation (4)). Required parameters are 
(𝑆22
𝑐 , 𝑆22

𝑡 , 𝑆12
𝑠 , 𝑝12

+ , and 𝑝12
− ). 

IFF_FF The margin of safety is calculated for both, the fiber failure see 
(Equation (1)) and the intra fiber failure mode (Equation (4)) and 
the most critical of these is given as an output. Required parame-
ters are (𝑆11

𝑡 , 𝑆11
𝑐 , 𝑆22

𝑐 , 𝑆22
𝑡 , 𝑆12

𝑠 , 𝑝12
+ , and 𝑝12

− ) 
IFF_weak The margin of safety is calculated for both, the fiber failure and 

the intra fiber failure mode whereas for the intra fiber failure 
mode the interaction (weakening) with the fiber failure mode is 
activated (Equation (7)). Again the margin of safety of the most 
critical mode is given as an output. 
 
Required parameters are 𝑆11

𝑡 , 𝑆11
𝑐 , 𝑆22

𝑐 , 𝑆22
𝑡 , 𝑆12

𝑠 , 𝑝12
+  and 𝑛 whereas 

if the Puck parameters are obtained from the Puck estimation 
tool, the interaction exponent 𝑛 is not estimated and need to be 
added by hand using a text editior. 

 

4.3.1.6 Keyword est_type 

Keyword est_type (optional) 

Description Specifies which Puck parameters should be used 
from the Puck Parameter File (see Section 4.3.2) 
based on the algorithm that was used to estimate 
the parameters  

Restrictions If this keyword is not provided the tool tries to load 
the Puck parameters according to the following or-
der: 
 
MLE, 
LSE, 
conservative, 
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confidence_lower-bound, 
confidence_upper-bound  

Allowed Values  

MLE (default 1) Use the Parameter obtained by the maximum-likeli-
hood estimation procedure 

LSE (default 2) Use the Parameter obtained by the least-square esti-
mation procedure 

Conservative (default 3) Use the Parameter obtained by the maximum-likeli-
hood estimation procedure with the additional con-
straint that the resulting Puck value for all provided 
data points must be greater than one, i.e. all experi-
mental data points must lay outside of the resulting 
Puck failure envelope. 

confidence_lower-bound 

(default 4) 
Use the parameter obtained as a lower confidence 
bound if the confidence interval calculation was ac-
tivated (and successful) by the keyword confidence 
(see Section 4.2.1.7) 

confidence_upper-bound 

(default ) 
Use the parameter obtained as a upper confidence 
bound if the confidence interval calculation was ac-
tivated (and successful) by the keyword confidence 
(see Section 4.2.1.7) 

 

4.3.1.7 Keyword def_temp 

 

Keyword def_temp (optional) 

Description By this keyword a temperature (in Kelvin) can be specified for the 
whole provided FE Model in case the temperature is not specified 
in the FE Stress Data File. This temperature is used to choose the 
related material properties from the provided Puck material prop-
erties.  

Restrictions If no dataset exists for the specified temperature the tool tries to 
interpolate (or extrapolate) the material properties from the given 
data. This requires that at least two Puck datasets are provided in 
each of the Puck Parameter files from which an interpolation is 
possible. 
 
If the temperature is neither specified in the FE Stress Data File 
nor specified by this keyword, a warning is printed to both the 
log file and the screen and room temperature (296.15K) is as-
sumed for the whole model. 
 
If in turn, the temperature is provided by the def_temp key-

word and defined in the FE Stress Data File, the temperature in 
the FE Stress Data File is preferred and the temperature provided 
by the def_temp keyword is ignored. 

 
Note that when temperature fields are provided in the FE Stress 
Data File for each subcase for which stress values for each ele-
ment are included as well, then the element temperature is com-
puted by averaging the temperatures at the connected FE nodes. 
This average temperature is used to interpolate the Puck failure 
envelope parameters. 

Allowed Values  

temperature value  
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4.3.1.8 Keyword results 

Keyword results (optional) 

Description Specifies a path where the output data is stored. If no path is 
provided a new directory “Results” is created where a subfolder, 
labelled with the taskname specified in the Job File, is created for 
every task of the current job. 

Restrictions  

Allowed Values  

relative path A relative path, for example: ‘outputdata/myResults’. 

Use ‘./’ to save the results in the current directory 

absolute path An absolute path, for example:  
‘D:/failure-analysis/outputdata/myResults’ 

 

4.3.2 Input – the Puck Parameter File 

The Puck material parameters as provided by the puck keyword for the FE evaluation 

tool are given in the same way as the estimated Puck material parameters are generated 
as an output from the Puck estimation tool, see Section 4.2.3 for a detailed description 
of the Puck Parameter File. 

4.3.3 Input – the FE Stress Data File  

The FE Results to be post-processed by the FE evaluation tool need to be provided (by 
the keyword fe_data) as an hdf5 file generated from MSC Nastran 2021 or newer.  

4.3.4 Output – the Extended FE Results file 

A copy of the provided FE Stress Data File is generated. This copy is extended with the 
variable “failure_index” which contains the margin of safety for all elements with the 
requested material ids. This file is generated such that it can be visualized by the Nas-
tran post-processor in the same way as the original (input) file. 
 
If necessary this file can also be manually inspected for example by the hdfViewer (HDF® 
View - The HDF Group) or the Python h5py package. 
 
Figure 11 shows the data structure of the margin of safety data in the “failure_index” 
variable which can be found in the Extended Fe Stress Data File under [‘NASTRAN’][‘RE-
SULT’][‘ELEMENTAL’][‘FAILURE_INDEX’]. In here the margin of safety is given as “FP” 
for every domain “DOMAIN_ID’ every element “EID” and every laminate layer 
“LAMID”. The minimum Margin of Safety over all layers in one element is given by the 
“FMAX” variable in the corresponding laminate layer. The remaining variables “FM”, 
“FB” and “FFLAG” do not have any meaning. 

https://www.hdfgroup.org/downloads/hdfview/
https://www.hdfgroup.org/downloads/hdfview/
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Figure 11: The margin of 
safety data as stored in 
the hdf5 result file as vari-
able “failure_index” 

 

4.3.5 Output – the Margin of Safety File 

In addition to the Extended Result File, the margin of safety is written to the csv Margin 
of Safety File (Figure 12), whereas the structure is basically the same as in the hdf5-file 
with the only difference that here also the leading (critical) failure mode (IFF_A,IFF_B, 
IFF_C or FF_compr and FF_tensile) is given. 
 

 

Figure 12: Alternative csv 
output of the margin of 
safety with the additional 
information on the failure 
mode 

 

4.4 Examples 

In the following some examples are described and further discussed to illustrate the pos-
sible ways to use the Puck Evaluation tool. The corresponding example files can be found 
in the subfolder ‘/examples’. 
 

4.4.1 Example 1 – Minimal working example Puck Estimator 

The Job File of the first example is shown in Figure 1, besides the task and the experi-
mental data no further keywords are used. As experimental input datasets for two tem-
peratures (4.2K and 295K) are specified. Both contains several datapoints for tensile and 
compression experiments for different fiber orientations (0°,15°,30°,60°,75° and 90°) as 
well as some datapoints from shear experiments. 
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(a) (b) 
 

Figure 13: Job File of Ex-
ample 1 (a) and example 2 
(b) 

 
As a result the Puck Material parameters for the inter-fiber failure modes (Mode A,B and 
C) are obtained applying the default maximum likelihood estimation (mle) method. The 
parameters are stored according to the temperature in the corresponding Puck Parame-
ter File that can be found under ‘./Results/example-1/example-1_Esti-

mated_Puck.yaml’.  As a further output, plots are generated showing the resulting 
failure envelope together with the experimental data points (see Figure 14). 
 

 

 

 

 

(a) (b) 
 

Figure 14: Example 1 - The 
resulting Puck Parameter 
File giving the Puck mate-
rial parameters for two 
temperatures (a) and the 
failure envelope Plots to-
gether with the experi-
mental data points (b) 

 

4.4.2 Example 2 – Minimal working example FE Processor 

In the second example (Job File shown in Figure 13) the previously generated Puck ma-
terial parameters are used for an integrity analysis using FE results provided by the key-
word fe_data. The temperature used for this evaluation is defined in the FE Stress Data 

file as 20°C, the Puck failure envelope data are therefore interpolated by the FE Processor 
using the provided temperature sets for 4.2K and 295K. The Extended FE Stress Data File 
is found in ‘/Results/example-2/example-2_Puck.h5’ containing a new data block 
‘failure_Index’ giving the margin of safety as the variable ‘FP’. The minimum Mar-

gin of Safety over all plies for every element is provided in the ‘FMAX’ variable. Almost 
the exact same information is written to the csv Margin of Safety File for direct access or 
further (simplified) post-processing. However, the Margin of Safety File also provides the 
respective critical failure mode. 
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(a) 

 

(b) 
 

Figure 15: Example 2 – Re-
sults as given in dataset 
‘failure_index’ in the Ex-
tended Fe Stress Data File 
(a) and results given in the 
csv Margin of Safety File 
(b). Both are here shown 
only for element 1 and 2. 

 

4.4.3 Example 3 – More sophisticated example 

 
In the third example the Puck Estimator task is combined with a corresponding consec-
utive integrity analysis using the FE Processor. For this, in the first step the Puck material 
parameters including both fiber failure and inter-fiber failure (keyword failure_type 

= IFF_FF) are estimated for two different materials using two different material da-

tasets (mat-1 and mat-2). Here the conservative approach (keyword est_type=con-

servative) is chosen which results in a Puck failure envelope not including any exper-

imental datapoints (see Figure  Figure 17). 
 
In a third task [example-3-fe-eval] the estimated Puck parameters are then used 
as an input for a failure analysis. Using the keywords puck and mat_ids the first ma-

terial (mat-1) is associated with the material id 20 used in the Nastran FE analysis and the 
second material (mat-2) is associated with the material id 30 used in the Nastran FE anal-
ysis. For material ids 10 and 110 (also specified in the FE analysis) no Puck material da-
tasets are provided, thus elements with these material ids are ignored in the analysis and 
the margin of safety is set to NaN. 
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Figure 16: Example 3 – 
Job-file containing differ-
ent consecutive tasks 

 

 

(a) 

 

(b) 
 

Figure 17: Example 3 – Re-
sulting failure envelope 
for material 1 (a) and 2 (b) 
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5  Experimental Material Characterization 

5.1 Characterization procedure 

Material testing under quasi-static conditions using coupon type specimens under ten-
sion, compression and shear conditions is the most basic means of material characteri-
zation. When considering cryogenic conditions, the specimens are usually tested in a 
liquid nitrogen environment (77 K) or in liquid helium (4 K). In rare cases, also gaseous 
cryogenic helium environments have been used in order to achieve temperatures be- 
tween 4 K and 77 K [Riz06].  
 
Testing of specimens in liquid nitrogen and helium environments requires the design and 
availability of properly insulated vessels covering the entire test set-up. In order to keep 
the volume to be kept at cryogenic temperatures as small as possible for insulation pur-
poses and in order to use as few cooling medium as possible, small scale specimens are 
used in most cases, rather than standard ISO type specimens for fiber reinforced plastic 
materials with dimensions in the range of up to 250 mm x 25 mm for tensile experi-
ments. Nevertheless, similar strip or dog-bone like specimen geometries are used in gen-
eral (e.g. [Kum05]). In order to achieve more complex local loading situations, notched 
tensile specimens with otherwise unchanged external geometries are used in most cases 
[Mor83].  
 
The material characterization of FRP materials in the cryogenic regime in principle follows 
similar rules as they are established for material characterization at ambient tempera-
tures. Nevertheless, the exposure of specimens and test rigs to cryogenic temperatures 
implies distinct challenges in the design of the experiments.   
 

Considering the available space in the cryogenic test rig, experiments are often 
performed on specimens with reduced dimension compared to the standard test 
specimen sizes such as e.g. ISO 527-5 [ISO527-5] for tensile, ISO 14126 
[ISO14126] for compressive or ASTM D5379/D5379M [ASTMD5379] for shear 
testing. Nevertheless, the test and evaluation procedures described in the stand-
ards should be followed as far as possible. The overall dimensions are mostly 
limited by the available material. Here some recommendations are given that 
yield good mechanical results to be implemented as input parameter. The di-
mensions given in this case are related to a 3 mm thick plate. 
 
The tensile experiments within the fiber direction can be performed on strip-like 
specimens, e.g. with a nominal cross section of 8 mm × 1 mm and a length of 
150 mm (see Figure 18b). For the tensile experiments perpendicular to the fiber 
direction as well as all off-axis tensile experiments, a dog bone specimen geom-
etry with a nominal cross section of 8 mm × 1 mm according to Figure 18a is 
possible. Care should be taken to avoid cap strip failures under test. 
 
Experiments in compression can be performed on short rectangular specimens 7 mm in 
width and 10 mm in length, compere to Figure 18c. This geometry, to be tested between 
two parallel compression plates, was chosen in order to avoid the necessity to cool a 
massive alignment device (Celanese device or similar) down to cryogenic temperature 
and thus to avoid possible problems with friction in the sliding parts of the test rig. The 
specimens need to be chosen as small as possible to avoid any buckling, but large enough 
that the thermal stresses can fully develop. Moreover, the specimen needs to be large 
enough to allow stress concentrations in the boundary regions to decay in a way that 
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they do not predominate the mechanical response. Such stress concentrations are ex-
pected to occur in the contact region between the specimen and the fixture due to fric-
tion.  

 

 
 

 

 

(a) (b) (c) (d) 
 

Figure 18: Specimen ge-
ometries to determine rel-
evant stress values:  
a) tensile (dog-bone) or b) 
tensile strip sample; c) 
compression; d) shear. 

 
Shear experiments were performed by using the double slitted tensile specimen geome-

try according to Figure 18d with a test section of 11 mm × 3 mm. This has also the ad-
vantage that the same facility can be used as for the tensile tests. Further the limitations 
imposed by cryogenic testing for standard Iopescu, shear rail or picture frame tests can 
be avoided. Since the specimen geometry might be rather sensitive to damage during 
specimen preparation and test set-up, a geometry with a longer test section is recom-
mended, e.g. 11 mm up to 20 mm. Furthermore, the test section should be protected 
by a clamping system during test set-up, to avoid pre-damage. 
 
Manufacturing of specimens from available plates can be done by water jet cutting. The 
specimens should be supplied with cap-strips where applicable to avoid any damage of 
the material resulting from the clamping. All specimens loaded in tension can be fixed 
to the test rig by a mechanical clamping system. The specimens loaded in compression 
can be attached between two parallel compression plates without further fixtures or 
guiding devices. To obtain a comprehensive set of input parameters mechanical tests 
should be performed at ambient temperature as well as in the cryogenic regime, e.g. at 
4.2 K using a liquid Helium environment. Other temperature levels like 77 K with liquid 
Nitrogen can be used if applicable. The choice of the environment derives from the ad-
vantage that liquid environments at their boiling point provide an inherently constant 
temperature during the test. Compared to other cryogenic liquids, liquid Helium has the 
advantage of providing a test temperature close to the absolute zero temperature and 
of safe handling.  
 
It is recommended to investigate the effect of thermal preloads independently from the 
mechanical loading by selected specimens that are cooled down to 4.2 K and re-heated 
to ambient temperature without any mechanical load and subsequently tested at ambi-
ent temperature.  
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Due to the encapsulated test device and the cryogenic temperature, strain measurements 
with standard tactile strain gauges or optical systems are at least problematic. For this 
purpose, customized strain measurement systems are required, an example is shown in 
Fig. 2b [Nyi05].  
 
Using a mechanical wedge clamping system compatible with cryogenic temperatures, 
specimens are tested under quasi-static conditions under cross-head displacement con-
trol in an electromechanical testing machine till failure. The applied cross-head velocity 
is recommended to be 1 mm/min. During the tensile and compressive experiments, the 
applied cross head displacement, resulting force and resulting strain as acquired by 
means of a clip-on extensometer can be continuously recorded. In the shear experiments, 
only the cross-head displacement and the resulting force is sufficient. 
 
To avoid pre-damage due to the cooling, the cool down of the specimen to cryogenic 
temperature should be done at a moderate rate of about 1.2 K/min with a holding phase 
for about 30 min at 4.2 K prior to mechanical loading. 
 

  

(a) (b) 
 

Figure 19:. On the left a 
test configuration also 
suitable for cryogenic use, 
showing a mounted ten-
sile specimen. On the right 
side the detailed view of a 
mounted specimen with 
an attached clip-on exten-
someter to measure the 
strain during loading 

 
 

5.2 Stress-strain response 

 
The experiments should be evaluated following standard procedures in terms of the en-
gineering stress σ obtained from the resulting force and the original cross section as well 
as the engineering strain ε computed from the extensometer elongation and the initial 
gauge length, where applicable. In all cases, the strength Rm is defined as the maximum 
stress achieved during the loading history. Several numbers of repetitions should be per-
formed during the experimental investigation to minimize the uncertainty of results. 
 
In some cases of specimens to be tested in the cryogenic regime, no valid strain results 
might occur due to cap strip failures or other invalid failure modes. Under these circum-
stances, the maximum stress attained in the respective experiment provides a lower 
bound on the strength of the material.  
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An example for possible results from the stress-strain measurements is given in Figure 20 
a for tensile and b for compressive loading. Here, the loading is applied perpendicular to 
the unidirectional fibers in 90° direction. The maximum reached value is recorded and 
used for further assessment and is summarized in Table 1. 
 

  

(a) (b) 
 

Figure 20: Example of 
stress-strain curves, a) 
tensile and b) compres-
sive, to determine maxi-
mum stress at ambient 
and cryogenic tempera-
ture. 

 
 

Fiber - 
orientation 

Tempera-
ture 
[K] 

Tensile  
[MPa] 

Compres-
sion  
[MPa] 

UD-90° 292 38.2 175.4 

UD-90° 4.2 25.8 257.9 
 

Table 1 



Fraunhofer IWM 

Karlsruhe Institute of Technology 

 User's Manual of Puck Analysis 

Tool  

 European Space Agency  34 | 35 

 

 

References 

 
 

 

6   
References 

[Aldrich1997] Aldrich, J., R.A. fisher and the making of maximum likelihood 1912-
1922. Statistical Science 12(3) (1997),162–176. 

[ASTM D5379] ASTM D5379/D5379M: Standard test method for shear properties of 
composite materials by the V-notched beam method, ASTM Interna-
tional, West Conshohoken, PA, 2005. 

[ASTM E1450] ASTM E1450: Standard test method for tension testing of structural 
alloys in liquid helium, ASTM International, West Conshohoken, PA, 
2009. 

[Kum05]  Kumagai, S., Shindo, Y., Inamoto, A.: Tension-tension fatigue behavior 
of GFRP woven laminates at low temperatures, Cryogenics 45 (2005) 
123-128. 

[ISO527-4] DIN EN ISO 527-4: Plastics – Determination of tensile properties – Part 
4: Test conditions for isotropic and orthotropic fibre-reinforced plastic 
composites, Beuth-Verlag, Berlin 1997 (German issue). ´ 

[ISO527-5]  DIN EN ISO 527-5: Plastics – Determination of tensile properties – Part 
5: Test conditions for unidirectional fibre-reinforced plastic composites, 
Beuth-Verlag, Berlin 2010 (German issue).  

[ISO 14126] DIN EN ISO 14126: Fibre reinforced plastic composites – Determination 
of compressive properties in the in-plane direction, Beuth-Verlag, Ber-
lin 1999. 

[ISO 14129] DIN EN ISO 14129: Fibre reinforced plastic composites – Determination 
of the in-plane shear stress/shear strain response including the in-plane 
shear modulus and strength by the ±45° tension test method, Beuth-
Verlag, Berlin 1997. 

[IWM17] Hohe, J., Weiss, K.P., Fliegener, S., Schober, M., Deissenbeck, M., 
Stöhr, G.: TN02 - Failure criteria validation sample testing report - FRP 
composite laminates under cryogenic thermomechanical loading - up-
date 1, Report V342/2017, Fraunhofer-Institut für Werkstoffmechanik 
IWM, Freiburg 2017. 

[IWM18a] Hohe, J., Weiss, K.P., Neubrand, A., Beckmann, C., Fliegener, S., Scho-
ber, M., Stöhr, G., Deissenbeck, M.: TN01 - Failure of FRP composite 
laminates under cryogenic thermo-mechanical loading - update 5, Re-
port V1338/2018, Fraunhofer-Institut für Werkstoffmechanik IWM, 
Freiburg 2018. 

[IWM18b] Hohe, J., Weiss, K.P., Schober, M., Stöhr, G., Deissenbeck, M.: TN03 - 
Applicability range determination testing for failure criteria under 
thermo-mechanical loading - update 1, Report V1340/2018, Fraunho-
fer-Institut für Werkstoffmechanik IWM, Freiburg 2018. 

[IWM19] Schober, M., Weiss, K.P., Stöhr, G., Hohe, J.: TN04 - Demonstrator-de-
sign and testing document, Report V1341/2018, Fraunhofer-Institut 
für Werkstoffmechanik IWM, Freiburg 2019. 

[Liang18] Liang, H., Li, S., Lu, Y.-Y., and Yang, T., Reliability study on frp compo-
sites exposed to wet-dry cycles. Appl. Sci. 8, 892 (2018) 1-17.  



Fraunhofer IWM 

Karlsruhe Institute of Technology 

 User's Manual of Puck Analysis 

Tool  

 European Space Agency  35 | 35 

 

 

References 

 
 

 

[Mor83]  Morris, D.H., Simonds, R.A.: The effect of extreme temperatures on 
the elastic properties and fracture behavior of graphite/polyimide com-
posites, NASA CR-172 143, Virginia Polytechnic Institute and State 
University, Blacksburg, VA, 1983. 

[Nyi05]  Nyilas, A.; Strain sensing systems tailored for tensile measurement of 
fragile wires; Supercond. Sci. Technol. 18 (2005) 409  

[Puc98] Puck, A., Schürmann, H.: Failure analysis of FRP laminates by means of 
physically based phenomenological models, Compos. Sci. Tech. 58 
(1998) 1045-1067. 

[Puc02a] Puck, A., Schürmann, H.: Failure analysis of FRP laminates by means of 
physically based phenomenological models, Compos. Sci. Tech. 62 
(2002) 1633-1662. 

[Puc02b] Puck, A., Kopp, J., Knops, M.: Guidelines for the determination of the 
parameters in Puck’s action plane criterion, Compos. Sci. Tech. 62 
(2002) 371-378. 

[Riz06] Rizov, V., Shindo, Y., Horiguchi, K., Narita, F.:Mode III interlaminar 
fracture behavior of glass fiber reinforced polymer woven laminates at 
293 to 4 K, Appl. Compos. Mat. 13 (2006) 287-304. 

[Tsa71] Tsai, S.P., Wu, E.M.: A general theory of strength for anisotropic mate-
rials, J. Compos. Mat. 5 (1971) 58-80. 

[Tsa80] Tsai, S.W., Hahn, H.T.: Introduction to Composite Materials, Tech-
nomic Publishing, Lancaster, PA 1980. 

[Wie08] Wiegand, J., Petrinic, N., Elliot, B.: An algorithm for determination of 
the fracture angle for the three-dimensional Puck matrix failure crite-
rion for UD composites, Compos. Sci. Tech. 68 (2008) 2511-2517. 

[Ven88] Venzon, D. J. and Moolgavkar, S. H. (1988). A method for computing 
profile-likelihood-based confidence intervals, J. R. STAT. SOC. C-APPL, 
37(1):87–94. 


