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1. Introduction and Motivation
Because of continuously increasing power density in modern
transmissions, the damage pattern tooth flank fracture (TFF) is
becoming a limiting factor in terms of gearbox lifetime. Tooth
flank fractures depend on numerous influencing parameters.
On the one hand contact pressure influences as well as influ-
ences of bending, shearing and compression downstream of the
Hertzian contact exist. In addition, residual stresses are super-
imposed on the time-variable load stresses, which can even
manifest themselves in the form of tensile residual stresses in
the volume critical for tooth flank fracture. On the other hand,
the local material properties have a significant influence on
the development of tooth flank fractures, since the crack initia-
tion under the surface takes place in the area of low local hard-
ness and preferably at material inhomogeneities (e.g. voids,
non-metallic inclusions, carbides). In recent years, numerous
calculation methods have been developed to estimate the tooth
flank fracture load capacity and been validated on several gear
geometries. However, discrepancies frequently occur in the
calculation of the tooth flank fracture load capacity, especially
for large-modulus helical gears from industrial practice. One

possible reason is that the validation is usually based on experi-
mental results from research environment. The experimental 
investigation of large-modulus helical gears from industrial 
practice is not economically feasible, which is why smaller gears 
are used. For this reason, there is currently no generally appli-
cable calculation approach for determining the tooth flank frac-
ture load capacity.

Two research motivations result from the current deficits. 
On the one hand, a generally valid calculation approach has to 
be developed for the determination of the tooth flank fracture 
load capacity, which has been validated both on gears from 
the research environment and on large-modulus gears from 
industrial practice. The validation requires statistically verified 
experimental results which cannot be determined economically 
for large-modulus helical gears from industrial practice. For this 
reason, an analogy test has to be developed which enables the 
economic determination of the tooth flank fracture load capac-
ity of gears from industrial practice on the other hand.

This paper was first published at the 8th WZL Gear Conference in the USA July 23/24, 2019.

Figure 1  Stresses in Tooth Flank Contact and Tooth Flank Fracture [Ref. POPO 10, Ref. WITZ, Ref.12].
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2. Tooth Flank Fracture in the State of the Art
The processing of the damage type tooth flank fracture in 
the state of the art takes place in three steps. In the first step, 
the stresses in tooth flank contact are explained and their rel-
evance for the development of tooth flank fractures is evaluated. 
Subsequently, the method for the TFF load capacity calculation 
according to KONOWALCZYK is presented [Ref. KONO18]. 
Finally, the concept developed by KONOWALCZYK for the 
investigation of tooth flank fractures is presented in an analogy 
test [Ref. KONO18].

2.1 Stresses in Tooth Flank Contact
The loading of a volume element which is located on or below 
the tooth flank surface can be characterized in three steps, 
Figure 1. If no external load is present, then a constant residual 
stress-state, step 1, prevails in the volume element. In the active 
tooth flank contact, as a result of the HERTZIAN contact flat-
tening, mechanical compressive stresses predominantly build up 
in the volume element which are superimposed on the residual 
stress-state, Figure  1 [Ref. LOEP15]. The stress state imme-
diately below the HERTZIAN contact zone is determined by 
normal, tangential and temperature stresses due to friction, slip-
page, micro and macro HERTZIAN contact [Ref. LOEP15]. In 
higher material depths, the influence of the macro HERTZIAN 
contact is dominant and the tribological influencing factors are 
assumed to be negligibly small [Ref. ANNA03].

After the HERTZIAN contact the volume element is stressed 
as a consequence of tooth deformation. Tensile normal and 
shear stresses build up, which increase until the change to mul-
tiple tooth meshing due to the increasing lever arm, Figure  1 
[Ref. LOEP15]. The tooth flank fracture has its initial crack loca-
tion under the surface at a depth of t ≈ 2·CHD550, preferably at a 
material inhomogeneity (e.g. void, non-metallic inclusion, car-
bide). According to the current state of knowledge, the cause of 
the crack initiation is assumed to be a stress increase due to the 

modulus of elasticity difference between the inhomogeneity and 
the microstructure as well as the notch effect of the inhomoge-
neity [Ref. WITZ12].

The damage type tooth flank fracture is therefore signifi-
cantly influenced by HERTZIAN contact pressure in combi-
nation with secondary mechanical stresses (bending, shear, 
compression) [Ref. BRUC06, Ref.WITZ12, Ref. KONO18]. 
Compared to the stress condition of the tooth flank near the 
surface (0 mm ≤ t ≤ tvonMises,max), the stresses in the tooth flank 
fracture critical area are low and the influence of the low mate-
rial strength predominates [BRUC06]. The low local strength 
is a result of the transition between hardened surface layer and 
unhardened core structure, which results in a locally low hard-
ness in combination with low compressive residual stresses or 
even tensile residual stresses [Ref. KONO18].

2.2 Calculation of Tooth Flank Fracture Load Capacity
In recent years, numerous calculation methods have been 
developed to determine the tooth flank fracture load capac-
ity [Ref. WEBE15, Ref. PATE16, Ref. WICK17, Ref. OCTR18, 
Ref. LEIM19, Ref. MEIS19]. The calculation methods have in 
common that the local safety or material strain is determined in 
the form of a comparison between local stress and stress resis-
tance, whereby the determination of stress and stress resistance 
differs in all methods. Especially for large-modulus helical gears 
all approaches have deficits in order to take all important influ-
encing parameters into account. [Ref. WITZ12, Ref. WICK17, 
Ref. OCTR18, Ref. LEIM19, Ref. ISO19] use an analytical 
approach based on the half space theory to calculate the stress 
sequence which results from the HERTZIAN contact. This 
approach is not considering tensile stresses which appear before 
and after the compressive stress peak in high material depth and 
lead to an alternating load. Furthermore tensile residual stresses 
in high material depth due to the case hardening process are 
not considered in [Ref. WITZ12, Ref. WICK17, Ref. LEIM19, 

Figure 2  Analogy Concept to Investigate the Tooth Flank Fracture Load Capacity.
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Ref. ISO19]. Secondary stresses after the HERTZIAN contact 
flattening in the form of bending, shear and compression are 
not considered in [Ref. OCTR18, Ref. ISO19]. Other approaches 
such as [Ref. WITZ12, (Ref. [Ref. WEBE15, Ref. WICK17] use 
an analytical approach based on the bending beam theory or 
elastic wedge theory to determine secondary stresses. In this 
case the analyzed gear is cut into several parts in lead direction 
and the stress sequence after the HERTZIAN contact flattening 
is calculated for each segment. In this case cross influences in 
lead direction are assumed to be negligible small which results 
in deviations especially for helical gears. Regarding the stress 
resistance calculation several approaches use empirical fac-
tors or nominal strength values from literature or experimental 
experience which are not considering material inhomogeneities 
and their statistical distribution [Ref. WITZ12, Ref. PATE16, 
Ref. OCTR18].

2.3 Experimental Investigation of Tooth Flank 
Fractures in Analogy Tests
KONOWALCZYK shows by simulation of a large-modulus 
spur gear from research environment that the local material 
strain in the TFF critical volume can be approximated using a 
pulsator with two actuators. For this purpose, an analogy con-
cept is developed in which a tooth segment of the test gear is 
separated by means of electrical discharge machining (EDM) 
and clamped in a test setup, Figure 2 [Ref. KONO18].

The primary stress is applied by an actuator, which is fixed 
on the tooth flank above the expected crack origin. To apply the 
secondary stress, an additional actuator is positioned in the area 
of the tooth tip. By using two actuators, the new test rig concept 
differs fundamentally from pulsators for the investigation of 
tooth root load capacity. The results of the contact simulations 
carried out in running and analogy tests show the suitability 
of the test rig concept for the investigation of tooth flank frac-
tures in analogy tests. In particular, the maximum compressive 

stresses in radial and axial direction (Fig. 2: σrad, σax) as a result 
of the HERTZIAN contact flattening can be accurately mapped 
by the primary actuator. The tensile stress in tangential direc-
tion can also be accurately reproduced by applying the load to 
the secondary actuator with a time delay to the primary actuator 
(Fig. 2: σtan ≥ 0). In this way, the bending stress downstream of 
the rolling-sliding contact due to tooth deformation is applied. 
Nevertheless the developed methodology for determining the 
required pulsator loads only reproduces the maximum ampli-
tudes of the normal stresses sufficiently, but not the stress tensor 
sequences. Furthermore, the compressive stress in the tangential 
direction as well as the shear stress in the radial/tangential plane 
cannot be reproduced sufficiently (Fig. 2: σtan < 0, τrad/tan). With 
the procedure shown KONOWALCZYK can achieve a corre-
lation of the equivalent stress in the tooth flank fracture criti-
cal volume between analogy and running test for the analyzed 
gear. The investigated gear is an established large-modulus spur 
gear from the research environment (mn = 8 mm, z½ = 24/25). 
[Ref. KONO18]

3. Research Aim
The state of the art shows that there is currently no suitable 
method to determine the tooth flank fracture load capacity by 
taking all relevant influencing parameters into account. When 
developing a suitable method for the calculation of the tooth 
flank fracture load capacity, the following aspects have to be 
considered in particular:
• FE calculation of the load stresses for the sufficient evaluation 

of the stress state
• Consideration of possible tensile residual stresses in higher 

material depth
• Consideration of material inhomogeneities in the 

microstructure

For the experimental validation of the method on large-mod-
ulus helical gears from industrial practice, a suitable analogy 

Figure 3  Calculation of TFF Load Capacity according to KONOWALCZYK [Ref. KONO18].
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concept is also required, as such gears cannot be investigated 
economically with regard to load capacity in the running test.

The following objective is derived from the existing deficits: 
Method for the calculation of the tooth flank fracture load capac-
ity as well as an economic analogy test concept for the experimen-
tal investigation of the tooth flank fracture load capacity of large-
modulus spur and helical gears.

In order to achieve the objective, a three-step procedure is 
chosen. In the first step, the method development taking into 
account all relevant influencing parameters is done. The method 
for the calculation of the tooth flank fracture load capacity pre-
sented in chapter 4 was developed at WZL and is based on the 
work of KONOWALCZYK [Ref. KONO18]. Subsequently, the 
validation of the method takes place based on experimental 
investigations of a large-modulus spur gear from the research 
environment. The experimental investigations presented in this 
report were carried out within the framework of the research 
project FVA 695 [Ref. KLOC18] and are also based on the work 
of KONOWALCZYK [Ref. KONO18]. Furthermore, a valida-
tion is carried out on the basis of a tooth flank fracture critical 
large-modulus helical gear from the gearbox of a wind turbine. 
In the last step, a concept is developed which allows to test the 
tooth flank fracture load capacity of large modulus helical gears 
economically in an analogy test as well as a calculation approach 
to determine the pulsator load-sequences in order to get the 
same stress-state in the tooth flank fracture critical volume.

4. Calculation Method to Determine the TFF Load 
Capacity

 methods because the stress calculation is 3D-FE-based over 
the entire mesh cycle, tensile residual stresses in the transi-
tion area between surface layer and core hardness can be taken 
into account and a material inhomogeneity-based, statistical 
approach serves as a basis for the local strength calculation. 
The calculation approach is based on the principle of local 

endurance strength by The The calculation method described 
in this report was developed at WZL by KONOWALCZYK 
and serves as a basis to investigate the tooth flank fracture 
load capacity at WZL and the current DFG research project 
BR 2905/90 1 for the reproduction of the damage type tooth 
flank fracture in an analogy test [Ref. KONO18]. The meth-
odology differs from existing determining the local material 
strain in every discrete tooth volume element, cf. Figure  3 
[Ref. KONO18].

To calculate the equivalent stress, time-dependent stress ten-
sors are determined by a quasistatic simulation of the tooth 
contact in FEA. The combination to an equivalent stress σEq, 
which considers the time dependency and the rotation of the 
main stress coordinate system in the rolling-sliding contact, 
is carried out using a modified variant of the stress intensity 
hypothesis (SIH) according to LIU [Ref. LIUJ91, Ref. KONO18]. 
The determination of the local strength σPer is based on the 
calculation of the local alternating strength at material inho-
mogeneities in the interior of the component according to 
MURAKAMI [Ref. MURA02]. The statistical distribution of 
the material inhomogeneities in the tooth volume is carried out 
according to HENSER [Ref. HENS15]. To determine the local 
residual stress-state, an optimization algorithm is developed on 
the basis of a stress equilibrium between compressive and ten-
sile residual stresses. The calculation of compressive residual 
stresses up to t = 0.5·CHD550 is realized according to LANG 
[Ref. LANG79]. Afterwards a continuous transition (equal resid-
ual stress value and equal slope) is defined as a first and second 
boundary condition. The third and fourth boundary condi-
tions are defined by the maximum depth in the tooth center, 
where the residual stress has to reach a constant value (σRS,t(max) ≥ 
0 MPa, σ’RS,t(max) = 0). The calculated local residual stress value is 
taken into account by using the mean-stress sensitivity accord-
ing to the FKM guideline [Ref. FKM03]. The statistical distri-
bution of inhomogeneities leads to different results for each 

Figure 4  Calculation of TFF Load Capacity according to KONOWALCZYK [Ref. KONO18].
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individual calculation and thus enables the implementation of 
a simulative staircase method which can be evaluated according 
to the IABG method, Figure 4 [Ref. HÜCK83]. A statistical dis-
tribution of inhomogeneities in the tooth volume is generated in 
successive calculation steps. The distribution follows a density 
function, which results from the cleanliness of the material and 
is described by the scale parameter T and shape parameter k of 
a Weibull distribution as well as a reference number of the inho-
mogeneities present in the volume. According to HENSER, this 
density function is derived from existing fracture surfaces and 
the inhomogeneities detected by SEM [Ref. HENS15]. On the 
basis of the locally available data regarding stress, hardness and 
residual stress condition, it is possible to calculate whether the 
local strength is exceeded at each inhomogeneity.

The alternating strength σw of an inhomogeneity is calculated 
according to Equation (4-1), whereby no influence of the local 
mean stresses on the tolerable amplitude is taken into account 
initially.

(4-1)
σw = 1.56 HV + 120

12√area

σw Alternating Strength
√area Murakami Factor
HV Vickers Hardness

This is done in a second step according to MURAKAMI’S 
recommendation by calculating a mean stress sensitivity M 
[Ref. MURA02]. In this report the procedure according to FKM 
is applied for the calculation of the mean stress sensitivity M 
[Ref. FKM03]. Both load and residual stress induced mean stress 
components are taken into account. On the basis of the local 
strain calculation at each inhomogeneity in the tooth volume, 
the result of a calculation step is evaluated either as a breakage 
or as a run-out and classified in a simulative staircase procedure 
(Fig. 4, bottom left). Based on the result, the load for the next 

calculation step is defined and the calculation of the load capac-
ity is repeated. The described procedure is repeated a total of 
30 to 50 times, so that a high statistical assurance of the result 
regarding mean value and scatter is available.

5. Validation of TFF Calculation Approach
Chapter 5 deals with the experimental validation of the calcula-
tion approach described in Chapter 4. The validation is carried 
out in two steps. First, a large-modulus tooth flank fracture 
critical spur gear is tested in a back-to-back test rig by means of 
endurance limit derivation regarding tooth flank fracture in a 
staircase method. In a second step, a large-modulus helical gear 
from a wind turbine, which showed several tooth flank fractures 
in field, is analyzed simulatively and compared to the nominal 
torque during operation.

5.1 Experimental Investigation on Back-to-Back Test 
Rig
The investigations carried out in the present work were carried 
out on a back-to-back test rig with center distance a = 200 mm. 
In chapter 5.1.1 the test geometry, the test rig and the test condi-
tions are presented. Chapter 5.1.2 shows the results of the exper-
imental investigations and the comparison to the results of the 
tooth flank fracture load capacity calculation.

5.1.1. Test Parts, Test Rig and Test Conditions
The test gear geometry was determined based on the test vari-
ant EHTA out of TOBIE’S work, Figure  5 [Ref. TOBI01]. The 
geometry was designed for a center distance a = 200 mm. The 
main features of the spur gears are a normal module mn = 8 mm, 
number of teeth on pinion and gear z½ = 24/25, pressure angle 
αn = 20° and profile shift coefficients x½ = 0.27/0.266. To avoid 
premature tooth meshing, a short tip relief with Cα = 75 µm is 
applied. The tip relief definition is based on a FE-based penetra-
tion calculation [Ref. KONO18]. To minimize edge effects, a low 

Figure 5  Gear Geometry, Test Rig and Test Conditions.
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lead crowning of Cβ = 2 µm is applied. The distribution of mate-
rial inhomogeneities was determined according to the method 
of BRECHER ET AL. [Ref. BREC17]. Therefore single tooth 
segments were cut in an angle of 45° to the flank surface and the 
cross section view was captured by light microscopy. To evaluate 
the defect distribution the automatic algorithm creates cluster 
of black pixel, which represent material inhomogeneities, in the 
microscopic pic ture and evaluates the size of each defect.

The principle of the test rig used corresponds to a standard 
back-to-back test rig consisting of a motor, a reference gear set 
and a test gear set, a torsional shaft, a coupling and a clamping,

Fig. 5. The performance data of the test rig enables the 

experimental determination of the load capacity up to a 
maximum torque Tmax = 5,000 Nm at a maximum rotational 
speed Nmax = 3,400 min-1. Therefore, an injection lubrication is 
recommended for the experiments. In order to enable a clas-
sification to the state of the art, the investigations were carried 
out at a rotational speed of nTest = 2,600 min-1. The lubricant 
used is the common oil for load capacity investigations FVA3 
+4% Anglamol. The oil temperature was defined to TOil = 60°C 
with a flow rate of VOil = 5 l/min. The direction of rotation of the 
motor and the direction of torque applied were selected in a way 
that the pinion drives the counter gear. According to the state 
of the art, an estimated maximum torque of Tmax ≈ 3,500 Nm 

Figure 6  Experimental Endurance Limit (EL), SN-Curve [Ref. KLOC18].

Figure 7  Comparison TFF Endurance Limit between Experiment and Simulation.
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is applicable for the test gear geometry. The test rig therefore 
has enough power reserve to react to unexpected test results in 
order to enable tests at higher torques. [Ref. KONO18]

5.1.2. Results
The endurance strength is determined using the staircase 
method and extended IABG evaluation method according to 
HÜCK [Ref. HÜCK83]. The results are illustrated in Figure  6. 
In the lower part of Figure 6, the tests to determine the endur-
ance strength are supplemented by the fictitious point and eval-
uated using the staircase method. In total, 8 test points (includ-
ing the fictitious point) could be evaluated. The result is an 
endurance strength torque limit of T1,End. = 2,250 Nm at a failure 
probability of PA = 50%.

The teeth fail in the range of finite life due to tooth flank 
fractures. This damage mechanism also limits the previously 
determined endurance strength, as it can be seen in the upper 
part of Figure 6 in the SN-Curve. However, one test with a driv-
ing torque of T1 = 3,200 Nm was stopped with a pitting damage. 
Consequently, the load capacity limits for pitting and tooth 
flank fracture damage are close. The tests carried out show 
a low scatter, which is visible in the SN-Curve. Only one test 
with driving torque T1 = 2,200 Nm has a reduced number of 
load cycles. Since the test was used to evaluate the endurance 
strength, for which the number of load cycles is irrelevant, the 
result can be classified as valid.

Figure 7 illustrates the results of the tooth flank fracture load 
capacity calculation as well as the comparison between simu-
lative and experimental determined endurance strength. The 
damage causing material inhomogeneities are located in the area 
of the single tooth contact close to the diameter of the lower 
transition point B. Due to the symmetric load on the spur gear, 
all critical inhomogeneities are in the center of the tooth in lead 
direction. With regard to the depth of crack initiation, the maxi-
mum relative frequency is in the range of t = 2…2.5 mm. This 

corresponds to the depth of the crack initiation points discov-
ered in the metallographic analysis [Ref. KONO18].

The evaluation of the simulative staircase procedure is car-
ried out based on 35 simulation points. The mean value of 
the endurance torque is determined to T1,End. = 2,266 Nm. The 
tests spread over three load values between T1 = 2,000 Nm and 
T1 = 2400 Nm, resulting in a standard deviation of s = 126.5 Nm 
respectively s = 5.6%. In comparison to the experimentally 
determined endurance strength, the difference is ΔT1,End. = 1%, 
which is lower than the stand ard deviation.

5.2 Simulation of Gear Set from Industrial 
Application (Wind Turbine)
In addition to the experimental validation on the back-to-
back test rig, a large-modulus helical gear from a wind tur-
bine which showed tooth flank fractures during operation, 
was recalculated using the developed calculation approach 
by KONOWALCZYK [Ref. KONO18]. The shared geometry 
data is subject to confidentiality and cannot be published in 
this report. The normal module is mn > 10 mm and the helix 
angle is β > 8°. The material is case-hardened 18CrNiMo7-6 
with a surface hardness HVS = 660 HV1, a case hardening depth 
CHD550 = 1.64 mm and a core hardness HVC = 355 HV1. In appli-
cation the counter gear drives and the pinion is driven.

The calculation results are shown in Figure  8. The criti-
cal inhomogeneities leading to tooth flank fracture are mainly 
located on the left gear side in the transition between the double 
and triple tooth contact. In this area of the tooth flank there 
is a high stress due to contact pressure on the one hand and 
a high bending stress due to high loads on higher diameters 
on the other hand. The statistical evaluation shows that the 
majority of critical inhomogeneities are in a depth between 
t = 4...6 mm. This corresponds to observations made in indus-
trial practice. The evaluation of the simulative staircase proce-
dure results in an endurance strength torque of T2 = 70,653 kNm. 

Figure 8  Comparison TFF Endurance Limit between Operation Torque and Simulation.
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The tests spread over a torque range between T2 = 62 kNm 
and T2 = 78 kNm. A total of 48 simulations could be evaluated, 
which results in a standard deviation of s = 3.8 kNm or s = 5.4%. 
[Ref. KONO18].

C o m p a r e d  t o  t h e  n o m i n a l  o p e r a t i n g  t o r q u e 
(T2 = 77,180 kNm), the calculated endurance torque is 
ΔT2 = 8.5% lower, which corresponds to the observations made 
in operation, where several tooth flank fractures occurred. The 
calculated crack initiation depth and position is also correlat-
ing to the observations, where the crack origin was located in 
t ≈ 5 mm depth in the transition point between triple and double 
tooth contact shifted to the left of the tooth center in lead direc-
tion. [Ref. KONO18].

 6/ Analogy Test Concept
In order to economically test the tooth flank fracture load 
capacity of large-modulus gears in an analogy test rig, 
KONOWALCZYK developed a double pulsator concept which 
is able to apply stresses caused by HERTZIAN contact and 
bending, cf. Figure  2 [Ref. KONO18]. In Chapter 6, a method 
to determine the load sequences of the actuators is presented 
which allows to induce equal stresses in the point of interest 
(POI) as in the running test. The newly developed method is 
applicable for spur and helical gears. The simulated test gear in 
Chapter 6 is the tooth flank fracture critical pinion which is also 
analyzed in Chapter 5.2. The point of interest defined is the cen-
ter of all calculated crack initiation points according to the cal-
culation approach presented in Chapter 4, Figure 8.

6.1 Simulation Model and Pulsator-Load Definition
The simulations presented in this report were performed in the 
software Abaqus/CAE 6.14-6. The simulation model was set 
up in three steps, Figure 9. In the first step, a tooth of the test 
gear was extracted from the gear mesh which was implemented 
in the tooth contact simulation software “FE-Stirnradkette” 

(STIRAK).
In order to enable an analogy study using the pulsator prin-

ciple, the TFF critical part of the tooth in lead direction deter-
mined from field observations and according to the calcula-
tion by KONOWALCZYK was virtually separated, Figure  9 
[Ref. KONO18]. In accordance with STAHL ET AL. a width 
of the test specimen in the range 3·mn ≤  b ≤  6·mn was defined 
[Ref. Ref. STAH12]. In the second step, the two actuators were 
designed. To achieve a line contact between the two actua-
tors and the test specimen over the entire width, the width of 
the actuators correspond at least to the width of the test speci-
men. In order to obtain an equal local material strain in the 
TFF critical volume, the equivalent curvature radius in the 
line contact between primary actuator and test specimen has 
to be analogous to the equivalent radius of curvature in the 
contact pinion/ counter gear. Consequently, the radius of cur-
vature of the primary actuator has to correspond to the radius 
of curvature of the counter gear at the TFF critical contact line 
(ρact.,H = ρrad(lcrit)), Figure 9.

The aim of the load-sequence optimization is an analogue 
local material strain in the evaluation point (point of inter-
est, POI) between running and analogy test. The running test 
respectively the real tooth contact is realized by a quasi-static 
rolling-sliding simulation over three base-pitches. The target 
value is the stress tensor sequence of the simulated tooth contact 
in the POI. The procedure of the method is shown in Figure 10.

The first step is the optimization of the HERTZIAN contact, 
which is imitated by the primary actuator. The contact between 
the primary actuator and the tooth flank is initially loaded with 
a load ramp within the limits of the actuator’s performance, 
Fig. 10. The secondary actuator is load-free during the optimiza-
tion of the HERTZIAN contact. The results of the initial load 
ramp are stress tensors in the POI as a function of the simulated 
load levels. Based on the digressive relationship between pulsa-
tor load and resulting stress tensor at the POI, all stresses at the 

Figure 9  Construction of Simulation Model.
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POI can be interpolated to any load within the load ramp out of 
the initial load.

In order to optimize the load sequence, the quadratic mini-
mization function is defined according to Equation (6-1). The 
function is based on the difference of all relevant stress compo-
nents between analogy test and running test. The relevant stress 
components are all normal stresses and the shear stress in the 
radial/tangential plane. The two remaining shear stresses are 
not considered in the optimization function due to their low 
stress value. The relevant stress components are set in relation to 
the highest occurring stress (usually radial compressive normal 
stress). Additionally, weighting constants (A-C) are introduced 
to be able to weight individual stress components more strongly. 
The weighting constants are the result of a variation calculation 
and can be adapted to the specific gear set. Whether the selected 
weighting constants can be transferred to other gear geometries 
has to be checked in future work. The optimization algorithm 
uses the determined interpolation functions and iterates the 
pulsator load until the quadratic minimization function reaches 
the smallest possible value.

F = (σt,real – σt,puls,Bending – σt,puls,Hertz)2 + (A × max | σr,real )2
(σt,real – σt,puls,Hertz)2

max | σt,real

+ (B × max | σr,real )2
(σa,real – σa,puls,Hertz)2

max | σa,real

+ (C × max | σr,real )2
(τrt,real – τrt,puls,Hertz)2

max | τrt,real

A-C [-] Weighting Constants
F [-] Target Function
σ [MPa] Normal Stress
τ [MPa] Shear Stress
a: Axial
r: Radial
t: Tangential

Hertz: Hertzian Contact/ Primary 
Actuator

puls: Pulsator
real: Tooth Contact

The first optimization algorithm provides pulsator load-
sequences and their associated stress tensors for the primary 
actuator (Pulsator 1, HERTZIAN Contact). The procedure 
for optimizing the pulsator loads of the secondary actuator is 
analogous to the optimization of the primary actuator, whereby 
a different minimization function is used as a basis, Fig. 10. 
Since there is a linear relationship between the pulsator load at 
the secondary actuator and the stress at the POI (bending beam 
theory), a simulation at maximum load at the secondary actua-
tor with subsequent linear interpolation is sufficient. The func-
tion only considers the normal stress in the tangential direction, 
since this stress component is the largest driver of the second-
ary stress mainly caused by bending, Equation (6-2). With the 
analogy test rig, it is intended that both actuators can apply load 
simultaneously in order to enable a smooth transition between 
primary and secondary stress. This is also considered in the 
simulation by superposition of the stresses from the optimiza-
tion of the HERTZIAN contact in the downstream minimiza-
tion function. In the last step, the pulsator load and stress tensor 
sequences of both optimization steps are merged. The valida-
tion of the determined stress tensor sequence is carried out by a 
final FE simulation with the calculated pulsator load sequences 
and subsequent comparison with the quasi-static rolling-sliding 
simulation.

(6-2)F = (σt,real – σt,puls,Bending – σt,puls,Hertz)2

F [-] Target Function
σ [MPa] Normal Stress
t: Tangential

Bending: Secondary Actuator
Hertz: Hertzian Contact/ Primary Actuator
puls: Pulsator
real: Tooth Contact

Figure 10  Method for the Optimization of the Pulsator Load.
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6.2 Stress Comparison between Analogy Concept 
and Real Tooth Contact
A detailed comparison of all stress components at the POI 
between the running test and the analogy test is shown in 
Figure  11. The comparison of the normal stress amplitudes 
at the POI shows that the maximum magnitude of all stress 
component amplitudes can be reproduced by the analogy test 
rig. In particular, the radial compressive stress σr due to the 
HERTZIAN contact, the axial compressive stress σa due to the 
HERTZIAN contact as well as the tangential tensile stress σt 

due to bending can be reproduced in the analogy test. However, 
there are also deficits due to the stationary positioning of the 
primary actuator. On the one hand, the tangential tensile stress 
upstream of the tangential compressive stress σt differs because 
it results from the rolling-sliding contact. An additional actua-
tion of the secondary actuator would be conceivable at this 
point, but a tangential tensile stress with higher amplitude is 
induced at a later point in time by the secondary stress anyway. 
It can be assumed that the upstream tangential tensile stress has 
a negligible influence on the damage behavior.

On the other hand, the highest amplitudes of the stress com-
ponents are present at the same time in the analogy test, while 
the highest amplitudes follow one another in the running test. 
For this reason, it will also not be possible with the analogy 
concept presented to exactly reproduce the maximum ampli-
tudes of all normal stress components. By introducing weighting 
constants in Equation (6-1), an approximation of the tangential 
compressive stress σt to the running test can be achieved. On the 
other hand, it is visible in the normal stress sequences (Fig. 11) 
that a higher radial compressive stress σr is reached than in the 
running test. Accordingly, a stronger weighting of the tangential 
stress σt simultaneously leads to higher radial and axial compres-
sive stresses than in the running test. The VON MISES equiva-
lent stress (see Fig. 11, diagram bottom left) shows that there is 

no significant change in the equivalent stress between the anal-
ogy test and the running test despite the time displacement of 
the stress amplitudes. This is an indicator that no significant 
change in fatigue behavior is expected from the stationary load 
application. However, a precise check has to be carried out in 
experimental analogy investigations. The sequences of the shear 
stresses at the POI can also be reproduced in the analogy test 
(Fig. 11, right diagram.) The amounts of all shear stress com-
ponents are lower in the analogy test than in the running test, 
whereby the difference for all three shear stress components is 
Δτ ≤  12 MPa. In particular, the shear stress in the radial/tangen-
tial plane τrad/tan, which KONOWALCZYK can only reproduce 
to a limited extent, shows a better correlation between the anal-
ogy test and the running test due to the adjusted primary actua-
tor position and the developed optimization method.

7. Summary and Outlook
The present report deals with the development and validation 
of a calculation approach for tooth flank fracture load capacity 
of large-modulus spur and helical gears as well as the develop-
ment of an analogy test rig for the economic investigation of 
tooth flank fractures. Currently existing calculation approaches 
do not sufficiently capture individual influencing parameters 
on the tooth flank fracture load capacity (possible residual ten-
sile stresses in the core, exact local stress sequence caused by 
HERTZIAN contact and bending, crack causing material inho-
mogeneities). For this reason, a method was developed at WZL 
based on a statistically material inhomogeneity-based approach 
and the calculation of local material strains, which enables 
the calculation of a virtual staircase procedure with evalua-
tion of an average endurance strength and a standard deviation 
[Ref. KONO18]. The method could be validated on the basis 
of experimental investigations on a large-modulus spur gear 
(mn = 8 mm, z½ = 24/25, β = 0°) as well as on the basis of a tooth 

Figure 11  Stress Tensor Sequence, Comparison Real Tooth Contact/ Analogy Concept.
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flank fracture-critical gear from a wind turbine (mn > 10 mm, β 
> 8°). The calculated endurance strengths as well as the calcu-
lated initial crack locations correlate with the observations from 
the experiment and practice.

The concept of a double pulsator was developed for the eco-
nomic investigation of the tooth flank fracture load capacity of 
large gears in an analogy test. With the developed concept it is 
possible to reproduce the stress sequence in the tooth flank frac-
ture critical volume of the gear (point of interest). In this report, 
a method is presented which allows to determine the pulsator 
load sequences automatically in order to generate an equal stress 
state between analogy and running test. Thus, gears can effi-
ciently been investigated with regard to tooth flank fracture load 
capacity, similar to the classical pulsator concept for the investi-
gation of tooth root load capacity.

In future work, a validation of the method by means of recal-
culating several gear geometries will be focused. In addition, 
a sensitivity analysis of the calculation approach on the basis 
of different gear geometries will be carried out to analyze the 
influencing parameters on the tooth flank fracture load capacity. 
Within the framework of the DFG research project BR 2905/90 
1 the developed analogy test rig is designed and put into opera-
tion. Subsequently, first tests with focus on tooth flank fracture 
generation are carried out on the gear geometries presented in 
this report.
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