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ABSTRACT 

           In this paper the effect of engagement length, number of teeth, amount of applied load, wave 

propagation time, number of cycles, and initial crack length on the principal stress distribution, 

velocity of crack propagation, and cyclic crack growth rate in a spline coupling subjected to cyclic 

torsional impact have been investigated analytically and experimentally. It was found that the 

stresses induced due to cyclic impact loading are higher than the stresses induced due to impact 

loading with high percentage depends on the number of cycles and total loading time. Also 

increasing the engagement length and the number of teeth reduces the principal stresses (40%) and 

(25%) respectively for increasing the engagement length from (0.15 to 0.23) and the number of 

teeth from (8 to 10). while increasing the other parameters (amount of applied load, wave 

propagation time, number of cycles, and initial crack length) increase the principal stresses at the 

root of the tooth (37% when the applied load rises from (8 KN to 11KN) and (62% when the wave 

propagation time rises from (0.5 to 1). 

 
Key words: spline coupling, cyclic impact, stress distribution, velocity of crack propagation, cyclic crack 

growth rate. 

 الخلاصة

مىجت, عدد ثأثُز طىل التعشُق, عدد الاسىان, مقدار الحمل المسلط, سمه اوتقال الل عملُت ووظزَت دراست اجزاء  فٍ هذا البحث تم

الدوراث, والطىل الابتدائٍ للشق علً كل مه تىسَع الاجهاداث الزئُسُت, سزعت امتداد الشق, و معدل ومى الشق الدورٌ فٍ 

المعزضت لصدمت دورَت التىائُت. وقد وجد ان الاجهاداث الزئُسُت الىاتجت عه الصدمت الدورَت اعلً مه  وصلت اللزبط المسىىت

ىاتجت عه صدمت مىفزدة بىسبت عالُت تعتمد علً عدد الدوراث و سمه التحمُل. وان سَادة طىل التعشُق الاجهاداث الزئُسُت ال

(وعدد 0.23mالً  0.15mعىد سَادة طىل التعشُق مه ) % (علً التىال25ٍ% 40بىسبت) وعدد الاسىان َقلل الاجهاداث المتىلدة

الحمل المسلط, سمه اوتقال المىجت, عدد الدوراث, والطىل الابتدائٍ  )مقدار فٍ حُه سَادة العىامل الاخزي(10الً 8الاسىان مه)

 8% (عىد سَادة الحمل المسلط مه)37َشداد)حُث تؤدٌ الً سَادة الاجهاداث الزئُسُت المتىلدة فٍ وصلت الزبط المسىىت.للشق( 

 .(1الً   0.5(عىد سَادة سمه اوتقال المىجت مه )%62( و)11KNالً 

1.INTRODUCTION 

A spline coupling is an effective mode of torque transfer between two rotating parts. It transmits 

torque, but permits axial sliding. The spline coupling is used in high torque transmission engines 

like vehicles, turbines, and jet engines. The literature that deals with spline coupling has been 

investigated experimentally and theoretically in several studies which considered the spline tooth 

profile like ; Yeung 1999, Baker 1999, Chitkara et al 2001, and Yang et al 2007, failure analysis 

of the spline coupling like: Li et al 2007, Ding et al 2007, Ding et al 2008, and Lin et al2008, and 

the stress distribution along the axial direction of  a spline coupling under static load like; Taylor 

2001, Tjernberg 2001, Barrot et al 2009, and Grath 2009. In the present work the stress 

distribution, velocity of crack propagation, and cyclic crack growth rate in a spline coupling 
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subjected to cyclic torsional impact load have been investigated analytically and experimentally for 

two different boundary conditions. 

 

2.ANALYTICAL ANALYSIS 

 

The torque distribution along the pressure face of the spline coupling tooth was assumed to be 

unevenly distributed due to the deformation occurs in the spline teeth which caused during torque 

transmitting ,Baker 1999, see Fig. 1. 

For a spline coupling subjected to impact load the torque distribution along the axial direction can 

be described as; Barrot 2009. 

 

Where; 

 

  

 

 

The coefficients A and B depend on the boundary condition of the spline coupling. Two types of 

boundary conditions were studied, in the first type the spline shaft was fixed (built in) at one end 

and free at the other and the sleeve was engaged at the free end, so it called (Built in-Free spline 

coupling BFSC). In the second type the spline shaft was fixed at both ends and the sleeve was 

engaged at the middle of the shaft and it was called (Built in-Built in spline coupling BBSC). 

For (BFSC); m (0, t) =0   ,     m (L, t) =T 

 

 

 

For (BBSC); m (0, t) =T     ,      m (L, t) =T 
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The torque transmitted due to cyclic impact load was described as follows; 

 

3. PRINCIPAL STRESS DISTRIBUTION 

The principal stress distribution was calculated using the equation ; Mancuso, J.R.,2001 

 

 

4. VELOCITY OF CRACK PROPAGATION 

As the crack propagates the displacement V will change with time. Denoting the rate of change 

 as ; Ewalds, 1989. 

 

 

Where; 

 

 

 

 

For steel    = 0.8 

5. CYCLIC CRACK GROWTH RATE  

Paris' law relates the stress intensity factor rang to sub-critical crack growth rate. The basic formula 

reads; 

 

The term in the left hand side known as the crack growth rate under cyclic loading regime is called 

cyclic crack growth rate. On the right hand side  and m are material constants, and ΔK is the 

range of the stress intensity factor. 
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For an edge crack in an infinite sheet Y=1.12, Ewalds, 1989. 

For steel m=3 and is 10
-11

, David R., 2001, see Fig.2. 

6. EXPERIMENTAL WORK 

A spline coupling models of ST-45 simulate the spline coupling of a Power Take-Off engine have 

been manufactured at the manufactory of "THE STATE COMPANY OF MECHANICAL 

INDUSTRES" with two number of teeth (8 and 10) and three engagement lengths 

(0.08m,0.15m,0.23m). The spline coupling samples were manufactured in two groups the first 

group suitable to set as (BBSC) and the second group suitable to set as (BFSC). The test rig 

consisted of fixing plate which is a heavy rectangular base with two vertical plates. At the upper end 

of each vertical plate there is a circular hole to carry and fix the spline coupling samples. The 

impactor which consisted of two arms connected to a disc. The disc had a several holes around its 

circumference each hole represented a different winding angle which causes a different amount of 

load. The disc was connected to a helical spring, see Fig. 3. The strain induced at the root of the 

spline coupling tooth was measured using strain gauges connected to a sensor circuit to convert the 

change in resistance into change in voltage and amplify the strain gauge output signal. The output 

signal of the sensor circuit goes to a digital data logger, (ORDEL UNIVERSAL DATA LOGGER 

(UDL 100)), to record the data and the display and save them on a computer, see Fig. 4. 

 

7. ANALYTICAL RESULTS 

Theoretical investigation is done for two loading cases (impact load and cyclic impact load), two 

boundary conditions (BBSC and BFSC), three engagement lengths (0.08m,0.15m,0.23m), and three 

amounts of applied load (5 kN, 8 kN, 11 kN). Fig. 5 shows that the principal stress distributes 

exponentially along the axial direction of the BFSC tooth and that the principal stresses induced in 

the spline shaft are higher than the principal stresses induced in the sleeve because of the difference 

between their geometry especially their root radiuses. Fig. 6 shows that the principal stress 

distributes exponentially along the axial direction of the BBSC tooth and it distributes evenly due to 

the symmetric boundary conditions at its both ends. Fig. 7 shows that the principal stresses induced 

due to applying cyclic impact load are higher than the principal stresses induced due to applying 

impact load with high different percentage depends on the number of cycles per unit time and the 

total loading time. The increasing in stresses results from accumulating the stresses induced at each 

cycle. Fig. 8 shows that increasing the amount of the applied load increases the induced principal 

stresses and the increasing is linear because the stresses are linearly related to the amount of applied 

load. Fig. 9 shows the significant effect of the engagement length on the principal stresses where it 

shows that increasing the engagement length reduces the principal stresses with a high ratio due to 

increasing the area that carries the load. Fig. 10 shows that increasing the number of teeth reduces 

the induced principal stresses due to dividing the applied load on a higher number of teeth and 

hence each tooth carries fewer load. Fig. 11 shows that the principal stresses increases 

exponentially with the wave propagation time and 62% of this increasing occurs between (t/to =0.5 

to t/to =1). Fig. 12 shows that the behavior of the velocity of crack propagation is similar to the 

behavior of the principal stresses with respect to time. That is because the velocity of crack 

propagation depends on the principal stress values. Also Fig.12 shows that increasing the number of 

cycles increases the velocity of crack propagation due to increasing the accumulated stresses. Fig. 

13 shows that the cyclic crack growth rate increases with increasing the number of cycles, this 
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increasing occurs due to increasing the accumulative stresses from each cycle.    Fig. 14 shows that 

the cyclic crack growth rate increases with high percentage with increasing the initial crack length 

because of increasing the energy released from the tooth. The energy released causes energy 

concentration at the tip of the crack which results in increasing the principal stresses at the tip of the 

crack that’s results in increasing the cyclic crack growth rate. 

8. EXPERIMENTAL RESULTS 

Fig. 15 shows that increasing the amount of the applied load increases the induced principal stresses 

and this increasing is linear. Fig. 16 shows that at the fixed end of the spline coupling the effect of 

the amount of the applied load on the induced principal stresses is the same for (BBSC) and 

(BFSC). Fig. 17 shows that increasing the number of the spline coupling teeth reduces the induced 

principal stresses due to distribute the load over a higher number of teeth hence each tooth carries 

less load. Fig. 18 shows that increasing the engagement length have a significant effect in reducing 

the induced principal stress because of increasing the area carries the load. Fig. 19 shows that the 

stresses induced due to cyclic impact load are higher than the stresses induced due to impact load 

with a high percentage depends on the number of cycles per unit time and the total loading time. 

Fig. 20 shows that increasing the number of cycles results in increasing the velocity of crack 

propagation due to increasing the accumulative stresses that accumulates from each cycle. Fig. 21 

shows that the cyclic crack growth rate increases exponentially with the increasing of the number of 

cycles, this increasing occurs due to the increasing of the accumulative stresses. 

 

9. VERIFACATION 

The experimental results verified the theoretical results and showed a good agreement with 

reasonable error percentage comes from the delay time of the response of the measuring instruments 

therefore this error percentages increase as the impact wave propagates faster due to increasing the 

delay time. Fig. 22 shows that the experimental results of the principal stress variation with the 

amount of applied load coincides with the theoretical results with an error percentage equals to 

(9%). Fig. 23 shows that the experimental results of the velocity of crack propagation variation with 

the wave propagation time coincides with the theoretical results with an error percentage equals to 

(9%). Fig. 24 shows that the experimental results of the cyclic crack growth rate variation with the 

number of cycles coincides with the theoretical results with an error percentage equals to (10%). 

 

10. CONCULUSIONS 

1. The principal stresses induced in the spline shaft are different from the principal stresses 

induced in the sleeve with a percentage depends on their geometry.  

2. The end of the engagement length endures the maximum stress and it’s the most susceptible 

point to failure. 

3. In the BBSC both ends endures the maximum stresses while in the BFSC only one end 

endures the maximum stresses. 

4. The engagement length has a significant effect on reducing the stresses. 

5. The time of wave propagation of the cycling impact loads wave have a very significant 

effect on the stresses induced in the spline shaft then the impact loads. 

6. Appling cyclic impact load on the spline coupling highly raises the velocity of crack 

propagation.  

7. The cyclic growth rate obeys Paris law.  
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NOMENCLUTURE 

Symbol 

A: 
meaning  
coefficient 

Unit 

# 

B: coefficient # 

C : spline tooth height Mm 

N : number of teeth # 

L: engagement lengt  mm 

W: spline tooth width mm 

w : applied load   applied load   

X: axial posision                    mm 

m: material coefficient # 

.n: number of cycles                         Cpm 

Z : half crack length   mm 

k: integral constant                         # 

K: stress intensity factor             Mpa 

T: applied torque                        KN.m 

t: instantaneous wave propagation time Sec 

: total wave propagation time           Sec   

E : modulus of elasticity           Kn.m 

Cpm: cycle per minute             cycle/min  

G: modulus of rigidity              KN.m 

a: crack length mm 

: Initial crack length                     mm 

 : instantaneous crack length         mm 

: material coefficient # 

: sleeve root radius                      mm 

: shaft root radius   mm 

 : sleeve outer radius                  mm 

: spline coupling pitch radius       mm 

: sleeve polar moment of inertia       

: shaft polar moment of inertia       

P(x): static presser                   Kpa   

: torque transmitted by sleeve    Kn.m 

: Torque transmitted by shaft       Kn.m 

m(x,t): torque transmitted by Kn.m 
 transmitted torque             Kn.m 

Kn.m: Spline coupling    due to cyclic impact load 

V: velocity of crack propagation               m/sec 

: impact velocity of crack               m/sec` 

α: coefficient        N/rad 

: material density Kg/  

: poison's ratio # 

: principal stress                   KN/  

: torsional rigidity               KN/rad 
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 principal stress due to      cyclic impact load 

 

: sleeve angle of twist        rad 

: shaft angle of twist rad 
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Figure 1. Schematic figure of the spline 

coupling.  

Figure 2. Schematic plot of the typical              

relationship between the crack growth rate 

and the range of the stress intensity.  

  Figure 3. The fixing plate and the impact.  

 

Figure 4. The measuring instruments. 

 

          . 

 

       Figure 5. Principal stress distribution 

along the axial direction of a (bfsc) tooth due 

to impact load. 

 

Figure 6. Principal stress distribution along a 

(bbsc).  
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Figure 7. Effect of cyclic impact load on the 

principal stress values. 

 

Figure 8. Principal Stress Distribution along a 

(BFSC) Sleeve for 3 Different Cyclic Loads. 

 

 

Figure 9. Principal stress distribution along a 

(bfsc) sleeve for 3 different cyclic loads. 

Figure 10. Stress distribution along a (bbsc) 

sleeve for 3 different engagement lengths. 

Figure 11. Stress distribution along a (bbsc) 

sleeve for 3 different numbers of teeth. 

 

 

Figure 12. Stress distribution along a (bfsc) 

sleeve at 4 different wave propagation times. 
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Figure 13.Velocity of crack propagation due 

to cyclic impact load for 5 different numbers 

of cycles. 

 

Figure 14. Cyclic crack growth rate variation 

with number of cycles. 

Figure 15. Cyclic crack growth rate for 4 

different initial crack lengths. 

 

Figure 16. Principal stress variation with 

amount of applied load. 

 

 

Figure 17.Principal stress variation with the 

amount of applied load for 2 different number 

of teeth. 
 

 

Figure 18. Principal stress variation with the 

engagement length. 
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Figure 19. Principal stress variation with the 

amount of applied load for impact and cyclic 

impact load. 

 

Figure 20.  Variation of velocity of crack 

propagation with wave propagation time for 2 

different numbers of cycles. 

 

 

Figure 21. Cyclic crack growth rate variation 

with the number of cycles. 
 

 

Figure 22.Comparison between the 

experimental and theoretical results for the 

principal stress variation with the amount of 

cyclic impact load. 

 

Figure 23. Comparison between the 

experimental and theoretical results of 

velocity of crack propagation variation with 

the wave propagation time. 

 

Figure 24. Comparison between the 

experimental and theoretical results of the 

cyclic crack growth rate variation with the 

number of cycles. 


