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ABSTRACT 
 

 

DESIGN IMPROVEMENT FOR REAR AXLE COVER  
 

 

In this thesis, leakages on the rear axle covers used in Ford vehicles are investigated. 

Main reasons of leakage are discussed and problem is solved by improving rear axle cover 

design and by improving cover bolt performance. 

 

To simulate the real road condition of the vehicle, vehicle durability test and 

comparison oriented beam fatigue tests are performed with the current rear axle cover 

designs. Modifications on the bolt hole locations in the cover, thickness and cover flange 

lenght are the proposals for improvement. Several FE analyses were performed for each 

proposal. The results of the analyses were compared with the vehicle and beam fatigue test 

results, which were performed during cover improvement studies.  

 

Beside cover design improvement studies, load tests, torque vs. angle test and bolt 

elongation studies were performed in order to reveal the effects of the parameters on cover 

bolt performance, such as paint on the surface of the cover in contact with the bolt, sealer, 

sealer process and torque. 

 

Static analyses with static and equivalent dynamic loads considering the condition of 

the maximum vehicle gross weight effect on the rear axle and the maximum torque 

transferred from propeller shaft to the rear axle, were performed using finite element 

software. The results of the analysis were compared with the results of the tests. 
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ÖZET 
 

 

ARKA AKS KAPAĞI TASARIM İYİLEMESİ 
 

 

Bu çalışmada, Ford araçlarında kullanılan arka akslarda görülen kapak yağ kaçakları 

incelenmiştir. Sorunun kök sebepleri üzerinde durulmuş, kapak parçasının tasarım 

iyilemesi ve kapak civatasının performansının iyileştirilmesi ile problemin çözümüne 

çalışılmıştır. 

 

Mevcut tasarım arka aks kapakları ile, gerçek yol koşulları altında çalışma durumunu 

simüle eden araç dayanıklılık testleri ve karşılaştırma amaçlı yorulma testleri 

tamamlanmıştır. Kapaktaki çeşitli delik lokasyonları, kalınlık  ve kapak kıvrım yüksekliği 

iyileştirme için sunulan önerilerdir. Her bir öneri için çeşitli sonlu eleman analizleri 

yapılmıştır. Araç ve yorulma testlerin sonuçları, tasarım iyileştirme çalışmaları sırasında 

yapılan analizler ile karşılaştırılmıştır.  

 

Kapak tasarım iyileştirme çalışmalarına ilaveten, kapak civatasının performansında 

etkili olabilecek civata altı boyası, sıvı conta ve tork faktörlerinin etkisini göstermek 

amaçlı yük testi, torka bağlı açı testi ve civata uzama çalışmaları yapılmıştır.  

 

Analizler static ve dinamik yükler ile, sonlu elemanlar yöntemi ile aracın kendi 

ağırlığının maksimum düzeydeki etkisi ve kardan milinden aksa iletilen torkun etkisi 

dikkate alınmak suretiyle sonlu elemanlar paket programı kullanılarak yapılmıştır. Analiz 

sonuçları, deneysel sonuçlar ile karşılaştırılmıştır. 
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1.  INTRODUCTION 
 

 

A differential box is used to decrease the speed and to increase torque output while 

transmitting the movement coming from the engine to the wheels and to provide a 

difference in speeds of inner and outer wheels in turns. Power is supplied from the engine, 

via gearbox, to driveshaft (British term: propeller shaft), which runs rear axle. A pinion 

gear at the end of propeller shaft is encased within differential itself, and it engages the 

large ring gear (British term: crownwheel). The ring gear is attached to a carrier, which 

holds a set of small planetary gears. The three planetary gears are set up in such a way that 

the two outer gears (the side gears) can rotate in opposite directions relative to each other. 

The pair of side gears drive the axle shafts to each of the wheels. The entire carrier rotates 

in the same direction as the ring gear, but within that motion, the side gears can counter-

rotate relative to each other. Thus, for example, if the car is making a turn to the right, the 

main ring gear may make 10 full revolutions, and during that time, the left wheel will 

travel more revolutions because it has further to travel, and the right wheel will travel 

fewer revolutions correspondingly, as it has less distance to travel. The side gears will turn 

in opposite directions relative to each other by, say, 2 full turns each (4 full turns with 

regard to each other), resulting in the left wheel making 12 revolutions, and the right wheel 

making 8 revolutions Schematic of differential is shown in Figure 1.1. 

When the vehicle is traveling in a straight line, there will be almost no movement of 

the planetary system of gears. On the other hand, when the vehicle turns, planetary gear 

system starts to move.  

Rear axle is a system which includes differential system. Rear axle has several 

components as showed in Figures 1.2 and 1.3. Rear axle cover which is one of the 

components of this system, is used to prevent axle oil leakage. But, leakage is seen due to 

poor sealing performance of the cover, gap between cover flange and carrier due to 

overloading and insufficient stiffness. Oil leakage is crucial since oil defficiency in rear 

axle leads locking of gears and tires which may lead to heavy accidents. 

Improvement of rear axle cover design and improvement on cover bolt performance 

are the interests of this study. This study is organized as follows; 

First of all, a proposed new cover with improved sealing performance and increased 

flange stiffness will be designed, modeled and produced. Then, vertical beam fatigue and 



 

 

2

vehicle tests will be performed to get test results of the current and proposed cover designs 

to compare design efficiency.(Currently, 2 different types of cover is used for rear axle 

applications.) Vehicle tests are performed at Ford vehicle test center which is Lommel 

Proving Ground and beam fatigue tests are performed at DANA UK test center. After that, 

rear axle system will be modeled and FEA will be performed. The aim is to correlate the 

FEA model according to exact test results and prove accuracy of the model. Finally, rear 

axle cover design improvement should be completed by FEA analysis, without performing 

any further rig and vehicle tests. This will provide Ford Motor Company significant cost 

saving by eliminating costs. Further studies and tests are performed to obtain effective 

parameters on bolt performance. Sealer, sealer process and bolt toque affect bolt 

performance. Load test, torque to angle test and bolt elongation studies are performed to 

reveal each parameters effect on performance. Finally, the most appropriate process which 

improves cover and system performance is presented. 

 

   
 

Figure 1.1.  Schematic of differential  
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Figure 1.2.  Schematic of rear axle  

 

 
 

Figure 1.3.  Schematic of rear axle housing 
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1.1.  Literature Review 

 

There are a number of studies on differentials and rear axle. But, there is no similar 

study on rear axle cover in literature. Studies on differential systems are generally about 

the gear sets, failure modes and fatigue. Bayrakçeken [1] carried out a failure analysis of a 

differential pinion shaft.  Mechanical characteristics of the material were obtained. Then, 

its microstructure and chemical composition were determined. Das et al. [2] performed a 

failure analysis of the pinion. Stevenson et al. [3] studied on the failure of a high speed 

pinion shaft. Examination of the shaft revealed cyclic fatigue as the failure mechanism 

with a substantial distribution of nonmetallic inclusions near the fracture initiation site. 

Wang et al. [4] described a research work on modeling and numerical analysis of torsional 

vibration in automotive manual transmissions. The focus of that study was on a decoupling 

procedure for the numerical analysis of gear rattle. Asi [5] performed a failure analysis of a 

rear axle shaft used in an automobile which had been involved in an accident. The 

investigation was carried out in order to establish whether the failure was the cause or a 

consequence of the accident. Vogwell [6] described an investigation which was carried out 

on a failed drive shaft component used on an unmanned remotely operated vehicle. A 

study of the broken shaft showed how vulnerable such a rotating component could be to 

fail by fatigue even when operating under steady conditions, if basic preventative design 

actions are not taken. Bensely [7] performed the failure investigation of crown wheel and 

pinion. The study concludes that the failure was due to a compromise made in raw material 

composition by the manufacturer. Sabnavis et al. [8]  performed on the cracks of the shafts 

and diagnostics. Types and causes of the shaft cracks are explained. Clegg [9] studied on 

the failure of planetary pinions. A failure analysis approached  is described in this study. 

Sinou et al. [10] investigated the influence of cracks on the failure of  shafts. Dumitru et al. 

[11] performed an experimental study of torsional impact fatigue of  shafts - presented a 

methodology to study the fatigue strength of shafts under repeated impacts. Alvarez et al. 

[12] presented a computer application to dimension shafts. Safety factors according to 

several classic theories can be obtained by indicating shaft dimensions and particular 

discontinuities, as grooves or holes. Ranganath et al. [13] described a failure of a swing 

pinion shaft of a dragline. The causes of failure of a swing pinion shaft of a coal handling 

dragline have been investigated in this work. Along with the failed shaft, a small piece of 

material from the tooth of another shaft that rendered design life in service was also 
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analyzed. Law et al. [14] performed on vehicle axle load identification using finite element 

method. responses. A new moving load identification method was presented using on finite 

element method and condensation technique. Lehr [15] applied new generation fiber gasket 

material to high-stress, dynamic flange environments. These applications include flywheel 

housing-to-block gaskets, gear case-to-block gaskets, axle covers, cast aluminum oil pan 

gaskets, rear seal carrier gaskets, heavy duty valve cover gaskets, etc. What these 

applications have in common is a high degree of torsional or shear stress on the gasket 

which can lead to failure. Lehr [16] studied on the subject of a new flange sealing 

technology. A new flange sealing technology is described which meets industry standard 

durability and seal ability testing. Santosh et al. [17] presents a web-based tool to calculate 

gear and bearing forces for a front or rear axle. Force equilibrium is ensured in both gear 

and bearing load calculations for front and rear axles in both drive and coast modes. The 

gear forces along with the bearing spans are used to calculate bearing loads on the axle 

carrier at the pinion and differential case locations. James at al. [18] describes a numerical 

simulation method to predict the system deflections and misalignments in a loaded axle 

assembly. A fully-coupled, non-linear algorithm has been developed to analyze the cage & 

shaft & bearing & gear & carrier system. Sun et al. [19] presents the FEA modeling 

techniques in studying axle system dynamics and the level of accuracy of the model that 

can be achieved in predicting forced system responses. The use of a driveline system 

model in the development of a design optimization for total system NVH performance is 

discussed. Examples are provided to demonstrate the effects of modal alignments and 

appropriate system tuning. Beutler [20] optimized sealing of an axle cover pan gasket. 

Axle cover pan bolted joint sealing with a fiber composition gasket material can be 

challenging to achieve leak-free sealing. A project was conducted to optimize a stamped 

steel cover pan/fiber composition gasket static sealing ability by utilizing the robust 

engineering method. An analytical FEA modeling approach in combination with the robust 

parameter design technique was utilized to evaluate and optimize the stamped cover pan 

crown embossment geometry shape. Sreedhar et al. [21] worked on the recent trends of 

increasing driveline torque and use of traction control devices call for increasingly higher 

durability capacity from driveline components. Traditional finite element analysis (FEA) 

procedures have been used effectively in the re-design of driveline components to reduce 

stress, and occasionally, to predict fatigue life. Hussien et al. [22] developed a three 

dimensional finite element method for the dynamic and vibration analysis of the rear axle 
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system. The method allows for the dynamic modeling of several components of the axle 

system including the input shaft, the output shafts, the control arms, track bar, tires, 

bearings, bushings, and helical springs and dashpots of the suspension system.  

 

1.2.  Motivation and Objectives of the Study 

 

In most of the rear axle studies shaft failures are investigated. Failure analysis and 

metallurgical inspections are performed to reveal the failure mode. The main problem for 

the axle parts is fatigue or fracture. Further studies on the material of the parts are 

performed. 

 

Cover leakage issue cannot be evaluated as a fracture or fatigue problem. Leakage 

from cover may be due to unacceptable bolt elongation, insufficient clamp load, 

insufficient pressure distribution, assembly bolt torque values, insufficient sealer 

performance and insufficient stiffness. Therefore in this study, it is aim to reveal the main 

reasons of the leakage problem and prevent this by taking corrective actions. 

 

Cover leakage issue was not studied before in the literature. Analyses performed for 

the rear axle parts did not consider torsional effects, also. In this study, torsional effect will 

be considered in the FE analysis to point out the effectiveness of the torsional effect on the 

cover analysis. 

 

1.3.  Thesis Outline 

 

The thesis consists of three main chapters. In Chapter 2, the subject of rear axle cover 

leakage is explained. Also, possible root causes and corrective actions which were taken 

are stated. More, current cover designs and proposed cover design are represented. Vehicle 

test (General Durability Test) and rig test (Vertical Beam Fatigue Test) results are showed 

for each cover design. In Chapter 3, FE model and input parameters are explained. Current 

design and proposed design cover FE analysis results are represented. In Chapter 3, test 

results presented in are compared to finite element simulation results obtained by using 

Hyper-mesh program for 3g beam load and forward torque input. Robustness of the FE 

model for rear axle analysis is showed. New cover designs with changing bolt locations, 
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curvature dimensions and different thickness are proposed. FE analysis is performed for 

proposed cover designs, also. Finally, the design which gives the best results in FE analysis 

is stated. In Chapter 4, cover bolt studies are discussed. Load tests are performed to check 

the sealer and paint on bolt face effect, angle to torque tests are performed to check torque 

effect. Moreover, elongation studies are performed to see both sealer process and torque 

effect on bolt performance. Finally, most convenient sealer process and torque value are 

presented and implemented to the assembly line. 
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2.  THE REAR AXLE COVER LEAKAGE ISSUE AND THE 

ASSOCIATED STUDIES 
 

 

As it is seen, numerous studies were conducted on the behavior of differentials. One 

of the components of the rear axle, which is the cover should also be investigated due to 

failures (leakages) in the vehicle durability (TTGD) and beam fatigue (rig) tests. The test 

procedures are explained in Appendices A & B. 

 

2.1.  Cover Leakage Issue (Possible Root Causes and Corrective Actions) 

 

The first objective of this study is to reveal the reasons for the leakage from the rear 

axle cover, which might be due to unacceptable bolt elongation resulting from paint effect 

on cover and insufficient clamp load, insufficient pressure distribution, assembly bolt 

torque values, sealer application process (thickness, width, location, surface cleaning), 

sealer performance and insufficient stiffness. 

 

Various studies were performed and several actions were taken to improve the 

deficiencies of the system and prevent from cover leakage such as stated below: 

 

i. Paint was removed from the bolt seat faces on the cover to eliminate unacceptable 

plastic elongation of bolt due to paint effect. Removal of the paint resulted in an 

increase in clamp load. 

 

ii. Surface cleaner Loctite 7070 was implemented in the process in order to increase 

sealing performance  

 

iii. To improve sealer application process, guides were used in the assembly process 

in order to help having a continuous bead of sealant around the inside wall of the 

cover 

 

iv. To improve sealer application process, error proofing was implemented to control 

the time between sealer application and fastening of the cover to the housing. 
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v. To improve sealer application process, clearing process on carrier mating surface 

before cover assembly was redefined. 

 

vi. To improve sealer performance, Loctite 5900 was started to be used instead of 

Loctite 5699. 

 

Although the above precautions were taken to improve the design and the process, 

still cover leakages were observed during the vehicle durability tests as shown in the next 

chapters. This meant the precautions were not effective enough. In the present thesis study, 

the geometry of the cover was redesigned to minimize the deformation at the interface 

between the cover and the carrier to uniform pressure distribution on the cover flange face, 

and improve sealer performance. 

 

2.2  Current Cover (Cover 1) vs Proposed Covers (Cover 2 & Cover 3) 

 

Design change 1&2 : In order to increase flange stiffness and sealer performance, the 

flange of the current rear axle cover (Figure 2.1) is bent with 0.5 mm width stamping as 

shown in Figure 2.2 and Figure 2.3. 

 

 
 

Figure 2.1.  Current level cover (Cover 1) 
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In addition to the aforementioned changes, there are some other dimensional 

differences between the cover designs. Due to some design requirements, the inner regions 

of cover 3 are the same as that of cover1. The other dimensional differences are explained 

in the Figure 2.4. The spherical radius of the cover 1 is 149.3 mm, and cover 2 is 149.23 

mm. The distance between spherical center and cover flange for cover 1 is 76.15mm, the 

same distance for cover design is 69.85mm. So,it can be concluded that cover 2 design is 

approximately 7mm larger in depth. 

 

 
 

Figure 2.2.  Proposed cover (Cover 2&3) flange design 

 

Adding curved form on the outer edge of the flange increases its stiffness. 
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Figure 2.3.  Cover 2 &3 design that is added curvature and 0.5 mm stamping 

 
Proposed Stamping/Bead form applies uniform pressure between bolt holes even for  

increased bolt torques.  
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Figure 2.4.  Dimensional difference of cover 2 (app. 7 mm larger in depth) 

 

2.3  Vehicle Durability Test Results 

 

The purpose of this test is to validate the strength, durability and functionality of all 

components of the vehicle over 240,000 km or 1 life - drive train, components of all types 

of light trucks, including, but not limited to rear axle, drive shaft (prop shaft), gearbox, 

clutch and engine mounts. All components which complete this test without failure are 

considered to be durable. For a good evaluation, it is mandatory that this procedure is 

executed as accurately as possible.  
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2.3.1  Cover 1 Results 

 

During the durability vehicle test, several cover leakage issues were investigated. For 

cover 1, the holes where leakage was observed during testing are pointed out in Figure 2.5-

2.8. 

 

 
 

Figure 2.5.  Leakage from rear axle cover 1, after TTGD test and bolt torques 
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Figure 2.6.  Leakage from rear axle cover 1, after TTGD test (including bolt torques) 

 

 
 

Figure 2.7.  Leakage from rear axle cover 1, after TTGD test 
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Figure 2.8.  Leakage from rear axle cover 1, after TTGD test 

 

2.3.2  Cover 2 Results 

 

For cover 2, the holes where leakage was observed during testing are pointed out in 

Figure 2.9-2.12. 
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Figure 2.9.  Leakage from rear axle cover 2 after TTGD test 

 

 
 

Figure 2.10.  Leakage from rear axle cover 2 after TTGD test 
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Figure 2.11.  Leakage from rear axle cover 2 after TTGD test (including bolt torque) 

 

 
 

Figure 2.12.  Leakage from rear axle cover 2 after TTGD test  
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From the test results, it can be concluded that leakage is likely to occur at various 

hole positions for both cover designs. In the Figure 2.13, leakage locations are indicated 

with red circles and critical regions on the cover are pointed with yellow arrows. 

 

 
 

Figure 2.13.  Leakage summary of rear axle cover 1 & 2, after TTGD test 

 

2.4  Vertical Beam Fatigue Test Results 

 

View from rear of axle and cover bolt numbering can be seen in Figure 2.14. 

 

 
 

Figure 2.14.  View from rear of axle 
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2.4.1  Vertical Beam Fatigue Test 1 

 

To determine whether cover 1 and cover 2 would perform adequately, a series of 

tests were performed on the beam fatigue rig in Dana Birmingham. These tests would 

provide a comparison of the performances of the cover designs. 

 

Five axles were taken from the Birmingham production line, covers are removed and 

the carrier surfaces are cleaned. Each of the other sourced covers (3 off cover2 and 2 off 

cover 1) was also cleaned and the Loctite 5900 sealant was applied using the X-Y plotter 

situated in the production line. Any adjustments required to keep the sealant on the raised 

section of the cover 2 were made using hand applied sealant. Standard production cover 

bolts were used to retain the covers. All are torqued to 60 Nm.  The axles were then left for 

a minimum of 24 hours to allow the cover sealant to set. Each axle was then mounted on 

the beam fatigue rig and subjected to a cyclic loading of 0.5-2.5G. The axle was sealed and 

pressurized to allow for detection of air loss. Periodically, the cover plate was checked for 

air loss using a leak detector spray. The tests were suspended at 500,000 cycles if no 

failure occurred. Test results are shown in Table 2.1. 

 

Table 2.1  Results of vertical beam fatigue test number1  

 

 
 

As a conclusion, the expected life of an axle at this loading is 300,000-450,000 

cycles. All of the axles with cover 2 failed to complete the 500,000 cycles without leaking. 

For cover 1, both of them completed the test without the cover leakage. The conclusion is 

that cover 2 is not as robust as cover 1. Although cover 2 did not perform as well as cover 

1, the lives of the covers remain close to the expected life of the axle at this loading.   
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2.4.2  Vertical Beam Fatigue Test 2 

 

Following reported cover 1 leaks in Jumbo vehicles in China, a series of tests were 

performed on the beam fatigue rig in Dana Birmingham using the mentioned test 

procedure with cover 2. Additionally, the load was increased by 10%.These tests can be 

compared with the results from the testing on the previous design. Cover 2 was being 

contemplated as a replacement for cover 1 currently used in the production. 

 

Test results are shown in table 2.2 : 

 

Table 2.2  Results of vertical beam fatigue test number 2  

 

 
 

Following this failure it was realized that this crack was only detected when the axle 

was under heavy loading. All previous checks for air leaks, including those on sample #1 

had been performed when the axle was not in a loaded condition. The first sample was then 

re-mounted on the rig and checked for leaks under load. A crack was found in the cover in 

the same position as on sample #2 below. Loaded and unloaded conditions for sample 1 is 

shown in Figure 2.15 and Figure 2.16.It is not possible to determine when this crack 

occurred in the cover plate and therefore the result from this sample should be ignored. 
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Figure 2.15.  Sample #1 – unloaded condition 

 

 
 

Figure 2.16.  Sample #1 – loaded condition 

 

The second cover plate cracked on the radius next to bolt number 9. It can be seen in 

Figure 2.17 and 2.18. 

 
 

Figure 2.17.  Sample #2 
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Figure 2.18.  Sample #2 

 

The cover plate for sample #3 was checked under load prior to test and no cracks 

were found as can be seen in Figure 2.19 and Figure 2.20. This sample failed during 

overnight running and so it is not known exactly when the cover cracked. The failed cover 

is shown in Figure 2.21. For this reason the result of 480,000 cycles will be used. 

 

 
 

Figure 2.19.  Sample #3 – No load prior to test 
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Figure 2.20.  Sample #3 – Under load prior to test 

 

 
 

Figure 2.21.  Sample #3 – End of test 

 

 

When comparing the results with those from previous testing it should be 

remembered that this test was run at an additional 10% load. The new cover design did not 

perform as well as the old one in previous test, but the increased load my account for this. 

However, there is insufficient confidence in this cover design. 
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3.  FINITE ELEMENT ANALYSIS OF THE REAR AXLE 
 

 

In order to save cost and time, one should take advantage of CAE analysis to 

optimize the rear axle cover design. Vehicle durability test results and vertical beam 

fatigue test results are available for both of Cover 1 and Cover 2. During the vehicle 

durability test, torque transmitted from the propeller shaft to the pinion gear is measured 

and get the maximum torque on pinion shaft as an analysis input. 

 

3.1.  FE Model and Inputs for the Analysis 

 

3.1.1  FE Model of the Rear Axle 

 

Figure 3.1 -3.3 show the representative mesh model of the rear axle and its parts. 

Rear axle tubes, carrier, cover, cover bolts and bearing caps are modeled for this study. 

There is no need to model the axle shafts as they only transmitted torque to wheels and no 

effect on force distribution. Moreover, hypoid gear set, differential case and bearings are 

not modeled, their effects on carrier surfaces are accounted for calculating the reaction 

forces. 

 

 
 

Figure 3.1  Representative mesh model of the rear axle 
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Figure 3.2  Representative mesh model of the rear axle housing (carrier, tube,caps,bolts) 

 

 
 

Figure 3.3  Representative mesh model of the rear axle cover 
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The FE model of the carrier, rear axle tubes and caps are created using 2nd order 

tetrahedral elements. As shown in Figure 3.4, cover bolt head and carrier are modeled with 

using solid elements; also the same modeling is used for the bearing caps and the axle 

tubes. The cover is modeled using first order quad shell elements. There is no need for 

solid modeling for the cover, because it has 3 mm thickness. Cover bolts are modeled 

using beam elements. Cover bolts are connected with rigid elements to carrier surface (type 

of rigid elements is 6 dof RBE2) as shown in Figure 3.5. Also, pretension is defined for 

each cover bolt in the modeling.  

 

As shown in Figure 3.4, there is a contact between bolt head-cover and carrier-cover. 

Friction is defined and exponential pressure over closure algorithm is used for the surface 

behavior. (clearance at 0; contact pressure 0.001 mm and pressure at 0; clearance 10 Pa). 

Small sliding node to surface algorithm is also used. Friction coefficient for this analysis is 

taken as 0.1. 

 

 
 

Figure 3.4  FE model of the rear axle cover, carrier and cover bolt 
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Figure 3.5  FE model of the rear axle cover, carrier and cover bolt (from model view) 
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In the assembly line carrier and rear axle tubes are fastened with a tight fit. For this, 

reason tie contact is defined between the carrier and rear axle tubes. It is modeled one to 

one as a rigid body. Also, the same modeling is applied between carrier and differential 

bearing cap shown in Figure 3.6. 

 

 

 
 

Figure 3.6  FE model of the carrier and rear axle tube & carrier and differential bearing cap 

(from model view) 
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As a result of the torque transmitted from the propeller shaft to rear axle, reaction 

forces develop at the differential and pinion bearings of the rear axle. Instead of including 

the hypoid gear set and differential case in the model, their effects on the bearing surfaces 

are accounted for by calculating the reaction forces. Force and pressure are induced on the 

bearings and on the carrier contact surfaces due to torsional effect. Each bearing center 

node is defined, then connected with rigid elements to carrier surfaces. Calculated forces 

are directly applied to this node, so force and pressure are distributed to the bearing carrier 

surface from the center of the bearings as shown in Figure 3.7. 

 

 
 

Figure 3.7  FE model of force distribution of the bearings-differential and pinion bearings 

(from model view) 

 

3.1.2  FE Model Inputs 

 

In the calculations, it is assumed that a 3g wheel load would be reacted by a load 

split of 1g at the bump stops and 2g at the spring centers as shown in Figure 3.8. This is an 

assumption based on other typical applications and experience.  
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1g wheel load is the load calculated by multiplying rear axle load (RAL) with g. Rear 

axle load can be described as the axle maximum capacity. For this study, the worst case, 

dual rear wheel is selected and RAL of this type of vehicle is 2950 kg.  

 

1g wheel load = (RAL) * g = 2950 kg * g ~ 28929.6 N 

 

Input loads on the rear axle are given as ; 

 

• Vertical downward load of 28929.6 N on both spring centers. 

 

• Vertical download load of 14464.8 N on both bump centers. 

 

Other inputs shown in Figure 3.8 are; 

 

• Material of the bearing cap and carrier is cast iron and elastic modulus of these 

parts is 163.3 GPa, and also Poisson’s ratio is taken as 0.275. 

 

• Material of the cover, cover bolt and tube is steel and elastic modulus of these 

parts is 206.8 GPa, and also Poisson’s ratio is taken as 0.28. 

 

• Minimum preload of 28491 N is induced in each bolt of carrier and cover during 

tightening. 

 

• Forward torque is +1800 Nm. 
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Figure 3.8  FE model of the rear axle and inputs for the analysis 

 

Boundary conditions of the model are shown in Figure 3.9. One side of the rear axle 

is restrained in x, y and z translation and the other side is constrained in x, z translation and 

y rotation at tire contact locations. This simulates the rear axle movement under loading. 

 

Moreover, axial forces and resultant forces are shown in Figure 3.9. Calculated 

resultant forces (Rph, Rpt, Rgl, Rgr) and axial forces (Aph, Apt, Agl, Agr) are shown in Table 

3.1. Details of rear axle force analysis can be found in Appendix C & D (FADSIM TOOL 

BOX & FORMULATIONS). 
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Figure 3.9  FE model of the rear axle with including torsional effects (bearing loads) 

 

Table 3.1  Force and pressure distribution due to torque 
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The aim of this study is to correlate the results of the FE model with the test data. 

The leakage locations are determined by performing several vehicle durability tests and 

vertical beam fatigue tests. If the model can predict the similar failure modes as observed 

in the tests, then the model can be used to predict the impact of changes in the cover design 

on its performance. First, hole locations were modified to improve the design of the cover, 

so that a smaller gap. Then cover thickness and cover flange design were modified. 
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3.2.  FE Analysis Results for Cover 1, 2 and 3 

 

FE analyses were performed for all 3 covers under 3g beam load and 3g beam load + 

forward torque. The results of the FE analyses for the cover 1, 2 and 3 are summarized in 

Table 3.2. As seen in Figures 3.10-3.15, that the critical locations correspond to leakage 

locations observed in tests. This validates the FE model of the rear axle used in this study.  

 

It can be concluded that the critical loading condition for this analysis is 3g beam 

load + forward torque load condition. The results can be also seen in Figure 3.10-3.15. 

Cover design may be improved by changing cover bolt hole locations according to Axle 

Cover Design Guide released by FORD MOTOR COMPANY. It can be easily seen that 

cover 3 has the best performance, so cover 3 will be the best choice, at the beginning, to 

improve the design. 

 

Table 3.2  FE gap analysis results for cover 1, 2 and 3 (all dimensions are in mm) 
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Figure 3.10  FE analysis result of cover 1 with 3g beam load condition 

 

 
 

Figure 3.11  FE analysis result of cover 2 with 3g beam load condition 
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Figure 3.12  FE analysis result of cover 3 with 3g beam load condition 

 

 
 

Figure 3.13  FE analysis result of cover 1 with 3g beam load + forward torque condition 
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Figure 3.14  FE analysis result of cover 2 with 3g beam load + forward torque condition 

 

 
 

Figure 3.15  FE analysis result of cover 3 with 3g beam load + forward torque condition 
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3.3. Remodeling of the Bolted Joints with Solid Elements  

(Comparison between Solid and Beam Modeling) 

 

In obtaining the previous results, the cover bolts were modeled by using beam 

elements. In order to check the effect of bolt modeling on the FE results, further analysis 

with solid modeling was also performed. The solid bolt modeling can be seen in Figure 

3.16. Same as the previous study, cover bolts are connected with rigid elements to carrier 

surface and there is a contact between bolt head-cover and carrier-cover  

 

 
 

Figure 3.16  FE model of the rear axle cover, carrier and solid cover bolt(from model view) 

 

In this additional study, the rear axle model with rear axle cover 3 is used. The 

critical load condition for this analysis is 3g beam load + forward torque load condition 

The maximum gap for cover 3 design with beam modeling is 0.03395 mm. Beside this, the 

result of maximum gap value for solid modeling study is 0.03424mm. There is a small 

difference between two different types of modeling. Critical locations are also same for 

both analyses. FE result of this study can be seen in Figure 3.17. In Cover 3 (3 mm) 

analysis, cover bolt head was modeled with solid elements and the cover thread is modeled 
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with beam elements. In the second analysis, cover 3 with solid bolt (3 mm), both cover bolt 

head and the cover thread are modeled with using solid elements. 

 

 
 

Figure 3.17  FE analysis result of cover 3 with 3g beam load + forward torque condition 

 

In this study, compressive forces at each cover bolt locations are also calculated. As 

seen in Table 3.3 both modeling yields the same on compressive forces. Cover bolts are 

also numbered, 1 to 12, during this study as shown in Figure 3.18. 

 

Compressive forces mentioned in the table are the preload values of the cover bolts 

on 3g beam load + forward torque load condition. The initial value for each cover bolt is 

28491N.  

 



 

 

40

Table 3.3  Compressive forces for each cover bolt location (Remodeling Study) 

 

   

 
 

 
 

Figure 3.18  Cover bolt numbering on rear axle cover 

 

After all these results, it can be concluded that the difference of both modeling is 

very small and can be neglected. Both solid and beam modeling gives similar results. In 
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order to perform the analysis in a shorter time, beam modeling can be used for rear cover 

bolts. 

 

3.4.  Design Improvement Proposals for Cover 3 (Different Hole Locations) 

 

According to the Axle Design Guide [23] released by Ford Motor Company, cover 

bolt hole locations are very important parameters for the design. Bolt spacing shown in 

Figure 3.19 is an important parameter and as a design requirement the distance between 

two neighbouring holes should be within a specific range. They should not be far away. 

Then, it is considered that cover 3 design may be improved by changing the locations of 

the critical holes shown in Figure 3.20. A parametric study is conducted to determine the 

effects of bolt hole locations. The modifications in bolt positions are indicated in Table 3.3. 

 

 
Figure 3.19  Bolt spacing  
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Figure 3.20  (Cover 3) Modified bolt holes 

 

Table 3.4  (Cover 3) Positional changes tried for design improvement  (in mm)  

[(-) sign means opposite direction] 
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3.5.  FE Analysis Results of Cover 3 for Different Hole Locations 

 

FE analyses were carried out for all 10 different cover designs with 3g beam load and 

3g beam load + forward torque. The results of the FE analysis for the cover design 1-10 are 

summarized in Table 3.4 and shown in Figure 3.21-3.30.  

 

The gap results for each cover are shown in Table 3.4. As sees in the table, no 

improvement is obtained by modifying bolt holes. This can be due to asymmetric current 

design of the cover. Because, it is also stated in the design guide that cover should be 

symmetric to get the best performance. But, due to design limitations, it is not possible to 

change the asymmetric cover to symmetric design.  

 

It can be easily seen that cover 3 has the best performance, so cover 3 will be the best 

choice to improve the design. For the further studies, thickness of the cover and cover bead 

dimension will be investigated.  
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Table 3.5  FE gap analysis results for design 1-10 
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Figure 3.21  FE analysis result of design 1 with 3g beam load + forward torque condition 

 

 
 

Figure 3.22  FE analysis result of design 2 with 3g beam load + forward torque condition 
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Figure 3.23  FE analysis result of design 3 with 3g beam load + forward torque condition 

 

 
 

Figure 3.24  FE analysis result of design 4 with 3g beam load + forward torque condition 
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Figure 3.25  FE analysis result of design 5 with 3g beam load + forward torque condition 

 

 
 

Figure 3.26  FE analysis result of design 6 with 3g beam load + forward torque condition 
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Figure 3.27  FE analysis result of design 7 with 3g beam load + forward torque condition 

 

 
 

Figure 3.28  FE analysis result of design 8 with 3g beam load + forward torque condition 
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Figure 3.29  FE analysis result of design 9 with 3g beam load + forward torque condition 

 

 
 

Figure 3.30  FE analysis result of design 10 with 3g beam load + forward torque condition 
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Similar to the previous study, compressive forces for each cover bolt locations are 

also calculated. Table 3.6 shows the compressive forces for each cover bolt location for 

this study. It can be seen that location 2 is the most critical location for all design 

proposals. Also, location 8 is the second one at all. More, location 12 is the safest area for 

all design covers. At vehicle tests, leakages were seen generally from these areas. This 

shows the validity of the model. 

 

If we reduce the distance between bolt locations 2-3 and 8-9, critical bolt locations 

become as 2,8,7,1 and 4 respectively.  

 

If we increase the distance between bolt locations 2-3 and 8-9, critical bolt locations 

changes to 2,8,3,7 and 9 respectively. 

 

Although location 1 is not critical, reducing distance between holes makes this area 

critical. Similarly, increasing distance makes location 3 critical. 

 

Table 3.6  Compressive forces for each cover bolt location (Design 1-10) 
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3.6.  Design Improvement Proposals for Cover 3  

(Different Thickness and Curvature Height) 

 

There are some control factors which are defined as cover design features. 

Thicknesses of the cover, curvature height, bead width, radius of the curvature, bead 

height, and shape of the bead are some of the design features of the cover design. 

 

It is considered that thickness of the cover and curvature of the flange surface has 

more effect on the stiffness and performance of the cover design. So, it is beneficial to 

check the design proposal with FE analysis. 

 

In this section, thickness of the cover and curvature height effects on the cover 

design will be investigated. For further analysis, thickness of the cover is changed to 

2.5mm to 4mm, by the way current cover thickness is 3 mm. Moreover, curvature of the 

flange surface is increased to 5.5 mm where current cover design has 5 mm curvature 

which can be seen in Figure 3.31. 
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Figure 3.31  Figure of cover flange design 

 

3.7. FE Analysis Results of Cover 3 for Different Thickness and Curvature Height 

 

The results of the FE analysis for the cover design 11-16 are summarized in Table 

3.5. The critical holes regions and gap dimensions can be seen in Figure 3.35-3.40.  

 

The gap results for each cover are shown in Table 3.5. Increasing flange length of the 

design results in improvement on the maximum gap values. But, it is not very significant. 

After comparing the thickness of the design, it is revealed that there is an optimum 

thickness value which is 3 mm. Decreasing thickness of the cover does not give better 

results, it increases the maximum gap. Increasing thickness of the cover does not have 

significant effect on the maximum gap values. It slightly changes and can be assumed as 

having no effect on the design. 
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Table 3.7  FE gap analysis results for design 11-16 

 

 
 

 
 

Figure 3.32  FE analysis result of design 11 with 3g beam load + forward torque condition 
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Figure 3.33  FE analysis result of design 12 with 3g beam load + forward torque condition 

 

 
 

Figure 3.34  FE analysis result of design 13 with 3g beam load + forward torque condition 
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Figure 3.35  FE analysis result of design 14 with 3g beam load + forward torque condition 

 

 
 

Figure 3.36  FE analysis result of design 15 with 3g beam load + forward torque condition 
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Figure 3.37  FE analysis result of design 16 with 3g beam load + forward torque condition 

 

Clamping forces at each cover bolt locations were also calculated for different cover 

thicknesses. Table 3.8 shows the clamping forces at each cover bolt location for this study. 

It can be seen that location 2 is the most critical location for all design proposals. Also, 

location 8 is the second one. Moreover, location 12 is the safest area for all design covers. 

It follows exactly the same trend as the previous ones. 

 

As stated before, at vehicle tests, leakages were seen generally from these areas. This 

shows the validity of the model. 

 

Whether increasing or reducing the thickness of the cover, the critical locations are 

not changed. Location 2,8,7,3 and 1 are most critical areas at all for each design.  
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Table 3.8  Compressive forces for each cover bolt location (Design 12-16) 
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4.  COVER BOLT STUDIES & TESTS 
 

 

Beside cover design, cover bolt performance is another important factor for leakage 

problem. Paint on cover bolt paint, sealer, sealer process, sealer quantity and tightening 

torque are the parameters which are directly affect cover bolt performance. To reveal the 

effect of these parameters effect on bolt performance several tests were performed such as 

clamp load testing, elongation study and torque & angle study for various conditions. 

 

4.1.  Effect of Paint on Cover Bolt Face (Clamp Load Test) 

 

Cover is painted by dipping the paint bath, so all faces including cover bolt faces are 

painted. Paint causes a drop on the friction coefficient between the bolt heads and the 

cover, results in excessive load and hence, excessive elongation on cover bolts. Clamp load 

test is performed with painted and unpainted bolt face at different torque values to 

determine the effect of torque and paint on these locations. 

 

Clamp load test was performed with painted and unpainted cover to determine the 

effect of paint on cover bolt face. Test set up is shown in Figure 4.1. There is a connector, 

which is put in through the load cell clamped with the screw vice. Cover is located on top 

of load cell and there is a ring between load cell and cover. Bolt is tightened  and clamp 

load is measured with the help of load cell apparatus. 

 

 
 

Figure 4.1  Load cell test set up 
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Clamp load test results are shown in the below table 4.1 and table 4.2. 

 

Table 4.1  Clamp load of bolts (for painted cover) at different torque values 

 

 
 

Table 4.2  Clamp load of bolts (for unpainted bolt face) at different torque values 
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Clamp load testing was performed with painted and unpainted cover at 54, 61 and 68 

Nm, respectively. Bolts are tightened and loads are measured.  

 

As expected, increasing torque values results in an increase on bolt loads. Friction 

coefficient variation is also caused a variation on loads at the same torque values.  

 

When comparing the painted vs. unpainted test results at same torque values, it is 

seen that load on unpainted cover is higher than the painted one. As paint reduces the 

friction, torque effect on bolt increases that results in an increase on clamp load and 

excessive elongation. If bolt elongation exceeds the elastic region, plastic deformation 

occurs. After plastic deformation, load on bolt is decreased. It can be concluded that paint 

on bolt face reduces friction and cause excessive elongation on bolt due to plastic 

deformation. So, clamp load on bolt is also reduced. 
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4.2.  Effect of Sealer on Cover Bolt (Clamp Load Test) 

 

In assembly process, sealer is used between cover and carrier. So, cover bolts are 

directly contact with some amount of sealer during assembly. It is known that sealer 

reduces the friction coefficient if it is stuck to bolt threads. This may affect the bolt 

performance. 

 

Clamp load test was performed with sealed and nonsealed sample plates to determine 

the effect of sealer on bolt performance. The load cell and ring plate which are used in 

these test shown in Figure 4.2. There is an a connector which is put in through the load cell 

is clamped with the screw vise. Test sample plates (50x160x3mm) are prepared. These 

plates which are sealed or nonselaed located on top of load cell and there is a ring between 

load cell and plates. Bolt is tightened and clamp load is measured with the help of load cell 

apparatus. 

 

 
 

Figure 4.2  Load cell and ring plate 
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Clamp load testing results are shown in Table 4.3.  

 

Table 4.3  Clamp load variation of bolts with / without sealer 

 

 
 

Clamp load test was performed with 7 sample bolts without sealer and 5 sample bolts 

with sealer. Bolts are tightened and loads are measured.  

 

It is seen that there is a variation on load values at the same torque for both tests. 

Friction coefficient variation is also caused a variation on loads at the same torque values.  

 

When comparing these two tests, it is seen that load on cover without sealer is 

higher. As sealer reduces the friction, torque effect on bolt increases which in turn results 

in an increase on the clamp load and excessive elongation of the bolt. If bolt elongation 

exceeds the elastic region, plastic deformation occurs. After plastic deformation, load on 

bolt is decreased. It can be concluded that sealer effect on bolt reduces friction and cause 

excessive elongation due to plastic deformation. So, clamp load on bolt is also reduced. 
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4.3.  Determining Effect of Sealer Process 

 

As expected, sealer has an effect on bolt performance. Amount of sealer in contact 

with cover bolt thread affects bolt performance. It is known that sealer process directly 

affects the amount of sealer which is used at assembly line. Elongation of bolt study was 

performed to determine the effect of sealer process.  

 

 
 

Figure 4.3  Comparison between DANA sealer process vs Inonu sealer process 

 

Rear axle is produced by DANA and Inonu. They use different sealer application 

processes at assembly lines. DANA and Inonu sealer application patterns are shown in 

Figure 4.3. It can be easily seen that heavy sealer process is using at Inonu. 

 

Bolt elongation study was performed for each sealer process. Initial length of the 

bolts are measured. All bolts were tightened and after a while they are unscrewed. After 

that final lengths of the bolts are measured. The difference between initial and final 

measurements gives the elongation of each bolt. Results are shown in Table 4.4 and 4.5. It 

should noted that maximum elongation limit for the bolts are 0.021 mm. 
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Table 4.4  Results of bolt elongation study with Inonu sealer process 
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Table 4.4  Results of bolt elongation study with Inonu sealer process (continued) 
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Table 4.5  Results of bolt elongation study with Dana sealer process 
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Table 4.5  Results of bolt elongation study with Dana sealer process(continued) 
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Table 4.4 and 4.5 show that the DANA sealer process gives better results than the 

Inonu process. It can be concluded that heavy sealer application causes excessive bolt 

elongation and decreases bolt clamp load.  

 

4.4.  Effect of Sealer & Torque (Torque vs. Angle Test) 

 

Sealer and torque are two parameters which directly affect the bolt performance. 

Torque vs. angle tests are performed with various torque values and sealer conditions to 

determine the effect of sealer and torque on bolt performance. 

 

4 studies were performed, 

 

• Study 1 - 61 Nm torque with Inonu (current) sealer process. 

 

• Study 2 - 68 Nm torque without sealer. 

 

• Study 3 - 68 Nm torque with Inonu (current) sealer process. 

 

• Study 4 - 68 Nm torque with heavy sealer process. 

 

Bolts are tightened with the help of torque equipment which is shown in Figure 4.4.  

 

 
 

Figure 4.4  Bolt tightening process and torque equipment 
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Torque wrench is connected to the torque measurement equipment (ACTA 3000) 

which is shown in Figure 4.5. Torque is measured and controlled with this equipment. 

Torque value should be in the range of 61 ± 1 Nm.  

 

 
 

Figure 4.5  Bolt torque measurement equipment - ACTA 3000 

 

Torque measurement equipment is connected to a computer system which is shown 

in Figure 4.6. A special program is used and torque vs angle values are taken from the 

computer program as an output. Results are given in the next sections. 

 

 
 

Figure 4.6  Torque vs. angle measurement equipment 
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4.4.1  61Nm Torque with Inonu(current) Sealer Process (Study 1) 

 

Study 1 is performed with current sealer process at 61Nm torque value. Results are 

shown in Figure 4.7. 

 

 (a) 

 (b) 

 

Figure 4.7  Bolt torque vs. angle results for Study 1 
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 (c) 

 (d) 

 (e) 

Figure 4.7  Bolt torque vs. angle results for Study 1 (continued) 
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 (f) 

 (g) 

 (h) 

Figure 4.7  Bolt torque vs. angle results for Study 1 (continued) 
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 (i) 

 (j) 

 (k) 

Figure 4.7  Bolt torque vs. angle results for Study 1 (continued) 
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 (l) 

 

Figure 4.7  Bolt Torque vs Angle results for Study 1 (continued) 

 

It is seen that yielding occurs at 3 bolts shown in Figure 4.7 b, j and k, two at 58Nm 

and one at 60Nm. 

 

4.4.2  61Nm Torque without Sealer (Study 2) 

 

Study 2 is performed without sealer process at 61Nm torque value. Results are 

shown in Figure 4.8. 

 

 (a) 

Figure 4.8  Bolt torque vs. angle results for Study 2 
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 (b) 

 (c) 

 (d) 

Figure 4.8  Bolt torque vs. angle results for Study 2 (continued) 
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 (e) 

 (f) 

 (g) 

Figure 4.8  Bolt torque vs. angle results for Study 2 (continued) 
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 (h) 

 (i) 

 (j) 

Figure 4.8  Bolt torque vs. angle results for Study 2 (continued) 
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 (k) 

 (l) 

 

Figure 4.8  Bolt torque vs. angle results for Study 2 (continued) 

 

There is no yieldint at any of the cover bolts for stuy 2. 

 

4.4.3  68Nm Torque with Inonu(current) Sealer Process (Study 3) 

 

Study 3 is performed with current sealer process at 68Nm torque value. Results are 

shown in Figure 4.9. 
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 (a) 

 (b) 

 (c) 

Figure 4.9  Bolt torque vs. angle results for Study 3 
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 (d) 

 (e) 

 (f) 

Figure 4.9  Bolt torque vs. angle results for Study 3 (continued) 
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 (g) 

 (h) 

 (i) 

Figure 4.9  Bolt torque vs. angle results for Study 3 (continued) 
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 (j) 

 (k) 

 (l) 

Figure 4.9  Bolt torque vs. angle results for Study 3 (continued) 
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It is seen that yielding occurs at 5 bolts shown in Figure 4.9 d, f, h, i and l, four above 

61Nm and one at 57Nm. 

 

4.4.4  68Nm Torque with Heavy Sealer Process (Study 4) 

 

Study 4 is performed with heavy sealer process at 68Nm torque value. Results are 

shown in Figure 4.10. 

 

 (a) 

 (b) 

 

Figure 4.10  Bolt torque vs. angle results for Study 4 
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 (c) 

 (d) 

 (e) 

Figure 4.10  Bolt torque vs. angle results for Study 4 (continued) 
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 (f) 

 (g) 

 (h) 

Figure 4.10  Bolt torque vs. angle results for Study 4 (continued) 
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 (i) 

 (j) 

 (k) 

Figure 4.10  Bolt torque vs. angle results for Study 4 (continued) 
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 (l) 

 

Figure 4.10  Bolt torque vs. angle results for Study 4 (continued) 

 

It is seen that yielding occurs at 7 bolts shown in Figure 4.10 b, c, f, g, h, j and l, five 

above 61Nm and others at 58 and 60Nm. Moreover, one cover bolt ruptured shown in 

Figure 4.10 k at the end of this study. 

 

As expected, increasing torque values at the same sealer process affects cover bolt 

performance poorly. 3 bolt yielded occur at 61 Nm with current sealer process and 5 

yielded were seen at 68 Nm with same sealer process. 

 

As expected, sealer process and amount of sealer also reduce the bolt performance. If 

there is no sealer at 68 Nm, no yielding occurs; with current sealer process 5 yielding 

occurs and finally with heavy sealer process 7 yielding and 1 rupture occurs. This shows 

the negative effect of sealer on cover bolt performance. 

 

Although, omitting the sealer process gives better results, it is not possible to 

assemble cover to carrier without sealer. It is seen that after all these studies, best 

performance of the bolt is at the current torque value (61Nm) with improved sealer process 

(DANA).  
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5.  SUMMARY AND CONCLUSIONS 
 

 

A research was conducted to determine the main reasons of leakage. After taking 

into consideration recent studies, it was seen that the main reason was the poor sealing 

performance of the sealer and insufficient stiffness. New cover designs were tried like 

adding curvature and stamping to increase the sealer performance. Also, changing the 

cover hole positions was considered to improve the cover design. Moreover, thickness of 

the cover and flange lenght effect on the cover design was investigated during 

improvement studies.  

 

During the improvement studies, to simulate the real road condition of the vehicle, 

vehicle durability test and comparison oriented beam fatigue tests were performed with the 

current rear axle cover designs – Cover 1 and 2. Then, it seems logical to take advantage of 

CAE analysis to improve the rear axle cover design. Because, existence of a model that 

correctly simulates the real conditions, saves time and money. Vehicle durability test 

results and vertical beam fatigue test results for both of cover 1 and cover 2 were obtained 

from the field and test centers. The results of the tests were compared with the model 

analysis results. 

 

FE analyses were performed for all the proposed cover designs with 3g beam load 

and 3g beam load + forward torque. The critical load condition for these analyses is 3g 

beam load + forward torque load condition. Because, torsional effect which is the most 

important load condition for cover leakage issue is included in these analysis. 

 

In this study, the results of the FE model were compared with the results of the test 

data. The locations where oil might leak were previously determined by performing several 

vehicle durability tests and vertical beam fatigue tests.  

 

The results of the analyses with the current cover1, 2 and 3 correlated with the test 

results of cover 1 and 2 Then, it was assumed that the cover design may be improved by 

changing cover bolt hole locations according to Axle Cover Design Guide released by Ford 

Motor Company. The preliminary analyses results reveal that cover 3 had the best 
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performance. Accordingly cover 3 was chosen as the design to introduce modifications to 

improve the performance.. 

 

10 cover designs with different bolt locations were tried and no improvement was 

observed according to the FE model. Asymmetric current design of the cover might be its 

reason. Because, it is also stated in the Axle Cover Design Guide of Ford Motor Company 

that symmetric design of hole positions and cover should be applied to get the best 

performance. But, due to design limitations, it is not possible to change the asymmetric 

cover to symmetric design.  

 

Two of the design features, which are the thickness of the cover and the length of the 

flange were also investigated. Increasing the flange length results in improvement on the 

maximum gap values. But, it is not very effective. Decreasing thickness results in 

increased gap. Because increasing thickness has a slight effect on the maximum gap, it is 

not likely that leakage can be prevented by changing the thickness. Besides, thicker cover 

has also some problems such as cost disadvantage and manufacturing difficulties. 

 

To conclude, it can be seen that the best proposal is cover 3 design which is a hybrid 

cover, i.e. it is a combination of cover 1 and cover 2. 

 

Furthermore, although it seems that increasing the flange length of the cover leads to 

a little bit better performance, it has nearly no effect, so there is no need to change the 

current design of the curvature. This change also increases manufacturing difficulty and 

cost. Therefore, this proposal may be also ignored. 

 

Beside cover design studies, various tests and studies were performed to determine 

the paint, sealer, sealer process and torque effect on the bolt performance. It can be seen 

that paint on the cover bolt head decreases the friction effect then cause an additional force 

on cover bolt. This additional force directly causes excessive elongation and affects cover 

bolt clamping performance. Bolt exceeds its elastic region and plastic deformation occurs. 

So, load on cover bolt is decreased dramatically. To summarize, paint on cover bolt 

decreases friction, causes excessive elongation and results in decreasing pretension in the 

bolts. 
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Similar to paint effect, sealer on cover bolt has the same effect on bolt performance. 

Using excessive sealer decreases the friction then causes an additional force on cover bolt. 

To summarize, sealer decreases friction, causes excessive elongation and results in 

decreasing pretension in the bolts. 

 

Elongation studies show the effect of sealer process. DANA sealer process and Inonu 

sealer process designs are compared; it is obvious from the test results that Dana sealer 

process is better than Inonu process. Heavy sealer (Inonu) process causes excessive bolt 

elongation and causes clamp load decrease. 

 

Torque vs. angle test reveals the effect of sealer process and torque effect on bolt. 

When we consider all the studies, it is seen that increasing bolt torque worsens the bolt 

performance and excessive bolt elongation occurs. Similarly, increasing sealer quantity 

causes excessive elongation of the cover bolt.  

 

To conclude, new sealer process should be implemented to prevent excessive bolt 

elongation and bolt loosening. Also, it is decided not to change magnitude of the applied 

torque value in the assembly process.  
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APPENDIX A:  TTGD3 (TRAILER TOW GENERAL DURABILITY) 

TEST for LIGHT COMMERCIAL TRUCKS 
 

 

 Appendix A is from Ref 24 - Corporate Engineering Test Procedure - Trailer Tow 

General Durability Test for Light Commercial Trucks (CETP: 00.00-R-354). 

 

A.1.  Purpose of the Test 

 

The purpose of this test is to validate the strength, durability and functionality of all 

components of the vehicle over 240K km or 1 life. For a good evaluation, it is mandatory 

that this procedure is executed as accurate as possible. 

 

A.2.  History of the Test 

 

This is a trailer tow general durability test for European light commercial trucks. The 

test contains events focused on both structural and power-train durability including trailer 

towing. High speed cycle was improved. Also some minor changes in the descriptions of 

the test events are made to make the test less complex for the test drivers. On special 

request for quick body or chassis validation, the test can be split up in a structure (TTAD) 

and a driveline (TTDD) durability test, where TTDD+TTAD=TTGD. 
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Table A.1  Track (Event) summary of TTGD test 

 

 
 

A.3.  Coverage of the Test 

 

TTGD3 Test for European Light Commercial Trucks consists of 120 cycles and 

correlates with 240,000 km (150,000 miles) or 1 life of European light truck customer 

Durability Vehicle Life. When the vehicle has to be tested to 1.5 lives, the first 60 cycles of 

the test have to be repeated at the end of the 120 cycles to accumulate 180 cycles in total. 
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A.4.  Equipment and Facilities 

 

A.4.1  Track Analysis 

 

This test procedure is written for execution on the test track facilities of Lommel 

Proving Ground. The test consists of 120 drive cycles 

 

A.4.2  Event Analysis 

 

Several of passes of each event during the test are performed. Some special events 

driven for accelerated structural input. 

 

A.5.  Road Description 

 

The facilities used in this test procedure are shown in the below figure A.1. 

 

 
 

Figure A.1.  TTGD test road description 
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A.6.  Vehicle Preparation 

 

A.6.1  Loading Conditions 

 

The vehicle should be loaded according to CETP 00.00-R-602, Test Mass 

Standards. The distribution of the load can be seen in the below figure A.2. If specified by 

the test requester, roof load has to be added. The roof load must be evenly divided over the 

roof rack. The vehicle should not exceed GVM condition though. This means the roof load 

must be subtracted from the vehicle loading. The weights are always determined with filled 

up fuel tanks. 

 

 
 

Figure A.2.  TTGD test load distribution 

 

A.6.2  Loading Schedule 

 

The vehicle is loaded during the test according to the specifications. According to 

the test requester specifications, roof load has to be added in some cycles  
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APPENDIX B:  BEAM FATIGUE TEST (RIG TEST) 
 

 

 Appendix B is from Ref 25 -  DANA Coorporation Beam Fatigue Test Report 

 

B.1.  Introduction 

 

To determine if the Ford Transit cover would perform adequately, a series of tests 

were performed on the beam fatigue rig in Dana Birmingham. 

 

B.2.  Theory 

 

Maximum Strain is given by the following equation:  
 

)(1
My
EIstraing =−  

where: 

M = Maximum tube bending moment 

where M assumes the following vehicle data:- 

2950kg Rear axle load 

1641mm Track 

1110mm Spring Centres 

All load is reacted at spring centres, none at the bump stops. 

y = Tube outer diameter / 2 

E = Youngs Modulus 

I = Second moment of area 

Therefore 1G strain = 490 με 
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B.3.  Test Procedure 

 

Prior to the test, strain gauges are attached to the tube assemblies, inboard of the 

spring seats. The axle is then fitted to the beam fatigue rig. Mounting is at an angle of 

approximately 45 degrees to the rig bed and the hydraulic rams are fitted to the spring seat 

brackets as shown in Figure B.1.. 

 

The strain gauges are connected to the Spider-8 electronic measuring system. Each 

axle was then mounted on the beam fatigue rig and subjected to a cyclic loading of 0.5-

2.5G. The axle was sealed and pressurised to allow for detection of air loss. Periodically 

the cover plate was checked for air loss using a leak detector spray. 

 

 
 

Figure B.1.  Rear axle beam fatigue test rig 
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APPENDIX C:  FADSIM-TOOLBOX (GEAR-BEARING LOADS) 
 

 

 Appendix C is from the Ref 26 - http://www.fadsim.ford.com/etm/cae/vadsim-gear-

bearing/?)  
 

C.1.  Introduction (About FADSIM TOOLBOX Gear Bearing Loads) 

 

FADSIM Toolbox Gear-Bearing Loads is a web-based tool for the prediction of 

hypoid gear and bearing loads. Product applications are in front axles, rear axles and power 

take off units (PTU). Analysis applications are in stress and NVH analysis. 

 

First, hypoid gear loads and mesh point location are developed in the global 

coordinate frame (parallel to the vehicle coordinate frame).  

 

Results are presented for both front axles/right hand pinion and rear axles/left hand 

pinion for both drive and coast conditions.  

 

The gear loads are then used to calculate bearing loads on the axle carrier/PTU at the 

pinion and differential case locations compression, uniaxial tension, and hydrostatic 

compression test results are used as input parameters in finite element simulations. 

Simulations of uniaxial and hydrostatic compression, uniaxial tension, simple shear 

 

C.2.  Axes of the System 

 

Axes of the rear axle system is shown in Figure C.1. 

 

X + Passenger to driver; Y + Front to rear; Z+ Vertically up 

 

 Drive refers to a condition when the input torque is coming from the pinion. 
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Figure C.1.  Axes of the rear axle system 

 

C.3.  Inputs for FADSIM tool 

 

C.3.1  For Gear Load Calculations 

 

1- Pressure angle [Pinion concave (drive)] 

2- Pinion offset 

3- Pitch angle 

4- Spiral angle 

5- Mean cone distance 

6- Offset angle 

7- Pitch apex beyond crossing point 

8- Input torque at pinion 

 

C.3.2  For Bearing Span 

 

1- Pinion mounting distance 

2- Nominal pinion shim 

3- Head pinion bearing effective load center distance 

4- Head pinion cup to tail pinion cup distance 

5- Head pinion bearing assy.thickness 

6- Tail pinion bearing assy. thickness 

7- Tail pinion bearing effective load center distance 
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8- Ring gear mounting distance 

9- Ring gear mounting surface to LH cone seat 

10- LH diff bearing effective load center distance 

11- Ring gear mounting surface to RH cone seat 

12- RH diff bearing effective load center distance 

 

C.4.  Outputs for FADSIM tool 

All the bearing reactions to the gear loads. 
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APPENDIX D:  ANALYSIS-GEAR LOAD EQUATIONS IN LOCAL 

COORDINATES 
 

 

 Appendix D is from the Ref 17 - Santosh Neriya, Vince Monkaba, George A. 

Garfinkel, “VADSIM ToolBox: Gear/Bearing Loads”, SAE Technical Paper Series, No. 

2001-01-2804, 2001, except Chapter D.4.2. 

 

D.1.  Introduction 

 

The hypoid gear force equations are developed for rear axles in drive and coast 

modes .Rear axles typically have a left hand pinion and a right hand ring gear. The drive 

mode is when the pinion is rotating in the clockwise direction looking from the front to the 

rear of the vehicle and the coast mode is when the pinion is rotating in the counter-

clockwise direction looking from the front to the rear of the vehicle as shown in Figure 

D.1. The hypoid gear pair has the mesh force composed of three components: the axial 

component, the separating component and the tangential component 

 

 
 

Figure D.1.  Rear axle hypoid gears 
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D.2.  Pinion & Ring Gear Axial & Separating & Tangential Force Equations 

 

D.2.1  Pinion & Ring Gear Axial Force Equations 

 

 Axial forces of the pinion and ring gears are calculated according to the below 

equations D.1 and D.2  

 

 )   )(tan/(  pppptpap CosSinSinCosFF γψγφψ +=  (D.1) 

 

 )   )(tan/(  ggggtgag CosSinSinCosFF γψγφψ +=  (D.2) 

 

D.2.2.  Pinion & Ring Gear Separating Force Equations 

 

 Seperating forces of the pinion and ring gears are calculated according to the below 

equations D.3 and D.4  

 

 )   )(tan/(  pppptprp SinSinCosCosFF γψγφψ −=  (D.3) 

 

 )   )(tan/(  ggggtgrg SinSinCosCosFF γψγφψ +=  (D.4) 

 

D.2.3.  Pinion & Ring Gear Tangential Force Equations 

 

 Tangential forces of the pinion and ring gears are calculated according to the below 

equations D.5 and D.6. 

 

 )/( ptp RTF =  (D.5) 

 

 )/(  pgtptg CosCosFF ψψ=  (D.6) 
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D.3.  Gear Load Equations in Global Coordinates 

 

Application engineers and CAE analysts need the gear forces in the global 

coordinate frame. A rear wheel drive axle global coordinate system is shown in Figure B.2. 

The y-axis is the pinion centerline; the x-axis is parallel to the gear centerline intersecting 

the y-axis. 

 

 
 

Figure D.2.  Rear axle hypoid gear loads 
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D.3.1.  The Force Equilibrium Equations For a Rear Axle Pinion in Drive Mode 

 

 The resultant forces on pinion at global coordinate system X,Y and Z are calculated 

according to the below equations D.7, D.8 and D.9. 

 

 11   αβ CosFCosFF rptpXp −−=  (D.7) 

 

 apYp FF  - =  (D.8) 

 

 11 βα CosFCosFF rptpZp −=  (D.9) 

 

D.3.2.  The Force Equilibrium Equations For a Rear Axle Ring Gear in Drive Mode 

 

 The resultant forces on ring gear at global coordinate system X,Y and Z are 

calculated according to the below equations D.10, D.11 and D.12. 

 

 agXg FF  =  (D.10) 

 

 22 βα CosFCosFF rgtgYg +=  (D.11) 

 

 22   αβ CosFCosFF rgtgZg +−=  (D.12) 
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where 2121  , , , ββαα CosCosCosCos are direction cosines and defined as below, 

 

 pRXCos /1 =α  (D.13) 

 

 pRzCos /1 =β  (D.14) 

 

 gRzECos /)(2 −=α  (D.15) 

 

 gRIyICos /2 =β  (D.16) 
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D.4.  Bearing Load Calculations 
 

D.4.1.  Pinion Head & Tail Bearing Load Calculations 

 

The hypoid gear forces are applied in the global x, y and z directions at the mesh 

point. A hypoid pinion is shown in Figure D.3 The bearing reactions to the gear loads are 

at the head bearing A and the tail bearing B. These loads are dependent on the gear loads 

and the bearing spans and are developed using the moment equilibrium equations. 

 

 
 

Figure D.3.  Pinion head & tail bearings loads 

 
For a rear axle pinion in  DRIVE mode  as shown in figure B.3, the equations are 

below, 

 

Total moment at point A with respect to X direction is 0. ∑ = 0XAM . Then, Z - 

force on carrier at pinion tail bearing position can be calculated as shown below, 

 

 0=−− BZYZ bFzFaF  (D.17) 

 

 bzFaFF YZBZ /)( −=  (D.18) 
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Total moment at point B with respect to X direction is 0. ∑ = 0XBM . Then, Z - 

force on carrier at pinion head bearing position can be calculated as shown below, 

 

 0)( =+−+ AZYZ bFzFFba  (D.19) 

 

 bFbazFF ZYAZ /))(( +−=  (D.20) 

 

Total moment at point A with respect to Z direction is 0. ∑ = 0ZAM . Then, X - 

force on carrier at pinion tail bearing position can be calculated as shown below, 

 

 

 0=−+− BXXY bFaFxF  (D.21) 

 

 bxFaFF YXBX /)( −=  (D.22) 

 

Total moment at point B with respect to Z direction is 0. ∑ = 0ZBM . Then, X - 

force on carrier at pinion head bearing position can be calculated as shown below, 

 

 

 0)( =+++− AXXY bFFbaxF  (D.23) 

 

 bFbaxFF XYAX /))(( +−=  (D.24) 
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D.4.2  Differential Bearings Load Calculations 

 

The hypoid gear forces are applied in the global x, y and z directions at the mesh 

point as shown in Figure D.4 The bearing reactions to the gear loads are diff bearing C and 

diff bearing D. These loads are dependent on the gear loads and the bearing spans and are 

developed using the moment equilibrium equations. 

 

 
 

Figure D.4.  Differential bearings loads 

 

Total moment at point C with respect to Z direction is 0. ∑ = 0ZCM .Then, Y - 

force on carrier at diff. bearing position drive gear side can be calculated as shown below,  

 

 0)()( =+−−+− DYglgrXgYpgr FllFzFzl  (D.25) 

 

 
)(

)(

glgr

XgYpgr
DY ll

FzFzl
F

+

++
−=  (D.26) 

 

Total moment at point D with respect to Z direction is 0. ∑ = 0ZDM .Then, Y - 

force on carrier at diff. bearing position button half side can be calculated as shown below,  
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 0)()( =−+−+ YpglXgCYglgr FzlFzFll  (D.27) 

 

 
)(

)(

glgr

YpglXg
CY ll

FzlFz
F

+

−−
=  (D.28) 

 

Total moment at point C with respect to Y direction is 0. ∑ = 0YCM .Then, Z - 

force on carrier at diff. bearing position drive gear side can be calculated as shown below, 

 

 0)()( =+−++− DZglgrXZpgr FllzFFzl  (D.29) 

 

 
)(

)(

glgr

ZpgrX
DZ ll

FzlzF
F

+

+−
=  (D.30) 

 

Total moment at point D with respect to Y direction is 0. ∑ = 0YDM .Then, Z - 

force on carrier at diff. bearing position button half side can be calculated as shown below,  

 

 

 0)()( =+++− CZglgrXZpgr FllzFFzl  (D.31) 
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