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Abstract. Calculation of geometry, surface durability (pitting) and tooth root bending strength of gear 

pairs implemented in marine propulsion and auxiliary machinery has been prescribed by the 

International Association of Classification Societies (IACS) Unified Requirement UR M56. The 

calculation procedure described in this document has been based upon international standards of ISO 

6336 series. Previous edition of IACS UR M56 (Rev. 1/1994, Corr. 1996) originated from the 

requirements of edition 1996 of these standards. Since that time the standards have undergone 

important amendments in 2006 and corrected 2008. In certain cases, especially in helical gear pairs 

with higher helix angles, these amendments would have a significant influence to the decision whether 

a gear pair is acceptable or not. For these reasons, Croatian Register of Shipping (CRS), member of 

the IACS, initiated the task PM 11918 within the IACS Machinery Panel, aiming to amend and update 

the UR M56 to reflect these new requirements and prepared the draft of the new UR edition. Within 

the scope of IACS task CRS experts developed a computer program in MS Excel/VBA (Visual Basic 

for Applications), based upon the newly amended UR M56, in order to enable verification of the new 

calculation procedure on real marine gear pairs. This task took almost 20 months to be completed 

within the IACS bodies, including industry hearing. In December 2013 the IACS Council finally 

adopted the UR M56 (Rev. 2/Oct 2013) and made it publicly available on the IACS web site. The UR 

enters into force on January, 1
st
 2015. The aim of this paper is to present the background for the task 

performed, together with its results, final outcome and the benefits gained. The most important benefit 

is a common explicit approach to calculation of load capacity of marine spur and helical gears with 

involute toothing and parallel axes, entirely in accordance with the actual presently valid international 

ISO 6336 standards, with certain specifics related to marine machinery implementation. The 

additional aim of the paper is to promote programming in MS Excel/VBA, within marine and 

mechanical engineering community, being a powerful tool for development of engineering 

calculations computer programs. 
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1. Introduction

Marine gearboxes are essential parts of ships’ propulsion system, generally implemented in 
ship propulsion plants based upon medium- and high-speed marine Diesel engines. From 

classification point of view they belong to pure functional (class) machinery (class 

components), so they are required to operate reliably during their entire life onboard the ship. 

The basic components of a marine gearbox are: housing, shafts with their bearings, clutches, 

gear pairs and its lubrication system.  

Gear pairs are the essential part of a marine gearbox, intended to transmit torque and rotation 

from one shaft to another. Though in certain propulsion plants with e.g. so called Z-drives 

bevel gears are implemented, the most common gear types met in gearboxes with 

conventional common propulsion plants are cylindrical gear pairs for shafts with parallel axis 
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with a standard involute profile. They can be designed and manufactured with spur (straight 

teeth), or helical toothing.  

On the other hand, classification societies are the institutions that perform supervision of 

newly built, converted and ships in service during their design, construction, production and 

testing, as well as during their operation. The role of classification societies is essential in 

marine business. Class certificate confirms that the ship is capable to perform its essential 

function, being fit for intended purpose. International Association of Classification Societies 

(IACS) gathers together twelve internationally recognised classification societies. More than 

90% of the world's cargo carrying tonnage is covered by the classification design, 

construction and through-life compliance Rules and standards set by the member societies of 

IACS [1]. 

Long ago IACS member societies decided to set up a common background for development 

of their rules for selected ship components and systems. These common requirements are 

published, regularly reviewed and updated in form of IACS Unified Requirements (UR). 

Adopted UR’s are to be implemented in the rules of each and every IACS member society, 
unless that society expresses a reservation against that UR.  

IACS understood and recognised the importance to unify the approach to the design and 

calculation of marine gears and base them on requirements of selected national and 

international standards. This task was initiated by IACS in 1987, resulting with the 

development of IACS UR M56 Marine gears – load capacity of involute parallel axis spur 

and helical gears, adopted in 1990. 

Meanwhile, standardisation bodies continued to developed design and calculation standards 

for cylindrical gear pairs. For this reason UR M56 had to be amended in 1994, by its revision 

1 and corrected in 1996.  

This paper intends to describe the rationale behind the Croatian Register of Shipping (CRS) 

proposal to IACS as its member society to establish a task develop the new revision to the UR 

M56. The task PM 11918 was approved by the IACS Council in April, 2012. IACS 

Machinery Panel assigned the CRS to draft the proposal of the revised UR M56. The author 

presents hereafter the work done by the CRS, its results, the final outcome and the benefits 

gained. On the basis of this proposal IACS adopted published UR M56, revision 2 (2013), 

entering into force on January 1
st
, 2015. This revised UR M56 now contains calculation

procedure for geometrical values (dimensions), surface durability (pitting) and tooth root 

bending strength for marine cylindrical gears with parallel axes, completely in-line with the 

presently valid international standards.  

2. Formulation of the IACS task

The task PM11918 was triggered by IACS Machinery Panel as a result of regular 

correspondence initiated by the CRS. It was formulated with a medium task priority as 

follows:  

Calculation of geometry, surface durability (pitting) and tooth root bending strength of 

marine gears is prescribed by the existing UR M56 (Rev. 1/1994, Corr. 1996). The 

calculation procedure described in this document has been based upon international 

standards, e.g. of ISO 6336 series. Since the time the existing UR M56 was adopted, these 

standards have gone under important updates. However, these updates can in certain cases 

have a significant influence to the decision whether a gear pair is acceptable or not. These 

updates in standards have not yet been introduced into UR M56, because they were dated 

later than UR M56. Consequently, the existing UR M56 is obsolete and is to be updated. 
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The benefit of the updated IACS UR M56, as an outcome of this task, will be to have the 

common explicit approach to calculation of load capacity of marine spur and helical gears 

with involute toothing and parallel axes, completely in accordance with the presently valid 

international standards. 

The actual trigger that motivated the CRS to propose such an IACS task was a significant and 

important difference in the helix angle factor, Zβ, in the international standard ISO 6336-2

2006, Corr. 2008 with respect to its previous edition of 1996, found out within the research 

project performed in co-operation with the Faculty of Electrical Engineering, Mechanical 

Engineering and Naval Architecture (FESB), Split. It is important to point out that the still 

valid national standard DIN 3990-2:1987 prescribes calculation of the helix angle factor by 

the same expression as in withdrawn ISO 6336-2:1996. The difference between the two 

calculation formulae for the helix angle factor is more than 13% in case of high helix angles, 

e.g. β=30°.

3. National and international standards

The following international standards that prescribe the cylindrical gear pairs design and 

calculation procedure are in force today:  

- ISO 21771:2007, Gears - Cylindrical involute gears and gear pairs - Concepts and 

geometry; 

- ISO 6336-1:2006 & Corr. 1:2008, Calculation of load capacity of spur and helical 

gears,  Part 1: Basic principles, introduction and general influence factors; 

- ISO 6336-2:2006 & Corr. 1:2008, Calculation of load capacity of spur and helical 

gears,  Part 2: Calculation of surface durability (pitting); 

- ISO 6336-3:2006 & Corr. 1:2008, Calculation of load capacity of spur and helical 

gears,  Part 3: Calculation of tooth bending strength; 

- ISO 6336-5:2003, Calculation of load capacity of spur and helical gears, Part 5: 

Strength and quality of materials; 

- ISO 6336-6:2006 & Corr. 1:2007, Calculation of load capacity of spur and helical 

gears,  Part 6: Calculation of service life under variable load. 

- ISO 9083:2001, Calculation of load capacity of spur and helical gears - Application 

to marine gears 

At first sight it seemed that the standard ISO 9083 could have been applied to complete the 

whole task instead of updating the IACS UR M56. Unfortunately, it has been found out that 

this standard is no more in-line with the valid edition of ISO 6336 standards series (note that 

it was published before them). However, the Croatian Standards Institution, HZN, published

the standard HRN ISO 9083:2009 by adopting the ISO 9083:2001 in 2009. Obviously, this 

was not a best decision.  

4. Essential differences introduced by the IACS UR M56 Rev. 2

The complete text of IACS UR M56 Rev. 2 (Oct 2013) is freely available for download at the 

IACS web site www.iacs.org.uk. For this reason differences introduced by the new UR M56 

edition 2 with respect to the previous edition 1 have been only outlined hereafter, rather than 

presenting the whole procedure in its entire form.  
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4.1 Geometrical definitions 

Calculation of working diameters of pinion and wheel, dw1 and dw2, based upon the actual 

centre distance a and gear ratio u, in accordance with the expressions taken from ISO 

21771:2007 has been introduced in the new edition of UR M56 as follows:  

1

2
1

+
=

u

a
dw (1) 

1

2
2

+
=

u

au
dw (2) 

Additionally, calculation of transverse pressure angle at working pitch cylinder αtw based 

upon the actual centre distance a has been provided, additionally to the formula containing 

involute function. The reason behind this approach is the fact that the actual centre distance 

was already defined during the process of classification reviewing of gearbox documentation, 

because the design phase is normally completed in this stage. The same approach can also be 

used by designers, by implementing e. g. goal seek function in MS Excel.  

4.2 General influence factors 

Calculation of internal dynamic factor Kv has been entirely rewritten and completely brought 

in-line with the procedure specified in item 6.5.2 (Determination by calculation of dynamic 

factor using Method C) of the standard ISO 6336-1:2006, Corr. 2008. Accuracy grades 3 to 8 

in accordance with ISO 1328-1 have been selected for the UR M56 being the ones commonly 

met in marine gears.  

Face load distribution factors KHβ and KFβ have been generally described in the new UR M56, 

giving only the reference to the actual calculation procedure (Method C in ISO 6336-2:2006, 

Corr. 2008). The same applies to transverse load distribution factors KHα and KFα, by their 

reference to Method B of the same standard. All the IACS members accepted this as enough 

information for the gear designers and reviewers, in order to keep the UR M56 text more 

compact and easier to follow.  

4.3 Surface durability (pitting) 

Calculation of helix angle factor, Zβ, was the actual trigger to propose the task to amend UR 

M56. In accordance with the actual standard ISO 6336-2:2006, Corr. 2008 (item 9, equation 

28) the proper expression for helix angle factor is dependent on helix angle at reference

cylinder β as follows: 

b
b

cos

1
=Z (3) 

In accordance with the withdrawn standard edition (ISO 6336-2:1996, item 8, equation 28) 

the formula for the helix angle factor was:  

bb cos=Z (4) 

It is well known that ISO 6336 series standards was developed upon DIN 3990:1987 series. 

The latter was a very comprehensive outcome of the 17 years of work of German engineers 

and scientists. However, the presently still valid German standard DIN 3990 Part 2:1987 in its 

equation 6.01 still prescribes the old equation (4) for the helix angle factor. In addition to this, 

ISO 9083:2001 for marine gears, which is still in force also prescribes old equation (4).  
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The difference between equation (3) and (4) can be significant in case of gears with larger 

helix angle (about 22% for helix angle of 35°). It is also on the unsafe side. IACS members 
have searched extensively to find out the background for replacing equation (4) by (3) in the

new editions of international standards. It was finally found in the results of German authors 

experiments, as described and published at ASME IDETC/CIE 2007 Conference [2]. They 

actually proposed to replace equation (4) with (3) in ISO standards. It is not known why this 

proposal did not trigger any change in DIN 3990 Part 2:1987 either.  

Calculation of hardness ratio factor, ZW, was also updated to follow exactly the actual 

procedure in ISO 6336-2:2006, Corr. 2008 (item 13.2, method B).  

4.4 Tooth root bending strength 

The basic equation for the calculation of tooth root bending stress for pinion and wheel had to 

be brought in line with ISO 6336-3:2006, Corr 2008 (combining its equations 3 and 4 in item 

5.2.2). This equation finally reads:  

FPFFvADTBSF

n

t
F KKKKKYYYYY

bm

F
ss bagb £= (5) 

In equation (5) two new factors have been introduced that were not prescribed in the UR M56 

rev. 1. These are the rim thickness factor, YB, as well as the deep tooth factor, YDT.

Rim thickness factor was of utmost importance, due to existing evidence of breaking gear 

wheels designed with thin rim (commonly used) in service gathered by various IACS member 

societies. The prescribed procedure in UR M56 completely follows the one in the reference 

standard (ISO 6336-3:2006, Corr 2008), item 10.  

The deep tooth factor adjusts the tooth root stress to take into account high precision gears 

and contact ratios within the range of higher virtual contact ratios. The prescribed procedure 

in UR M56 reflects the one in the reference standard (ISO 6336-3:2006, Corr 2008), item 9. 

5. Validation of the calculation procedure and computer program

The proposed procedure had to be validated. For this purpose MS Excel program 

S10CilZ_IACS Cylindrical gears - Geometry and load capacity calculation, version 1.0 

(OCT 2012) has been developed extensively using Visual Basic for Application background. 

The program was based upon IACS UR M56 (Rev. 2), final draft 2012, prepared by the CRS.  

There was a convenient notation introduced in preparing the programme, e. g. named 

variables starting with underscore, in order to make equations in the MS Excel sheet readable 

and easy to follow, as much as possible. Just for illustration, the equation (1) can be entered in 

Excel worksheet in the form: _dw1=2*_a/(_u+1) using named variables _dw, _a and _u.

In the program the general influence factors Kv (partially), KFα, KHα and KHβ are entered 

directly, because IACS UR M56 contains only the reference to the Method B or C in ISO 

6336-1 as described. This can be considered a drawback, but the program is much easier to 

follow. This is not the case with the factors YF (tooth form factor) and YS (stress correction 

factor). They are calculated implementing separate VBA function modules in accordance with 

the actual standards DIN 3990-3:1987 and ISO 6336-3:2008 & Corr. 1 2008, because their 

calculation procedure in the UR M56 is only referenced to, rather than prescribing each 

calculation step.  

The complete validation example with the data taken from literature [3] has been given in 

Appendix A in Tables 1 to 4. The results in the tables have been obtained by the new UR 
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M56 revision 2. Results provided in [3] are based upon DIN 3990:1987 series standards, 

giving thus a good enough reference to compare updated procedure with the old one. Just for 

illustration, comparison of the two sets of results expressed by actual Hertz contact stress 

(where UR M56 revision 2 gives 1243 N/mm², whereas literature [3] gives 1122 N/mm²) 
shows the difference in the amount of 11% on the unsafe side.  

6. Conclusion

The paper briefly outlines the work performed by the Croatian Register of Shipping experts 

within the IACS Machinery Panel task PM 11918 in development of the revised Unified 

Requirement UR M56 for the calculation of cylindrical marine gears with parallel axis. The 

newly introduced and updated calculation factors have been briefly presented, having a 

significant influence to the calculated results. 

During the procedure validation with the developed program several errors in the valid 

reference ISO standards for calculation of tooth form factors and stress correction factors 

have been found and documented. There is no doubt about this, because few equations in ISO 

standards do not have a physical sense as written there. This information is expected to be 

communicated from IACS to ISO.  

Hopefully, the work done contains enough information for the International Organisation for 

Standardisation to initiate updating of ISO 9083:2001 for marine gears, as well as to issue 

new correction of the valid ISO 6336-3 to resolve errors in prescribed calculation of tooth 

form factors and stress correction factors as mentioned above. By implementing the new UR 

M56 in their Classification Rules, IACS member will increase the confidence of gear 

calculation procedure, thus making a small important step in accomplishing their continuous 

mission: safer and cleaner ships.  
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APPENDIX A: Validation example  

(Cylindrical gears - geometry and load capacity calculation program: S10CilZ_IACS.xls/vba) 

Table 1 Geometrical data and results (input values highlighted) 

Gear pair: Roloff-Matek, 18th edition, example 21.8 NR: 000005 // S10

Normal pressure angle at reference cylinder αn = 20 °

Helix angle at reference cylinder β = 24 °

Normal module mn = 2 mm

Centre distance a = 74 mm

Note: for internal gear pair, center distance a and number of teeth z 2 shall be input as negative values

Pinion  Wheel

Number of teeth z1= 33 z2= 34

(external toothing) (external toothing)

Face width of gears b1= 17,5 mm b2= 16,5 mm

Transverse pressure angle at reference cylinder αt = 21,723 °

Transverse pressure angle at working pitch cylinder αtw = 22,970 °

Helix angle at base cylinder βb = 22,470 °

Transverse module mt = 2,189 mm

Sum of radii at reference circle ad = 73,34 mm

Gear ratio u = 1,0303

Sum of addendum modification coefficients, Σx x1+x2= 0,3388

Tip shortening factor k = -0,0091

Common facewidth of a gear pair at reference cylinder b = 16,5 mm

Pinion      Wheel

Virtual number of teeth zn1 = 42,303 z n2 = 43,585

Reference diameter d1 = 72,25 mm d2 = 74,44 mm

Working diameter dw1 = 72,90 mm dw2 = 75,10 mm

Base diameter db1 = 67,12 mm db2 = 69,15 mm

To complete the calculation addendum modification coefficient of the pinion has been selected and input

Choosen addendum modification coefficient x1 or x2 = 0,17

Tooth root height factor of the tool (basic rack) h a0 = 1

Tip clearance c = 0,25

Pinion  Wheel 

Tip clearance c1= 0,25 c2 = 0,25

Addendum modification (profile shift) coefficient x1= 0,170000 x2 = 0,168772

Addendum of basic rack ha1= 2,32 mm ha2 = 2,32 mm

Tip diameter da1= 76,89 mm da2 = 79,07 mm

Root diameter df1= 67,93 mm df2 = 70,11 mm

Transverse contact ratio εα= 1,4175

Overlap ratio εβ= 1,0681

Total contact ratio εγ= 2,4856
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Table 2 Input data and intermediate results for strength calculations 

Application (main propulsion gears- 1, auxiliary gears- 2) 2

Toothing (single helix- 1, double helix- 2) 1

Tooth system with transverse load distribution correction (yes / no) no

t=Lubrication oil temperature (relevant for viscosity) 40 °C

Kinematic viscosity of lubricating oil at temperature t ν= 192 mm²/s

Pinion Wheel 

Surface roughness of tooth flank Rmax1 = 6,4 µm Rmax2 = 6,4 µm

(approximately:  R max= 6,4 Ra    R max= 1,6 Rz)

ISO accuracy grades (3-8) QISO1 = 6 QISO2 = 6

Gear material types (material; abbreviation; surface hardness)

1 - case hardened steel; Eh; 660-800 HV

2 - nitriding steel, nitrided; NT(nitr.); 650-900 HV

3 - through hardening steel, nitrided; NV(nitr.); 450-650 HV 

4 - flame or induction hardened steel; IF; 500-615 HV

5 - alloyed through hardened steel; V; 200-360 HV

6 - carbon through hardened steel; V; 135-210 HV

7 - normalized low carbon steel; St; 110-210 HB

8 - cast steel; St (cast); 140-210 HB 

Gear material properties Pinion Wheel

Gear material denotement 16MnCr5 16MnCr5

Gear material type Mat1= 1 Mat2= 1

Tensile strength of gear material Rm1= 1000 N/mm² Rm2= 1000 N/mm²

Yield strength of gear material Re1= 780 N/mm² Re2= 780 N/mm²

Surface hardness HS1= 60 HRc HS2= 60 HRc

Endurance limit for contact stress* σHlim1= 1450 N/mm² σHlim2= 1450 N/mm²

Tooth root endurance limit, σFE=YST σHlim * σFE1= 900 N/mm² σFE2= 900 N/mm²

*) if blank or zero, calculated according to ISO 6336-5:2003

Rim thickness (zero for no rim, i.e. solid gears) sR1= 0 mm sR2= 0 mm

Design factor Yd1= 1 Yd2= 1

(in general- 1; part load reversed- 0,9; idler gears- 0,7)

Maximum continuous power transmitted by gear set P = 22 kW

Rotational speed of pinion n1= 1400 rpm

Application factor KA = 1,25 

Load sharing factor   (the number of planetary gears is up to  3) Kγ= 1,0

CALCULATED DYNAMIC VALUES Pinion Wheel

Rotational speed of wheel n2= 1.358,824 rpm

Torque, in way of T1= 0,150 kNm T2= 0,155 kNm

Loading on reference diameter

Tangetial load Ft = 4,154 kN

Radial load Fr = 1,655 kN

Axial load Fa = 1,850 kN

Linear velocity at pitch diam v = 5,296 m/s
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Table 3 Surface durability (pitting) input data and results 

Application factor KA= 1,25

Load sharing factor Kγ= 1,00

Internal dynamic factor …

… in accordance with IACS UR M56 (Rev. 2) = 1,000 (UR conditions satisfied)

… in accordance with ISO 6336-1, Method B = 1,05

… actually taken further on (higher value) Kv= 1,050

Transverse load factor for contact stress KHα= 1

(ISO 6336-1, Method B)

Face load distribution factor KHβ= 1,22

(ISO 6336-1, Method C)

Overall load factor, surface K H=√(KA Kγ Kv KHα KHβ)= 1,265

Zone factor ZH= 2,248

Material factor ZE= 189,8 √MPa

Contact ratio factor Zε= 0,840

Helix angle factor Zβ= 1,046

Pinion Wheel 

Surface hardness, Vickers 681,1 HV 681,1 HV

... Brinell 647,6 HB 647,6 HB

... Rockwell 60,0 HRc 60,0 HRc

Zone factor of single pair contact ZB= 1,000 ZD= 1,000

Basic value of contact stress σH01= 982,4 N/mm² σH02= 982,4 N/mm²

Hertz contact stress, actual σH1= 1.243,2 N/mm² σH2= 1.243,2 N/mm²

Endurance limit for contact stress σHlim1= 1.450,0 N/mm² σ Hlim2= 1.450,0 N/mm²

(entered) (entered)

Life factor for surface durability Z N= 1,2

(ISO 6336-1, Method B)

Pinion Wheel

Lubricating factor ZL1= 1,010 ZL2= 1,010

Pitch line velocity factor Zv1= 0,984 Zv2= 0,984

Roughness factor ZR1= 0,969 ZR2= 0,971

Size factor ZX1= 1,000 ZX2= 1,000

Work hardening factor ZW1= 1,000 ZW2= 1,000

Hertz contact stress, permissible σHP1= 1.674,4 N/mm² σHP2= 1.678,1 N/mm²

Safety factor for contact stress

... actual value SH1= 1,35 SH2= 1,35

… minimal permissible value SHmin1= 1,15 SHmin2= 1,15

Flank stress safety criterion satisfied satisfied
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Table 4 Tooth root bending strength data and results 

Application factor KA= 1,25

Load sharing factor Kγ= 1,00

Internal dynamic factor Kv= 1,05

Transverse load distribution factor KFα= 1

(ISO 6336-1, Method B)

Face load distribution factor KFβ= 1,148

Overall load factor, tooth root KF=KA Kγ Kv KFα KFβ= 1,506

Tooth form Y F and stress corection factor Y S are calculated in accordance with: ISO 6336-3:2006 & Corr. 1:2008

Pinion Wheel

Tooth form factor YF1= 1,286 YF2= 1,284

Stress correction factor YS1= 2,330 YS2= 2,335

Efective form factor YF1·YS1= 2,996 YF2·YS2= 3,000

Deep tooth factor YDT1= 1,000 YDT2= 1,000

Rim thickness factor YB1= 1,000 YB2= 1,000

Tooth root bending stress, basic value σ F01= 355,6 N/mm² σ F02= 377,6 N/mm²

Tooth root bending stress, actual σ F1= 535,6 N/mm² σ F2= 568,7 N/mm²

Tooth root endurance limit σ FE1= 900,0 N/mm² σ FE2= 900,0 N/mm²

(entered) (entered)

Life factor for tooth root Y N= 1

(ISO 6336-3, Method B)

Pinion Wheel

Relative notch sensitive factor Y δRT1= 0,967 Y δRT2= 0,967

Relative surface condition factor Y RrelT1= 1,028 Y RrelT2= 1,028

Size factor Y X1= 1,000 Y X2= 1,000

Tooth root bending stress, permissible σ FP1= 894,0 N/mm²
σ FP2= 894,0 N/mm²

Safety factor for tooth root stress

… actual calculated value S F1= 1,67 S F2= 1,57

… minimal permissible value S Fmin1= 1,40 S Fmin2= 1,40

Tooth root stress safety criterion satisfied satisfied
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