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The Storv Behind The Ivth 01 the "lap Seam Crack" By Bruce E. Babcock, PhD, 11155 Stout Rd., Amanda, OR 43102 Riveted joints have been used for a long time. Over a thousand years ago, Vikings constructed iron cooking pots using single-riveted lap joints. Beginning about 250 years ago boilers with riveted joints operated at pressures that gradually increased over the .centuries. As pressures mounted the severity of operating conditions increased, particularly with boilers on steamboats and locomotives. The combination of rising pressures and severer applications caused the integrity of the joints to become increasingly important. The most notorious issue regarding riveted joints was the occasional problem of cracking. Cracks in early riveted joints occurred in two separate ways: cracks at the rivet holes and cracks at the edge of



the lap.



Cracks at Rivet Holes Until the late 1800s, the holes for rivets were punched, not drilled. The force of the punch work-hardened the steel as it literally tore it apart. Hardened steel is more susceptible to cracking than is soft steel; consequently, variations in pressure and the resulting minute flexing of the steel occasionally led to the development of cracks. When the rivet holes were punched-for example, for the longitudinal joint on a barrel-they were punched in one end of the plate and then in the other. It was not possible to punch two rows of holes in opposite ends of a plate so that they would align precisely enough to allow the rivets to easily fit through the holes in



both plates when the plates were rolled into cylinders. Because of this unpreventable misalignment, it was often necessary to drive a drift pin into a hole to distort it sufficiently to accept a rivet. This distortion resulted in additional wor~-hardening of the surface of the hole. This is shown in Figure 1. Reports of investigations clearly state that cracks had originated at the marks left by the drift pin. When the detrimental effects of workhardening were recognized, manufacturers changed their procedures so that the holes were punched undersized and then reamed to the required diameter after the plate was rolled into a cylinder. The reamer removed all-or at least most-of the material that was hardened by the punch,
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DAMAGE CAUSED BY IMPROPER USE OF A CHIPPING TOOL WHEN PREPARING AN EDGE FOR CALKING



DAMAGED STEEL
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with a tool of such form that there is no danger of scoring or damaging the plate underneath the calking edge, or splitting the calked edge. " This requirement, which was unchanged through 1971, indicates that the ASME recognizes the Validity of what Meier reported in 1909. The Relative Importance of Safety and Cost In 1917, Jeter addressed the relative importance of safety and cost when selecting a riveted joint: "The exact determination of the theoretical strength of riveted boiler joints is doubtless not so important from the standpoint of safety as is generally credited, but the strength of the joints is necessarily considered in fixing the safe working pressure. Since the cost of the material entering the shell of the usual type of fire tube boiler is a large part of the cost ofall the material used in its construction, the importance of selecting the best form ofjoint is evident. " Jeter's comment can be summarized: "Because all types of riveted joints, when properly designed, are of equal strength, it is prudent, from a financial perspective, to select the joint that results



in the lowest cost. " Three types of longitudinal joints with equal strengths can be seen in Figure 9. The reduction in the thickness of boilers, which was made possible in part by changing from lap joints to butt strap joints and eventually to welded joints, can be seen in Figure 10. Recent reductions have been achieved by using higher strength steel and lowering the design margin; which was previously known as the factor of safety. All of the riveted joints in Figure 10 with a factor of safety of 5 are of equal strength and are approximately 40 percent stronger than the two welded joints that have a factor of safety of 3.5. The ASME's Violation of Anti-trust Statutes, 1979 According to the ASME's own account entitled A Centennial History of the American Society of Mechanical Engineers: 1880 - 1980, the Society was assessed damages of $3.3 million, trebled by federal law to $9.9 million, when a United States District Court ruled in 1979 that the society was guilty of violating anti-trust statutes. By 1977, the Internal Revenue Service had already moved to revoke the Society's tax-exempt status. These actions indicate that the U.S. gov-



October-November 2008 ernment must have believed that the ASME was more focused on serving the needs of its members than the needs and concerns of the pUblic. They also raise questions about the society's motives for the severe restrictions they placed on the use of lap seam boilers. If these boilers could no longer be used after 1915, there must have been a substantial market for replacements, a situation that would have benefited the boiler manufacturers who were intimately involved in drafting the code. The society's ruling on lap joints was contradictory to the Canadian Interprovincial Regulations, the longstanding regulations of the United States Steamboat Inspection Service, and even the ASME's own regulations for the boilers of locomotives. If the purpose of the ASME boiler code was to assure the safety of the public, the code would have required the use of fusible plugs. In 1915, the U. S. Bureau of Standards went so far as to declare that the ASME's non-mandatory specifications for tin in fusible plugs were "worthless." All other boiler codes included mandatory requirements regarding the use of fusible plugs. In the 1909 edition of their
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Improper Calking and, because the holes in both plates were Calking involves upsetting the edge of reamed at the same time. it eliminated the one plate so that it is forced so tightly drift pin and prevented any additional against the other plate that no steam can hardening. escape. If the workman was not skilled, As the industrial revolution prohe could damage the lower plate with the gressed, multiple-spindle drills were calking tool. This damage, like the developed that were capa~le of drilli~g punching of holes, work-hardened the holes through both plates SImultaneously steel and increased the likelihood that a after the barrel was formed into a cylihder. There is little or no evidence of rivet crack would develop. Examples of this type of injury to the metal have been holes being punched after 1900. clearly identified, and an example can be Cracks at the Edge of the Lap seen in Figure 3. A properly calked joint Possibly the most pervasive reports of can be seen in Figure 4. cracks involved those that occurred at the Workmanship vs. Design edges of laps. These cracks were eventuThe cause of cracks at riveted joints has ally traced to two causes. been the source of controversy for many Improper Chipping years. Researchers and investigators A riveted joint is not steam-tight unless often attributed the cracks to poor workadditional steps are taken to provide a manship, while boiler manufacturers and seal. The first of these steps is to bevel the American Society of Mechanical the edge of the plate at the lap. Prior to Engineers (which was dominated by boilthe invention and use of planers, the er manufacturers) were more likely to edges were beveled after the joints were attribute the cracks to the inherent configriveted: This bevel was created by using uration of the joints. specifically lap a hammer and a chisel. If the workman joints. was careless or not skilled he could easiOne of the most common misconceply score the lower plate with his chisel. tions is that the cracks occurred only at This scoring created a stress concentrariveted lap joints and not at butt strap tion that could eventually lead to the joints. Most cracks occurred at lap joints development of a crack. An example of because prior to about 1900, the only type how this could occur can be seen in of joint was the lap joint. By 1900, lap Figure 2. , . - - - - - - - - - - - - - - - - - - - - - - - , joints declined as they were replaced by ·b utt strap joints. This change occurred DAMAGE MOST OFTEN ASSOCIATED



because butt strap joints allowed the use of significantly thinner plates and because of the development of machinery such as multiple-spindle drills. These two factors reduced the cost of manufacturing boilers. At the same time, the existence of cracks disappeared, not because of the change from lap joints to butt strap joints but because the causes of the cracks had been identified and eliminated. In 1907. Henry C. Tulley reported in his Handbook for Engineers, "Recent improvements in 'calking' have resulted in perfect immunity from the injuries formerly inflicted on boilers in that process." About 1909, the situation suddenly changed when cracks began to appear at the edges of riveted butt strap joints. What had happened was that, in 1900, the pneumatic calking tool had been invented. This tool has been reported to exert four times the force possible by a workman using a hammer and a calking tool. This tool was apparently put into use by boiler manufacturers who were not aware of the damage that could be inflicted because of the greater power that was available. All indications are that, as soon as this damage was recognized, the manufacturers changed their procedures and their tools, and the problem. once again, disappeared. The lag from the introduction of the pneumatic tools in 1900 to the discovery of the cracks in 1909 is consistent with the amount of time that was



WITH IMPROPER CALKING



DAMAGE THAT CAN LEAD TO CORROSION-FATIGUE CRACKING THE COMBINATION OF STRESS CONCENTRATION AND WORK-HARDENING ARE CONDUCIVE TO THE FORMATION OF CRACKS



Specimen C


Calked edge from the longitudinal joint on the barrel of a Peerless steam traction engine showing proper calking with no damage to the lower plate.



This drawing is a composite ofinformation contained in -Explosion of a Vertical Boiler due to Corrosion-fatigue" published in the British Engine BoiJer & Electrical Insurance Co. LD:s Technical Report, New Selies - Vo/ume III. Date uncertain,
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required for a crack to develop and extend through the thickness does not recognize riveted lap joints as being inherently out-ofof a plate. The improper use of a pneumatic calking tool is shown round. Figure 7 shows a caricature that has often been used to discredin Figure 5. Proper and improper methods of calking are shown in it riveted lap joints. Figure 6. Calking Inside of a Boiler vs. Outside of a Boiler The Out-of-Round Theory The reports of cracks in boiler joints have been almost excluOne of the most pervasive contentions was that lap-riveted joints cracked because they created an out-of-round condition that sively limited to boilers where the joints were calked on the caused flexing at the edge of the joint. Close measurements of a inside. Apparently, no traction or portable boilers were calked on single-riveted lap joint, a double-riveted lap joint, and a triple-riv- the inside. This appears to be a practice that was limited to large eted lap joint all disclosed that the out-of-round condition on all industrial and utility boilers. When a boiler was improperly three joints was within the tolerances allowed by the boiler code. calked on the inside and a small crack formed, the crack became Section vrn of the ASME Boiler Code, Unfired Pressure Vessels, propagated by a process that is known as stress corrosion cracking or corrosion fatigue cracking. This process was the result of the boiler water concentrating in the crack and becoming corrosive. This same condition did not occur on the outside of the boiler because of the absence of boiler water in the damaged area. A modem example of stress corrosion cracking that occurred in a staybolt in a modem (1960s) boiler can be seen in Figure 8. Cracks and Catastrophic Failures Various reports indicate that cracks at riveted joints can be detected by thorough, routine inspection. For example, the British Engine, Boiler, and Electrical Insurance Company concluded, Experience has shown that it is extremely rare for corrosion fatigue failures to develop along the line of a longitudinal seam in a boiler shell, and to do so without showing some indications of its presence outside the seam. " Another example came from a British Board of Trade report. According to Boiler Explosions, Collapses and Mishaps by E. J.
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Rimmer in 1912, the Board conclUded, "We cannot find that there is negligence in allowing the boiler to be worked for a short time until another boiler was ready to take its place, as a slight leak from the seam could not be taken to indicate allY immediate danger." Many disastrous explosions that were attributed to cracks occurred in boilers that were known to be leaking prior to the explosion. The most infamous example is the Mississippi River steamboat Sultana where more people died than on the Titanic. The ASME and the Failures of Riveted Joints, 1909 The ASME addressed the failures of riveted boiler joints in the 1909 edition of the ASME's Transactions. Sherwood F. Jeter, a member of the ASME's Boiler Code Committee, summarized the issue to be addressed: "[ believe that there is a great need for an investigation as to what causes the rupture of the plate, and for other than machine tests of different kinds ofjoints. An Specimen courtesy of Mark Jordan. Preparation and Photo by the author. account in Power states that there have been four ruptures of butt-strap joints of a nature similar to what was An example of stress corrosion cracks, or corrosion fatigue cracks, in a filletpreviously alluded to as "lap cracking" of the joints. welded staybolt of a boiler built in the 19605. The cracks were discovered in From the great number of lap joints in successful use 2006. for twenty-five years or more, it may be judged that something besides a mere lapping of the plates causes Over time, the water in the gap between the bolt and the plate became concentrated, making it more corrosive allowing it to contribute to the such defects" propagation of the cracks. E. D. Meier, another member of the original Boiler Code Committee, president of the Heine Boiler This is be.lieved to be the same process that occurred when water concentrated Company, and president of the ASME observed, in cracks that resulted from improper caulking of plates of riveted lap seam and " .. .in many sheets the initial fracture is caused by butt straps jOints on the insides of boilers. bad calking" In the same volume, F. W. Dean described the failure Since the mid 1960s, fillet welded staybolts have not been allowed in power boilers. of a riveted joint "Recently, however; a boiler at Woonsocket, R. I., F" narrowly escaped explosion, a longitudinal rupture of '--_ _ _ __ _ _ _ _ _ _ _I_g_u_r_e_8___________-' the plate on one side of the joint, and r - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - , within its limits, being discovered while the boiler was subjected to steam pressure. The steam pressure was rapidly reduced and no explosion occurred. " SINGLETRIPLEOther accounts indicate that cracks RIVETED . RIVETED WELDED did not always cause catastrophic failLAP JOINT BUTT JOINT ures. It appears that explosions were STRAP most likely to occur when leaks were ignored or when they were not detected TENSILE STRENGTH 55,000PSI 55,000 PSI 55,000 PSI because they were behind lagging or buried in the mountings of stationary PLATE THICKNESS .431 IN . .321 IN . .25 IN. boilers. Since 1914, the ASME has required 58% 78% 100% that a calked edge be properly prepared J OINT EFFICIENCY and that proper tools be used. Starting in 34 IN. either 1921 or 1924, the ASME mandat- DIA METER OF BARREL 34 IN. 34 IN. ed that "Calking shall be done with a tool of FACTOR OF SAFETY .5 5 5 such form that there is no danger of scoring or damaging the plate underneath the calking edge, or splitting the MAXIMUM ALLOWt BLE calked edge. " 162 PSI 162 PSI 162 PSI WORKING PRESSURE This requirement, which was unchanged through 1971, indicates that the ASME recognizes the validity of Figure 9 what Meier reported in 1909.
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Transactions, The ASME published the results of research conducted by The Consolidated Safety Valve Company that proved that the capacity of a safety valve could not be determined by its nominal size. Five years later, this discredited procedure was published in the first edition of their boiler code, and it remained there until the 1930s when The National Board of Boiler and Pressure Vessel Inspectors sponsored research at The Ohio State University that validated the 1909 study. These examples create the impression that the ASME consistently placed the needs of members ahead of the needs and concerns of others. This makes it easy to understand why the society's stance regarding riveted lap joints was out of step with boiler codes that shared the single goal of assuring the safety of all who were involved. The Need for Additional Research It is not reasonable to assume that the entire story of the myth of the lap seam crack is currently known. There are clues that indicate that there might yet be more to be learned. One of these clues.can be found on page 619 of the ASME's 1915 Transactions: "One of their (the boiler code committee's) objects is to compel boiler makers in ; small obscure places to adopt proper methods ofconstruction, so that the feeling that proximity to some boilers is dangerous is eliminated. .. It is interesting that they did not say that the curr~nt methods of construction in small obscure places were unsafe. Apparently all the ASME wanted to do was to create the feeling that boilers were safe. If people were convinced that boilers with riveted lap seams were dangerous, replacing these boilers with ones with butt strap joints would alleviate the feeling that being in the proximity of one is unsafe. After the ASME had developed its code for the standardization of the constru.ction of stationary boilers, it was of little or no value to the ASME until jurisdictions across the USA and Canada had adopted it as their safety code. The best way for the ASME to motivate naive legislators to adopt its boiler code might have been to convince them that the lap seam boilers that were in use in their jurisdictions were dangerous and must be condemned. Adopting the new boiler code would! give the legislators the authority to shut down these so-called "dangerous" boilers. If true, then high quality, mechanically sound boilers with riveted lap joints might have been the "fall guys" for the ASME when presenting its boiler code to the jurisdic-
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, tions. The histories of the ASME indicate that the boiler code committee was dominated by representatives of the major boiler manufacturers with little or no representation from the firms in small obscure places. Not only were these firms not well represented at the ASME, many of them did not have the multiple-spindle drills, hydraulic riveters, and other modem equipment required for the efficient production of butt strap joints. FInns not prepared to purchase the sophisticated machinery needed to produce boilers that would comply with the new code might have been forced out of business. More work needs to be done to determine if this occurred and if it is yet another example of the type of restraint of trade that has been noted in the history books and that cost ASME $9.9 million in fines in the 19108. Conclusions 1. Cracks at riveted boiler joints were the result of poor workmanship or improper manufacturing methods and were not related to whether the joint was of the lap seam or butt strap design. 2. Cracks were most likely to occur on large industrial or utility boilers that were improperly calked on the inside. 3. There appears to be no evidence that the one percent out-of-round condition that is inherent in lap joints contributed to the development of cracks. 4. H cracks were discovered in the joints of a boiler after an explosion, the



cause of the explosion should not have been attributed to the cracks, if the explosion occurred above the MAWP of the boiler because of a failure of the safety valve. An example might be the explosion of the boiler at the Glover Shoe Factory: • The boiler that exploded was an old boiler that was being brought back online for the first time after a long layup. • The attendant had left the building and could not have been aware of any buildup in pressure above the setting of the safety valve. • The building may have been on fire prior to the explosion of the boiler. Yet the explosion has been attributed by some to the presence of cracks at a lap rivetedjoint. 5. The ASME boiler code is a standardization code for the construction of new . stationary boilers. The ASME boilers that were built in 1915 probably were as safe · as the boilers available today. Many changes that have been made to the boiler code appear to have been for the purpose of reducing manufacturing costs or promoting other economic benefits. 6. Because of reductions in the factor of safety (or design margin), a properly designed riveted boiler is approximately 40 percent stronger than a modem welded boiler of equal diameter and MAWP. 7. Additional research is needed. I want to thank Mark Jordan for his valuable assistance in providing information for this article.
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